
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
 
Cardiac failure (CF) is one leading cause of death [1], 
and its prevalence increases with age [1]. More than 
seven decades ago it was proposed that the failing  heart  
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and its associated state, CF, might be caused by energy 
starvation [2]. Since then, a large set of published 
evidence has discussed the paramount importance of 
mitochondrial malfunction in the pathogenesis as well 
as late stages of cardiac failure [3,10]. In recent years, 
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Abstract: Cardiac  failure  is  the most prevalent cause of death at higher age, and  is commonly associated with  impaired
energy homeostasis in the heart. Mitochondrial metabolism appears critical to sustain cardiac function to counteract aging.
In  this  study,  we  generated  mice  transgenically  over‐expressing  the  mitochondrial  protein  frataxin,  which  promotes
mitochondrial  energy  conversion  by  controlling  iron‐sulfur‐cluster  biogenesis  and  hereby mitochondrial  electron  flux.
Hearts of transgenic mice displayed increased mitochondrial energy metabolism and induced stress defense mechanisms,
while  overall  oxidative  stress was  decreased.  Following  standardized  exposure  to  doxorubicin  to  induce  experimental
cardiomyopathy,  cardiac  function  and  survival  was  significantly  improved  in  the  transgenic  mice.  The  insulin/IGF‐1
signaling  cascade  is  an  important  pathway  that  regulates  survival  following  cytotoxic  stress  through  the  downstream
targets protein kinase B, Akt, and glycogen synthase kinase 3. Activation of this cascade is markedly inhibited in the hearts
of  wild‐type mice  following  induction  of  cardiomyopathy.  By  contrast,  transgenic  overexpression  of  frataxin  rescues
impaired  insulin/IGF‐1  signaling  and  provides  a mechanism  to  explain  enhanced  cardiac  stress  resistance  in  transgenic
mice. Taken together, these findings suggest that increased mitochondrial metabolism elicits an adaptive response due to
mildly  increased  oxidative  stress  as  a  consequence  of  increased  oxidative  energy  conversion,  previously  named
mitohormesis. This  in  turn activates protective mechanisms which counteract cardiotoxic stress and promote survival  in
states  of  experimental  cardiomyopathy.  Thus,  induction  of  mitochondrial  metabolism  may  be  considered  part  of  a
generally protective mechanism to prevent cardiomyopathy and cardiac failure.  
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much attention has been attributed to the dysfunction of 
mitochondrial energy metabolism, which has not only 
been associated with CF but also to numerous other 
disorders, such as cancer, diabetes, obesity and general 
senescence. The mitochondrion hosts the enzymes of 
the Krebs cycle and the complexes of the electron 
transport chain (ETC) which generate ATP by oxidation 
of carbohydrates, fatty acids and amino acids. It 
therefore functions as the foremost supplier of energy 
substrate to maintain systemic energy balance and 
homeostasis.  
 
The protein frataxin acts as an important regulator of 
mitochondrial energy metabolism [11] which is highly 
expressed in metabolically active tissues such as brain, 
liver, skeletal and cardiac muscle [12]. It is a nuclear 
encoded protein which, after N-terminal signal peptide 
cleavage, is located within the mitochondrial matrix. 
Recent studies demonstrate that frataxin is an important 
regulator of iron metabolism and storage within the 
mitochondria, and a key factor of iron-sulphur-cluster 
(ISC) synthesis [13]. Friedreich’s Ataxia (FRDA), the 
most prevalent form of inherited neurodegenerative 
diseases, is caused by severely reduced expression of 
frataxin [14]. Primary symptoms are limb and gait 
ataxia, muscular atrophy and subsequent limb failure, 
carbohydrate intolerance, diabetes, and severe 
cardiomyopathy. Eventually, CF is fatal at an average 
age of 37 years [14]. A mouse model of frataxin-
deficiency in the heart demonstrates a similar phenotype 
with cardiac hypertrophy and early adult lethality [15]. 
These findings are supported by the notion that cardiac 
dysfunction is generally associated with impaired 
mitochondrial energy conversion and increased 
formation of ROS [5,16]. 
 
We now have generated a mouse model with transgenic 
over-expression of the mitochondrial protein frataxin to 
address our hypothesis that constitutive activation of 
mitochondrial energy metabolism might reduce the 
incidence of experimental CF. We employed 
doxorubicin (DOX), also used as an anticancer drug in 
human medicine, to induce experimental cardio-
myopathy. DOX is known to cause CF in humans once 
exceeding a cumulative dose threshold [17]. This in turn 
led to the use of DOX in a long-standing and 
standardized mouse model of cardiomyopathy, where a 
single injection of DOX primarily affects the 
myocardium and causes severe and potentially lethal CF 
[18,19]. We here show that transgenic activation of 
mitochondrial energy metabolism in the heart 
significantly reduces mortality in a model of DOX-
induced cardiomyopathy. 
 

