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Abstract-Ranolazine (RS-43285) has shown antianginal effects in clinical trials and cardiac anti-ischaemic 
activity in several in vivo and in vitro animal models, but without affecting haemodynamics. Its mechanism is 
thought to mainly involve a switch in substrate utilisation from fatty acids to glucose to, thus, improve efficiency 
of 0, use; however, its precise molecular target(s) are unknown. In studies to investigate its action further, using 
isolated rat heart mitochondria, ranolazine was found to weakly inhibit (pIC,, values > 300 pM) respiration by 
coupled mitochondria provided with NAD+-linked substrates but not with succinate. With broken mitochondrial 
membranes or submitochondrial particles, ranolazine inhibited NADH but not succinate oxidation and with 
pIC,, values in the lower range of 3-50 @I. Studies with different electron acceptors and respiratory inhibitors 
indicated that il. inhibits respiratory Complex I at a site between fenicyanide and menadione and ubiquinone-1 
reduction (i.e. at a similar locus to rotenone). However, unlike rotenone, ranolazine was an uncompetitive 
inhibitor with respect to ubiquinone-I. Ranolazine inhibition of Complex I was reversible and occurred also with 
mitochondria from pig, guinea pig, and human heart, and rat liver. Further studies using rat heart mitochondria 
in different energisation states (i.e. broken, uncoupled, or coupled) showed a 50-lOO-fold shift to greater potency 
of ranolazine in the broken compared to the coupled; with the uncoupled it was about 2-fold less potent than the 
broken. These shifts in potency were not found with rotenone or amytal. Studies with radiolabelled ranolazine 
showed that it bound to mitochondrial membranes with greater affinity in the broken compared to the coupled 
or uncoupled conditions. Rotenone displaced radiolabelled ranolazine from its binding site. This property of 
ranolazine may play some role in its anti-ischaemic activity. 
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Ranolazine (RS-43285; (f)-N-(2,6_dimethylphenyl)- 
4[2 - hydroxy - 3(2- methoxyphenoxy)-propyll- 1 -pipemzine 
acetamide), a novel investigational antianginal agent, 
has shown efficacy in clinical trials [l-4], and cardiac 
anti-ischaemic activity in a number of in viva [5-81 and 
in vitro [9-121 animal models, but without affecting hae- 
modynamics or baseline contractile parameters. Its 
mechanism of action is thought to principally involve 
causing a switch in myocardial substrate oxidation from 
fatty acid to glucose, and evidence to support this has 
been obtained [ 13-151. Such a switch may improve the 
efficiency of 0, utilisation by the heart, which would 
have special significance under conditions of 0, limita- 
tion, and also has a number of other potential advantages 
for protection of the ischaemic heart [15-171. It is not 
known in molecular detail how this metabolic modula- 
tion is achieved, although increases in the amount of 
active nonphosphorylated pyruvate dehydrogenase, the 
key rate-controlling enzyme in carbohydrate oxidation 
[18], have been found in hearts exposed to ranolazine 
[ll, 191. 

$ Corresponding author. Tel. (+)-44-13 l-45 l-2030; FAX 
(+)-44-131-451-2062, 

$ Abbreviation: FCCP, carbonyl cyanide p-trifluorome- 
thoxyphenylhydrazone. 

Pyruvate dehydrogenase and other key enzymes in 
metabolic substrate oxidation are located within mito- 
chondria in mammalian tissues (see [20]) and we, there- 
fore, initiated a series of experiments with ranolazine 
using isolated rat heart mitochondria. During the course 
of this work, we found that ranolazine had some effects 
on the respiration of NAD+-linked substrates. Free rad- 
ical formation by respiratory complexes is thought to be 
associated with the mitochondrial damage that occurs in 
cardiac ischaemitireperfusion, which is thought to be 
due to peroxidation of lipid components of the respira- 
tory chain Complexes themselves [21-231. It has also 
been reported that blocking mitochondrial respiration 
with amytal, a weak respiratory Complex I inhibitor, 
significantly reduces mitochondrial lipid peroxidation in 
rabbit hearts reperfused after 30 min global ischaemia 
[24]. We have, therefore, investigated the effects of ra- 
nolazine on the mitochondrial respiratory chain in some 
detail. 

MATERIALS AND METHODS 

Chemicals 

Ranolazine was synthesized and provided by Syntex 
Research (address as above); [14C]- and [3H]-ranolazine 
were synthesised and provided by Dr. Howard Pames, 
Syntex Discovery Research, 3401 Hillview Ave., Palo 
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Alto, CA, U.S.A. Ubiquinone-1 was a generous gift of 
Eisai Co. Ltd., Tokyo, Japan. Nagarse (Protease Type 
XXVII), menadione, and capsaicin were purchased from 
Sigma Chemical Co., St. Louis, MO, U.S.A., and 1, 
2-naphthoquinone and rotenone were from Janssen 
Chimica, Beerse, Belgium. All other chemicals were of 
the highest grade available from standard suppliers. 

