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  Despite considerable advances in the treatment of car-
diovascular diseases, they remain among the leading 
causes of death in developed countries. Several large-scale 
prospective studies evidenced an independent inverse as-
sociation of HDL-cholesterol (HDL-C) levels with risk of 
coronary heart disease (CHD) ( 1 ). Accordingly, studies in 
genetically modifi ed animals, and in patients with rare dis-
orders of HDL metabolism, support a causal relationship 
between low HDL and development of atherosclerotic vas-
cular disease ( 1, 2 ). A low level of HDL-C (generally con-
sidered as <40 mg/dl in men and <50 mg/dl in women) 
remains predictive of future cardiovascular risk, even when 
the concentration of LDL-cholesterol (LDL-C) has reached 
low levels upon treatment with statins ( 3 ). Research to un-
derstand the protective effects of HDL against coronary 
artery disease (CAD) has yielded a large number of likely 
benefi cial actions of HDL particles and their components, 
such as antiinfl ammatory, antithrombotic, antioxidative, and 
cytoprotective effects ( 1 ). However, the best-characterized 
protective action of HDL is their central contribution in a 
process called reverse cholesterol transport (RCT), a pro-
cess whereby cholesterol is transported from peripheral 
cells to the liver for further excretion into bile and feces. 
Thus, these pleiotropic cardioprotective functions of HDL, 
supported by epidemiological studies, led to the idea that 
therapies aiming at enhancing plasma HDL levels would 

      Abstract   HDL is strongly inversely related to cardiovascular 
risk. Hepatic HDL uptake is controlled by ecto-F 1 -ATPase ac-
tivity, and potentially inhibited by mitochondrial inhibitor fac-
tor 1 (IF1). We recently found that IF1 is present in serum and 
correlates with HDL-cholesterol (HDL-C). Here, we have eval-
uated the relationship between circulating IF1 and plasma lipo-
proteins, and we determined whether IF1 concentration is 
associated with the risk of coronary heart disease (CHD). Se-
rum IF1 was measured in 648 coronary patients ages 45–74 
and in 669 matched male controls, in the context of a cross-
sectional study on CHD. Cardiovascular risk factors were doc-
umented for each participant, including life-style habits and 
biological and clinical markers. In controls, multivariate analy-
sis demonstrated that IF1 was independently positively associ-
ated with HDL-C and apoA-I ( r  = 0.27 and 0.28, respectively,  P  
< 0.001) and negatively with triglycerides ( r  =  � 0.23,  P  < 0.001). 
Mean IF1 concentration was lower in CHD patients than in 
controls (0.43 mg/l and 0.53 mg/l, respectively,  P  < 0.001). In 
multivariate analyses, following adjustments on cardiovascular 
risk factors or markers, IF1 was negatively related to CHD ( P  < 
0.001). This relationship was maintained after adjustment for 
HDL-C or apoA-I.   This study identifi es IF1 as a new determi-
nant of HDL-C that is inversely associated     with CHD.  —Ge-
noux, A., J-B. Ruidavets, J. Ferrières, G. Combes, L. Lichtenstein, 
V. Pons, M. Laffargue, D. Taraszkiewicz, D. Carrié, M. Elbaz, B. 
Perret, and L. O. Martinez.  Serum IF1 concentration is inde-
pendently associated to HDL levels and to coronary heart dis-
ease: the GENES study.  J. Lipid Res.  2013.  54:  2550–2558.   

 Supplementary key words HDL-cholesterol • coronary heart disease • 
ATP-synthase inhibitor factor 1 • nucleotide receptor P2Y 13  • inhibitor 
factor 1 

 This study was supported by the INSERM Avenir Grant, the National Research 
Agency (ANR Emergence and GENO #102 01), l’Agence de Valorisation de la 
Recherche en Midi-Pyrénées (AVAMIP), la Région Midi-Pyrénées, Le Centre 
Hospitalier Universitaire de Toulouse (AOL-99-13-L and local grant 2012, 
Délégation à la Recherche Clinique), La Fédération Française de Cardiologie, La 
Fondation de France, L’Offi ce National Interprofessionnel des Vins, and Bayer-
Pharma France. L.L. is a recipient of the Marie Curie IEF fellowship. 

 Manuscript received 5 February 2013 and in revised form 21 June 2013. 

  Published, JLR Papers in Press, June 3, 2013  
 DOI 10.1194/jlr.P036335 

 Serum IF1 concentration is independently associated 
to HDL levels and to coronary heart disease: 
the GENES study  

  Annelise   Genoux , * ,†,††    Jean-Bernard   Ruidavets ,  §    Jean   Ferrières ,  §, **   Guillaume   Combes , * ,†   
 Laeticia   Lichtenstein , * ,†    Véronique   Pons , * ,†    Muriel   Laffargue , * ,†    Dorota   Taraszkiewicz ,  §   
 Didier   Carrié , **   Meyer   Elbaz , **   Bertrand   Perret ,  1, * ,†,††   and  Laurent O.   Martinez   1,2, * ,†   

  Institut National de la Santé et de la Recherche Médicale (INSERM) ,* UMR1048, Institut des Maladies 
Métaboliques et Cardiovasculaires, Toulouse, 31000,  France ;  Université de Toulouse III , †  UMR1048, Toulouse, 
31300,  France ;  INSERM , §  U1027, Faculté de Médecine, Toulouse, 31073,  France ; and Service de Cardiologie,** 
Pôle cardiovasculaire et métabolique,  hôpital de Rangueil , CHU de Toulouse, Toulouse, 31000,  France  ; and 
Service de Biochimie, ††  Pôle biologie, hôpital de Purpan, CHU de Toulouse, Toulouse, 31000, France

 Abbreviations: AUC, area under the ROC curve; BMI, body mass 
index; CAD, coronary artery disease; CHD, coronary heart disease; CI, 
confi dence interval; CRP, C-reactive protein;  � -GT,  � -glutamyltransferase; 
HDL-C, HDL-cholesterol; IF1, inhibitor factor 1; LDL-C, LDL-choles-
terol; OR, odds ratio; RCT, reverse cholesterol transport; ROC, receiver 
operating characteristic; SBP, systolic blood pressure; SR-BI, scavenger 
receptor B1; TG, triglyceride. 

