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Abstract 

Over the last decades the lifespan has substantially increased and the rise in life expectancy in 

most developed countries is projected further to grow in the 21st century. Despite intensive 

research efforts to combat age-related cardiovascular disease, the leading cause of death 

worldwide, there are no effective agents to slow cardiac aging, mostly because the mechanisms 

and signaling pathways driving cardiac aging have been understudied. One such longevity 

pathway regulating aging-associated cardiac changes is the insulin-like growth factor-

1/phosphoinositide 3-kinase (IGF-1/PI3K) signaling pathway.  

Recently the potent autophagy inducer and natural polyamine spermidine was shown to inhibit 

IGF-1/PI3K/Akt signaling in skeletal muscle. The aim of this study was to elucidate whether 

cardioprotective effects by spermidine are mediated, at least in part, through the IGF-

1/PI3K/Akt signaling pathway. We tested the hypothesis that spermidine inhibits the IGF-

1/PI3K/Akt signaling pathway in the mouse heart. To this end, we performed immunoblot 

analysis of heart lysates from middle-aged (12-month-old) male mice overexpressing 

cardiomyocyte-specific IGF-1 receptor (IGF-1R) upon oral spermidine treatment (for 5 months 

in drinking water). In addition, we used mice harbouring cardiomyocyte-specific inhibition of 

PI3K (dnPI3K) that were subjected to single (acute) intraperitoneal application of spermidine. 

Our results show that IGF-1R mice had markedly increased expression of IGF-1R, which was 

significantly reduced upon chronic supplementation of spermidine. In contrast, spermidine 

treatment did not change the expression of IGF-1R in WT animals. Although the expression of 

IGF-1/PI3K downstream target Akt was significantly reduced in mice overexpressing IGF-1R 

under control conditions, phosphorylation at Thr308 and Ser473 sites was clearly elevated, 

implying increased activation of the IGF-1/PI3K signaling in IGF-1 hearts. Chronic spermidine 

administration did not significantly change the expression and phosphorylation of Akt as well 

as mTOR expression in WT and IGF-1R mice. However, we found that acute application of 

spermidine reduced the phosphorylation of Akt at Thr308 site and phosphorylation of the 

Forkhead box transcription factor 3a (FoxO3a) at Ser253 site in WT hearts, while these effects 

were not observed in dnPI3K mice. Our results suggest that spermidine inhibits, at least in part, 

the IGF-1/PI3K/Akt signaling pathway in the heart. Phosphorylation of Akt at Thr308 site and 

dephosphorylation of FoxO3a seem to be important downstream targets of the IGF-1/PI3K 

signaling pathway underlying cardioprotective effects by spermidine. Further investigation is 

warranted to elucidate the precise role of spermidine in this complex molecular pathway driving 

cardiac aging. 
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Zusammenfassung 

In den letzten Jahrzehnten ist die Lebenserwartung in der Bevölkerung deutlich angestiegen 

und wird laut Prognosen auch im 21. Jahrhundert weiterhin zunehmen. Herz-Kreislauf-

Erkrankungen zählen zu den weltweit häufigsten Todesursachen in der älteren Bevölkerung. 

Trotz intensiver Forschungsarbeit in der Bekämpfung von Herz-Kreislauf-Erkrankungen, gibt 

es derzeit noch keine wirksamen Therapien, um der Herzalterung entgegenzuwirken. 

Mechanismen und Prozesse, die mit der Alterung des Herzens assoziiert werden, sind 

weitgehendst noch nicht genügend erforscht. Ein wichtiger Signalweg im Kontext mit der 

Lebensdauer ist der insulinähnliche Wachstumsfaktor-1/Phosphoinositid-3-Kinase (IGF-

1/PI3K) -Signalweg, welcher bekannt dafür ist, altersassoziierte Veränderungen im Herzen zu 

regulieren. Es konnte kürzlich gezeigt werden, dass das natürliche Polyamin Spermidin, ein 

potenter Autophagie-Induktor, den IGF-1/PI3K/Akt-Signalweg in der Skelettmuskulatur von 

Mäusen hemmt. Das Ziel dieser Studie war es zu klären, ob kardioprotektive Effekte durch 

Spermidin zumindest teilweise über den IGF-1/PI3K/Akt-Signalweg vermittelt werden. 

Es wurde die Hypothese getestet, dass Spermidin den IGF-1/PI3K/Akt-Signalweg auch im 

Herzen hemmt. Zu diesem Zweck wurde Immunoblot-Analysen mit Herzlysaten von 12 

Monate alten männlichen Mäusen, die eine kardiomyozyten-spezifische Überexpression des 

IGF-1 Rezeptors (IGF-1R) aufweisen, durchgeführt. Die Mäuse erhielten für 5 Monate 

Spermidin supplementiert im Trinkwasser. Zusätzlich wurden in diesen Experimenten Mäuse 

verwendet, die eine kardiomyozyten-spezifische Hemmung von PI3K (dnPI3K) aufweisen. 