RESULTS 
 
Generation of a mouse model with frataxin over-
expression 
 
For the purposes of this study we generated a transgenic 
mouse model over-expressing the mitochondrial protein 
frataxin. A cDNA encoding for human frataxin under 
the control of a ubiquitously active promoter was 
introduced into the murine genome to achieve a 
generally elevated expression of frataxin that, due to a 
hemagglutinin-tag, is distinguishable from expression of 
endogenous protein. We originally obtained 3 founder 
animals out of which only one was fertile and 
transmitted the transgene through the germ line. After 
confirmation of transgene presence in the genome by 
transgene-specific genomic PCR, we determined protein 
expression levels in various tissues (Figure 1A). 
Although a ubiquitously active promoter was used (see 
Methods), transgenic frataxin expression unexpectedly 
was restricted to a subset of tissues. Expression was 
found to be highest in heart, spleen, thymus and lung, 
where aside from the mature, processed 18 kD form of 
frataxin, a precursor of frataxin, sized 22 kD, could be 
detected through immunoblotting of the hemagglutinin-
tagged transgene (Figure 1A). While brain, skeletal 
muscle and kidney also expressed transgenic frataxin 
(Figure 1A), expression was barely detectable in others, 
such as liver and brown adipose tissue (Figure 1A). 
 
Frataxin over-expression promotes cardiac mito-
chondrial energy conversion 
 
We subsequently moved on to investigate possible 
phenotypic changes in the heart, as this tissue usually 
displays the most profound aberrations in FRDA 
patients [14]. To investigate whether over-expression of 
frataxin in an animal model leads to similar changes in 
energy metabolism as previously reported in in vitro 
models [11,20], we determined activity of aconitase 
(Figure 1B), a Krebs cycle enzyme that is known to 
depend on ISC and hence frataxin expression. 
Moreover, aconitase catalyzes the initial conversion 
step of citric acid to isocitric acid in the Krebs cycle and 
therefore represents an important step of mitochondrial 
substrate oxidation. Animals over-expressing frataxin 
showed a trend towards elevated levels of aconitase 
activity when compared to wild-type littermates (Figure 
1B) (P=0.0528). 
 
The levels of ATP, NADH, NADPH and reduced 
glutathione (GSH) in hearts of wild-type and transgenic 
littermate animals were quantified using high 
performance liquid chromatography (HPLC) (Figures 1C- 
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- F). Levels of ATP, NADH and NADPH were 
significantly increased in animals over-expressing 
frataxin (Figures 1C - E) indicating an increase in 
mitochondrial energy conversion and mitochondrial 
efficiency. We next hypothesized that an apparent 
induction of mitochondrial energy conversion might 
lead to an overall increase in oxidative damage. 
However, the concentration of GSH, which constitutes 
an important fuel to drive antioxidative protection of 
cellular structure, was found to be increased in animals 
over-expressing frataxin (Figure 1F). Similarly, 
thiobarbituric acid reactive substances (TBARS), which 
represent a measure of cellular lipid peroxidation, were 
significantly decreased in transgenic animals (Figure 
1G).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Taken together, over-expression of frataxin promotes 
activity of ISC-dependent aconitase activity, elevates 
levels of metabolic intermediates of increased energy 
conversion, promotes glutathione-based ROS defense 
and, despite this increase in mitochondrial activity, 
decreases markers of oxidative stress. 
 
Activation of mitochondrial metabolism counteracts 
cardiomyopathy and reduces mortality 
 
As frataxin has been implicated in maintenance of 
cardiac function, we questioned whether frataxin over-
expression might in turn lead to improved performance 
of the heart under conditions of myocardial damage, 
namely an application of a single dose of DOX to 
induce CF.   
 
We investigated whether frataxin might contribute to 
improved function of the heart. Hemodynamic 
parameters of control and transgenic hearts was assayed 
to monitor cardiac performance of animals either left 
untreated or following DOX administration. In the basal 
state, no differences in any of the hemodynamic 
parameters could be observed when comparing wild-
type and transgenic animals that had not received DOX 
(Table 1). However, when animals were challenged 
with DOX prior to the measurements, transgenic 
animals displayed markedly improved cardiac 
performance. Left ventricular contraction during systole 
and the ventricular relaxation during diastole, end-
systolic and end-diastolic pressure (Pes and Ped) as well 
as maximum rate of left ventricular pressure rise 
(dP/dtmax) and fall (dP/dtmin) indicate contractility of 
the ventricle. Rates of ventricular pressure rise and 
decline were significantly improved in the hearts of 
transgenic animals (Figures 2A and B). A significant 
improvement was also observed in Pes and end-systolic 
volume (Ves) (Figures 2C and D). On the other hand, 
no changes could be detected in the equivalent end-
diastolic functions end-diastolic pressure (Ped) and end- 
diastolic volume (Ved) (Figures 2E and F). Tau (τ), the 
time constant of iso-volumetric left ventricular pressure 
decline was not changed significantly (Figure 2G). On 
the other hand, parameters of overall cardiac 
performance, i.e. stroke work, beat volume, cardiac 
output, ejection fraction and heart rate were all 
significantly increased in hearts with frataxin over-
expression following administration of DOX (Figures 
2H-L). Most importantly and in accordance with these 
findings, we observed a significantly decreased rate of 
mortality in frataxin over-expressing animals compared 
to wild-type littermates after DOX exposure (P=0.033) 
(Figure 3). 