  1  B. Perret and L. O. Martinez are senior co-authors. 
  2  To whom correspondence should be addressed.  
  e-mail: Laurent.Martinez@inserm.fr 

  The online version of this article (available at http://www.jlr.org) 
contains supplementary data in the form of one fi gure and fi ve tables. 

patient-oriented and epidemiological research



Serum IF1 level and coronary heart disease: GENES study 2551

collection has been constituted (declared as DC-2008-463 #1 to 
the Ministry of Research and to the regional Health authority). 
As previously described, cases were stable CHD patients, ages 
45–74, living in the Toulouse area (southwest France) and pro-
spectively recruited from 2001 to 2004 after admission to the 
Cardiology Department, Toulouse University Hospital, for car-
diovascular examination and referred for evaluation and man-
agement of their CHD ( 15, 16 ). Stable CHD was defi ned by a 
previous history of acute coronary syndrome, a previous history 
of coronary artery revascularization, a documented myocardial 
ischemia, a stable angina, or the presence at coronary angiogra-
phy of a coronary stenosis of 50% or more. Patients who had 
presented an acute coronary episode during the past eight days 
were not included in the study, because they were considered 
unstable. During the same period, male controls, ages 45–74, 
were selected from the general population using electoral rolls. 
Stratifi cation into decadal age groups was used to approximately 
match the age distribution of the people with and without CHD. 

 Data collection 
 Male participants with and without CHD were examined in the 

morning after an overnight fast. Patients with stable CHD (cases) 
were examined in the clinics of the Cardiology Department, 
Toulouse University Hospital and underwent a coronary angiog-
raphy. Control subjects were examined in the same health center. 
The medical examination started with standardized face-to-face 
interviews performed by a trained physician using standardized 
methods. During this interview, participants received oral and 
written information on the aim of the study and signed a consent 
form. Then a blood sample was taken from each participant. 
Each participant then completed standardized questionnaires, 
lasting for about 40 min, covering age, socioeconomic variables, 
educational level (number of years spent at school), smoking sta-
tus, alcohol consumption, physical activity, information on car-
diovascular risk factors, and past medical (personal and parental) 
history. The medical examination was continued with anthropo-
metric and clinical measurements. Smoking status was classifi ed 
as current smokers, past smokers who had quit smoking for at 
least three years before the interview, and nonsmokers. For cur-
rent smokers, cigarette consumption was also recorded as the 
average number of cigarettes per day. Alcohol consumption was 
assessed using typical weekly patterns. Physical activity   (PA) was 
categorized into four levels: no PA, light PA for 20 min once a 
week, moderate PA for 20 min twice a week, and intense PA for 
20 min at least three times a week or more. In this study, PA was 
considered and studied as a dichotomous variable: PA > (“high”) 
or ≤ (“low”) 20 min, once a week. Presence of dyslipidemia, dia-
betes or hypertension was assessed from the subjects’ current 
treatments. In those with CHD, their medication at discharge 
was also considered. Anthropometrical measurements included 
waist circumference and body mass index (BMI). Blood pressure 
and heart rate were measured with an automatic sphygmoma-
nometer. Right arm blood pressure was measured twice, and the 
average value was recorded. Measurements were performed after 
a 5 min rest. Blood samples were analyzed for serum total choles-
terol, HDL-C, triglycerides (TG), glucose,  � -glutamyltransferase 
( � -GT), and sensitive C-reactive protein (CRP) with enzymatic 
reagents on an automated analyzer (Hitachi 912, Roche Diag-
nostics, Meylan, France). ApoA-I, apoB, and lipoprotein (a) 
[Lp(a)] were assayed with an immunoturbidimetric method on 
an automated analyzer (Roche Diagnostics, France). LDL-C was 
calculated using the Friedewald formula, with VLDL-cholesterol 
(VLDL-C) (g/l) = TG (g/l)/5, as long as TG concentration was 
below 4 g/l ( 17 ). Lipoproteins containing apoB and either 
apoCIII (Lp B:CIII) or apoE (Lp B:E) were assayed by a specifi c 
immunoelectrodiffusion assay (Sebia, France). 

be antiatherogenic and protective against cardiovascular 
events. However, this issue was revived with recent results 
from large clinical trials showing that some mechanisms 
that enhance HDL levels are not necessarily benefi cial to-
ward atherosclerosis ( 4, 5 ). HDL is highly heterogeneous 
with subclasses that differ in composition and physical 
properties, and display different antiatherogenic proper-
ties ( 6 ). Moreover, several environmental factors, such as 
tobacco and alcohol consumption, physical activity, or in-
fl ammation, are known to infl uence plasma HDL levels 
and functions ( 1 ). Given the complexity of the HDL sys-
tem, it has emerged that a single measurement of HDL-C 
level often fails to provide a reliable prediction of HDL 
biological activities ( 7 ). Therefore, new biological markers 
refl ecting metabolic or vascular activities of HDL lipopro-
teins are needed to better evaluate patients’ cardiovascu-
lar risk or to evaluate their responsiveness to emergent 
HDL-related therapies ( 2 ). 

 In this context, we previously demonstrated the presence 
of a protein complex, related to mitochondrial ATP-syn-
thase, on the surface of human hepatocytes, behaving as a 
high-affi nity receptor for HDL apolipoprotein A-I (apoA-I). 
ApoA-I binds to cell surface ATP-synthase (namely, ecto-F 1 -
ATPase), stimulating extracellular ATP hydrolysis into ADP 
( 8 ). ADP further activates the nucleotide receptor P2Y 13 , re-
sulting in HDL endocytosis ( 9 ). We and others ( 10, 11 ) de-
scribed that P2Y 13 -knockout mice displayed altered HDL 
hepatic catabolism and impaired RCT, but HDL levels were 
maintained or slightly decreased, supporting the emerging 
concept that steady-state serum HDL levels do not necessar-
ily refl ect the ability of HDL to promote RCT ( 12 ). 