Mitochondrial preparations 

Experiments were performed in both laboratories and, 
in some cases, slightly different procedures were used as 
noted below; however, essentially similar results were 
obtained when the same type of experiment was per- 
formed in both laboratories. Thus, respectively, in Brus- 
sels anaesthetised (nembutal) fed male Wistar rats of 
-200 g weight were used and, in Edinburgh, cervically 
dislocated and decapitated male Sprague-Dawley rats of 
-300 g weight were used. Standard differential centrif- 
ugation techniques were used. Respectively, liver mito- 
chondria were prepared in 0.3 M mannitol, 10 mM 
HEPES, 1 mM EGTA (pH 7.4) as described [25], or in 
250 mM sucrose, 20 mM Tris, 2 mM EGTA, 1% (w/v) 
(largely defamed) bovine serum albumin (BSA), pH 7.4 
(“STEA” buffer), and with a Percoll purification step 
and final suspension in buffer minus albumin (“STE” 
buffer) as described [26]. Respectively, heart mitochon- 
dria were prepared in 220 mM mannitol, 70 mM sucrose, 
5 mM MOPS, 1 mM EGTA (pH 7.4), and employing a 
5 min nagarse (0.5 mg/ml) digestion as fully described 
[27], or using a brief Polytron homogenisation in STEA 
buffer and final suspension in STE buffer as described 
[26]; guinea pig (female, Dunkin-Hartley, approx. 300 g) 
heart mitochondria were also prepared by the latter 
method. Pig and human heart mitochondria samples pro- 
vided by Prof. Sherratt (see Acknowledgements) were 
prepared as described [28] for muscle. Final suspensions 
were in the range of 15-40 mg protein/ml. Protein was 
assayed by either the Lowry method or using the Pierce 
(Rockford, IL, U.S.A.) kit, respectively. 

Broken mitochondrial membranes were prepared by 
freeze-thawing final suspension samples (in suspension 
buffer that had been stored frozen) 3 times using liquid 
nitrogen. Submitochondrial particles were prepared (in 
Brussels) essentially as described [29]. 

Mitochondrial incubations 

Mitochondrial respiration (0.5-2 mg protein) was 
measured at 30°C using Clark-type oxygen electrodes in 
l-3 mL buffer containing either 120 mM KCl, 2.5 mM 
KH,PO,, 10 mM HEPES, 5 mM MgCl,, 1 mM EDTA, 
2 mg/mL defatted BSA (pH 7.2), or 125 mM KCI, 5 mM 
KH,PO,, 20 mM Tris, 1 mM EGTA (pH 7.3), in Brus- 
sels and Edinburgh, respectively. Substrates used in- 
cluded 5 mM glutamate plus 5 mM malate, 10 mM 
2-oxoglutarate plus 0.5 mM malate, or 5 mM succinate 
(&2 pglmL rotenone) as substrates. “State 3” respiration 
was initiated with either 0.25 mM or 2 mM ADP. Ox- 
ygen concentration was taken to be 0.45 pg atoms/ml at 
30°C. 

With broken mitochondrial membranes, respiration 
was measured, as above, after the addition of either 0.25 
or 1 mM NADH, respectively, or 5 mM succinate (f2 
pg/mL rotenone). Respiratory Complexes were assayed 
using these preparations or using submitochondrial par- 
ticles at 30°C and exactly as described [29]. Briefly, for 
membranes, NADH-ubiquinone oxidoreductase (Com- 

plex I) was assayed as rotenone-sensitive NADH oxida- 
tion at 340 nm in a thermostatted stirred cuvette; mem- 
branes (10-25 pg protein) and 100 pM ubiquinone-1 
(UQ-1) were preincubated for 3 min at 30°C in 1 mL of 
35 mM potassium phosphate (pH 7.2), 5 mM MgCl,, 2 
mg defatted BSA, 2 pg antimycin A, and 2 mM KCN; 
drugs were added immediately after membranes. The 
initial linear rate was followed for 1 min after the addi- 
tion of 0.13 mM NADH, and then after adding 5 pg of 
rotenone. An extinction coefficient of 6.81 mM/cm was 
used for NADH to correct for change in absorbance of 
UQ-1 [29]. Similarly, NADH oxidation was also assayed 
with 100 pM menadione and 100 pM l,Znaphthoqui- 
none as electron acceptors in the same buffer in the 
presence of rotenone (5 pg/mL), in which case E values 
of 6.22 mM/cm or 5.0 mM/cm were used, respectively. 
NADH-ferricyanide oxidoreductase activity was assayed 
at 420 nm (E = 1.05 mM/cm) in 35 mM potassium 
phosphate (pH 7.2), 5 mM MgCI,, 2 mM KCN, 0.5 mM 
K,Fe(CN), with 0.5 mM NADH (a ratio of 2 molecules 
of ferricyanide reduced per molecule of NADH was as- 
sumed to allow expression of activities in terms of pmol 
of NADH). NADH- and succinate-cytochrome c oxi- 
doreductase were measured at 550.5 nm (E = 18.5 mM/ 
cm) in 35 mM potassium phosphate (pH 7.2) 5 mM 
MgCI,, 2 mM KCN, 50 pM cytochrome c, with 0.13 
mM NADH and 20 mM succinate being added as re- 
spective substrates. Essentially similar conditions were 
used for submitochondrial particles, but with some mi- 
nor modifications (see legend to Fig. 2). 