Figure  1.  Over‐expression  of  frataxin  induces  mito‐
chondrial metabolism and ROS defense in the heart.  (A)
Representative anti‐hemagglutinin  immunoblot showing several
tissues  from  a  transgene‐negative  littermate  (“‐“)  and  a
transgenic (“+”) animal each. “Control” is a previously published
cell  line  over‐expressing  frataxin  [20].  (B)  Aconitase  activity
measured in murine heart samples. Grey bars indicate wild‐type
(WT)  and  white  bars  indicate  frataxin‐transgenic  (FX)  animals
(also  applies  to  subsequent  figures).  (C)  ATP  ,  (D)  NADH,  (E)
NADPH,  (F)  reduced  glutathione  (GSH)  and  (G)  thiobarbituric
acid reactive substances (TBARS) contents  in the hearts of wild‐
type  and  frataxin‐transgenic  animals.  Error  bars  represent
S.E.M., *p < 0.05, **p < 0.01, ***p < 0.001 (applies to this and all
subsequent figures) (n=4).  
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Over-expression of frataxin preserves insulin 
signaling in DOX-induced cardiomyopathy  
 
A close link exists between cardiac function and insulin 
signaling, as well as control of mitochondrial 
metabolism. We therefore quantified expression of 
components of the insulin signaling pathway in 
frataxin-transgenic animals before and after exposure to  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
doxorubicin. Using immunoblotting, we analyzed 
expression and phosphorylation levels of IR and IGF-
1R, as well as their downstream targets Akt (protein 
kinase B), glycogen synthase kinase-3α/β (GSK-3α/β) 
and glycogen synthase (GS). Expression as well 
phosphorylation levels of these proteins remained 
unchanged in frataxin-transgenic animals as compared 
to untreated controls in the pre-DOX state (Figure 4).   

Table 1. Summary of hemodynamic parameters of wild‐type and  frataxin‐transgenic animals under untreated, 
i.e. basal conditions (n=6 per group).  
 
Untreated animals  Control  Transgenic  Significance  

Parameter  mean (±S.E.M)  mean (±S.E.M)  P-value  

Heart rate [1/min]  397 (±24)  395 (±26)  0.9439  

Pes [mmHg]  96.1 (±3.8)  99.9 (±4.9)  0.5488  

Ped [mmHg]  4.3 (±1.1)  6.1 (±1.6)  0.3603  

dP/dtmax [mmHg/min]  7254 (±780)  7399 (±1085)  0.9137  

dP/dtmin [mmHg/min]  -6078 (±593)  -5753 (±631)  0.7140  

Cardiac output [µl/min]  10015 (±753)  10510 (±1354)  0.7465  

Ejection fraction [%]  74.8 (±4.1)  70.2 (±4.4)  0.4621  

Stroke volume [µl]  25.9 (±2.5)  26.27 (±2.2)  0.9106  

Tau [ms]  11.9 (±0.8)  10.1 (±2.6)  0.5020  

Stroke work [µl*mmHg]  2470 (±228)  2683 (±350)  0.6133  

Ves [µl]  9.0 (±1.8)  12.0 (±2.0)  0.2878  

Ved [µl]  34.9 (±3.5)  38.2 (±3.8)  0.5184  
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Figure  2.  Activation  of  mitochondrial  metabolism  improves  cardiac  function  following  doxorubicin‐induced
cardio‐myopathy. (A) Maximum rate of pressure development in the left ventricle (dP/dtmax), (B) left‐ventricular maximum
rate of pressure decrease (dP/dtmin), (C) end‐systolic pressure (Pes), (D) end‐systolic volume (Ves), (E) end‐diastolic pressure
(Ped),  (F) end‐diastolic volume  (Ved),  (G)  time constant of  isovolumetric  left ventricular pressure decline  (tau,  τ).  (H)  stroke
work, (I)  stroke volume, (J) cardiac output, (K) ejection fraction, and (L) heart rate in wild‐type vs. frataxin‐transgenic animals
following administration of doxorubicin. Grey bars depict wild‐type litter mates, white bars frataxin‐transgenic mice (n=6 each).
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Figure 3. Activation of mitochondrial energy metabolism increases survival rates following
doxorubicin‐induced cardiomyopathy. Survival plot of animals exposed  to doxorubicin. Triangles
depict frataxin‐transgenic (FX) animals; squares depict wild‐type (WT) animals (n=24 per genotype).  

Figure  4.  Activation  of mitochondrial metabolism  sustains  activation  of  the  insulin  signaling
cascade  following doxorubicin‐induced  cardiomyopathy.    Three  animals were  analyzed  by western
blotting for each group. Lanes 1‐3: WT untreated; lanes 4‐6: FX untreated; lanes 7‐9: WT doxorubicin‐treated;
lanes 10‐12: FX doxorubicin‐treated. Membranes were probed with the indicated antibody, then stripped and
re‐probed with α‐tubulin as loading control. Approximate protein band size to the left as indicated by arrows. 
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Administration of DOX to wild-type animals, however, 
lead to a marked reduction in phosphorylation levels of 
IR and IGF-1R (Figures 4A and B), as well as their 
downstream targets Akt and GSK-3α/β (Figures 4C to 
F). Phosphorylation of GSK-3α/β negatively regulates 
the activity of this kinase. Accordingly, phosphorylation 
of GS was found to be increased in wild-type animals 
exposed to DOX, which is known to inhibit the activity 
of this enzyme (Figure 4G). Meanwhile, under 
conditions of frataxin over-expression, we observed a 
reversal of the DOX-induced changes in wild-type 
animals. We here observed increased phosphorylation 
levels of the upstream insulin signaling components IR, 
IGF-1R and Akt (Figures 4A - E) as well as the 
downstream kinase GSK-3α/β (Figure 4F). According-
ly, phosphorylation of GS was reduced to levels 
observed in the untreated hearts (Figure 4G).  
 