Diese Mäuse wurden einer einzelnen (akuten) intraperitonealen Verabreichung von Spermidin 

unterzogen. 

Unsere Ergebnisse zeigen, dass IGF-1R-Mäuse eine deutlich erhöhte Expression von IGF-1R 

zeigen, die bei chronischer Supplementation von Spermidin signifikant reduziert wird. Im 

Gegensatz dazu veränderte die Behandlung mit Spermidin die Expression von IGF-1R in 

Wildtypen nicht. Obwohl die Expression von Akt in Mäusen, die den IGF-1R überexprimieren, 

signifikant reduziert war, war die Phosphorylierung an den Phosphorylierungsstellen Thr308 

und Ser473 stark erhöht, was eine erhöhte Aktivierung des IGF-1/PI3K-Signalwegs in IGF-1-

Herzen unter Kontrollbedingungen impliziert Des Weiteren konnten wir zeigen, dass die 

chronische Behandlung mit Spermidin die Expression und Phosphorylierung von Akt, sowie 

die Expression von mTOR in WT- und IGF-1R- Mäusen nicht signifikant verändert. Jedoch 

konnte gezeigt werden, dass die akute Applikation von Spermidin die Phosphorylierung von 

Akt an der Stelle Thr308 und die Phosphorylierung des Forkhead-Box-Transkriptionsfaktors 

3a (FoxO3a) an der Stelle Ser253 in WT-Herzen reduzierte. Diese Effekte wurden bei dnPI3K-
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Mäusen nicht beobachtet. Unsere Ergebnisse weisen darauf hin, dass orale Supplementierung 

von Spermidin oder intraperitoneale Injektionen von Spermidin zumindest teilweise den IGF-

1/PI3K/Akt-Signalweg im Herzen hemmen. Die Phosphorylierung von Akt an der Stelle 

Thr308 und die Dephosphorylierung von FoxO3a scheinen wichtige Ziele downstream im IGF-

1/PI3K Signalwegs darzustellen. Diese scheinen den kardioprotektiven Effekte von Spermidin 

zugrunde zu liegen. 

Weitere Untersuchungen sind erforderlich, um die genaue Rolle von Spermidin in diesem 

komplexen molekularen Signalweg, der mit der Alterung des Herzens assoziiert wird, 

aufzuklären. 
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1 Introduction 

Over the last decades the lifespan has substantially increased and the rise in life expectancy in 

most developed countries is projected further to grow in the 21st century [1]. Despite the fact 

that statistical data show reduced mortality of the population > 80 years of age [2], the number 

of old people with poor health and chronic disability has been expanding [3]. Therefore, the 

healthcare and socioeconomic systems are challenged to reduce the disease burden in the 

elderly population [4]. Aging is by far the major independent risk factor for the development of 

cardiovascular disease (CVD) [5], the leading cause of death worldwide in the elderly [6]. 

Despite intensive research efforts to combat CVD, there is an urgent need to improve current 

understanding of mechanisms and processes underlying aging-associated cardiac changes in 

order to develop effective, preventive and therapeutic treatments against cardiac aging. 

One such mechanism involved in cardiac aging and longevity, is the insulin-like growth factor 

1 (IGF-1) signaling pathway. Studies conducted in several model organisms showed disparate 

impact of IGF-1 pathway on cardiovascular effect and longevity [7, 8]. Considering such 

controversial findings from animal and human studies it seems clear that the role of this 

evolutionary conserved pathway on cardiac aging is far from resolved. So far, regulation of the 

activity of the IGF-1/PI3K signaling pathway is perhaps the most validated and consistent 

intervention to delay cardiac aging or the onset of cardiovascular disease in the elderly and so 

to extend the lifespan [9, 10].  

The aim of this study was to examine the role of the IGF-1 signaling pathway and its 

downstream targets in the mouse heart. Furthermore, we investigated whether cardioprotective 

effects by spermidine are mediated, at least partially, through the IGF-1/PI3K/Akt signaling 

pathway. To this end, we tested the hypothesis that spermidine supplementation (acute or 

chronic) inhibits the IGF-1/PI3K/Akt signaling pathway in the mouse heart. 

 

1.1 Structural and functional changes of the heart in aging  

The majority of cardiomyocytes in the adult heart are terminally-differentiated cells, and thus 

have only limited ability to proliferate. Less than half of all cardiomyocytes are exchanged (i.e. 

renewed) during a normal lifespan [11], which leads to the accumulation of damaged cellular 

material (e.g. long-lived and/or misfolded proteins, dysfunctional and damaged mitochondria) 

and alters functional and structural homeostasis of the aging heart due to impaired repair 

mechanisms. Such age-associated alterations may cause apoptosis and/or necrosis, leading to 
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changes in the cellular composition of the heart due to decreased number of cardiomyocytes 

[12, 13]. Depleted pool of viable cardiomyocytes cannot be sufficiently replaced, because the 

cardiac stem cells capacity of regeneration declines with advanced age [14, 15]. This age-

associated loss of functional cardiomyocytes promotes several structural and functional 

changes, including left ventricular hypertrophy (LVH) and fibrosis (Figure 1). Cardiac 

hypertrophy, a typical hallmark of cardiac aging [16], is characterized by an increase in size of 

cardiomyocytes and, therefore, increased left ventricular wall thickness. Hypertrophic growth 

is an adaptive mechanism to normalize left ventricular wall stress and elevated oxygen demand. 