Radioligand binding 

Incubations for the binding of [‘4C]-ranolazine to mi- 
tochondria were designed to match as closely as possible 
the respiratory experiments and, hence, used essentially 
the same conditions and buffers as described above (Ed- 
inburgh), except that about 3-5 times the amount of 
mitochondrial protein/ml was present to increase 
amounts of bound ligand and enable easier measure- 
ments and lessen experimental error. Thus, either 10 mM 
2-oxoglutarate plus 0.1 mM malate alone, or plus 1 pM 
FCCP,§ or 1 mM NADH were present for incubations 
under coupled, uncoupled, or broken mitochondrial con- 
ditions, respectively. Incubations at different ranolazine 
concentrations and containing suitable amounts of [ 14C]- 
ranolazine were carried out in 1 mL volume at 30°C for 
15 min in Eppendorf microfuge tubes. The tubes were 
then centrifuged in a microfuge for 1 min, the supema- 
tant removed by syringe, and the sides of tubes dried 
using cotton buds. Formic acid (200 pL) was added to 
solubilise each pellet and the radioactivity in each was 
determined by liquid scintillation counting. 

For experiments with [3H]-ranolazine, aliquots of mi- 
tochondria (-0.5 mg protein) were incubated in I mL of 
0.25 M sucrose, 0.5 mM HEPES (pH 7.4), and with 
ligand at 10-40 nM containing suitable amounts of t3H]- 
ranolazine. In competition experiments, unlabelled rano- 
lazine or rotenone were present over the range lo-” to 
10m4 M. Incubations were carried out at 25°C for 45 min 
and separation of bound from free ligand was carried out 
using a Brandel M24 cell harvester over Whatman GF/B 
filter pads that had been previously soaked in 0.5% poly- 
ethyleneamine; radioactivity bound to filters was deter- 
mined by liquid scintillation counting. Nonspecific bind- 
ing was determined in the presence of 1 mM unlabelled 
ranolazine. 
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Data analysis 

Where appropriate, results are given as means f SEMs 
or as It&, values f SD for the numbers of separate 
mitochondrial preparations given in parentheses. A suit- 
able range of concentrations was used in KS0 determi- 
nations; pIC,, = -log of the IC,,. Statistical comparisons 
have been made with an unpaired student’s t-test. 

RBSULTS 

Ranolazine is thought to influence metabolic substrate 
utilisation (see Introduction). Because the endpoint me- 
tabolism of the principal substrates is carried out by 
mitochondria, and their metabolic fate can be controlled 
by enzymes within mitochondria, we began studies on 
the effects of ranolazine on isolated mitochondrial func- 
tion. 

Effects of ranolazine on respiratory substrate oxidation 

In coupled rat heart mitochondria, the State 3 (plus 
ADP) oxidation rate of 2-oxoglutarate plus malate (i.e. 
NAD+-linked substmtes) was found to be inhibited in a 
concentration-dependent manner by high concentrations 
of ranolazine (I&, > 300 pM) (see Fig. 1). These high 
concentrations may indicate a nonspecific action of the 
drug (but see below). State 4 respiratory rates and 
ADP:O ratios were unaffected by ranolazine (not 
shown). These types of experiments were carried out 
with two protocols; one where ranolazine was added l-2 
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Fig. 1. The effects of ranolaxine on State 3 respiration in cou- 
pled rat heart mitochondria with different substrates, and on 
NADH and succinate oxi’dation by disrupted rat heart mitochon- 
drial membranes. Incubations were carried out in Edinburgh as 
described in the Methods section for coupled mitochondria in 
the presence of 2 mM A.DP and either 10 mM 2-oxoglutarate 
plus 0.5 mM malate (filled squares) or 5 mM succinate (open 
squares), and for broken membranes in the presence of either 1 
mM NADH (filled circles) or 5 mM succinate (open circles). 
Values and error bars shlown are means + SEM for measure- 
ments made on 3 different mitochondrial preparations; derived 
R& values (pM) of 9.8 f 1.6 and 575 + 84 were obtained for the 
broken membrane and calpled mitochondria NADH-linked res- 
piration, respectively, in lhis set of experiments. Similar results 
for succinate respiration were obtained in the additional pres- 
ence of rotenone, and essentially similar results to those shown 
were obtained in the Brussels laboratory and in other experi- 
ments in Edinburgh; from all these experiments K,,, values in 
the approximate ranges of 3-50 phi and 300-1800 pM were 
obtained for the broken membranes and coupled mitochondria, 

respectively. 