Taken together, DOX-induced cardiomyopathy, cardiac 
function and survival was significantly improved in 
frataxin-transgenic mice compared to wild-type 
littermates. Activation of the insulin/IGF-1 signaling 
cascade is markedly inhibited in the hearts of wild-type 
mice following induction of cardiomyopathy. 
Importantly, transgenic overexpression of frataxin 
rescues the loss of insulin/IGF-1 signaling and provides 
a mechanism to explain enhanced cardiac stress 
resistance in the transgenic mice. 
 
DISCUSSION 
 
We previously demonstrated that expression of 
frataxin correlates with mitochondrial energy 
metabolism in vitro and in vivo, affecting processes as 
diverse as longevity, diabetes, as well as growth and 
formation of cancer cells [11,20-23]. Therefore, we 
here have generated a transgenic mouse model with 
forced expression of frataxin. Frataxin-transgenic mice 
display increased mitochondrial energy metabolism in 
the heart, which – consistent with previously published 
in vitro data [24] - was accompanied by reduced 
oxidative stress. These observations indicate that over-
expression of frataxin in the heart improves 
mitochondrial energy conversion while it reduces the 
amount of ROS produced during electron transport. 
Following the injection of DOX to induce CF we 
observe significantly improved cardiac function and 
survival in mice transgenically expressing frataxin. 
Moreover, we here show that activation of 
mitochondrial metabolism is able to sustain activation 
of the Akt/PKB survival pathway through the 
insulin/IGF-1 receptor signaling axis under conditions 
of ROS-induced cardiomyopathy.  
  

Previous findings in cells, nematodes, knock-out mice 
and possibly humans demonstrate that frataxin 
expression tightly correlates with mitochondrial activity 
[11,20¬23,25,26] . Furthermore, we and others were 
able to show that increased formation of ROS can 
expedite health-promoting effects by inducing a 
hormetic response which in turn leads to improved 
stress resistance and/or ROS defense capacity (reviewed 
in [27]). In particular, this has been shown for frataxin-
overexpressing cells which, similarly to the transgenic 
mice studied in this manuscript, exhibit reduced ROS 
levels and increased GSH levels despite increased 
mitochondrial metabolism [24]. We therefore 
hypothesize that frataxin acts similar to physical 
exercise [28] through transiently increased ROS 
formation by subsequently promoting mitochondrial 
hormesis or ‘mitohormesis’ [27] (Figure 5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

It is well established that activation of insulin/IGF-1 
receptor signaling exerts cardioprotective action [29-
31]. Reduced insulin sensitivity and diabetes have been 
associated with increased incidence of CF [31] while 
cardiac muscle appears to respond to impaired insulin 
signaling by inducing mitochondrial biogenic response 
[32]. In the same line, treatment of rats with IGF-1 
protects from cardiomyopathy induced by DOX [33], 
and expression of IGF-1 and its receptor is increased in 
rat hearts following physical exercise [34,35]. Mice 
carrying a deletion of both IR and IGF-1R in the 
skeletal muscle and heart display a severe impairment 
of  cardiac function and die of heart  failure four  weeks  

Figure  5. Activation  of  mitochondrial  metabolism
induces mitohormesis, hereby increasing stress resistan‐
ce and survival of cardiomyopathy.  
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after birth. Moreover, these animals display reduced 
expression levels of genes of the ETC and especially 
mitochondrial fatty acid oxidation, not only suggesting 
that insulin signaling plays an essential role on heart 
physiology but also is an important regulator of 
mitochondrial energy metabolism [36].    
 
Activation of the Akt/PKB survival pathway has 
repeatedly been implicated in improved outcome 
following myocardial infarction. The anti-apoptotic 
function of Akt/PKB seems to be of particular 
importance to guarantee sustained heart contractility 
and function following reperfusion of the infarct region 
[37-39]. Conversely, over-expression of constitutively 
active Akt/PKB results in marked cardiac hypertrophy 
and other cardiac complications. Interestingly, and 
regardless of the negative growth characteristics, 
Akt/PKB-transgenic animals displayed significantly 
reduced infarct size following ischemia/reperfusion 
[40]. In accordance with our findings, it could be 
demonstrated earlier that DOX reduces Akt/PKB 
signaling [41,42]. Moreover, virus-mediated expression 
of AKT1 in mouse hearts ameliorated the effects of 
DOX-induced cardiomyopathy [43].  
 
Another interesting line of evidence links reduced 
activity of the downstream target of Akt/PKB, GSK-
3α/β, to cardioprotection. Following treatment with the 
polyphenolic compound resveratrol, GSK-3α/β is 
inhibited via phosphorylation [44]. Resveratrol protects 
the heart by a preconditioning mechanism acting though 
nitric oxide signaling [45], a process strikingly 
resembling the principle of hormesis. Resveratrol has 
been implicated in eliciting a hormetic effect in the 
process of ‘xenohormesis’ [46].   
 
