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Abstract 

Aims: The translocator protein(TSPO) is located on the outer mitochondrial membrane 

where it is responsible for the uptake of cholesterol into mitochondria of steroidogenic organs. 

TSPO is also present in the heart where its role remains uncertain. We recently showed that 

TSPO ligands reduced infarct size and improved mitochondrial functions after ischemia-

reperfusion. This study thus sought to determine whether cholesterol could play a role in the 

cardioprotective effect of TSPO ligands. 

Methods and Results: In a model of 30 min coronary occlusion/15 min reperfusion in Wistar 

rat, we showed that reperfusion induced lipid peroxidation as demonstrated by the increase in 

conjugated diene and thiobarbituric acid reactive substance formation and altered 

mitochondrial function (decrease in oxidative phosphorylation and increase in the sensitivity 

of mitochondrial permeability transition pore opening) in ex-vivo isolated mitochondria. This 

was associated with an increase in mitochondrial cholesterol uptake (89.5±12.2 vs 39.9±3.51 

nmoles/mg protein in controls, p<0.01) and a subsequent strong generation of auto-oxidized 

oxysterols, i.e. 7α- and 7β-hydroxycholesterol, 7-ketocholesterol, cholesterol-5α,6α-epoxide 

and 5β,6β-epoxide (+173%, +149%, +165%, +165% and +193%  vs controls, respectively; 

p<0.01). Administration of the selective TSPO ligand 4’-chlorodiazepam inhibited oxidative 

stress, improved mitochondrial function, and abolished both mitochondrial cholesterol 

accumulation and oxysterol production. This was also observed with the new TSPO ligand 

TRO40303. 

Conclusions: These data suggest that 4’-chlorodiazepam inhibits oxidative stress and 

oxysterol formation by reducing the accumulation of cholesterol in the mitochondrial matrix 

at reperfusion and prevents mitochondrial injury. This new and original mechanism may 

contribute to the cardioprotective properties of TSPO ligands.  
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1. Introduction 

It is well established that one of the major causes of cell death during myocardial ischemia-

reperfusion is mitochondrial dysfunction resulting from an increase in the permeability of 

mitochondrial membranes
1
 at reperfusion. Several mechanisms, which are not mutually 

exclusive, have been suggested to be involved in this process
2
 but  formation of a multiprotein 

complex involving both the inner and the outer membranes, named the “mitochondrial 

permeability transition pore” (mPTP) is now considered as a major event in the induction of 

myocardial cell death. Thus the limitation of mPTP opening following ischemia-reperfusion is 

a major target for cardioprotection.
3
 

The translocator protein (18kDa) or TSPO is located on the outer mitochondrial membrane 

where it has been shown to interact with proteins implicated in mPTP formation and to 

potentially regulate the pore.
4,5

 A broad spectrum of putative functions has been proposed for 

TSPO but the best characterized is the uptake of cholesterol into mitochondria of 

steroidogenic cells. Accordingly, TSPO is widely expressed in steroidogenic tissues where its 

activity is a limiting step for steroid hormone synthesis. TSPO has also been found in non-

steroidogenic tissues where its role remains uncertain. In these tissues, TSPO has been 

implicated in numerous biological functions such as respiration, reactive oxygen species 

production, apoptosis or inhibition of cell proliferation
5,6

 but TSPO ligands were also found to 

modify the intracellular distribution of cholesterol in non-steroidogenic cells.
7
 TSPO is 

abundant in the heart and we and others have previously shown that the TSPO ligand 4’-

chlorodiazepam reduced infarct size after ischemia-reperfusion.
8-10

 Recently, we observed a 

similar cardioprotective effect with a new TSPO ligand TRO40303
11

 which binds specifically 

to the cholesterol site of TSPO, confirming the interest of this pharmacological target. The 

cardioprotective effect of these drugs was associated with limitation of mitochondrial 

membrane permeability and stabilization of mitochondrial function. Alternatively, it has also 
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been suggested that mitochondrial cholesterol variations could alter mitochondrial function by 

uncoupling oxidative phosphorylation and decreasing ATP synthesis during ischemia-

reperfusion.
12

 It was also reported that induction of mPTP opening was accompanied by an 

increase in mitochondrial membrane fluidity due to conformational changes of mPTP forming 

proteins.
13

 Given that cholesterol is a major factor determining the physical properties of 

membranes, we hypothesized that the cardioprotective effect of TSPO ligands could be 

associated with change in mitochondrial cholesterol concentrations. To investigate this 

possibility we evaluated the cholesterol variations in mitochondria in a rat model of 

myocardial ischemia-reperfusion in the absence or in the presence of the TSPO ligands 4’-

chlorodiazepam and TRO40303.    

 

2. Methods 

A detailed description of the methods can be found in the Supplementary material online. 

Brief descriptions are as follows. 

 

2.1. Animals 

All animal procedures used in this study were in strict accordance with the Directives of the 

European Parliament (2010/63/EU-848 EEC) and recommendations of the French Ministère 

de l’Agriculture. Animal experiments were approved by the Institutional Animal Care and 

Use Committee of Paris-Est University (approval number: 08/03/11-05). Male Wistar rats, 

weighting 250 to 300 g (7-8 weeks), were purchased from Janvier (Le Genest-St-Isle, France). 

They were housed in a room maintained under constant environmental conditions 

(temperature 22-25°C and a constant cycle of 12-h light/dark). They were acclimatized to the 

animal room before being used and received standard rat diet and water ad libitum. 
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2.2. In vivo coronary artery occlusion-reperfusion 

Rats were anesthetized with one administration of sodium pentobarbital (60 mg/kg i.p.) and then 

intubated and ventilated with room air using a respirator (model 683; Harvard Apparatus Inc.). 

The depth of anesthesia was monitored using the tail pinching response and the pedal reflex. A left 

thoracotomy was performed at the fourth intercostal space. A surgical needle was passed under the 

left main coronary artery and the ends of the suture were passed through a polypropylene tube to 

form a snare. Tightening the snare induced coronary artery occlusion, and releasing the ends of the 

suture initiated reperfusion. In a first group of rats, the coronary artery was occluded for 30 min. 