min before respiratory substrate, and one where it was 
added l-2 min after the (control) State 3 rate with re- 
spiratory substrate had been established. In the former 
instance, the inhibited rates with NAD’-linked substrate 
were linear throughout; however, in the latter the rates 
curved down over l-2 min before the new inhibited rates 
became linear. Similar resultant linear rates were ob- 
tained with each protocol, but the results with the latter 
suggest that the drug needs some time to permeate to its 
site of action in intact mitochondria (see below and Dis- 
cussion later). Similar results (not shown) to those in 
Fig. 1 were also obtained with other NAD”-linked sub- 
strates, such as glutamate plus malate, pyruvate, or p-hy- 
droxybutyrate. In contrast, succinate oxidation was un- 
affected at all concentrations of drug tested (up to 1.3 
mM) (Fig. 1). As several different NAD+-linked sub- 
strates were affected, this suggested that the ranolazine 
site of inhibition was the respiratory Complex I rather 
than any of the dehydrogenases or transport processes 
and, therefore, studies were carried out using broken 
mitochondrial membranes as a simpler system contain- 
ing all the respiratory Complexes. 

Thus, as predicted, in broken mitochondrial mem- 
branes incubated with NADH as substrate, ranolazine 
inhibited respiration. However, this was with apparently 
greater potency than in the experiments with intact cou- 
pled mitochondria, and with IC,, values in the 3-50 pM 
range (see Fig. 1). This apparent change in potency of 
ranolazine is explored in greater detail later (see below). 
In contrast to the case with intact mitochondria, the in- 
hibition of NADH oxidation by ranolazine was observed 
immediately on addition of the drug with the broken 
membrane preparations. Also, in experiments where the 
membranes were exposed to drug at inhibitory concen- 
trations and were then re-isolated by centrifugation and 
suspension into media in the absence of drug, evidence 
was obtained that the effects were readily reversible (not 
shown). Again, succinate respiration, as predicted, was 
unaffected in the broken mitochondrial membranes (Fig. 
1). These experiments, thus, confirm that ranolazine is 
an inhibitor of the respiratory Complex I; this was then 
explored in more detail (next heading). 

It is worth noting that essentially similar findings to 
those shown in Fig. 1 for rat heart mitochondria were 
also found for rat liver mitochondria (not shown). How- 
ever, as ranolazine is an antianginal agent, all subsequent 
studies described below were on heart mitochondria. Al- 
though it is likely that similar findings to those below 
would have been found with liver mitochondria and, 
given the ubiquity of the respiratory Complexes, with 
mitochondria from other tissues as well. It was also es- 
tablished, in studies on NADH and succinate oxidation 
using mitochondrial membranes, that ranolazine inhib- 
ited Complex I activity of mitochondria prepared from 
hearts of guinea pigs, pigs, and humans (not shown), and 
with similar potency to that shown by the rat heart Com- 
plex (pIC5,, values in the 3-50 pM range). 

Studies with artificial electron acceptors and 
respiratory inhibitors 

Experiments were carried out using submitochondrial 
particles incubated with such agents to determine the site 
of interaction of ranolazine within the respiratory Com- 
plex I (i.e. the NADH-ubiquinone span of the chain). It 
should be noted that essentially similar findings were 
also obtained using broken mitochondrial membranes; 
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however, as might be expected (see next heading and 
Discussion later) ranolazine was typically slightly more 
potent in its effects using the completely de-energised 
broken membranes (not shown). 

I20 1 

Thus, with reference to Scheme 1, which is derived 
from data described [30-331, Fig. 2 indicates that the 
activities obtained using ferricyanide or 1 ,Znaphthoqui- 
none were unaffected by ranolazine up to 1 mM, 
whereas the activities with menadione or UQ-1 were 
inhibited in a similar manner to that when oxygen (e.g. 
Fig. 1) or cytochrome c (not shown) were the terminal 
acceptors. This pattern of inhibition is similar to that 
expressed (but at higher potency) by rotenone (not 
shown). The remaining rotenone-insensitive rates repre- 
sent NADH-cytochrome bs activity associated with the 
outer mitochondrial membrane and have been subtracted 
from rates shown; this rotenone-insensitive activity [29] 
was typically -lO-30% (dependent on the terminal ac- 
ceptor) of the total activity in such preparations and was 
not affected at all by ranolazine (not shown). 