In summary, we observe a consistent reduction of 
insulin/IGF-1 receptor signaling and reduced Akt/PKB 
phosphorylation, which has been previously reported 
following administration of DOX. The findings 
altogether indicate that over-expression of frataxin, due 
to its function as an activator of mitochondrial energy 
metabolism, rescues the DOX-induced down-regulation 
of insulinIGF-1 signaling. Moreover, we propose that 
mitochondrial metabolism, by primarily producing 
increased amounts of ROS, elicits a mitohormetic 
response which activates defense mechanisms in the 
heart. This effect may help to prevent cardiomyopathy 
and result in improved survival following treatment 
with DOX (Figure 5). Plausible future approaches for 
finding novel treatments of CF would therefore include 
the search for novel compounds that can enhance 
mitochondrial metabolism to induce such a 
mitohormetic response [4].   
 

MATERIALS AND METHODS 
 
Generation of frataxin-overexpressing animals. The 
cDNA encoding for the human frataxin protein was 
obtained and fused to a C-terminal hemagglutinin-tag as 
previously described [11]. The cDNA (deposited at 
AddGene for public access) was cloned into the NcoI 
and EcoRI restriction sites of the pDRIVE-CAG vector 
(InvivoGen, San Diego, CA, USA), which has been 
designed for ubiquitous expression in the mouse, hereby 
also replacing the original LacZ encoding sequence. 
The vector was then digested with the restriction 
enzymes SwaI and PstI to remove vector backbone and 
obtain the purified transgene construct for injection into 
the male pre-nucleus of fertilized murine oocytes 
derived from pure C57Bl/6 mice. All subsequent 
breedings were performed with C57Bl/6 wild-type 
animals to maintain a homogenous genetic background. 
Offspring was genotyped for integration of the 
transgene as described below. F1 offspring animals 
were genotyped to verify transmission through the germ 
line. One founder animal with stable and heritable 
expression of the transgene could be obtained, which was 
subsequently used to generate a mouse colony with stable 
over-expression of the frataxin protein. All animal 
experiments (generation of transgenes, maintenance and 
DOX experiments) were performed after approval by the 
corresponding institutional review boards. 
 
Animal maintenance. Animals were housed and 
maintained as described before [23]. For all experiments 
male animals at an age of 12-16 weeks were used.  
 
Genotyping. Breeding was designed to always yield 
heterozygous offspring by mating a heterozygous to a 
wild-type parental animal. Tail biopsies were obtained 
and DNA was extracted as described before [22]. PCR 
amplification was performed using forward and reverse 
primers located within the transgene with the sequences 
5’-GGCTATCTTCTCCATCCAGTG-3’ and 5’-
TCTTATCATGTCGAGCTAGCG-3’ for sense and 
antisense primers, respectively.  
  
Aconitase activity. Measurements were performed as 
described previously [22]. 
 
Quantification of metabolites. Metabolites were assayed 
as described [47]. In brief, tissue samples were removed 
and snap-frozen with liquid nitrogen. Sample was 
homogenized in chilled acetonitrile buffer to precipitate 
protein. Following the removal of protein for later 
quantification by chloroform-extraction, the metabolite-
containing fraction was subjected to HPLC separation 
and detection. Metabolites were identified by spiking of 
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samples with appropriate standards. Metabolite content 
was normalized to protein content.  
 
Thiobarbituric acid reactive substances (TBARS). 
Quantification was performed exactly as described 
previously [22].  
 
Doxorubicin-induced cardiomyopathy. Doxorubicin-
induced cardiomyopathy was induced by intraperitoneal 
injection of doxorubicin (Doxo Cell, Cell Pharm, 
Germany, 20 mg/kg) in 24 mice with transgenic 
overexpression of frataxin (FX) and in 24 wild-type 
littermates (WT). The investigation conformed to the 
Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (NIH 
Publication No. 85-23, revised 1985).  
 
Surgical procedures and hemodynamic measurements.  
Left ventricular (LV) function was analyzed using 
pressure-volume loops. The animals were anesthetized 
(Thiopental 125 mg/kg i.p.), intubated, and artificially 
ventilated. As described recently [48], a 1.4 F micro-
conductance pressure catheter (Sciesence, Ontario, 
Canada) was positioned in the left ventricle for 
registration of LV pressure– volume (PV) loops in a 
closed-chest model. Indices of cardiac function were 
derived from PV data. Systolic function was quantified 
by LV end-systolic pressure (LVP, mmHg), dP /dt max 
(mmHg/s) and by ejection fraction (EF, %). Global 
cardiac function was quantified by the end systolic 
volume (ESV, µl), end diastolic volume (EDV, µl) 
stroke volume (SV, µl), cardiac output (CO, µl/min), 
and heart rate (HR, beat/min). Diastolic function was 
measured by LV end-diastolic pressure (LVEDP, 
mmHg), dP/dt min (mmHg/s), and the iso-volumetric 
relaxation time TAU (ms).  
 
Immunodetection. Detection of the various proteins by 
western blot was performed as described before [20]. 
Monoclonal antibodies were: hemagglutinin (clone 
12CA5) (Roche, Mannheim, Germany), basal insulin 
receptor beta, Tyr1135/1136 phosphorylated IGF-1 
receptor beta, and Tyr-1150/51 phosphorylated insulin 
receptor beta, basal glycogen synthase kinase 
alpha/beta, and Ser21/9 phosphorylated glycogen kinase 
alpha/beta (all from Cell Signaling Inc, Danvers, MA, 
USA). Polyclonal antibodies were: basal Akt, Ser308 
phosphorylated Akt, Ser473 phosphorylated Akt, basal 
glycogen synthase, Ser641 phosphorylated glycogen 
synthase (all from Cell Signaling Inc.) and alpha-tubulin 
(Sigma-Aldrich GmbH, München, Germany).  
 