 Inhibitory factor 1 (IF1) is a mitochondrial protein of 
81 amino acids (NCBI Reference Sequence: NM_016311.4; 
NP_057395.1) that specifi cally inhibits the ATPase activ-
ity of the mitochondrial F O F 1 -ATP synthase ( 13 ). Using 
human hepatocytes and perfused rat liver, we previously 
demonstrated that exogenous recombinant IF1 also inhib-
its F 1 -ATPase / P2Y 13 -mediated HDL uptake ( 8 ). In addi-
tion, we recently described the presence of constitutive 
IF1 in human serum, and we developed a specifi c immu-
noassay for this compound ( 14 ). First measurements in 
100 normolipidemic subjects have shown a positive asso-
ciation of IF1 level with HDL-C ( 14 ). In the present work, 
IF1 measurements were extensively performed in the 
framework of a case-control study on CHD. The results ar-
gue in favor of IF1 being a new determinant of HDL levels 
and a potential biomarker of cardiovascular risk. IF1 mea-
surements might be particularly relevant for CHD risk as-
sessment in individuals with low HDL levels. 

 METHODS 

 Study sample 
 The Génétique et Environnement en Europe du Sud (GENES) 

study is a case-control study designed to assess the role of genetic, 
biological, and environmental determinants in the occurrence of 
CHD. All participants signed an informed consent form. The study 
protocol was approved by the local ethics committee (CCPPRB, 
Toulouse / Sud-Ouest, fi le #1-99-48, Feb 2000). A biological sample 
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Computation was carried out with SAS software, version 9.2 (SAS 
Institute, Cary, IL) and with STATA statistical software (release 
11.2, Stata Corporation, College Station, TX). 

 RESULTS 

 Serum IF1 levels in the general population 
 Plotting of IF1 levels in the general male population 

(669 controls ages 45–74) demonstrated a normal distri-
bution with a median value at 0.53 ± 0.15 mg/l and a 95% 
confi dence interval (CI) of 0.24–0.82 mg/l (  Fig. 1   and 
  Table 1  ).   Serum IF1 was positively correlated with HDL-C 
and apoA-I, and negatively with triglycerides and triglyceride-
containing lipoproteins (  Fig. 2   and   Table 2  ).   Both HDL-C 
and apoA-I regularly increased as a function of quintiles of 
IF1 in the control population (supplemental Table I). Al-
though the GENES study dealt only with male subjects, 
it is most likely that the relationship between serum IF1 
and lipids also exists among women. In a preliminary 
approach, we measured IF1 concentrations among 70 
normolipemic women who participated in a population 
study in the same geographical area. Mean IF1 level was 
0.52 mg/l ± 0.21. A positive correlation with HDL-C and a 
negative one with TG concentration were also observed 
(A. Genoux, unpublished observations). 

 Correlations between IF1 levels and individual meta-
bolic parameters or cardiovascular risk markers were in-
vestigated and compared with equivalent correlations for 
HDL-C and apoA-I ( Table 2 ). All three parameters (IF1, 
HDL-C, and apoA-I) were negatively correlated with BMI 
and waist circumference. Environmental factors, such as 
cigarette smoking, alcohol consumption, physical activity, 
and an infl ammatory condition, as documented by ele-
vated CRP, displayed expected correlations with HDL-C 
or apoA-I, but correlations with IF1 were absent, or much 
weaker in the case of alcohol ( Table 2 ). This suggests that 
IF1 levels, for most part, are little infl uenced by environ-
mental variables that are known to affect HDL-C or apoA-I 
levels. This hypothesis was supported by multivariate anal-
yses conducted among control subjects. First, we developed 

 Immunoassay of IF1 
 A competitive immunoassay was developed to quantify IF1 in 

human sera as previously described ( 14 ). Repeatability within the 
same day and reproducibility (10 measurements over a six-month 
period) gave variation coeffi cients of 6–7%. An average recovery 
of 96.8% was measured in dilution experiments. Resistance to 
freezing and thawing was assessed on different occasions with a 
95–103% agreement between measurements. With regard to pos-
sible correlations of IF1 with HDL markers, competition experi-
ments with purifi ed apolipoproteins A-I and A-II indicated no 
cross reactivity in this immunoassay. 

 Statistical analyses 
 In the control group, associations of IF1, HDL-C, and apoA-I 

with clinical characteristics and biological markers were tested 
using Spearman’s rank correlations. Independent associations of 
IF1 with HDL-C and apoA-I were analyzed using a multivariate 
linear regression model. Two separate regression analyses of 
HDL-C on IF1 and apoA-I on IF1 were performed. Conversely, 
regression analyses of IF1 on HDL-C or apoA-I and other lipopro-
tein variables were also made. A stepwise selection method was 
used to adjust for confounding variables. The F statistics for 
a variable to be added in the model had to be signifi cant at  P  < 
0.10. Variables were further maintained in the model when the 
F statistic was signifi cant at  P  < 0.05. However, although associa-
tions with LDL-C were not signifi cant, LDL-C, as an established 
lipid risk factor, was forcibly included in fi nal models. For each 
quantitative variable, regression analyses were performed with 
polynomial models to look for possible nonlinear relationships 
with dependent variables. Lack of multicolinearity for IF1 and 
HDL-C or apoA-I was assessed by examining the variance infl a-
tion factors in the fi nal models. Interactions between IF1 and 
other explanatory variables were tested. The specifi c contribu-
tion to the model for each explanatory variable was estimated. 