NADH-ubiquinone oxidoreductase can be inhibited 
by several compounds, including rotenone, amytal, and 
capsaicin. Capsaicin (trans-8-methyl-vanillyl-6-nonena- 
mide) has also been shown to inhibit NADH-ubiquinone 
oxidoreductase at a site subsequent to the menadione site 
[34] and, moreover, it has been shown to competitively 
inhibit ubiquinone binding [30]. We, therefore, tested the 
effect of ranolazine on NADH-ubiquinone oxidoreduc- 
tase activity at different [UQ-l] and compared it with 
capsaicin (Fig. 3). The double-reciprocal plot clearly re- 
vealed competition between 50 pM capsaicin and the 
varied [UQ-11, its apparent K,,, being increased from 44 
to 105 pM but with no change in V,,,,. In contrast, the 
pattern of ranolazine inhibition when tested at 5 pM was 
that of an uncompetitive inhibitor with respect to UQ-1, 
with the K,,, decreasing to 12.4 pM with a 70% decrease 
in V,,. Thus, the site of ranolazine interaction with 
Complex I appears to lie between that of menadione and 
ubiquinone (Scheme 1). Although the nature of its inhi- 
bition (Fig. 3) suggests some interaction between rano- 
lazine and ubiquinone, it is not due to competition for the 
ubiquinone binding site, unlike capsaicin. It should be 

1,2-Mphtboqublcmc --I-- pcblom-rib 

fenicyanidc M--{ 

nblqrlnono I 

Scheme 1. The sequence of reactions of electron acceptors and 
respiratory inhibitors within Complex I in the transfer of elec- 
trons from NADH through to ubiquinone. These positions are 
derived from the data given before ]30-331 and the present 

experiments with ranolazine. chondrial preparations, is shown. 

Fig. 3. Double-reciprocal plot of rat heart submitochondrial 
particle NADH-ubiquinone reductase activity as a function of 
ubiquinone-1 concentration under control conditions (see Meth- 
ods, open circles) and in the presence of either 5 @I ranolazine 
(closed circles) or 50 @I capsaicin (triangles). A typical ex- 
periment, which was repeated with at feast 3 different mito- 

t m- 
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“- 
Fig. 2. The effects of ranolazine on NADH oxidation by rat 
heart submitochondrial particles incubated (see Methods) with 
different artificial electron acceptors. All values shown are from 
duplicate assays from a typical experiment that was repeated 
with at least 3 different mitochondrial preparations. The respec- 
tive control values in this experiment (as pm01 NADWmWmg 
protein) were 3.4 with 500 pM ferricyanide (open triangles), 
0.29 with 500 pM menadione (filled circles), 3.68 with 100 pM 
1,2-naphthoquinone (filled triangles), and 1.87 with 100 pM 

ubiquinone-1 (open circles). 

noted that, in a similar experiment, rotenone had no af- 
fect at all on the ubiquinone K,,, and only decreased the 
V max [35]; thus, although acting in a similar locus to 
rotenone, the mechanism of respiratory inhibition by ra- 
nolazine is different in some ways to that of rotenone. 

The differential potency of ranolazine with variation in 
mitochondrial energisation state and its comparison to 
other Complex I inhibitors 

We wished to explore further the apparent shift in 
potency of ranolazine’s action on Complex I as the mi- 
tochondrial energisation state was changed (Fig. l), and 
to see whether this was a relatively unique property of 
ranolazine or a more general phenomenon for Complex 
I inhibitors. In particular, we chose to compare ranoia- 
zine with rotenone and amytal, which similarly inhibit 
Complex I after the menadione site, with one (rotenone) 
being a very potent inhibitor and amytal’s potency in a 

6’ 

4- 

2’ 

0, 
0 20 40 100 120 140 



Ranolaxine inhibition of respiratory Complex I 

Table 1. Comp,arative potencies of ranolaxine, amytal. and rotenone in inhibiting respiratory Complex I under 
different conditions of energisation of the mitochondrial inner membrane 

1603 

IC,,, value for inhibition of Complex I in mitochondria that am: 

Inhibitor Coupled 

Amyml (PM) 637 f 52 
Rotenone (nM) 38.8* 3.2 
Ranohuine (p.M)* 1584 f340 

Uncoupled 

892 f 120 
49.1 f 4.1 

754 f 154 

Broken 

539 *54 
33.5 + 2.1 
22.7 + 3.8 

See Methods section for details of incubation conditions for each mitochondrial energisation state (these 
experiments were performed in Edinburgh). Values are means rt SEM for three independent estimations of K,, 
values derived over suitable concentrations of inhibitors on different preparations of mitochondria. 

* The values obtained with ranolaxine are all significantly different from one another (P G 0.05); the values 
for the other inhibitors (comparing the different energisation states) were not statistically different from one 
another. 

similar range to that for ranolazine. Table 1 shows that 
inhibition of Complex I by amytal (or rotenone) does not 
vary substantially as mitochondrial energisation state is 
changed from them being fully coupled to fully dis- 
rupted membranes. In contrast, whereas ranolazine 
shows about 2.5fold :lesser potency than amytal in the 
coupled mitochondria, it is about 25fold more potent 
than amytal in the broken mitochondria (Table I). With 
mitochondria uncoupled with FCCP the potency of ra- 
nolazine and amytal is similar (Table 1). 

Trimetazidine, another antianginal agent that is 
thought to be a metabolic modulator [36] and which has 
recently been shown to inhibit mitochondrial respiration 
with fatty acid as substrate [37], was also tested. How- 
ever, it did not inhibit Complex I very potently when 
assayed under the present conditions (IC,, > 1 mM) and 
its potency did not alter between the different energisa- 
tion states of mitochondria (not shown). All this strongly 
suggests that ranolazine may have a unique action in this 
respect. 