In the other groups, the coronary artery was occluded for 30 min and released for 15 min or 2 h of 

reperfusion, except in the sham group in which the surgical procedure was identical to others but 

the coronary artery was not occluded. The area at risk was conservatively estimated by the 

position of the suture. A 15 min reperfusion was used for extracting myocardial mitochondria and 

determining oxidative phosphorylation, mPTP opening, mitochondrial membrane fluidity, 

conjugated diene generation and mitochondrial cholesterol concentrations. This reperfusion time 

was chosen because mPTP opening was shown to occur within the first minutes of reperfusion.
14 

A 2 h reperfusion was used for extracting cardiac mitochondria and determining lipid 

peroxidation.  4’-Chlorodiazepam (10 mg/kg), TRO40303 (3 mg/kg) or their vehicle 

(N,N,dimethylformamid for 4’-chlorodiazepam and intralipid for TRO40303) were administered 

as a 5 min infusion through the jugular vein. In the ischemia-reperfused groups, 4’-

chlorodiazepam and TRO40303 or their vehicle were administered 10 min before coronary artery 

occlusion and 10 min before reperfusion, respectively. When the drugs were administered to the 

sham groups, they were infused 25 min before heart excision. 

At the end of the reperfusion, the left ventricle from sham rats (noninfarcted) or from the area at 

risk of rats that underwent ischemia-reperfusion was excised to prepare mitochondria.  
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2.3. Isolation of mitochondria and separation of mitochondrial membranes and matrix 

Mitochondria were isolated by differential centrifugation as described previously.
15

 To 

separate the mitochondrial membranes (inner plus outer) and the matrix (intermembrane space 

and matrix), Triton X-100 (0.1%) was added to the mitochondrial suspensions which were 

subjected to three cycles of freezing/thawing (10 min at -80°C/ 5 min at 30°C). The 

mitochondria were then centrifuged at 100,000 g for 1 h at 4°C. The supernatants 

corresponded to the matrix. The pellets, corresponding to the membranes, were resuspended 

in the MSH buffer and centrifuged at 50,000 g for 10 min at 4°C. The protein concentrations 

were approximatively 4-5 mg and 10-12 mg protein/ml for the matrix and the membranes, 

respectively, and were determined using the “Advanced protein assay reagent” (Sigma, 

catalogue number 57697).  

  

2.4. Cholesterol loading in isolated mitochondria 

Isolated mitochondria (5 mg protein/ml) were incubated with a 1.5 µl cholesterol (10 

g/l)/bovine serum albumin (300 g/l) mixture
16 

for 30 min at 4°C under low agitation. The 

mitochondria were then washed three times in the MSH buffer and centrifuged at 15,000 g for 

5 min.  

 

2.5. Mitochondrial oxygen consumption and calcium-induced mPTP opening 

The consumption of oxygen of isolated mitochondria was measured as described 

previously.
17,18

 mPTP opening was assessed by monitoring mitochondrial calcium retention 

capacity. Cardiac mitochondria (1 mg /ml) energized with 2.5 mM pyruvate/ 2.5 mM malate 

were incubated at 30°C in the respiration buffer, including 3 µM of the calcium green-5N 

fluorescent probe (Molecular Probes, Invitrogen). The reaction was started by addition of 

successive 10 µM calcium pulses. After each addition, a rapid uptake was observed followed 
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by a dynamic steady state corresponding to the equilibrium between the influx and the efflux 

of calcium. When the maximal calcium loading threshold was reached, this equilibrium was 

disrupted, and calcium was released. The concentration of calcium in the extra-mitochondrial 

medium was monitored by means of a Perkin Elmer LS 50B fluorescence spectrometer at 

excitation and emission wavelengths of 506 and 532 nm, respectively. The calcium signal was 

calibrated by addition of known calcium concentrations to the medium.  

 

2.6. Fluorescence anisotropy 

Fluidity of mitochondrial membranes was evaluated by fluorescence anisotropy of 

mitochondria-bound dyes 1,6-diphenyl-1,3,5-hexatriene (DPH) and hematoporphyrin IX 

(HP). DPH and HP interact with hydrophobic lipid phases and protein sites of biological 

membranes, respectively.
13

 The DPH or HP labeling was achieved by the addition of 1 µM 

into stirred mitochondria suspension (0.2 mg/ml). The mixture was incubated for 10 min or 5 

min before measuring anisotropy for DPH or HP, respectively. DPH was excited at 340 nm 

and its fluorescence was detected at 460 nm whereas HP was excited at 520 nm and its 

fluorescence was detected at 626 nm with a Perkin Elmer LS 50B fluorescence spectrometer. 

Steady-state fluorescence anisotropy values were obtained by measurements of the 

fluorescence intensity polarized parallel (IVV) and perpendicular (IVH) to the vertical plane 

of polarization of the excitation beam. The fluorescence anisotropy (r) is defined by the 

equation r = (IVV - GIVH)/(IVV + 2GIVH), where G equals IHV/IHH and is the correction 

factor for instrumental artefacts.
19

 

 

2.7. Assay of lipid peroxidation and conjugated diene identification in mitochondrial 

membranes 
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Conjugated dienes were determined as described by Recknagel and Glende
20

 and lipid 

peroxidation was assessed as the generation of thiobarbituric acid reactive substances 

(TBARs).
21

  

 

2.8. Lipid extraction, determination of mitochondrial cholesterol and oxysterol levels 

Whole mitochondria, membranes and matrix samples (5 mg protein/ml) were added to a 

chloroform-Triton X-100 1% mixture (v:v). After 1 min of strong agitation, the samples were 

centrifuged at 8,000 g for 5 min at room temperature. The upper phases were discarded and 

the lower phases containing cholesterol were evaporated for 3 h at 60°C. The total cholesterol 

of whole mitochondria, membrane and matrix samples was determined with a commercial kit 

(Amplex red cholesterol assay kit, Invitrogen). Oxysterols were assayed in mitochondria 

extracts by isotope dilution-mass spectrometry as described previously.
22

 

 

2.9. Enzymatic assays 

All enzymatic activities were determined by spectrophotometric methods using a Jasco model 

V-530 spectrophotometer and were shown to be linear in the protein concentration range used. 