 In the tables, data are presented as percentages for qualitative 
variables and as means with standard deviations for quantitative 
ones. The chi-square test was used to compare the distribution of 
qualitative variables between cases and controls. The mean val-
ues of quantitative variables were compared by Student  t -test. 
Shapiro-Wilks was used to test the normality of distribution of 
residuals and Levene test to test the homogeneity of variances. 
When the basic assumptions of Student  t -test were not satisfi ed, 
the data were logarithmically transformed or subjected to a 
Wilcoxon-Mann-Whitney test. 

 Two separate multivariate logistic regressions were carried out 
to analyze the statistical association of IF1, HDL-C, and apoA-I 
quartiles with CHD. Adjustments were made systematically for 
classical cardiovascular risk factors: (treatment for) dyslipidemia, 
hypertension, diabetes, smoking, and also for physical activity, 
alcohol consumption, C reactive protein, Lp(a), and triglycer-
ides, which were found associated with CHD (supplemental 
Table IV). For the IF1 logistic regression model, a further adjust-
ment was made for HDL-C or apoA-I. Distributions of IF1, HDL-C, 
and apoA-I were dichotomized (the median cut-off value was 
0.47 mg/l for IF1, 0.43 g/l for HDL-C, and 1.37 g/l for apoA-I) 
to test the statistical interaction between IF1 and HDL-C or 
apoA-I. The Hosmer-Lemeshow chi-square statistic was used to 
assess model fi t. 

 The performance of the fi nal model was evaluated by analysis 
of the area under the receiver operating characteristic (ROC) 
curve (AUC). The internal validity of the prediction model was 
evaluated by bootstrapping ( 18 ) using 100 random samples. ROC 
curves were constructed, and models with and without IF1 or 
HDL-C, separately or in combination, were compared ( 19 ). Anal-
yses were two-tailed, and  P  < 0.05 was considered to be signifi cant. 

  Fig.   1.  Density histogram with normal density plot of IF1. IF1 was 
measured in 669 controls ages 45–74.   
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moderate alcohol consumption (<40 g/day) in controls and, 
conversely, a higher percentage of both abstinent and ex-
cessive drinkers ( � 40 g/day) in cases (data not shown). 
Among metabolic markers, total or LDL-C were lower 
in CHD individuals, probably refl ecting effects of lipid-
lowering drugs in patients. However, CHD individuals 
displayed hyperglycemia, higher levels of triglyceride-
containing lipoproteins and Lp(a), increased CRP, and 
lower HDL markers. Altogether, 50% of CAD individuals 
had features of metabolic syndrome, according to the 
NCEP-ATPIII defi nition versus 18% of control subjects. 
Average IF1 was 0.43 ± 0.13 in CHD individuals versus 
0.53 ± 0.15 mg/l in controls ( P  < 0.001,  Table 1 ). We also 
determined IF1 levels in cases and controls taking or not 
taking treatments for dyslipidemia, diabetes, or hyperten-
sion, and we observed no impact of those treatments on 
serum IF1 (supplemental Table III). 

 A prior logistic regression analysis of established risk 
factors associated with occurrence of CHD in our study 
identifi ed smoking, diabetes, dyslipidemia or hypertension, 
elevated CRP, TG, Lp(a), and low physical activity (supple-
mental Table IV). A trend to positive association was ob-
served for alcohol. Thus, all these factors were taken into 
account for further statistical adjustments. Logistic regres-
sion analyses were conducted regarding the CHD status 
and studying HDL-C, apoA-I, and IF1 as explanatory vari-
ables, following multiple adjustments on cardiovascular 
risk factors and markers having shown signifi cant differ-
ences between the two subpopulations. All three parame-
ters were divided into quartiles, and odds ratios (OR) with 
95% CI were determined (  Table 4  ).  A negative association 
with CHD was recorded with increasing levels of the three 

multiple regression models that included IF1 as an explan-
atory variable of HDL-C or apoA-I (  Table 3  ).  In model 1, 
which explained 34.2% of HDL-C variability, triglyceride 
concentration was the major determinant of HDL-C levels 
(56.3%), being inversely related, followed by serum IF1, 
positively associated (10.1%). In model 2, which explained 
21.2% of apoA-I variability, alcohol consumption and se-
rum IF1 were the strongest positive contributors of apoA-I 
variability (27.0% and 30.5%, respectively). As expected, 
BMI, tobacco smoking, or an infl ammatory condition was 
a negative determinant, whereas physical activity was posi-
tively associated. Serum IF1 was then studied as the depen-
dent variable in multiple regression analyses. Two models 
were developed that included either HDL-C or apoA-I as 
explanatory variables (supplemental Table II). The two 
models explained 10.4% and 12.3%, respectively, of IF1 
variability. HDL-C or apoA-I were the strongest contribu-
tors of the models, followed by triglyceride and apoB levels 
as negative determinants. Alcohol consumption also con-
tributed positively and signifi cantly to IF1 variability, al-
though to a lesser extent (supplemental Table II). 

 Serum IF1 levels and coronary heart disease 
 All characteristics of CHD and control individuals were 

considered ( Table 1 ). Increased prevalence of classical 
risk factors was recorded in CHD individuals: hyperten-
sion, diabetes, dyslipidemia, and smoking habits. BMI and 
waist circumference were higher in CHD-affected than in 
control individuals, while educational level and physical ac-
tivity were lower. Averages of alcohol consumption were not 
signifi cantly different between cases and controls. However, 
alcohol patterns were different, with a higher percentage of 