Studies using radiolabclled ranolazine 

The experiments shown in Table 2 were designed to 
match as closely as possible the respiratory experiments 
of Table 1 to see whether the amount of ranolazine 
bound to mitochondrial membranes under different en- 
ergisation states would change in a parallel manner to 
the observed shifts in potency (Table 1). [14C]-ranola- 
zine was available at the time of these experiments and 
Table 2 shows that the amount of radiolabel associated 
with mitochondria incubated at two different ranolazine 
concentrations did, indeed, seem to be higher (though 
only about 3-5-fold) when broken mitochondrial mem- 
branes were used in comparison to fully coupled mito- 

chondria; however, the uncoupled mitochondria showed 
a similar degree of binding as the coupled (Table 2). This 
data, therefore, fits to some extent with that in Table 1 
(where increased Complex I inhibitory potency is seen 
with the broken membranes), and suggests that more 
ranolazine may bind to the broken membranes and that 
this may be part of the reason underlying the differential 
potencies observed. However, the results comparing the 
uncoupled and coupled suggest also that the degree of 
energisation per se is also important, as increased po- 
tency appears to be evident in the uncoupled for a similar 
degree of binding. 

Some experiments were also carried out with [3H]- 
ranolazine when it was available. The conditions used 
(see Methods) were chosen so that classical competition 
binding assays could be performed, but would almost 
certainly mean that mitochondria would be in a de-en- 
ergised state (no substrates were present). This is re- 
flected in the fact that the apparent affinity (pICso) for 
unlabelled ranolazine in these experiments was calcu- 
lated [38] to be 5.76 f 0.15. These experiments also 
revealed that ranolazine rapidly associated (t,,, approx. 
2.5 min with 10 nM labelled ranolazine (at 25°C)) and 
dissociated (t,,, approx. 3 min with 10 pM unlabelled 
displacing 10 nM labelled) with the mitochondria, and 
that the two stereoisomers were equipotent in this com- 
petitive effect against radiolabelled racemate (not 
shown). In the association experiments, binding reached 
equilibrium within 10 min and was stable for a further 40 
min. Of great interest was that rotenone was also found 
to displace the radiolabelled ranolazine with a pIC,, of 
7.59 f 0.09, which is close to its respiratory inhibition 
potency (see above). This also suggests that ranolazine 
may interact with the rotenone site. 

Table 2. The binding of ranolazine to mitochondrial preparations under different states of energisation of the 
inner membrane 

Ranolaxine bound (nmol/mg protein) to mitochondrial 
membranes under the different energisation states 

Ranolazine concentration (pM) Coupled Uncoupled Broken 

100 0.96 + 0.10 (7) 1.03 + 0.28 (5) 5.25 * 1.11 (7)* 
1000 24.2 Y!Z 6.1 (7) 22.6 zt 1.9 (5) 70.2 * 10.7 (7)* 

Values are means f SEM for the number of values given in parentheses. 
* P G 0.01 versus the appropriate coupled or uncoupled values. See Table 1 legend for further details. 



1604 K. M. WYATT er al, 

DISCUSSION 

We have shown that ranolazine inhibits mitochondrial 
respiration of NAD+-linked substrates and that this is 
due to inhibition of electron transport at the level of 
Complex I. The exact sequence of reactions in this sec- 
tion of the respiratory chain has not been fully eluci- 
dated, but it is known to be sensitive to a variety of 
inhibitory compounds acting at different sites, notably 
capsaicin, mercurials, ethoxyformic anhydride, roten- 
one, and amytal [30-331 (Scheme 1). The inhibition by 
ranolazine was further shown to most closely resemble 
that of rotenone, amytal, and capsaicin, which inhibit 
between the sites of menadione and ubiquinone reduc- 
tion. With the Complex I assays used, the half-maximal 
effect of ranolazine is around lo-fold higher and IO-fold 
lower than those of rotenone [39] and capsaicin [30], 
respectively. However, the double-reciprocal plots 
show that ranolazine, unlike capsaicin, is not a com- 
petitive inhibitor with respect to ubiquinone; they do 
indicate that, unlike rotenone, it may have some inter- 
action with ubiquinone. However, the studies with t3H]- 
ranolazine indicate that rotenone can displace ranolazine 
from mitochondrial membranes suggesting a proximity 
to the rotenone site (Scheme l), and other features of its 
respiratory inhibition resemble those for rotenone (Fig. 2). 