Citrate synthase activity was determined at 412 nm by measuring the initial rate of reaction of 

liberated coenzyme A-SH with 5, 5’-dithio-bis-2-nitrobenzoic acid. Mitochondria (2.5 µg/ml) 

were incubated in a buffer (KH2PO4 10 mM, MgCl2 2 mM, EDTA 1 mM, pH 7.4 at 37°C) 

supplemented with 0.2% Triton X-100 and containing 0.5 mM acetyl-CoA and 0.1 mM 5, 5’-

dithio-bis-2-nitrobenzoic acid in a final volume of 1 ml. The reaction was carried out at 37°C 

and initiated by the addition of 0.5 mM oxaloacetate.  

The determination of monoamine oxidase activity was performed according to the method of 

Bembenek et al.
23

 using kynuramine as a substrate and monitoring the formation of 4-

hydroxyquinoline at 316 nm. Cytochrome C oxidase activity was assayed at 37°C according to 
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the method of Rustin et al.
24

 by monitoring the oxidation of ferrocytochrome C (prepared from 

type III horse heart cytochrome C (Sigma)) at 550 nm. 

 

2.10. Data analysis 

The data are reported as mean ± S.E.M. Statistical significance was determined using either 

Student’s two-tailed unpaired t-test or one-way analysis of variance (ANOVA) followed by 

Scheffe’s post test. Significance was accepted when p<0.05. 

 

3. Results 

3.1. Myocardial ischemia-reperfusion affects mitochondrial function and mitochondrial 

cholesterol concentrations 

We first investigated the effect of ischemia-reperfusion on mitochondrial function. Our data 

confirmed that ischemia-reperfusion inhibited oxidative phosphorylation and sensitized 

mitochondria to mPTP opening. Indeed, 30 min ischemia followed by 15 min reperfusion 

decreased both ADP-stimulated respiration (state 3) and the respiratory control ratio (-33.7% 

versus sham) and significantly reduced the capacity of mitochondria to retain calcium before 

mPTP opening (-50.1% versus sham) (Table 1).  

Using the same protocol we examined then the effect of ischemia-reperfusion on the 

mitochondrial concentration of cholesterol. In mitochondria isolated from control hearts the 

concentration of cholesterol was 39.9±3.51 nmoles/mg protein (Figure 1), a similar level to 

that previously obtained in rat and pig heart mitochondria.
25,26

 There was no difference 

between free and total cholesterol showing the absence of esterified cholesterol and that 

cholesterol was essentially in the free form confirming previous observations by other 

investigators.
25,26

 We also evaluated the concentration of cholesterol in isolated mitochondria 

subfractionated into membranes (inner plus outer) and matrix plus intermembrane space 
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(called matrix). Figure 2 shows that the subfractionation method allowed us to obtain 

enriched fractions in mitochondrial membranes and matrix as demonstrated by the measure of 

the activity of specific enzymatic markers and figure 1 also shows that cholesterol was present 

in both mitochondrial fractions. 

Ischemia induced a decrease in mitochondrial cholesterol which is observed in both the 

membrane and the matrix fractions (Figure 1). Conversely, 15 min reperfusion produced a 

large increase in mitochondrial cholesterol concentration (+124% and +228% compared to 

sham and ischemic values, respectively). This increase mainly took place in the matrix 

fraction (Figure 1). 

These changes in cholesterol concentrations were not due to variations of mitochondrial 

protein concentrations as citrate synthase activity was unchanged after ischemia and/or 

reperfusion (Figure 1). This confirms that the same quantity of mitochondria with intact 

membranes were included in the assays.  

 

3.2. Myocardial ischemia-reperfusion alters mitochondrial membrane fluidity 

Because cholesterol enrichment can modify membrane fluidity, we examined the effect of 

ischemia-reperfusion on mitochondrial membrane fluidity. To this end, mitochondria were 

isolated from rat hearts subjected to 30 min ischemia followed by 15 min reperfusion and 

membrane fluidity was determined by measuring the change in the steady-state fluorescence 

anisotropy of two fluorescent probes bound to mitochondria, DPH and HP.  

Ischemia-reperfusion caused an increase in the fluorescence anisotropy of DPH indicating a 

decrease in the membrane fluidity of lipid regions (Table 2). By contrast, a decrease in 

anisotropy was observed for HP-labelled mitochondria following ischemia-reperfusion. 

In order to determine whether this change in membrane fluidity could be due to a direct effect 

of cholesterol on mitochondrial membranes, mitochondria isolated from control hearts were 
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loaded with cholesterol (see paragraph 2.4) which allowed to obtain a three-fold increase in 

cholesterol concentration in the mitochondrial membranes and not in the matrix according to 

Colell et al.
27

.Mitochondria loaded with cholesterol showed a higher fluorescence anisotropy 

of DPH than control mitochondria (Table 2). This confirms that a cholesterol membrane 

overload induces a decrease in membrane fluidity in accordance with previous reports.
27,28

 In 

contrast to the results obtained with DPH, no change in anisotropy was observed when 

cholesterol loaded mitochondria were labelled with HP. This indicates that a high cholesterol 

level does not modify the arrangement of mitochondrial membrane proteins in isolated 

mitochondria and thus is not responsible for the decrease in anisotropy observed for HP-

labelled mitochondria following ischemia-reperfusion. 

 

3.3. The decrease in mitochondrial membrane fluidity may be related to lipid 

peroxidation 

Although membrane fluidity seems to be related to the variations of cholesterol in in vitro 

overloaded mitochondria, our findings demonstrate that no relation exits between the 

variations of mitochondrial cholesterol concentrations and membrane fluidity during 

ischemia-reperfusion. Indeed, the increase in mitochondrial cholesterol concentrations was 

observed in the matrix and not in the membranes. It is well established, however, that 

ischemia-reperfusion gives rise to an important reactive oxygen species production and thus 

to lipid peroxidation which has been shown to modify membrane fluidity. 