Such left ventricular remodeling is necessary to maintain the cardiac output in order to meet the 

body´s demands (e.g. during exercise) [17, 18]. In addition to hypertrophy, increased cardiac 

fibrosis and arterial stiffness due to increased accumulation and intermolecular cross-linking of 

collagen in the myocardium and vasculature, respectively, are common age-associated 

structural changes. Increased synthesis or decreased degradation of the fibrotic extracellular 

matrix (ECM), generated by cardiac fibroblasts, is associated with increased passive stiffness 

of the heart and vessels as well as age-related diastolic dysfunction due to impaired relaxation 

and reduced filling of the left ventricle [19, 20]. Another mechanism that contributes to the age-

dependent diastolic dysfunction is reduced active relaxation of cardiomyocytes, which occurs 

due to the disturbances in intracellular Ca2+ cycling, reduced Ca2+ sensitivity of the myofilament 

proteins and alterations in actin or myosin properties [21]. 

A large body of evidence has shown that mitochondrial function declines with age in virtually 

all organs, including the heart [6]. Cardiomyocytes are metabolically highly active and energy 

demanding cells with a high number of mitochondria, and therefore it is not surprising, that 

age-related alterations of mitochondria have been related to cardiac aging. Factors that 

contribute to mitochondrial dysfunction and reduced energetic capacity of the cardiac 

mitochondria include loss of cristae, deficient ATP production, increased production of reactive 

oxygen species (ROS), increased number of mitochondrial DNA (mtDNA) mutations, reduced 

mitophagy (i.e. mitochondrial autophagy) and respiratory chain malfunction [22]. Numerous 

studies have shown that mitochondrial metabolism is important in mediating longevity through 

nutrient-sensing pathways and dietary restriction [23–25]. 
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Figure 1: Molecular mechanisms and age-dependent structural and functional changes of the heart. 

 

1.2 Signaling pathways regulating cardiovascular aging 

Deregulation of growth and nutrient signaling pathways, including the mammalian target of 

rapamycin (mTOR) and insulin-like growthfactor-1 (IGF-1) signaling, play an important role 

in age-related cardiac hypertrophy and functional decline of the cardiovascular system. 

 

1.2.1 Mammalian target of rapamycin (mTOR) 

mTOR is a serine-threonine protein kinase responsible for the insulin and growth factor 

signaling as well as sensing of intracellular nutrient levels, regulation of cell size, growth, 

survival and proliferation as well as protein synthesis and gene transcription [6]. mTOR exists 

as two functionally distinct multi-protein signaling complexes, namely mTORC1 and 

mTORC2. The phosphoinositide-3-kinase (PI3K)/Akt/mTOR signaling pathway (Figure 2) is 

critical for cellular aging as the inhibition of this pathway extends the lifespan of many species 

(e.g. yeast, flies and worms) [26]. For instance, inhibition of the mTOR signaling pathway in 

Drosophila attenuates age-related decline in cardiac function [27]. Conversely, studies in the 
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mouse model, carrying cardiac-specific deletion of tuberous sclerosis complex 1 (TSC1), an 

upstream inhibitor of mTORC1 (mTOR complex 1), showed increased mTOR signaling in 

these mice, which developed dilated cardiomyopathy and had lower average lifespan [28]. 

Taken together, the activation of mTORC1 leads to protein translation and cell growth, whereas 

inhibition reduces growth and induces stress response pathways [29]. Binding of rapamycin, a 

natural fungicide substance that was isolated from the bacterium Streptomyces hygroscopicusis 

[30], to mTORC1 inhibits mTOR signaling pathway and decreases mTOR activity. A reduction 

of mTOR signaling by the rapamycin supplementation or via caloric restriction is linked to the 

induction of beneficial effects in the aged heart [31–33]. In contrast, chronic activation of the 

mTOR signaling cascade causes cardiac hypertrophy, fibrosis and decreased cardiac 

contractility [34]. 

 

 

Figure 2 Schematic overview of the IGF-1/PI3K/Akt signaling pathways. IGF-1 binds to its receptors (IGF-

1R) and activates the PI3K pathway. In turn, PI3K activates 3-phosphoinositide-dependent protein kinase-1 

(PDK1), which then activates the downstream effector Akt at the phosphorylation site Thr308. mTORC2 

stimulates mTORC1 activation by phosphorylation of Akt at the residue Ser473. Akt then phosphorylates tuberous 

sclerosis complex 2 (TSC2), and TSC2 binds and forms a complex with TSC1. TSC1/-TSC2 complex inhibits 

activation of mTORC1. Activation of mTORC1 leads to protein synthesis, metabolism and inhibition of 

autophagy. Rapamycin inhibits mTORC1 by binding to Raptor. Phosphorylation of FoxO by Akt is inhibitory. 