It is interesting to note that several piperidine deriv- 
atives, including the analgesic drug pethidine, are potent 
inhibitors of Complex I [39]. This suggests that struc- 
tural similarities between piperidine compounds and ra- 
nolazine (a piperazine derivative) may explain its effect 
on Complex I. Thus, of even greater interest is the recent 
finding that both cinnarizine and fhmarizine inhibit 
Complex I in rat liver, heart, and brain mitochondria; 
however, unlike ranolazine, these other two piperazine 
derivatives were additionally found to inhibit Complex 
II [29]. Also unlike ranolazine, these other two agents 
are known to be active in the central nervous systems 
(CNS) (ranolazine appears to have little or no access to 
the CNS according to unpublished observations of Syn- 
tex Research) and, thus, it has been proposed [29] that 
the respiratory inhibition effects of flunarizine and cin- 
narizine could be factors in the aggravation or induction 
of Parkinsonism associated with these compounds in el- 
derly patients. That is, it is suggested [29] that they 
might act in a manner similar, but perhaps less selec- 
tively, to that of the Parkinsonism-inducing mitochon- 
drial toxin MPTP (1 -methyl-4-phenyl-1,2,3,6-tetrahy- 
dro-pyridine) whose toxic metabolite (MPPC) is a Com- 
plex I inhibitor and is preferentially taken up into 
nigrostatial cells by the synaptic dopamine transport sys- 
tem [40, 411. 

The differences in concentration-response observed 
between intact fully coupled mitochondria and broken 
mitochondrial membranes suggest that ranolazine might 
act at a site. on the inner surface of the membrane (like 
NADH) not normally exposed to ranolazine in the intact 
organelles. However, as noted (see text for Fig. I), with 
intact mitochondria the effect of ranolazine took some 
time to develop whereas with broken membranes it was 
instantaneous, suggesting that it can eventually permeate 
to its site of action. Also, the experiments with uncou- 
pled mitochondria (where, as with the coupled mito- 
chondria, the NADH is generated within the matrix from 
the respiratory substrate) would argue against the differ- 
ence in potency being entirely due to access to its site in 

intact mitochondria unless, perhaps, if the permeabilisa- 
tion of the membrane to H” also increases its permeabil- 
ity to ranolazine. Thus, the data overall suggest that, 
while access may play some role (perhaps explaining the 
difference between the uncoupled and broken prepara- 
tions in potency (Table 1) and binding (Table 2). the 
more dominant factor may be the degree of energisation 
of the inner membrane which can influence whether or 
not ranolazine has greater or lesser access to its Complex 
I inhibitory site, Ranolazine has pK, values of 2.8 and 
7.2 and, thus, at around physiological pH approx. 50% of 
ranolazine will have a positive charge, but the amount of 
charged compound will be very sensitive to the pH of its 
environment. It is, thus, tempting to speculate either that 
(1) it is the combination of the membrane potential 
across the inner membrane and the charge on the com- 
pound that dictates its position within the membrane and 
its accessability to the inhibitory site; or (2) it is, per- 
haps, only the charged form of the compound that is 
inhibitory. However, in a series of experiments (not 
shown) carried out with broken membranes incubated at 
different pH values over the range 6.7 to 7.8, no sub- 
stantial changes in potency of ranolazine were observed 
due to pH. 

This change in potency of ranolazine dependent upon 
the energisation state of the mitochondria is certainly 
worthy of further consideration, especially as the evi- 
dence obtained in comparison to other Complex I inhib- 
itors indicates that it may be somewhat unique in this 
respect (Table 1). This is emphasized by the fact that the 
piperazine compounds flunarizine and cinnarizine, men- 
tioned above, also do not appear to exhibit this change in 
sensitivity when comparing coupled mitochondria and 
broken mitochondrial membranes [29]. An obvious pro- 
posal, therefore, is that this property of ranolazine may 
even contribute to its anti-ischaemic action. Thus, it 
could be envisaged that it would preferentially inhibit 
wasteful oxygen consumption by uncoupled and broken 
mitochondria in cells that have been damaged by isch- 
aemia and/or reperfusion, but would hardly affect ATP- 
generating respiratory activity in cells where the mito- 
chondria remain fully competent. Such compromised 
cells would also be likely to have lower pH values than 
normal healthy cells [16] and, thus, more of the com- 
pound would be in the protonated and charged form (see 
above). This also suggests that ranolazine should not 
suffer from any of the toxicity drawbacks that would 
normally be associated with a compound that inhibits 
mitochondrial respiration. Indeed, several studies have 
indicated that the normal functioning of the heart is un- 
affected by the drug [5-E], including oxygen consump- 
tion under a variety of different perfusion conditions 
[lS]. Thus, it seems very unlikely that there is any sig- 
nificant respiratory inhibition by the drug under normal 
cellular conditions. In contrast, its effective concentra- 
tion range with the energetically compromised prepara- 
tions is close to the effective plasma range seen in an- 
tianginal trials [l-4]. 

This differential potency of ranolazine would also 
help explain the subtle variations in concentration-de- 
pendency of the effect that we often noted with our 
preparations on a day-to-day basis and on a between- 
laboratory basis (see legend to Fig. 1) (i.e. this would 
have depended on the quality of the preparations and the 
degree of coupling achieved). 