We observed the formation of conjugated dienes in mitochondrial membranes after 15 min 

reperfusion and the release of TBARs after 2 h reperfusion (Table 2). This might explain the 

modifications of membrane fluidity.   
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3.4. 4’-chlorodiazepam inhibits lipid peroxidation, decreases mitochondrial cholesterol 

concentrations and improves mitochondrial function at reperfusion 

To determine whether TSPO might be involved in the accumulation of cholesterol in 

mitochondria at reperfusion, we examined the effect of treatment with the TSPO ligand 4’-

chlorodiazepam in rats subjected to 30 min ischemia followed by 15 min reperfusion. 4’-

chlorodiazepam was administered 10 min before ischemia at a dose (10 mg/kg) shown to be 

cardioprotective in a previous study.
8
 Figure 3 shows that 4’-chlorodiazepam strongly 

inhibited ischemia-reperfusion-induced mitochondrial cholesterol accumulation whereas it 

had virtually no effect on mitochondrial cholesterol concentration in sham operated rats when 

cholesterol was measured in whole mitochondria or in the matrix. We only found a decrease 

in cholesterol in the membrane fractions which was not observed in whole mitochondria 

probably because membrane cholesterol fractions only represent a small part of total 

mitochondrial cholesterol. It should be noted that this decrease was also observed after 

ischemia-reperfusion. A similar inhibiting effect on cholesterol accumulation at reperfusion 

was obtained following administration of the new TSPO ligand TRO40303 (Figure 3) that 

was also characterized as a cardioprotective agent.
11

 

Interestingly, after ischemia-reperfusion, 4’-chlorodiazepam concomitantly inhibited lipid 

peroxidation, as demonstrated by the decrease in the conjugated diene and TBARs formation 

(Table 2), improved respiration parameters and decreased the sensitivity of mPTP opening 

(Table 1). This was associated with the restoration of membrane fluidity of DPH-loaded 

mitochondria, i.e. of membrane lipid regions. By contrast, no variation of membrane fluidity 

was observed with 4’-chlorodiazepam when mitochondria were loaded with HP although the 

sensitivity of mPTP opening decreased.  

These findings suggest that 4’-chlorodiazepam inhibits matrix accumulation of cholesterol at 

reperfusion and improves mitochondrial function. It is also likely that TSPO is involved in 
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cholesterol transport into mitochondrial matrix in the heart and that cholesterol might 

contribute to the deleterious effects of ischemia-reperfusion. This hypothesis seems to be 

supported by the fact that TRO40303 also inhibits cholesterol accumulation induced by 

ischemia-reperfusion while neither drug changed cholesterol levels in mitochondria from 

sham-operated hearts. 

 

3.5. 4’-chlorodiazepam prevents the formation of mitochondrial oxysterols 

Oxysterols (oxidized derivates of cholesterol) are formed by cholesterol autoxidation in 

presence of oxidative stress and lipid peroxidation. Oxysterols have been suggested to induce 

apoptosis in different cellular models.
29

 We hypothesized that they could provide a link 

between the impairment of mitochondrial function, the accumulation of cholesterol and the 

protective effect of TSPO ligands at reperfusion. Therefore, we examined the formation of the 

most commonly detected oxysterols resulting from the auto-oxidation of cholesterol, namely 

7α- and 7β-hydroxycholesterol, 7-ketocholesterol, cholesterol-5α,6α-epoxide and 5β,6β-

epoxide. Oxysterol levels were quantified in sham, ischemia-reperfused and ischemia-

reperfused 4’-chlorodiazepam-treated rats. As shown in figure 4, oxysterols were detected in 

cardiac mitochondria from sham animals, the highest concentration values being measured for 

7α- and 7β-hydroxycholesterol. Reperfusion of the ischemic myocardium increased the 

concentrations of oxysterols in comparison to control hearts. The administration of 4’-

chlorodiazepam before ischemia-reperfusion totally abolished this effect. A similar effect was 

observed after TRO40303 administration.  

 

4. Discussion 

TSPO has been implicated in numerous biological functions,
 6

 especially in the regulation of 

mitochondrial transport of cholesterol in steroid-producing tissues.
30

 In other tissues, such as 
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the heart, its role remains uncertain. Several studies however have shown that TSPO ligands 

have cardioprotective properties in different models of myocardial infarction. Leducq et al.
31

 

reported that SSR180575 reduced the infarct size in rabbit isolated hearts and in anesthetized 

rats. More recently, it was shown that 4’-chlorodiazepam reduced cardiac injury and 

improved cardiac functional recovery during ischemia-reperfusion in rats.
8,10

 We found 

similar results with a new TSPO ligand TRO40303
11

 which is presently in a phase II clinical 

study in patients undergoing angioplasty to treat an acute myocardial infarction.
32

 All these 

studies concluded that TSPO ligands exert their protective effect through preservation of 

mitochondrial function and prevention of apoptosis. In particular, TSPO ligands inhibited 

both oxidative stress and the increase in mitochondrial membrane permeability, specifically 

by limiting mPTP opening after ischemia-reperfusion. This is in line with several other 

studies suggesting an antiapoptotic function of TSPO ligands in different tissues. For 

example, SSR180575 decreased oxidative stress and apoptosis during cardiac ischemia-

reperfusion
31

 and protected polymorphonuclear leukocytes against TNFα-induced apoptosis in 

whole blood.
33 

In the same way, 4’-chlorodiazepam protected lymphoblastoid and neuronal 

cells against TNFα and platelet-activating factor induced apoptosis, respectively.
33,35 

4’-

Chlorodiazepam also prevented isoproterenol-induced cardiac hypertrophy and this was 

associated with an attenuation of isoproterenol-induced lipid peroxidation and changes in 

endogenous antioxidants.
36

  

Despite these observations, the definite mechanism by which TSPO ligands could limit 

oxidative stress, improve mitochondrial function and reduce infarct size during ischemia-

reperfusion remains unknown. It should be noted, however, that 4’-chlorodiazepam is able to 

inhibit the mitochondrial inner membrane anion channel, to decrease the incidence of 

arrhythmia and to have beneficial effects in reducing calcium overload which may contribute 

to its cardioprotective effect.
9
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 We present here new findings suggesting that modulation of uncontrolled mitochondria 

cholesterol accumulation may be an additional mechanism explaining the cardioprotective 

effect of TSPO ligands. We found that reperfusion of an ischemic myocardium is associated 

with a rapid increase in mitochondrial cholesterol and oxysterol concentrations. This 

increment took place in the mitochondrial matrix and was not associated with an 

incorporation of cholesterol in membranes. Thus, the decrease in membrane fluidity observed 

in the lipid regions of mitochondrial membranes does not seem to be related to the change in 

cholesterol level but should be ascribed to oxidative stress. 