Abbreviations: IGF-1, insulin-like growth factor 1; PI3K, phosphatidylinositol-3 kinase; Akt, serine/threonine 

protein kinase; mTOR, mammalian target of rapamycin; FoxO, Forkhead box O; PDK1, 3-phosphoinositide-

dependent protein kinase-1; mTORC, mTOR complex; TSC, tuberous sclerosis complex. 



 

13 

 

1.2.2 IGF-1/PI3K pathway 

Insulin-like growth factor 1 (IGF-1) signaling cascade (Figure 2) is one of the most studied and 

best characterized longevity pathways. The IGF-1 signaling pathway exerts pleiotropic effects 

on many cellular functions, such as growth and differentiation as well as tissue repair [35–37]. 

Furthermore, IGF-1/PI3K signaling is implicated in cardiac aging and longevity by regulating 

several cellular processes, including senescence, apoptosis and autophagy [38, 39]. Cardiac 

tissue produces IGF-1 in response to growth hormone (GH) stimulation. IGF-1 binding to the 

IGF-1 receptor (IGF-1R) leads to further activation of downstream targets, including 

phosphoinositide 3-kinase (PI3K), a regulator of many physiological functions, such as cell 

growth and survival [40]. The complexity of this signaling pathway is underscored by 

controversial findings from different animal and human studies [41, 42]. 

There is a notable prolongation of longevity in several model organisms upon inhibition of the 

IGF-1 signaling pathway. Studies in fruit flies and mice showed improved cardiac performance 

and attenuated age-related dysfunction due to a deficient insulin/IGF-1 signaling [43, 44]. 

Cardiomyocyte-specific deletion of IGF-1R attenuates cardiac aging by reducing fibrosis and 

hypertrophy, whereas cardiac overexpression of IGF-1 stimulates collagen production and 

development of interstitial fibrosis and impaired systolic function [45].  

Mice overexpressing IGF-1R specifically in the heart, develop physiological hypertrophy with 

no evidence of histopathology and enhanced systolic function at 3 months of age, which is 

maintained for up to 12-16 months of age [36]. In contrast, study by Delaughter et al. 

demonstrated that IGF-1 overexpression initially causes physiological hypertrophy and 

enhanced systolic function, which progresses to a pathological form of hypertrophy and 

increased left ventricular fibrosis with advanced age. In the elderly, age-dependent decline in 

IGF-1serum levels correlates with an increased risk of development of heart failure [46, 47]. 

However the effect of IGF-1 on the lifespan and cardiac aging in humans remains unclear [47]. 

PI3K (including the catalytical subunit p110α) is activated upon IGF-1 binding to the IGF-1R 

and is known to be the critical effector downstream of IGF-1R. PI3K is responsible for the 

regulation of heart size and physiological growth, and there is a positive correlation between 

the activation of IGF-1/PI3K pathway and the development of physiological hypertrophy [48]. 

Mice harbouring cardiac-specific overexpression of IGF-1R have significantly increased 

activity of PI3K and its downstream target Akt [40]. IGF-1R overexpression-induced cardiac 

hypertrophy is completely blocked by the inhibition of PI3K activity, suggesting that IGF-1R 

promotes hypertrophy in a PI3K-dependent manner [36]. Mice with a constitutively active PI3K 
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activity (caPI3K) show enlarged hearts associated with increased size of cardiomyocytes and 

normal cardiac function as well as normal lifespan, whereas the dominant negative mice 

(dnPI3K) have smaller hearts and reduced cell size of cardiac myocytes along with preserved 

cardiac function and extended lifespan [49]. 

 

1.2.3 Downstream targets of IGF-1/PI3K signaling pathway 

 

Akt 

Akt (i.e. protein kinase B, PKB) is a serine/threonine kinase and is a downstream target of the 

PI3K signaling pathway (Figure 2) and an important determinant of physiological heart growth 

[50]. Akt stimulates protein synthesis via mTOR, while inhibits protein degradation via the 

transcription factors of the Forkhead-Box-Protein (FoxO) family [51]. Akt is activated through 

two phosphorylation sites, namely Thr308 (phosphorylated by phosphoinositide-dependent 

protein kinase 1 (PDK1)) and Ser473 (phosphorylated through a mechanism that involves 

mTOR complex 2 (mTORC2)), respectively [52, 53]. Studies in mice with a constitutive 

overexpression of Akt demonstrated increased cell size, hypertrophy and interstitial cardiac 

fibrosis [54]. 

 

Forkhead-box-proteins (FoxO) 

The Forkhead box protein family of transcription factors are downstream effectors of Akt 

(Figure 2), which play an important role in cell metabolism, proliferation, cell cycle control and 

aging in several cell types [55]. FoxO proteins also mediate stress response through 

transcription of genes involved in oxidative stress, metabolism, autophagy, aging, and apoptosis 

[56].  