Statistical analyses were performed using SPSS version 
13.0. Unpaired T-tests were used to compare transgenic 
animals and control littermates, except for survival rates 

where chi-square analysis was used. P-values below 
0.05 were considered statistically significant. 
 
ACKNOWLEDGEMENTS 
 
The authors thank Susann Richter for excellent 
technical assistance.  This work was supported by 
grants from the German Research Association (DFG), 
namely RI1076/1-3 to M. R., SFB-TR 19 - A2 to D.W. 
and SFB-TR 19 - Z3 to C.T. Moreover, this work is 
part of the research program of the Jena Centre for 
Systems Biology of Ageing – JenAge funded by the 
German Ministry for Education and Research 
(Bundesministerium für Bildung und Forschung – 
BMBF; support code: 0315581[A-D]).   
 
CONFLICT OF INTERESTS STATEMENT 
 
The authors of this paper declare no conflict of interests.  
 
REFERENCES 
 
1. Rosamond W, Flegal K, Friday G, Furie K, Go A, Greenlund K, 
Haase N, Ho M, Howard V, Kissela B, Kittner  S,  Lloyd‐Jones D, 
McDermott M,  et  al. Heart  disease  and  stroke  statistics‐‐2007 
update: a report from the American Heart Association Statistics 
Committee  and  Stroke  Statistics  Subcommittee.  Circulation. 
2007; 115:69‐171.  
2. Herrmann G, Decherd G. The chemical nature of heart failure. 
Ann Intern Med. 1939; 12:1233‐1244.  
3.  Rimbaud  S,  Garnier  A,  Ventura‐Clapier  R.  Mitochondrial 
biogenesis in cardiac pathophysiology. Pharmacol Rep. 2009; 61: 
131‐138.  
4.  Schwartz  DR  and  Sack MN.  Targeting  the mitochondria  to 
augment myocardial protection. Curr Opin Pharmacol. 2008; 8: 
160‐165.  
5. Neubauer S. The failing heart ‐ an engine out of fuel. N Engl J 
Med. 2007; 356:1140‐1151.  
6. Tian Q, Barger PM. Deranged energy substrate metabolism in 
the failing heart. Curr Hypertens Rep. 2006; 8:465‐471.  
7. Stanley WC, Recchia FA, Lopaschuk GD. Myocardial substrate 
metabolism  in  the normal and  failing heart. Physiol Rev. 2005; 
85:1093‐1129.  
8. Ventura‐Clapier R, Garnier A, Veksler V. Energy metabolism in 
heart failure. J Physiol. 2004; 555:1‐13.  
9. Hausenloy DJ, Ruiz‐Meana M. Not just the powerhouse of the 
cell:  emerging  roles  for mitochondria  in  the  heart.  Cardiovasc 
Res 2010; 88:5‐6.  
10.  Gonzalez‐Loyola  A  and  Barba  I.  Mitochondrial  etabolism 
revisited:  a  route  to  cardioprotection.  Cardiovasc  Res.  2010; 
88:209‐210. 
11. Ristow M, Pfister MF, Yee AJ, Schubert M, Michael L, Zhang 
CY,  Ueki  K,  Michael  MD,  2nd,  Lowell  BB,  Kahn  CR.  Frataxin 
activates  mitochondrial  energy  conversion  and  oxidative 
phosphorylation.  Proc  Natl  Acad  Sci  U  S  A.  2000;  97:12239‐
12243.  
12. Koutnikova H, Campuzano V,  Foury  F, Dolle P, Cazzalini O, 
Koenig  M.  Studies  of  human,  mouse  and  yeast  homologues 

  
www.impactaging.com                  851                                   AGING,   November 2010, Vol.2 No.11