Myocardial ischemia and reperfusion is accompanied by a burst of reactive oxygen species 

generation in mitochondria
37

 and the influx of cholesterol into mitochondrial matrix offers a 

high quantity of cholesterol that is highly sensitive to reactive oxygen species attack for 

oxidation. When reactive oxygen species mediate free radical oxidation of cholesterol, a very 

complex mixture of oxysterols is formed in the cell, resulting from both the initial oxygenated 

species of cholesterol and their subsequent metabolites.
38

 We observed the same behavior in 

cardiac mitochondria as a strong increase in concentration of auto-oxidized oxysterols, i.e. 7α- 

and 7β-hydroxycholesterol, 7-ketocholesterol, and cholesterol-epoxides was obtained after 

ischemia-reperfusion. These metabolites are products of 7-hydroperoxycholesterol, which is 

formed from the oxidation of cholesterol through reactions initiated by free radical species, 

such as those arising from the superoxide/hydrogen peroxide/hydroxyl radical system.
39

 7α-, 

7β-Hydroxycholesterol and 7-ketocholesterol are products of radical reactions on cholesterol 

and products of lipid peroxidation. They have a toxic and metabolic effect
37,40

 but they are not 

themselves propagators of lipid peroxidation. The presence of these oxysterols is a 

confirmation of oxidative stress and cholesterol auto-oxidation at reperfusion. 7-

hydroperoxycholesterol, cholesterol-epoxides and the cholesterol radical from which they are 

derived, can propagate lipid peroxidation and exert their activity through a modification of the 
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biophysical organization of both lipids and proteins within the membranes.
38

 To the best of 

our knowledge the possible role of oxysterols in the deleterious effects of myocardial 

ischemia-reperfusion has not been described up to now but accumulation of oxysterols has 

been shown to cause cell death in various cell lines by increasing oxidative stress.
41

 In 

particular, oxysterols are involved in the development of atherosclerosis and in the genesis of 

neurodegenerative diseases
29

 and it had been suggested that they may be biomarkers in these 

diseases.
42

 7-Ketocholesterol and 7β-hydroxycholesterol induce down-regulation of anti-

oxidative defenses
43 

and most of the toxic effects of oxysterols have been attributed to their 

ability to induce apoptosis through the mitochondrial pathway.
29

 

In the present study we show that reperfusion induces lipid peroxidation of mitochondrial 

membranes as demonstrated by the increase in conjugated dienes and TBARs. This may be 

due to the oxidation of cardiolipin which is highly concentrated in mitochondrial 

membranes.
44

 Indeed, cardiolipin is susceptible to peroxidation reactions due to its high 

content of unsaturated fatty acids and is emerging as an important factor in mitochondrial 

dysfunction as well as in the initial phase of the apoptotic process. Cardiolipin oxidation is 

thought to promote mPTP opening and cytochrome c
 
release and prevention of cardiolipin 

peroxidation has been shown to protect hearts from reperfusion injury.
45

 

In our study, 4’-chlorodiazepam inhibits lipid peroxidation, reduces the accumulation of 

cholesterol and abolishes the formation of oxysterols. This suggests that TSPO is responsible 

for the transport of cholesterol in cardiac mitochondria and highlights a possible relationship 

between the accumulation of cholesterol, its transformation to oxysterols and the oxidation of 

mitochondrial membranes during reperfusion of an ischemic myocardium. 

On the basis of the results presented here,
 
we suggest that the increased amount of cholesterol 

and oxysterols in mitochondrial matrix could contribute to mPTP opening and to an 
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inefficient oxidative phosphorylation offering reactive oxygen species to self sustaining lipid 

peroxidation. 

As summarized in figure 5, by inhibiting cholesterol uptake into mitochondria at reperfusion, 

4’-chlorodiazepam might prevent the accumulation of oxysterols favoring the improvement of 

oxidative phosphorylation and the inhibition of mPTP. This might be one mechanism by 

which TSPO ligands exert an indirect antioxidant effect and induce cardioprotection. 

It should be noted that it has also been reported that elevated levels of cholesterol in 

mitochondria are associated with cellular resistance to apoptotic death.
29

 This effect, however, 

was observed in conditions where cholesterol is accumulated in mitochondrial membranes, 

such as in cancer cells or in cells enriched in cholesterol, which differs from the acute 

conditions encountered during the reperfusion of the heart where cholesterol does not 

accumulate in membranes but rather in the matrix and is subjected to an oxidative stress. 

One can argue that the concentration of oxysterols is very low compared to that of cholesterol 

and perhaps too low to induce toxic effects. In fact, the amount of oxysterols free in the 

mitochondrial matrix might be locally quite high compared to free cholesterol and this could 

explain a possible toxic effect. In addition several studies have revealed that 7β-

hydroxycholesterol, 7-ketocholesterol and cholesterol-epoxides are cytotoxic at very low 

(nM) concentrations.
46

  

Despite this study does not establish a cause-effect relationship between the accumulation of 

mitochondrial cholesterol/oxysterols and reperfusion damage, it clearly shows an association 

between both parameters. This opens to future investigations to further assess this relationship 

in details. However, in order to try to demonstrate the deleterious properties of oxysterols on 

mitochondria, we have performed experiments with isolated mitochondria loaded with 

commercially available oxysterols and found that up to 50 µM oxysterols neither impaired 

oxidative phosphorylation nor the capacity of mitochondria to retain calcium. It has to be 
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noted that the in vivo situation could be different since oxysterols are likely to be produced by 

autoxidation of free cholesterol in the mitochondrial matrix whereas in our in vitro model they 

probably do not penetrate into the mitochondria. Therefore, no conclusion has been drawn 

from these experiments.  

In conclusion, we found that myocardial ischemia-reperfusion induces an increase in 

mitochondrial cholesterol concentrations in the first minutes of reperfusion, leading to the 

production of oxysterols that may be involved in the deleterious mitochondrial effects of 

cardiac ischemia-reperfusion.  

By inhibiting cholesterol accumulation in mitochondrial matrix, 4’-chlorodiazepam may 

inhibit oxysterol formation and prevent mitochondrial injury. This mechanism may contribute 

to the cardioprotection provided by TSPO ligands.  



CRV-2012-1081R1
 

 

19 

 

Funding 

S. Paradis was supported by a doctoral grant from the Ministère de la Recherche et de la 

Technologie and by a grant from Trophos. V. Leoni  was supported by Italian Mini 

ster of Health, Fondi per giovani Ricercatori 2008 (GR-2008-1145270). This work was 

supported by grants of the Fondation de France (grant numbers 2009-002496, 2012-

00029514). 