The activity of FoxOs is regulated by PI3K-mediated activation of Akt, which phosphorylates 

FoxO and creates a 14-3-3 binding site, that masks the nuclear localization signal (NLS), 

leading to nuclear export. In the cytosol FoxO is sequestered by 14-3-3 proteins and is in an 

inactive form. In the absence of negative regulation by Akt, FoxO factors remain in the nucleus, 

where they induce transcription of several downstream target genes that induce inhibition of 

proliferation and induce cell cycle arrest [55, 57, 58]. On the one hand, mice with loss of FoxO1 

function are embryonically lethal, while mice with the loss of FoxO3a appear normal at birth, 

but they develop heart failure and cardiac hypertrophy later in life. On the other hand, 
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overexpression of FoxO1 or FoxO3 inhibits cardiac hypertrophy in cultured cardiomyocytes 

[59, 60]. Activated FoxO3 stimulates lysosomal proteolysis in different cell types by inducing 

the expression of autophagy-related genes, thus activating autophagy. [61–63]. 

 

1.3 Autophagy 

Autophagy, or the process of cellular “self-eating” is an evolutionary conserved mechanism 

essential for the maintenance of cellular homeostasis, protein quality control and cell survival 

[64]. The role of autophagy is to degrade dysfunctional and damaged, potentially toxic 

cytoplasmic components, organelles, protein aggregates or lipid vesicles, and thus to protect 

cells against the accumulation of cellular waste and damage. Autophagy also promotes the 

recycling of cellular nutrients, which enables cells to survive during starvation. Once 

macromolecules have been degraded, monomeric units are exported to the cytosol for reuse and 

are made available for further anabolic processes [65, 66]. Autophagy-related genes (ATGs), 

encode 41 Atg proteins [67] that are essential during the autophagosome-biogenesis, which 

consist of several steps, including pre-autophagosome nucleation, elongation of the 

autophagosomal membrane, and genesis of autophagolysosome. Multiple protein complexes 

are involved in the different stages of autophagosome biogenesis, which can be categorized into 

different groups according to their functions at the various events within the autophagy pathway 

[68, 69]. There are different forms of autophagy, namely macroautophagy (herein referred to 

as autophagy), microautophagy and chaperone-mediated autophagy (CAM). Autophagy begins 

with the sequestration of cytoplasmic components designated for degradation by enclosure of 

an isolation membrane (i.e. phagophore) that forms an autophagosome, which fuses with a 

lysosome to form an autolysosome (Figure 3). Such engulfed material within autophagosomes 

is enzymatically degraded by lysosomal hydrolases [70]. In the process of microautophagy, 

cytoplasmic components are directly engulfed by invagination of the lysosomal or late 

endosomal membrane, whereas in the chaperone-mediated autophagy process substrates for 

degradation are labeled by the five-amino acid sequence (KFERQ or Lys-Phe-Glu-Arg-Gln). 

This sequence is recognized by heat shock proteins (Hsc70), which directly translocate the 

labeled cargo across the lysosomal membrane through a multimeric translocation complex 

called lysosomal-associated membrane protein 2A (LAMP2A) [66, 71]. 
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Figure 3: Process of autophagy. Cytoplasmic components are enclosed by an isolation membrane (i.e. 

phagophore) that expands to a double-membrane autophagosome. The membrane fusion between autophagosomes 

and lysosomes forms autolysosome, which contain acid hydrolases and permeases. This leads to the degradation 

of the cytoplasmic cargo and the lysosomal membrane. The degraded macromolecules are released through 

permeases and recycled in the cytoplasm. Reprinted from: [70] 

 

Basal level of autophagy is a quality control mechanism that exists in virtually all cells. Its 

purpose is to ensure cellular homeostasis under normal conditions via clearance and degradation 

of long-lived or misfolded proteins, toxic protein aggregates or damaged organelles. However, 

an activation of the autophagy machinery is triggered by different stressors, including nutrient 

deprivation, hypoxia or pathogen infection [69]. 

On the one hand, autophagy can be non-selective, for example under starvation, when any part 

of the cytoplasm is self-digested in order to provide nutrients and so maintain cellular functions. 

On the other hand, autophagy can work highly selective by degrading targeted cargoes, such as 

specific protein aggregates, mitochondria, peroxisomes, endoplasmic reticulum or bacterial 

pathogens [66, 70]. In contrast to non-selective autophagy, the selective form recognizes 

selective autophagy receptors (SARs) that label cargo and directs it for specific degradation 

[72, 73]. The best characterized type of selective autophagy is the degradation of damaged 

mitochondria or mitophagy. During aging or under stress conditions, like hypoxia, damaged 

mitochondria have to be removed from the cytoplasm before they initiate and cause cell death 

[74]. 
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1.3.1 Signaling pathways regulating autophagy 

The eukaryotic cells react to nutrient depletion, stress or insufficient supply of growth factors 

by the inhibition of growth and induction of autophagy. The AMP-activated protein kinase 