indicate a mitochondrial function for frataxin. Nat Genet. 1997; 
16:345‐351.  
13. Mühlenhoff U, Richhardt N, Ristow M, Kispal G,  Lill R. The 
yeast  frataxin  homolog  Yfh1p  plays  a  specific  role  in  the 
maturation of cellular Fe/S proteins. Hum Mol Genet. 2002; 11: 
2025‐2036.  
14. McKusick  VA,  Kniffin  CL,  Tiller  GE, Wright MJ,  Hamosh  A, 
Antonarakis SE, Rasmussen SA, Smith M, Brennan P, Rasooly RS. 
Online Mendelian  Inheritance  in Man: Friedreich Ataxia  (OMIM 
229300).  2010; 
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=229300.  
15. Puccio H, Simon D, Cossee M, Criqui‐Filipe P, Tiziano F, Melki 
J, Hindelang C, Matyas R, Rustin P, Koenig M. Mouse models for 
Friedreich ataxia exhibit  cardiomyopathy,  sensory nerve defect 
and Fe‐S enzyme deficiency followed by  intramitochondrial  iron 
deposits. Nat Genet. 2001; 27:181‐186.  
16.  Seddon M,  Looi  YH,  Shah  AM. Oxidative  stress  and  redox 
signalling  in cardiac hypertrophy and heart failure. Heart. 2007; 
93:903‐907.  
17. Rinehart JJ, Lewis RP, Balcerzak SP. Adriamycin cardiotoxicity 
in man. Ann Intern Med. 1974; 81:475‐478.  
18.  Rosenoff  SH,  Olson  HM,  Young  DM,  Bostick  F,  Young  RC. 
Adriamycin‐induced  cardiac  damage  in  the  mouse:  a  small‐
animal model of cardiotoxicity. J Natl Cancer Inst. 1975; 55:191‐
194.  
19. Olson  RD, Mushlin  PS,  Brenner DE,  Fleischer  S,  Cusack  BJ, 
Chang  BK,  Boucek  RJ,  Jr.  Doxorubicin  cardiotoxicity  may  be 
caused by its metabolite, doxorubicinol. Proc Natl Acad Sci U S A. 
1988; 85:3585‐3589.  
20.  Schulz  TJ,  Thierbach  R,  Voigt  A,  Drewes  G, Mietzner  BH, 
Steinberg  P,  Pfeiffer  AF,  Ristow  M.  Induction  of  oxidative 
metabolism  by  mitochondrial  frataxin  inhibits  cancer  growth: 
Otto Warburg revisited. J Biol Chem. 2006; 281:977‐981.  
21.  Zarse  K,  Schulz  TJ,  Birringer  M,  Ristow  M.  Impaired 
respiration  is  positively  correlated with  decreased  life  span  in 
Caenorhabditis  elegans  models  of  Friedreich  Ataxia.  FASEB  J. 
2007; 21:1271‐1275.  
22. Thierbach R, Schulz TJ,  Isken F, Voigt A, Mietzner B, Drewes 
G,  von Kleist‐Retzow  JC, Wiesner RJ, Magnuson MA, Puccio H, 
Pfeiffer  AF,  Steinberg  P,  Ristow  M.  Targeted  disruption  of 
hepatic  frataxin  expression  causes  impaired  mitochondrial 
function, decreased  life  span, and  tumor growth  in mice. Hum 
Mol Genet. 2005; 14:3857‐3864.  
23. Ristow M, Mulder H, Pomplun D, Schulz TJ, Müller‐Schmehl 
K,  Krause  A,  Fex  M,  Puccio  H,  Müller  J,  Isken  F,  Spranger  J, 
Müller‐Wieland  D, Magnuson MA,  et  al.  Frataxin‐deficiency  in 
pancreatic islets causes diabetes due to loss of beta‐cell mass. J 
Clin Invest. 2003; 112:527‐534.  
24. Shoichet SA, Bäumer AT, Stamenkovic D, Sauer H, Pfeiffer AF, 
Kahn  CR,  Müller‐Wieland  D,  Richter  C,  Ristow  M.  Frataxin 
promotes  antioxidant  defense  in  a  thiol‐dependent  manner 
resulting  in diminished malignant  transformation  in vitro. Hum 
Mol Genet 2002; 11:815‐821.  
25.  Pomplun  D,  Voigt  A,  Schulz  TJ,  Thierbach  R,  Pfeiffer  AFH, 
Ristow M. Reduced expression of mitochondrial frataxin in mice 
exacerbates  diet‐induced  obesity.  Proc  Nat  Acad  Sci.  2007; 
104:6377‐6381.  
26. Vorgerd M, Schöls L, Hardt C, Ristow M, Epplen JT, Zange J. 
Mitochondrial impairment of human muscle in Friedreich ataxia 
in vivo. Neuromuscul Disord. 2000; 10:430‐435.  