 TABLE 1. Clinical   and biological characteristics of the study population 

Characteristics Cases (n = 648) Controls (n = 669)  P   

Age (year) 60.4 (±7.9) 59.2 (±8.3) 0.007
 School (years of education) 9.6 (±2.9) 13.1 (±4.1) 0.001
 Alcohol (g/day) 28.1 (±30.6) 24.0 (±22.4) 0.37
 Waist (cm) 99.0 (±10.9) 95.3 (±9.6) 0.001
 BMI (kg/m 2 ) 27.4 (±4.1) 26.8 (±3.5) 0.002
 SBP (mmHg) 139.7 (±20.6) 136.9 (±16.0) 0.002
 Heart rate (beat/min) 63.8 (±12.0) 63.4 (±9.3) 0.41
 Glucose (mmol/l)    a   5.94 (±2.1) 5.47 (±1.1) 0.001
 Triglycerides (g/l)    a   1.70 (±1.01) 1.23 (±0.76) 0.001
 Total cholesterol (g/l) 2.01 (±0.44) 2.25 (±0.37) 0.001
 LDL-C (g/l) 1.29 (±0.38) 1.51 (±0.34) 0.001
 HDL-C (g/l) 0.39 (±0.11) 0.50 (±0.11) 0.001
  � -GT (IU/l) 63.5 (±74.8) 45.9 (±52.8) 0.001
 Lp(a)  � 0.30 versus <0.30 g/l (%) 52.6 34.1 0.001
 CRP  �  5 mg/l versus < (%) 53.6 16.6 0.001
 Metabolic syndrome (NCEP-ATPIII %) 50.4 17.8 0.001
 Treatment for diabetes (%) 25.0 6.4 0.001
 Treatment for dyslipidemia (%) 65.6 23.6 0.001
 Treatment for hypertension (%) 43.8 20.6 0.001
 Cigarettes (cig/day) 3.2 (±8.1) 1.9 (±6.4) 0.001
 Smoking habits (%) 0.001
  Current smoking 20.4 12.7
  Past smoking 61.9 53.2
  Never smoking 17.7 34.1
Physical activity (high level) (%)    b   11.5 34.2 0.001
IF1 (mg/l) 0.43 (±0.13) 0.53 (±0.15) 0.001

Data are expressed as mean (± SD) or percentage.
  a    Analyses performed on log-transformed data.
  b    “High” physical activity during 20 min at least twice a week versus “low” physical activity once a week or less.
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instead of HDL-C, only quartile 4 of IF1 appeared associ-
ated with a signifi cant reduction ( � 60%) ( Table 4 ). To 
ensure that our results on IF1 were not infl uenced by the 
proximity of a coronary event, analyses were resumed after 
excluding those patients having presented an acute event 
in the last three months, but OR were identical to those 
in the whole population (supplemental Table V). Quartile 
ranking was performed to provide a convenient illustra-
tion of those relationships, but signifi cant associations 
were also found when HDL-C, apoA-I, and IF1 were con-
sidered as continuous variables (data not shown). The lin-
earity of the relationships was verifi ed. Thus, multivariate 
analyses argues in favor of IF1 being independently nega-
tively associated with CHD. A statistical interaction existed 
on CHD risk, between IF1 and HDL-C or apoA-I levels ( P  = 
0.04 and  P  = 0.009, respectively,   Table 5  ).  To illustrate this 
interaction, IF1, HDL-C, and apoA-I concentrations were 
considered from both sides of their medians, and the ORs 
were calculated. At low levels of HDL-C (<0.43 g/l), an el-
evated IF1 ( � 0.47 mg/l) conferred a 69% reduction of 
the OR for CHD ( P  < 0.001). A similar decrease was ob-
served in the reverse situation; i.e., at low levels of IF1 but 
with elevated HDL-C. However, risk reduction was signifi -
cantly greater ( � 86%,  P  < 0.001) when both markers were 
above medians. Combination of elevated IF1 ( � 0.47 mg/l) 
and HDL-C ( � 0.43 g/l) was associated with an OR reduc-
tion of greater magnitude than either one of the two mark-
ers alone. At low levels of apoA-I (<1.37 g/l), an elevated 
IF1 ( � 0.47 mg/l) conferred a 68% risk reduction ( P  < 
0.001). Risk reduction was signifi cantly greater ( P  < 0.001) 
when both markers were above medians ( � 90%). How-
ever, an elevated apoA-I by itself achieved a similar reduc-
tion of CHD occurrence. Pairwise comparisons ( Table 5 ) 
clearly show that the benefi cial effect of elevated IF1 
(above median) in terms of reduced association to CHD is 
more pronounced at low levels of HDL-C or apoA-I (below 
median). Again, data were considered across medians 
for presentation clarity, but similar relationships were ob-
served for continuous variables (not shown). 

 To further explore the associations with CHD, ROC curves 
were constructed using classical cardiovascular risk factors 
and markers with or without IF1, HDL-C, or IF1+HDL-C   
(supplemental Fig. I). Classical cardiovascular risk factors 
and markers having shown differences between the two sub-
populations included (treatment for) dyslipidemia, hyper-
tension, and diabetes; smoking, physical activity, and alcohol 
consumption; and CRP, Lp(a), and TG. The AUC for this 
“basal panel” was 0.866 as regards CHD. AUC was increased 
after addition to the model of either IF1 (AUC = 0.880,  P  < 
0.001 for the difference) or HDL-C (AUC = 0.892,  P  < 0.001). 
Furthermore, in the latter case (basal panel + HDL-C), inclu-
sion of IF1 concentration still signifi cantly increased AUC, 
compared with HDL-C alone (0.897 with HDL-C+IF1 versus 
0.892 with HDL-C,  P  < 0.01, supplemental Fig. I). 