 

Acknowledgements 

We wish to acknowledge Trophos for supplying generously TRO40303 and Drs R. Pruss and 

S. Schaller from Trophos for advice on administration of the compound and fruitful 

discussions. We also thank Roland Zini (INSERM U955) for his constant support and Prof 

Owen Woodman (University of Melbourne) for his helpful comments and for correction of 

the manuscript.  

 

Conflict of interest: none declared. 

 

Supplementary material 

Supplementary material is available at Cardiovascular Research online. 

 

References 

1. Gottlieb RA. Mitochondrial signaling in apoptosis: mitochondrial daggers to the breaking 

heart. Basic Res Cardiol 2003;98:242-249. 

2. Green DR, Kroemer G. The pathophysiology of mitochondrial cell death. Science 

2004;305:626-629. 



CRV-2012-1081R1
 

 

20 

 

3. Halestrap AP. A pore way to die: the role of mitochondria in reperfusion injury and 

cardioprotection. Biochem Soc Trans 2010;38:841-860. 

4. Zorov DB, Juhaszova M, Yaniv Y, Nuss HB, Wang S, Sollott SJ. Regulation and 

pharmacology of the mitochondrial permeability transition pore. Cardiovasc Res 

2009;83:213-225.  

5. Papadopoulos V, Baraldi M, Guilarte TR, Knudsen TB, Lacapère JJ, Lindemann P et al. 

Translocator protein (18kDa): new nomenclature for the peripheral-type benzodiazepine 

receptor based on its structure and molecular function. Trends Pharmacol Sci 2006;27:402-

409. 

6. Casellas P, Galiegue S, Basile AS. Peripheral benzodiazepine receptors and mitochondrial 

function. Neurochem Int 2002;40:475-486. 

7. Falchi AM, Battetta B, Sanna F, Piludu M, Sogos V, Serra M et al. Intracellular cholesterol 

changes induced by translocator protein (18 kDa) TSPO/PBR ligands. Neuropharmacology. 

2007;53:318-329. 

8. Obame FN, Zini R, Souktani R, Berdeaux A, Morin D. Peripheral benzodiazepine receptor-

induced myocardial protection is mediated by inhibition of mitochondrial membrane 

permeabilization. J Pharmacol Exp Ther 2007;323:336-345. 

9. Brown DA, Aon MA, Akar FG, Liu T, Sorarrain N, O'Rourke B. Effects of 4'-

chlorodiazepam on cellular excitation-contraction coupling and ischaemia-reperfusion injury 

in rabbit heart. Cardiovasc Res 2008;79:141-149 



CRV-2012-1081R1
 

 

21 

 

10. Xiao J, Liang D, Zhang H, Liu Y, Li F, Chen YH. 4'-Chlorodiazepam, a translocator 

protein (18 kDa) antagonist, improves cardiac functional recovery during postischemia 

reperfusion in rats. Exp Biol Med 2010;235:478-486. 

11. Schaller S, Paradis S, Ngoh GA, Assaly R, Buisson B, Drouot C et al. TRO40303, a new 

cardioprotective compound, inhibits mitochondrial permeability transition. J Pharmacol Exp 

Ther 2010;333:696-706. 

12. Morrison ES, Scott RF, Lee WM, Frick J, Kroms M, Cheney CP. Oxidative 

phosphorylation and aspects of calcium metabolism in myocardia of hypercholesterolaemic 

swine with moderate coronary atherosclerosis. Cardiovasc Res 1977;11:547-553. 

13. Ricchelli F, Gobbo S, Moreno G, Salet C. Changes of the fluidity of mitochondrial 

membranes induced by the permeability transition. Biochemistry 1999;38:9295-9300. 

14. Griffiths EJ, Halestrap AP. Mitochondrial non-specific pores remain closed during cardiac 

ischaemia, but open upon reperfusion. Biochem J 1995;307:93-98. 

15. Lo Iacono L, Boczkowski J, Zini R, Salouage I, Berdeaux A, Motterlini R et al. A carbon 

monoxide-releasing molecule (CORM-3) uncouples mitochondrial respiration and modulates 

the production of reactive oxygen species. Free Radic Biol Med 2011;50:1556-1564. 

16. Martínez F, Eschegoyen S, Briones R, Cuellar A. Cholesterol increase in mitochondria: a 

new method of cholesterol incorporation. J Lipid Res 1988;29:1005-1011. 

17. Zini R, Berdeaux A, Morin D. The differential effects of superoxide anion, hydrogen 

peroxide and hydroxyl radical on cardiac mitochondrial oxidative phosphorylation. Free 

Radic Res 2007;41:1159-1166. 



CRV-2012-1081R1
 

 

22 

 

18. Obame FN, Plin-Mercier C, Assaly R, Zini R, Dubois-Randé JL, Berdeaux A et al. 

Cardioprotective effect of morphine and a blocker of glycogen synthase kinase 3 beta, 

SB216763 [3-(2,4-dichlorophenyl)-4(1-methyl-1H-indol-3-yl)-1H-pyrrole-2,5-dione], via 

inhibition of the mitochondrial permeability transition pore. J Pharmacol Exp Ther 2008;326: 

252-258. 

19. Morin C, Zini R, Simon N, Tillement JP. Dehydroepiandrosterone and alpha-estradiol 

limit the functional alterations of rat brain mitochondria submitted to different experimental 

stresses. Neuroscience 2002;115:415-424. 

20. Recknagel RO, Glende EA Jr. Spectrophotometric detection of lipid conjugated dienes. 

Methods Enzymol 1984;105:331-337. 

21. Ligeret H, Barthelemy S, Zini R, Tillement JP, Labidalle S, Morin D. Effects of curcumin 

and curcumin derivatives on mitochondrial permeability transition pore. Free Radic Biol Med 

2004;36:919-929. 

22. Leoni V, Strittmatter L, Zorzi G, Zibordi F, Dusi S, Garavaglia B et al. Metabolic 

consequences of mitochondrial coenzyme A deficiency in patients with PANK2 mutations. 

Mol Genet Metab 2012;105:463-471. 

23. Bembenek ME, Abell CW, Chrisey LA, Rozwadowska MD, Gessner W, Brossi A. 

Inhibition of monoamine oxidases A and B by simple isoquinoline alkaloids: racemic and 

optically active 1,2,3,4-tetrahydro-, 3,4-dihydro-, and fully aromatic isoquinolines. J Med 

Chem 1990;33:147-152. 