(AMPK) and mTOR are two major short-term energy sensors essential for the rapid regulation 

of autophagy [75]. Although the mechanisms underlying the age-associated decline in 

autophagy have not been fully elucidated, it is conceivable that the longevity pathways 

contribute to such reduction in autophagy. Hyperactivation of mTOR [76–78] as well as 

reduced AMPK activity [79–81] in old age can directly inhibit autophagy (Figure 4). Moreover, 

age-related changes in the longevity signaling pathways contribute to the transcriptional 

regulation of autophagy as exemplified by the negative regulation of FoxO transcription factor 

family during aging due to (i) reduced AMPK activity [82], (ii) Akt-mediated phosphorylation 

[83] and (iii) lysin acetylation resulting from SIRT-1 deactivation [84, 85]. This negative 

transcriptional regulation can, in turn result in reduced expression of autophagy genes in the 

heart. 

 

 

Figure 4 Signaling pathways in the regulation of autophagy. Nutrient starvation by caloric restriction exerts 

beneficial effects on autophagy signaling, and thus on longevity. Reduced levels of IGF-1 and energy sources (e.g. 

glucose) cause inhibition of mTOR signaling due to reduced Akt phosphorylation or increased AMPK activity. 

Enhanced activation of Sirt-1 upon caloric restriction induces autophagy and promotes longevity. Abbreviations: 

IGF-1 – Insulin-like growth factor 1, m TOR – Mammalian target of rapamycin, AMPK - AMP-activated protein 

kinase, Sirt-1 – Sirtuin 1. 
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IGF-1 longevity signaling pathway is known to regulate autophagy and its inhibition exerts 

beneficial effects on lifespan [86, 87]. It has been reported, that IGF-1 blocks autophagy via the 

activation of its downstream target Akt, what leads to further activation of mTOR, which is 

known to negatively regulate autophagy [88, 89]. Additionally, IGF-1 deficiency during 

nutrient deprivation increases cardiac AMPK activity. An inhibitory effect of IGF-1 on 

autophagy has been observed in mice, suggesting that reduced IGF-1 signaling results in 

enhanced autophagy [88]. Troncoso et al. showed that IGF-1 inhibits autophagy by increasing 

ATP levels, which leads to reduced AMPK activation in cultured cardiomyocytes [89]. These 

findings were confirmed in mice overexpressing a dominant negative AMPK activity, which 

manifested reduced autophagy [90]. Taken these results together, the inhibitory effect of IGF-

1 on autophagy is based on stimulation of the IGF-1R/Akt/mTOR axis and inhibition of AMPK 

activity [91].  

 

1.3.2 Autophagy in cardiac aging 

Age-associated cardiac dysfunction is related to the accumulation of toxic proteins and 

dysfunctional, damaged cell components, including organelles and protein aggregates, in 

cardiomyocytes [92, 93]. Therefore, the degradation of such long-lived proteins and organelles 

via autophagy is a key mechanism to maintain cardiac tissue homeostasis over the course of 

aging. Recent studies show that impaired autophagy is coupled to cardiac hypertrophy under 

several pathological stimuli, indicating that intact autophagic machinery is indispensable for 

the maintenance of functional and structural homeostasis of the aging heart [75, 94]. 

The role of autophagy in cardiac aging is demonstrated by various animal models, in which the 

autophagy process has been manipulated via tissue-specific inactivation of autophagy-related 

genes. For example, cardiac-specific deletion of autophagy-related-gene Atg5 in mice results in 

cardiac dysfunction, including myocardial hypertrophy, impaired contractile function, 

accumulation of collapsed mitochondria, enhanced oxidative stress, cardiac fibrosis and 

consequently, shortened lifespan [95]. Mice with a global deficiency of lysosome-associated 

membrane protein-2 (LAMP-2), a protein responsible for proper fusion between 

autophagosome and lysosome, show increased accumulation of autophagic vacuoles and 

impaired degradation of long-lived proteins, which leads to cardiac hypertrophy and contributes 

to development of cardiomyopathy [96]. Dysfunction of autophagy, in particular the selective 

form (e.g. mitophagy) is linked to several age-related maladies [97, 98], including 
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cardiovascular diseases [74], implying that autophagy is an essential biological process 

affecting cardiac health and aging. 

 

1.3.3 Induction of Autophagy by the Caloric Restriction Mimetic Spermidine 

A growing body of evidence suggests that autophagy is downregulated with age [99]. Hence, 

interventions to increase the level of autophagy may slow or even prevent the progression of 

aging in the heart (Figure 5).  

 

 

Figure 5: Supplementation of spermidine induces autophagy and prevents the progression of cardiac aging. 

Activation of autophagy by nutritional or pharmacological interventions slows down cardiovascular aging and 

thereby promoting longevity in several model organisms. AP indicates autophagosome; APL, autophagolysosome; 

and L, lysosome. Reprinted from: [74] 

 

Caloric restriction (CR), defined as the chronic reduction of calorie intake without malnutrition, 

is so far the only proven dietary regimen, that extends the lifespan and has beneficial health 

effects in several tested model organisms [7, 100]. Yet, the implementation of CR is difficult, 

if not impossible, for people to stick with and adopt into their lifestyle in the long term. 