 DISCUSSION 

 A few years ago, we found that membrane ecto-F 1 -ATPase, 
an enzyme complex related to mitochondrial ATP-synthase, 

investigated parameters, yet effects of IF1 were somewhat 
less pronounced and with a more gradual decrease than 
those observed with HDL-C or apoA-I. Effects of IF1 were 
studied after a further adjustment on HDL-C. Quartiles 
3 and 4 of IF1 distribution still remained associated with 
a signifi cant reduction of CHD risk ( � 50% and  � 70%, 
respectively). When adjustment was done on apoA-I levels 

  Fig.   2.  Relationships between IF1 and HDL-C (A), IF1 and apoA-I 
(B), and IF1 and triglycerides (C) in control samples. All individual 
data of measurement in 669 normolipemic male subjects are 
represented.   
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binding studies, suggesting IF1 is not likely associated with 
HDL ( 20, 21 ). Whether IF1 is circulating as an intact and 
active protein will require further investigation. However, 
our previous data showed that IF1 could be immunopre-
cipitated from serum into two immunoreactive products 
of  � 20 kDa each ( 14 ). Although this size could correspond 
to a dimer of IF1, which is the main active form of IF1 
within the mitochondria ( 22 ), we cannot exclude that the 
immunoprecipitated products refl ect some posttranslational 
modifi cations or alternative splicing of IF1 or that circulat-
ing IF1 is associated with other serum compounds. 

 The observed relationships between circulating IF1 and 
HDL levels lend support to the view that, in humans, this 
new F 1 -ATPase pathway is physiologically relevant in HDL 
metabolism. At present, only hypotheses can be proposed 
to explain this reciprocal relationship. IF1 is a mitochondrial 
protein, able to block the ATP hydrolytic activity of mito-
chondrial ATP-synthase ( 23 ). Components of this enzy-
matic complex, and particularly of the F 1 -ATPase catalytic 
domain, have been found present at the surface of various 
cells, including hepatocytes ( 24 ). We have shown that 
apoA-I binds to cell surface F 1 -ATPase and stimulates its 

was a high-affi nity receptor for apoA-I, leading secondarily 
to liver uptake of HDL particles ( 8 ). More recently, we de-
tected the presence in human serum of IF1, the natural 
inhibitor of mitochondrial F 1 -ATPase, and we developed a 
specifi c immunoassay for serum IF1 ( 14 ). In the present 
study, for the fi rst time, large-scale measurements of se-
rum IF1 were performed in the context of a case-control 
study on CHD. In control subjects taken from the general 
population, we again found correlations between serum 
IF1 and HDL-C, apoA-I, and TG, extending previous ob-
servations on a limited sample of 100 normolipemic pa-
tients ( 14 ). Moreover, multiple adjustments enabled us to 
demonstrate that IF1 is an independent and important 
contributor of HDL-C or apoA-I variability in the general 
population and, reciprocally, that HDL-related markers 
are the major determinants of IF1 levels. Noteworthy, IF1 
could not be detected in isolated human HDL (data not 
shown) using both immunoassay and anti-IF1 immunopre-
cipitation techniques as previously described ( 14 ). Ac-
cordingly, IF1 has never been reported to be associated 
with HDL in proteomics studies and other biochemical 
approaches, such as immunoprecipitation and in vitro 

 TABLE 2. Correlation between IF1, HDL-C, apoA-I, and other cardiovascular risk factors in controls 

Characteristics IF1 (mg/l) HDL-C (g/l) ApoA-I (g/l)

Age (years)  � 0.02 ( � 0.10; 0.05) 0.03 ( � 0.04; 0.11) 0.05 ( � 0.02; 0.13)
Alcohol (g/day) 0.09 (0.02; 0.16)* 0.20 (0.12; 0.27)*** 0.28 (0.21; 0.31)***
Smoking (cig/day)  � 0.03 ( � 0.11; 0.05)  � 0.10 ( � 0.17;  � 0.02)*  � 0.10 ( � 0.17;  � 0.02)*
Physical activity score 0.01 ( � 0.07; 0.08) 0.20 (0.13; 0.27)*** 0.09 (0.02; 0.17)*
BMI (kg/m 2 )  � 0.17 ( � 0.24;  � 0.09)***  � 0.33 ( � 0.40;  � 0.26)***  � 0.20 ( � 0.27;  � 0.12)***
Waist (cm)  � 0.15 ( � 0.22;  � 0.08)***  � 0.34 ( � 0.41;  � 0.27)***  � 0.17 ( � 0.24;  � 0.10)***
SBP (mmHg)  � 0.02 ( � 0.09; 0.06)  � 0.08 ( � 0.15;  � 0.01)* 0.01 ( � 0.08; 0.08)
Heart rate (beat/min)  � 0.04 ( � 0.12; 0.03)  � 0.07 ( � 0.14; 0.01)  � 0.05 ( � 0.12; 0.03)
Total cholesterol (g/l)  � 0.07 ( � 0.14; 0.01) 0.16 (0.09; 0.24)*** 0.23 (0.16; 0.30)***
LDL-C (g/l)  � 0.07 ( � 0.15; 0.01) 0.01 ( � 0.07; 0.08) 0.03 ( � 0.05; 0.10)
HDL-C (g/l) 0.24 (0.16 � 0.31)*** — 0.82 (0.80; 0.84)***
ApoA-I (g/l) 0.27 (0.20 � 0.34)*** 0.82 (0.80; 0.84)*** —
ApoB (g/l)  � 0.17 ( � 0.24;  � 0.09)***  � 0.15 ( � 0.22;  � 0.08)***  � 0.07 ( � 0.14; 0.01)
Triglyceride (g/l)  � 0.25 ( � 0.32;  � 0.17)***  � 0.48 ( � 0.54;  � 0.42)***  � 0.19 ( � 0.26;  � 0.12)***
LpB:CIII (mg/l)  � 0.14 ( � 0.32;  � 0.17)***  � 0.34 ( � 0.41;  � 0.27)***  � 0.06 ( � 0.14; 0.02)
LpB:E (mg/l)  � 0.26 ( � 0.33;  � 0.19)***  � 0.25 ( � 0.32;  � 0.18)***  � 0.21 ( � 0.28;  � 0.13)***
Lp(a) (g/l) 0.06 ( � 0.02; 0.13) 0.09 (0.01; 0.16)* 0.02 ( � 0.06; 0.09)
Glucose (mmol/l)  � 0.02 ( � 0.08; 0.07)  � 0.04 ( � 0.11; 0.04) 0.03 ( � 0.06; 0.09)
 � -GT (IU/l)  � 0.06 ( � 0.13; 0.02)  � 0.03 ( � 0.11; 0.04) 0.06 ( � 0.01; 0.14)
CRP (mg/l)  � 0.01 ( � 0.08; 0.07)  � 0.19 ( � 0.26;  � 0.12)***  � 0.13 ( � 0.20;  � 0.06)***

Spearman rank correlation (95% CI).  *P  < 0.05, ** P  < 0.01,*** P  < 0.001.