CRV-2012-1081R1
 

 

23 

 

24. Rustin P, Chretien D, Bourgeron T, Gérard B, Rötig A, Saudubray JM et al. Biochemical 

and molecular investigations in respiratory chain deficiencies. Clin Chim Acta 1994;228:35-

51. 

25. Rouslin W, MacGee J, Gupte S, Wesselman A, Epps DE. Mitochondrial cholesterol 

content and membrane properties in porcine myocardial ischemia. Am J Physiol 

1982;242:H254-H259. 

26. Venter H, Genade S, Mouton R, Huisamen B, Harper IS, Lochner A. Myocardial 

membrane cholesterol: effects of ischaemia. J Mol Cell Cardiol 1991;23:1271-1286. 

27. Colell A, García-Ruiz C, Lluis JM, Coll O, Mari M, Fernández-Checa JC. Cholesterol 

impairs the adenine nucleotide translocator-mediated mitochondrial permeability transition 

through altered membrane fluidity. J Biol Chem 2003;278:33928-33935. 

28. Montero J, Morales A, Llacuna L, Lluis JM, Terrones O, Basañez G et al. Mitochondrial 

cholesterol contributes to chemotherapy resistance in hepatocellular carcinoma. Cancer Res 

2008;68:5246-5256. 

29. Lordan S, Mackrill JJ, O'Brien NM. Oxysterols and mechanisms of apoptotic signaling: 

implications in the pathology of degenerative diseases. J Nutr Biochem 2009;20:321-336. 

30. Lacapère JJ, Papadopoulos V. Peripheral-type benzodiazepine receptor: structure and 

function of a cholesterol-binding protein in steroid and bile acid biosynthesis. Steroids 

2003;68:569-585. 

31. Leducq N, Bono F, Sulpice T, Vin V, Janiak P, Fur GL et al. Role of peripheral 

benzodiazepine receptors in mitochondrial, cellular, and cardiac damage induced by oxidative 

stress and ischemia-reperfusion. J Pharmacol Exp Ther 2003;306:828-837. 



CRV-2012-1081R1
 

 

24 

 

32. MITOCARE Study Group. Rationale and design of the 'MITOCARE' Study: a phase II, 

multicenter, randomized, double-blind, placebo-controlled study to assess the safety and 

efficacy of TRO40303 for the reduction of reperfusion injury in patients undergoing 

percutaneous coronary intervention for acute myocardial infarction. Cardiology 

2012;123:201-207 

33. Leducq-Alet N, Vin V, Savi P, Bono F. TNF-alpha induced PMN apoptosis in whole 

human blood: protective effect of SSR180575, a potent and selective peripheral 

benzodiazepine ligand. Biochem Biophys Res Commun 2010;399:475-479. 

34. Parker MA, Bazan HE, Marcheselli V, Rodriguez de Turco EB, Bazan NG. Platelet-

activating factor induces permeability transition and cytochrome c release in isolated brain 

mitochondria. J Neurosci Res 2002;69:39-50. 

35. Bono F, Lamarche I, Prabonnaud V, Le Fur G, Herbert JM. Peripheral benzodiazepine 

receptor agonists exhibit potent antiapoptotic activities. Biochem Biophys Res Commun 

1999;265:457-461. 

36. Jaiswal A, Kumar S, Enjamoori R, Seth S, Dinda AK, Maulik SK. Peripheral 

benzodiazepine receptor ligand Ro5-4864 inhibits isoprenaline-induced cardiac hypertrophy 

in rats. Eur J Pharmacol 2010;644:146-153. 

37. Raedschelders K, Ansley DM, Chen DD. The cellular and molecular origin of reactive 

oxygen species generation during myocardial ischemia and reperfusion. Pharmacol Ther 

2012;133:230-255. 

38. Murphy RC, Johnson KM. Cholesterol, reactive oxygen species, and the formation of 

biologically active mediators. J Biol Chem 2008;283:15521-15525. 



CRV-2012-1081R1
 

 

25 

 

39. Iuliano L. Pathways of cholesterol oxidation via non-enzymatic mechanisms. Chem Phys 

Lipids 2011;164:457-468. 

40. Brown AJ, Jessup W. Oxysterols: Sources, cellular storage and metabolism, and new 

insights into their roles in cholesterol homeostasis. Mol Aspects Med 2009;30:111-122. 

41. Vejux A, Malvitte L, Lizard G. Side effects of oxysterols: cytotoxicity, oxidation, 

inflammation, and phospholipidosis. Braz J Med Biol Res 2008;41:545-556. 

42. Leoni V, Lütjohann D, Masterman T. Levels of 7-oxocholesterol in cerebrospinal fluid are 

more than one thousand times lower than reported in multiple sclerosis. Lipid Res 

2005;46:191-195. 

43. Lizard G, Gueldry S, Sordet O, Monier S, Athias A, Miguet C et al. Glutathione is 

implied in the control of 7-ketocholesterol-induced apoptosis, which is associated with radical 

oxygen species production. FASEB J 1998;12:1651-1663. 

44. Daum G, Vance JE. Import of lipids into mitochondria. Prog Lipid Res 1997;36:103-130. 

45. Petrosillo G, Colantuono G, Moro N, Ruggiero FM, Tiravanti E, Di Venosa N et al. 

G.Melatonin protects against heart ischemia-reperfusion injury by inhibiting mitochondrial 

permeability transition pore opening. Am J Physiol Heart Circ Physiol 2009;297:H1487-

H1493. 

46. Lemaire-Ewing S, Prunet C, Montange T, Vejux A, Berthier A, Bessède G et al. 

Comparison of the cytotoxic, pro-oxidant and pro-inflammatory characteristics of different 

oxysterols. Cell Biol Toxicol 2005;21:97-114. 

 

 



CRV-2012-1081R1
 

 

26 

 

Figure legends 

Figure 1: Effect of myocardial ischemia-reperfusion on mitochondrial cholesterol 

concentrations. 

Rats were subjected to 30 min ischemia followed by 15 min reperfusion, then the hearts were 

excised and mitochondria were extracted for total cholesterol measurement. In parallel, citrate 

synthase activity was measured to determine the quantity of mitochondria in each group. 