However, another attractive feasible strategy is an increased intake of caloric restriction 

mimetics (CRMs). These agents imitate beneficial metabolic effects of dietary or caloric 

restriction by inducing autophagy through deacetylation of cytosolic and nuclear proteins [101]. 

One such CRM is a potent autophagy inducer and the naturally occurring polyamine 

spermidine, whose plasma concentration declines during aging in model organisms [102] as 
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well as in humans [103, 104]. Spermidine belongs to the polyamines (e.g. spermine and 

putrescine), which are ubiquitous polycationic molecules, involved in several important cellular 

processes, including cell growth, differentiation and proliferation, regulation of translational 

processes and apoptosis. Polyamines bind to DNA, RNA and phospholipids and regulate 

protein synthesis and stability. Changes in polyamine levels occur in many diseases (e.g. muscle 

related disorders [105], different types of cancer [106], cardiovascular disease [107]). Thus, the 

maintenance of normal polyamine levels is essential for a wide variety of fundamental cellular 

functions. Spermidine is important for cell survival and has anti-inflammatory and anti-

oxidative properties [108, 109]. Spermidine is considered to be an effective intervention against 

cardiac aging [107]. Spermidine can be synthetized either from ornithine or methionine (Figure 

6). Beside the endogenous cellular biosynthesis of spermidine, there are two other important 

sources of spermidine: (i) increased oral intake from different spermidine-rich dietary sources, 

such as fermented and matured cheeses, soy beans, lentils, green peas, nuts, certain mushrooms 

and wheat germ, and (ii) commensal polyamine-producing bacteria, which are responsible for 

the production of spermidine in the intestine of different species. Subsequently spermidine is 

absorbed in the gut by intestinal epithelial cells, and is further distributed to organs through 

systemic circulation [108, 110, 111]. The regulation of spermidine catabolism is mediated 

through acetylation and subsequent oxidation reactions catalysed by a set of specific enzymes. 

 

 

Figure 6: Polyamine metabolism. Biosynthesis of the polyamine spermidine is regulated by the rate-limiting-

step enzyme ODC: Spermidine is formed from its precursor putrescine or by degradation of spermine. 

Abbreviations: ODC - Ornithine decarboxylase; PAO - polyamine oxidase; SMO - spermine oxidase; Spd Syn -

spermidine synthase; Spm Syn - spermine synthase; SSAT - spermidine/spermine N 1 -acetyltransferase. Reprinted 

from: [108] 
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1.3.4 Cardioprotective effects of spermidine 

A recent study showed that spermidine ameliorates age-associated cardiac dysfunction and 

prolongs lifespan of old mice [107]. Indeed, spermidine supplementation via drinking water 

had cardioprotective effects by reducing age-related cardiac hypertrophy, preserving diastolic 

function, improving mitochondrial respiration and enhancing cardiac autophagy as also 

mitophagy. Spermidine feeding also reduced myocardial passive stiffness by increased titin 

phosphorylation and suppressed subclinical inflammation (Figure 7). The beneficial 

cardioprotective effects of spermidine supplementation are not reproduced in mice with 

incompetent autophagy in the heart. Indeed, aged mice deficient for autophagy-related protein 

Atg5 in cardiomyocytes develop diastolic dysfunction and hypertrophy upon spermidine 

supplementation, indicating that autophagy underlies spermidine-induced cardio-protection. In 

salt-sensitive Dahl rats, an experimental model for hypertension-induced heart failure, 

spermidine treatment preserves diastolic function, reduces systemic blood pressure, prevents 

cardiac hypertrophy and decreases myocardial stiffness, thus preventing the onset of cardiac 

dysfunction, which is observed in non-treated control rats. In humans, a correlation exists 

between increased spermidine uptake and prevention of cardiovascular disease as, lower 

incidence of heart failure correlates with higher levels of dietary spermidine. In view of the 

cytoprotective role of autophagy and mitophagy, these results indicate that supplementation of 

spermidine is a promising and feasible strategy delaying the onset of cardiovascular disease 

[107, 112, 113].  

 

Figure 7 Spermidine-mediated cardioprotection in aging and hypertension. Oral supplementation of 

spermidine improves cardiac function by the induction of autophagy and mitophagy in cardiac tissue, reducing 

inflammation, lowering systemic blood pressure and improving mechano-elastical properties of cardiomyocytes. 

Reprinted from: [107] 
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1.4 Previous studies leading to this work 

Several studies showed a negative correlation between increased IGF-1 plasma levels and 

lifespan [114, 115], implying that the serum level of circulating IGF-1 serves as marker for the 

progression of aging. IGF-1 signaling affects the intracellular calcium homeostasis, 

contractility, metabolism, autophagy, hypertrophy, aging and apoptosis [38, 39].  