 TABLE 3. Multiple linear regression analysis of HDL-C and apoA-I on IF1 in the control group 

Regression of HDL-C on IF1 
(Model 1), R 2  = 34.2%

Regression of apoA-I on IF1 
(Model 2), R 2  = 21.2%

 � SE  P %    b    � SE  P %    b     

IF1 (mg/l) 0.129 0.027 0.001 10.1 0.347 0.055 0.001 30.5
Triglycerides (g/l)    a    � 0.108 0.009 0.001 56.3  � 0.055 0.019 0.01 6.1
 � -GT (by 10 IU/l) 0.003 0.001 0.001 6.3 0.006 0.002 0.001 8.1
CRP  �  5 mg/l versus < 5 mg/l  � 0.036 0.01 0.001 4.8  � 0.084 0.023 0.001 10.7
BMI  �  30 kg/m 2  versus < 30 kg/m 2  � 0.036 0.01 0.001 4.5  � 0.066 0.023 0.004 6.1
Alcohol (10 g / day) 0.008 0.002 0.001 8.4 0.023 0.004 0.001 27.0
Physical activity (high versus low)    c   0.032 0.009 0.001 6.0 0.041 0.018 0.01 4.0
Current smoker (yes versus no)  � 0.028 0.012 0.03 2.3  � 0.074 0.025 0.008 6.6
LDL-C (g/l) 0.021 0.012 0.09 1.3 0.027 0.025 0.28 0.9

  a    Log-transformed data.
  b    Percentage of variance explained.
  c    “High” physical activity for 20 min at least twice a week versus “low” physical activity once a week or less.
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 IF1 concentration was found 20% lower in CHD cases 
than in control subjects. Noteworthy, the lower IF1 level in 
the cases was not related to treatment for dyslipidemia, dia-
betes, or hypertension. Furthermore, multivariate analyses 
demonstrated an independent inverse association of 
serum IF1 levels with CHD. Indeed, even though serum IF1 
is highly related to HDL-C, IF1 remained negatively associ-
ated to CHD following adjustments on multiple risk fac-
tors or markers, including HDL-C. Determination of ROC 
curves regarding CHD risk yielded similar conclusions, as 
introduction of IF1 signifi cantly increased AUC  , even after 
HDL-C was included in the model. All those observations 
suggest that beyond its close association with HDL, IF1 
concentration would be negatively related to CHD through 
other mechanisms. In our laboratory, as mentioned above, 
we have experimental evidence of the impact of exogenous 
IF1 on HDL catabolism. However, we still have no evidence 
regarding the origin of circulating IF1. As a hypothesis, since 
IF1 is fi rst synthesized with a mitochondrial import signal, 
it is likely serum IF1 might route from the mitochondrial 
matrix toward the plasma membrane to be eventually se-
creted outside the cell. This hypothesis is supported by our 
detection of IF1 in serum-free media from human endothe-
lial cells (HUVEC) and hepatocytes (HepG 2 ) (L. O. Martinez, 
unpublished observations), which are two cell lines previ-
ously described to express endogenous IF1 at their cell 
surface ( 28–30 ). The secretory pathway of IF1 has not 
been characterized yet. However, it has been reported that 

ATP hydrolyzing activity, triggering P2Y 13  ADP-receptor 
activation and a signaling cascade, which further leads to 
the uptake by hepatocytes of both protein and lipid moi-
eties of the HDL particle, a process called holo-HDL endo-
cytosis ( 8 ). This endocytosis pathway for HDL is distinct 
from the so-called selective HDL cholesterol uptake medi-
ated by the scavenger receptor B1 (SR-BI), a mechanism 
by which cholesterol is preferentially taken up, while the 
protein components of the HDL particle are not ( 25 ). In-
terestingly, addition of exogenous IF1 was able to reduce 
HDL uptake by cultured human hepatocytes and perfused 
rodent livers, most likely by inhibiting apoA-I-induced 
F 1 -ATPase activity ( 8 ). Thus, serum IF1 activity might slow 
down HDL hepatic catabolism, increasing the residence 
time of HDL in serum. IF1 concentrations were also nega-
tively correlated to levels of TG-rich, apoB-containing lipo-
proteins. The inverse relationship between metabolism of 
HDL and TG-rich lipoproteins is well known, being medi-
ated by lipid transfer proteins and lipoprotein lipase. Thus, 
as IF1 concentration is closely related to HDL-C, its inverse 
relation with TG markers might refl ect the same metabolic 
interactions. However, in multivariate analysis, TGs were 
independent determinants of IF1. Thus we cannot exclude 
a direct impact of IF1, either on the metabolism of TG-rich 
lipoproteins or an impact on adipocytes, which control TG 
storage and mobilization ( 26 ). Interestingly, functional 
ecto-F 1 -ATPase has been described at the surface of adipo-
cytes ( 27 ). 