27. Ristow M, Zarse  K. How  increased oxidative stress promotes 
longevity  and metabolic  health:  The  concept  of mitochondrial 
hormesis (mitohormesis). Exp Gerontol. 2010; 45:410‐418.  
28. Powers SK, Duarte J, Kavazis AN, Talbert EE. Reactive oxygen 
species  are  signaling molecules  for  skeletal muscle  adaptation. 
Exp Physiol. 2010; 95:1‐9.  
29. Brownsey RW, Boone AN, Allard MF. Actions of  insulin on 
the mammalian heart: metabolism, pathology and biochemical 
mechanisms. Cardiovasc Res. 1997; 34:3‐24.  
30.  Belke  DD,  Betuing  S,  Tuttle MJ,  Graveleau  C,  Young ME, 
Pham  M,  Zhang  D,  Cooksey  RC,  McClain  DA,  Litwin  SE, 
Taegtmeyer  H,  Severson  D,  Kahn  CR,  et  al.  Insulin  signaling 
coordinately regulates cardiac size, metabolism, and contractile 
protein isoform expression. J Clin Invest. 2002; 109:629‐639.  
31. Boudina S, Bugger H,  Sena S, O'Neill BT,  Zaha VG,  Ilkun O, 
Wright  JJ, Mazumder PK, Palfreyman E, Tidwell TJ, Theobald H, 
Khalimonchuk  O, Wayment  B,  et  al.  Contribution  of  impaired 
myocardial  insulin  signaling  to  mitochondrial  dysfunction  and 
oxidative stress in the heart. Circulation. 2009; 119:1272‐1283.  
32.  Duncan  JG,  Fong  JL,  Medeiros  DM,  Finck  BN,  Kelly  DP. 
Insulin‐resistant  heart  exhibits  a  mitochondrial  biogenic 
response  driven  by  the  peroxisome  proliferator‐activated 
receptor‐alpha/PGC‐1alpha  gene  regulatory  pathway. 
Circulation. 2007; 115:909‐917.  
33. Ambler GR, Johnston BM, Maxwell L, Gavin JB, Gluckman PD. 
Improvement  of  doxorubicin  induced  cardiomyopathy  in  rats 
treated with  insulin‐like  growth  factor  I. Cardiovasc Res. 1993; 
27:1368‐1373.  
34.  Kim  J, Wende  AR,  Sena  S,  Theobald  HA,  Soto  J,  Sloan  C, 
Wayment  BE,  Litwin  SE,  Holzenberger M,  LeRoith  D,  Abel  ED. 
Insulin‐like  growth  factor  I  receptor  signaling  is  required  for 
exercise‐induced cardiac hypertrophy. Mol Endocrinol. 2008; 22: 
2531‐2543.  
35. Scheinowitz M, Kessler‐Icekson G, Freimann S, Zimmermann 
R,  Schaper W, Golomb  E,  Savion N,  Eldar M.  Short‐  and  long‐
term  swimming  exercise  training  increases myocardial  insulin‐
like  growth  factor‐I  gene  expression.  Growth  Horm  IGF  Res. 
2003; 13:19‐25.  
36.  Laustsen  PG,  Russell  SJ,  Cui  L,  Entingh‐Pearsall  A, 
Holzenberger M,  Liao R, Kahn CR.  Essential  role of  insulin  and 
insulin‐like  growth  factor  1  receptor  signaling  in  cardiac 
development and function. Mol Cell Biol. 2007; 27:1649‐1664.  
37. Matsui T, Tao J, del Monte F, Lee KH, Li L, Picard M, Force TL, 
Franke  TF,  Hajjar  RJ,  Rosenzweig  A.  Akt  activation  preserves 
cardiac  function  and  prevents  injury  after  transient  cardiac 
ischemia in vivo. Circulation. 2001; 104:330‐335.  
38.  Miao  W,  Luo  Z,  Kitsis  RN,  Walsh  K.  Intracoronary, 
adenovirus‐mediated  Akt  gene  transfer  in  heart  limits  infarct 
size  following  ischemia‐reperfusion  injury  in  vivo.  J  Mol  Cell 
Cardiol. 2000; 32:2397‐2402.  
39.  Fujio  Y,  Nguyen  T,  Wencker  D,  Kitsis  RN,  Walsh  K.  Akt 
promotes  survival  of  cardiomyocytes  in  vitro  and  protects 
against  ischemia‐reperfusion  injury  in mouse heart. Circulation. 
2000; 101:660‐667.  
40. Matsui T, Li L, Wu JC, Cook SA, Nagoshi T, Picard MH, Liao R, 
Rosenzweig  A.  Phenotypic  spectrum  caused  by  transgenic 
overexpression of activated Akt in the heart. J Biol Chem. 2002; 
277:22896‐22901.  
41.  Negoro  S,  Oh  H,  Tone  E,  Kunisada  K,  Fujio  Y,  Walsh  K, 
Kishimoto  T,  Yamauchi‐Takihara  K.  Glycoprotein  130  regulates 

  
www.impactaging.com                  852                                  AGING, November 2010, Vol.2 No.11



cardiac  myocyte  survival  in  doxorubicin‐induced  apoptosis 
through phosphatidylinositol  3‐kinase/Akt phosphorylation  and 
Bcl‐xL/caspase‐3 interaction. Circulation. 2001; 103:555‐561.  
42.  Westermann  D,  Lettau  O,  Sobirey  M,  Riad  A,  Bader  M, 
Schultheiss HP, Tschope C. Doxorubicin cardiomyopathy‐induced 
inflammation and apoptosis are attenuated by gene deletion of 
the kinin B1 receptor. Biol Chem. 2008; 389:713‐718.  
43.  Taniyama  Y,  Walsh  K.  Elevated  myocardial  Akt  signaling 
ameliorates  doxorubicin‐induced  congestive  heart  failure  and 
promotes heart growth. J Mol Cell Cardiol. 2002; 34:1241‐1247.  
44. Xi J, Wang H, Mueller RA, Norfleet EA, Xu Z. Mechanism for 
resveratrol‐induced  cardioprotection  against  reperfusion  injury 
involves  glycogen  synthase  kinase  3beta  and  mitochondrial 
permeability  transition  pore.  Eur  J  Pharmacol.  2009;  604:111‐
116.  
45.  Hattori  R,  Otani  H,  Maulik  N,  Das  DK.  Pharmacological 
preconditioning  with  resveratrol:  role  of  nitric  oxide.  Am  J 
Physiol Heart Circ Physiol. 2002; 282:H1988‐1995.  
46. Sinclair DA. Toward a unified theory of caloric restriction and 
longevity regulation. Mech Ageing Dev. 2005; 126:987‐1002.  
47. Lazzarino G, Amorini AM, Fazzina G, Vagnozzi R, Signoretti S, 
Donzelli  S,  Di  Stasio  E,  Giardina  B,  Tavazzi  B.  Single‐sample 
preparation  for  simultaneous  cellular  redox  and  energy  state 
determination. Anal Biochem. 2003; 322:51‐59.  
48. Westermann D, Walther T, Savvatis K, Escher F, Sobirey M, 
Riad A, Bader M, Schultheiss HP, Tschope C. Gene deletion of the 
kinin  receptor B1  attenuates  cardiac  inflammation  and  fibrosis 
during  the  development  of  experimental  diabetic  cardio‐
myopathy. Diabetes. 2009; 58:1373‐1381. 

  
www.impactaging.com                  853                                   AGING, November 2010, Vol.2 No.11