As already mentioned in the Introduction, the forma- 
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tion of superoxide and other free radicals is thought to be 
associated with the mitochondrial damage that occurs 
during cardiac ischaemia [21-231. Thus, in the absence 
of, or lack of sufficient, oxygen as terminal electron 
acceptor, the electrons generated in the respiratory chain 
are diverted to form partially reduced free radicals which 
then, in turn, can attack and damage the respiratory chain 
enzymes themselves due to peroxidation of lipid com- 
ponents [22-241. This may also happen on the sudden 
reintroduction of oxygen into an environment where re- 
ducing electrons have built up, as would happen on 
reperfusion following ischaemia [26]. Complex I, in par- 
ticular, is thought to be a site of radical production [26], 
and it has been shown that it can produce, in a NADH- 
dependent manner, superoxide free radicals by a roten- 
one-sensitive activity [22]. Therefore, it could be sug- 
gested that ranolazine., which clearly acts at a site close 
to that affected by rotenone, might also help to minimise 
radical formation in ischaemia and reperfusion. This sce- 
nario is supported by the observation that amytal, which 
similarly inhibits Complex I at a site close to the roten- 
one site, reduced mitochondrial lipid peroxidation in rab- 
bit hearts reperfused after a period of ischaemia [23]. 
This effect couId not be mimicked by cyanide, and was 
associated with decreased mean tissue oxygen radical 
concentration. However, in the study on the inhibitory 
effects of flunarizine and cinnarizine on Complex I [29] 
(see above), Veitch and Hue found that, in experiments 
with submitochondrial particles, flunarizine caused an 
increase in the NADH-dependent generation of superox- 
ide. This may indicate that the precise site of interaction 
of the inhibitory compound within the electron sequence 
of Complex I may dia:ate whether radical production is 
inhibited or enhanced. It will, clearly, be important to 
determine the effects of ranolazine on radical production 
and lipid peroxidation. 

Ranolazine’s anti-ischaemic mechanism is thought to 
invoIve a stimulation of glucose oxidation at the expense 
of fatty acid oxidation [ 13-151. This would have a num- 
ber of potential advantages to the ischaemic cell (see 
Introduction), for instance, increased efficiency of en- 
ergy production at times of oxygen limitation. It is dif- 
ficult, at first sight, to see how the effects of ranolazine 
on the respiratory Complex I could have any relationship 
to these stimulations of glucose oxidation that have now 
been observed in several studies on intact perfused 
hearts [ 13-151. Moreover, this effect on glucose oxida- 
tion has been observed under several different perfusion 
conditions, including In normoxia, in low-flow isch- 
aemia, and on reperfu:sion following global ischaemia 
[ 151, (i.e. it does not appear to be substantially affected 
by the likely changes in mitochondrial energisation sta- 
tus in the tissue, although there was some indication of 
a modest increase in potency under low-flow ischaemia 
conditions [ 151). This effect also appeared to be evident 
between 1 and 10 pM and maximal at the latter concen- 
tration; as already noted, this range of concentration is 
the same as the plasma concentration that has been as- 
sociated with antianginal efficacy in clinical trails [l-4]. 

Inhibition of Complex I would be expected to increase 
[NADH] in the matrix which would be expected to de- 
crease flux through pyruvate dehydrogenase [18], the 
key rate-controlling enzyme in glucose oxidation, which 
has been shown to be activated by ranolazine [ 1 I, 191. 
However, an increase in matrix NADHINAD” would 
also inhibit fatty acid beta-oxidation at the level of the 

3-hydroxyacyl CoA dehydrogenase [42], and it may be 
that it is the relative sensitivity of the carbohydrate and 
fatty acid pathway enzymes to changes in NADWNAD+ 
that dictates which pathway will predominate. It is, how- 
ever, already known that ranolazine (up to 1 mM) does 
not affect carnitine palmitoyl transferase I activity [8], 
which is thought to be a key rate-controlling enzyme in 
fatty acid oxidation, and during the course of the present 
studies we also established (results not shown) that ra- 
nolazine (up to 100 pM) does not affect mitochondrial 
Ca’+-transport, as the matrix concentration of Ca2+ is a 
key determinant of oxidative flux [43]. Thus, at the 
present juncture, it is perhaps best to propose that it is 
most likely that ranolazine may have another molecular 
site of action within the mitochondrial matrix that leads 
to the observed increases in glucose oxidation. The 
present work does, however, support this by indicating 
that ranolazine can interact with processes located within 
the mitochondrial matrix, and that it may even have 
greater access to matrix sites under conditions likely to 
pertain in ischaemia’reperfusion. 

The above hypotheses are advanced to try to correlate 
the presently described inhibitory effects of ranolazine 
on Complex I observed in the subcelIular in vitro prep- 
arations we have used. This is the first description of a 
molecular site of action for the drug, with the beneficial 
effects that have been observed in intact isolated heart 
and in viva preparations and in clinical trials (see In&o- 
duction). In any case, compounds such as ranolazine, with 
beneficial and inhibitory properties, may be useful tools in 
elucidating the role of the respiratory Complex I in the 
context of ischemic and reperfusion damage. 
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