 TABLE 4. Risk of coronary heart disease using HDL-C, apoA-I, and IF1 as explanatory variables 

Models with Q1

Q2 Q3 Q4

 P  for TrendOR (95% CI) OR (95% CI) OR (95% CI)

HDL-C 1 0.29 (0.19; 0.47) 0.15 (0.09; 0.24) 0.10 (0.06; 0.16) 0.001
ApoA-I 1 0.19 (0.12; 0.32) 0.08 (0.05; 0.14) 0.04 (0.02; 0.07) 0.001
IF1 1 0.67 (0.45; 1.02) 0.38 (0.25; 0.58) 0.20 (0.13; 0.32) 0.001
IF1    a   1 0.80 (0.52; 1.24) 0.53 (0.34; 0.82) 0.31 (0.19; 0.48) 0.001
IF1    b   1 0.84 (0.53; 1.32) 0.69 (0.43; 1.09) 0.41 (0.25; 0.65) 0.001

All models adjusted on   treatments for dyslipidemia, hypertension and diabetes; on smoking, physical activity, 
and alcohol consumption; and on CRP, Lp(a), and triglyceride. Quartiles for HDL-C: 0.36, 0.43, 0.51 g/l. Quartiles 
for apoA-I: 1.19, 1.37, 1.55 g/l. Quartiles for IF1: 0.382, 0.466, 0.560 mg/l.

  a    Plus HDL-C.
  b    Plus apoA-I.

 TABLE 5. Concomitant risks of CHD for HDL-C, apoA-I, and IF1 

IF1 (mg/l)

< 0.47  �  0.47

OR (95% CI) OR (95% CI)

HDL-C (g/l) < 0.43 1 0.31 (0.20; 0.48)    a   
 �  0.43 0.24 (0.15; 0.37)    b   0.14 (0.09; 0.21)    c   

ApoA-I (g/l) < 1.37 1 0.32 (0.20; 0.51)    d   
 �  1.37 0.14 (0.09; 0.21)    e   0.10 (0.07; 0.15)    f   

Adjusted for dyslipidemia, hypertension, diabetes, smoking, physical activity, alcohol consumption, CRP, 
Lp(a), and triglyceride. IF1 × HDL-C interaction,  P  = 0.04. IF1 × apoA-I interaction,  P  = 0.009. Median cutoff values 
for IF1, HDL-C and apoA-I analyses were considered from both sides of median values.

  a–f    Post-hoc pairwise comparisons with Benjamini-Hochberg correction for  P  value: a versus b:  P  = 0.30; a versus 
c:  P  < 0.001; b versus c:  P  < 0.02; d versus e:  P  < 0.001; d versus f:  P  < 0.001; e versus f:  P  = 0.20.
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the calcium-modulated protein calmodulin could seques-
ter IF1 on the plasma membrane of hepatocytes, suggest-
ing that the IF1 sorting pathway could depend on calcium 
signaling ( 29 ). Also, under acute cholestasis induced by 
short-term bile duct ligation in rat, the level of IF1 was 
found increased at the liver plasma membrane, indicating 
that the IF1-traffi cking pathway might be regulated by he-
patobiliary cholesterol metabolism ( 30 ). Moreover, mobi-
lization of mitochondrial IF1 in cardiomyocytes in response 
to experimental ischemia has been previously reported 
( 31, 32 ); hence, serum IF1 concentration might partly re-
fl ect a subtle balance between its utilization and release, 
depending on the cell energetic status. Finally, environ-
mental factors, which are known to modulate HDL levels, 
had little or no infl uence on IF1 concentrations, suggest-
ing that individual factors (genetic and metabolic) might 
control serum IF1 levels. 

 Statistically signifi cant interactions were evidenced be-
tween IF1 and HDL-C or apoA-I concentrations regarding 
their association to CHD. Most particularly, in subjects 
with low HDL-C or apoA-I levels, a high IF1 was associated 
with a 70% reduction in the OR for CHD. The relative 
decrease was much less pronounced in subjects with ele-
vated HDL. In mechanistic terms, this suggests that curb-
ing HDL liver catabolism might be benefi cial in patients 
who have low levels of circulating HDL. This raises the 
question of how depressing HDL catabolism might be ben-
efi cial against atherosclerosis. Although a major role of 
HDL is its central involvement in RCT, HDL particles by 
themselves exert pleiotropic effects on vascular cells, im-
pairing LDL-oxidation and enhancing endothelial func-
tion, probably by downregulating endothelial expression 
of monocyte adhesion molecules, while promoting synthe-
sis and bioavailability of nitric oxide ( 33, 34 ). It can thus 
be hypothesized that slowing down HDL catabolism would 
prolong residence time of HDL particles, enabling them 
to exert pleiotropic benefi cial effects. This might not have 
a major impact on the whole process of RCT since, in hu-
mans, the fi nal steps (liver uptake) occur not only through 
selective HDL-C uptake via SR-BI ( 25 ) or possibly holo-
HDL endocytosis via ecto-F 1 -ATPase pathway ( 8 ) but also 
through LDL uptake following lipid transfers between li-
poproteins ( 35 ). Interestingly, it has been shown that the 
catabolism of HDL particles is accelerated in diabetes, 
which leads to a signifi cant reduction in HDL plasma resi-
dence time. This increased HDL turnover, potentially det-
rimental regarding HDL vascular effects, was corrected 
by rosuvastatin ( 36 ). Thus, IF1 and other molecules that 
slow down the hepatic catabolism of HDL, like SR-BI in-
hibitors ( 37, 38 ) or niacin ( 39 ), might exert benefi cial 
effects through increasing the residence time of HDL par-
ticles in serum, prolonging their multiple effects on the 
vascular wall. 

 Of course the study design, a case-control comparison, 
limits our conclusions in several ways and no causal relation-
ship can be established. Therefore, further measurements 
are foreseen within the framework of a large prospective 
cohort to establish more fi rmly the predictive value of IF1 
determinations. 

 In conclusion, serum IF1 measurements may prove valu-
able in the assessment of CHD risk along with established 
risk factors, including HDL-C. Its diagnostic potential 
might be particularly important in people who have low 
levels of HDL-C. Further studies will be needed to explore 
its regulation in different pathophysiological contexts.  
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