Each value represents the mean ± S.E.M. of 6-8 independent experiments. 

*p<0.05, **p<0.01, ***p<0.001 versus corresponding sham value; ##p<0.01, ###p<0.001 

versus corresponding ischemia value. 

 

Figure 2: Measurement of enzymatic activities. 

For each marker, the activity was expressed as a percentage of the highest activity (100%) 

obtained. The maximal activities of the markers were 15.1±0.95, 17.7±1.33 and 0.037±0.001 

ΔDO/min/mg protein for citrate synthase, cytochrome c oxidase and monoamine oxidase, 

respectively. Each value represents the mean ± S.E.M. of 4-7 independent experiments. 

***p<0.001 versus mitochondrial matrix. 

 

Figure 3: 4’-Chlorodiazepam and TRO40303 inhibit the increase in mitochondrial cholesterol 

concentrations during myocardial ischemia-reperfusion. 

Each value represents the mean ± S.E.M. of 6-9 independent experiments. 

*p<0.05, **p<0.01 versus sham; #p<0.05, ###p<0.001 versus ischemia-reperfusion (I/R). 

 

Figure 4: 4’-Chlorodiazepam and TRO40303 prevent the formation of mitochondrial 

oxysterols during myocardial ischemia-reperfusion. 
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The basal sham values (i.e. 100%) for each oxysterol are as following (in pmoles/mg protein): 

7α-hydroxycholesterol (7aOHC): 0.76±0.06; 7β-hydroxycholesterol (7bOHC): 0.68±0.07; 7-

ketocholesterol (7-Ketochol): 0.24±0.03; cholesterol-5α,6α-epoxide (a-Epoxychol): 

0.21±0.02; cholesterol-5β,6β-epoxide (b-Epoxychol): 0.08±0.01. Each value represents the 

mean ± S.E.M. of 8-10 independent experiments. 

*p<0.05, **p<0.01, ***p<0.001 versus sham; #p<0.05, ##p<0.01, ###p<0.001 versus 

ischemia-reperfusion (I/R). 

 

Figure 5: Schematic representation of the proposed mechanism which may contribute to the 

cardioprotective effect of TSPO ligands.  

A: In control conditions, mitochondrial cholesterol (CHOL) concentrations and oxidative 

stress are low and thus there is low production of oxysterols. 

B: Myocardial reperfusion generates oxidative stress and increases the accumulation of 

cholesterol into mitochondria via the mitochondrial translocator protein (TSPO). This induces 

the formation of oxysterols which can promote lipid peroxidation and the increase in 

membrane permeability. 

C: The administration of TSPO ligands inhibits the accumulation of CHOL into mitochondria 

and thus may prevent oxysterol formation.  
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Table 1: Measurement of mitochondrial parameters after myocardial ischemia-reperfusion. 

 

Mitochondrial oxygen consumption and calcium retention capacity were expressed as 

nanomoles of oxygen per minute per milligram of protein, and nanomoles per milligram of 

protein, respectively. Each value represents the mean ± S.E.M. of 5 independent experiments 

performed in triplicate. 

*p<0.05, **p<0.01, ***p<0.001 versus sham; #p<0.05, ##p<0.01 versus ischemia-reperfusion 

(I/R). 

 

 

 

 

 

70.2±4.846.1±4.592.3±4.3Calcium retention capacity

4.60 0.273.62±0.225.46±0.24Respiratory control ratio

79.0 2.2482.7±2.675.9±1.4State 4

362±22.3±18.7412±17.4State 3

Oxygen consumption

I/R +                                 

4’-chlorodiazepam 

(10 mg/kg)

I/RSham

#

#

*

***

**

***

70.2±4.8046.1±4.5092.3±4.30Calcium retention capacity

±3.62±0.22±0.24Respiratory control ratio

±82.7±2.6075.9±1.40State 4

±22.3298±18.7±17.4State 3

Oxygen consumption

I/R +                                 

4’-chlorodiazepam 

(10 mg/kg)

I/RSham

##

#**

***
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Table 2: Effect of myocardial ischemia-reperfusion on mitochondrial membrane fluidity and 

lipid peroxidation. 

 

Fluidity of mitochondrial membranes was evaluated by fluorescence anisotropy of 

mitochondria-bound dyes 1,6-diphenyl-1,3,5-hexatriene (DPH) and hematoporphyrin IX 

(HP), and lipid peroxidation was assessed as generation of conjugated dienes and TBARs.  

Fluidity of mitochondrial membranes was also evaluated in cholesterol overloaded 

mitochondria isolated from control hearts (non ischemia-reperfused). 

Each value represents the mean ± S.E.M. of 8-12 (membrane fluidity), 8-14 (conjugated 

dienes) and 5-6 (TBARs) independent experiments. 

*p<0.05, **p<0.01 versus sham; #p<0.05, ##p<0.01 versus ischemia-reperfusion (I/R). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 TBARs formation                        

(nmoles/mg Pt)

Conjugated dienes formation                   

(Optic density)

Lipid peroxidation

Sham I/R

I/R +                          

4’-chlorodiazepam                      

(10 mg/kg)

0.250±0.015 0.335±0.023 0.248±0.019

1.79±0.102.47±0.121.82±0.07 * #

** #

Fluorescence anisotropy

Lipid regions (DPH)                    

(Arbitrary unit)

Protein regions (HP)                       

(Arbitrary unit)

0.189±0.002 0.198±0.003 0.183±0.002

0.259±0.005 0.239±0.005 0.241±0.006

*

*

##

Cholesterol

overloaded

mitochondria

0.205±0.004

0.256±0.005

**

-

-
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(nmoles/mg Pt)

Conjugated dienes formation                   

(Optic density)

Lipid peroxidation

Sham I/R

I/R +                          

4’-chlorodiazepam                      

(10 mg/kg)

0.250±0.015 0.335±0.023 0.248±0.019

1.79±0.102.47±0.121.82±0.07 * #

** #

Fluorescence anisotropy

Lipid regions (DPH)                    

(Arbitrary unit)

Protein regions (HP)                       

(Arbitrary unit)

0.189±0.002 0.198±0.003 0.183±0.002

0.259±0.005 0.239±0.005 0.241±0.006

*

*

##

Cholesterol

overloaded

mitochondria

0.205±0.004

0.256±0.005

**

-

-
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