The downregulation of IGF-1 signaling pathways by several dietary or genetic interventions 

has been shown to improve health and prolong life span in model organisms including mice 

[43, 44]. Interestingly, IGF-1 signaling has both beneficial and deleterious effects on age-

related diseases influencing lifespan. For instance, downregulation of the IGF-1 pathway 

protects against several metabolic alterations that promote cardiovascular disease [43]. In line 

with this findings, the inhibition of the PI3K/Akt signaling pathway protects the heart from 

cardiac aging [116]. On the contrary, reduced IGF-1 levels correlate with a decline in cardiac 

contractility and diastolic function and the progression of cardiovascular disease [117]. Our 

preliminary results show that 12-month-old cardiomyocyte-specific IGF-1R overexpressing 

mice have significantly better left ventricular ejection fraction and increased left ventricular 

hypertrophy (i.e. increased wall thickness and heart weight) compared to WT mice. 

Interestingly, despite improved ejection fraction with respect to WT mice, IGF-1R mice show 

comparable stroke volume and comparable cardiac output. These results indicate, that IGF-1-R 

mice exhibit diastolic dysfunction (low diastolic volume) as manifested by left ventricular (LV) 

decreased diastolic filling rate, which is compensated by increasing contractility to sustain 

stroke volume and workload in order to maintain sufficient ejection fraction. Increasing arterial 

stiffness leads to a compensatory mechanism by the myocardium, including LV hypertrophy 

and cardiac remodeling. These findings suggest that IGF-1R mice develop diastolic dysfunction 

earlier in their old age compared to WT animals. A recent study showed that spermidine inhibits 

the PI3K/Akt signaling pathway and that PI3K as an important downstream target of IGF-1R 

inhibits polyamine synthesis (including spermidine) [118]. This indicates an interaction 

between spermidine and the IGF-1/PI3K signaling network. A recent study by Chrisam et al. 

showed that the induction of autophagy by spermidine in skeletal muscle from WT mice 

involves decreased Akt phosphorylation [105].  

 

1.5 Aim of this work and hypothesis 

The major aim of this work was, to elucidate whether cardioprotective effects by spermidine 

are mediated, at least partially, through the IGF-1/PI3K/Akt signaling pathway (Figure 8). To 
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this end, we tested the hypothesis, that oral spermidine supplementation or intraperitoneal 

injections of spermidine, inhibits the IGF-1/PI3K/Akt signaling pathway in the mouse heart. 

Assessment of the downstream targets of the IGF-1 signaling, such as phosphorylation status 

of Akt protein (e.g. Thr308 and Ser473) and mTOR in spermidine-treated hearts by 

immunoblotting will prove or dismiss the hypothesis that spermidine induces autophagy 

through inhibition of PI3K/Akt activity in IGF-1R mice.  

Immunoblotting was also used to assess changes in the expression and phosphorylation of key 

transcription factor (FoxO3a). These experiments are expected to reveal, which of the IGF-1 

downstream targets is critical for cardioprotective effects by spermidine. 

 

 

 

Figure 8 Our working model and hypothesis: Spermidine inhibits the IGF-1/PI3K/Akt signaling pathway 

in the heart. Binding of IGF-1 to plasma membrane IGF-1 receptor (IGF-1R) mediates phosphatidylinositol-

3kinase (PI3K) activation and Akt phosphorylation, which are inhibited by spermidine. Inactivation of the 

PI3K/Akt pathway inhibits downstream targets (e.g. mTOR) and activates autophagy. Furthermore PI3K/Akt 

signaling inhibition reduces the phosphorylation of FoxO transcription factors, leading to nuclear import and 

activation of transcriptional activity of Atg-related genes. Abbreviations: IGF-1, Insulin-like growth factor 1; 

PI3K, Phosphatidylinositol-3 kinase; Akt, Serine/threonine protein kinase; mTOR, Mammalian target of 

rapamycin; FoxO, Forkhead box O.  
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2 Materials and Methods 

2.1  Mice 

IGF-1R 

In this study, we used 12-month-old male mice overexpressing cardiomyocyte-specific insulin-

like growth factor-1 receptor (heterozygous IGF-1R mice). These mice were generated in the 

laboratory of Prof. Seigo Izumo, Beth Israel Deaconess Medical Center and Harvard Medical 

School, as follows: the cDNA insert for human IGF-1R was cloned into a SalI-digested MHC 

promoter construct. This vector contains a 5.8 kb BamHI-MaeIII fragment of murine αMyHC 

(alpha-myosin heavy chain) gene that includes the promoter and exons 1-3 from the 

5´untranslated region of the gene, as well as the human growth hormone polyadenylation site. 

These animals show up to 20-fold increase in the expression of the IGF-1R specifically in the 

heart, while IGF-1 plasma levels are not elevated [36]. Age-matched wild type (WT) littermates 

(FVB/N strain) served as controls. Genotype was determined from ear biopsies by PCR-based 

analysis using the following primers: IGF-1R forward: αMHC-4: 5’GGC ACT TTA CAT GGA 

GTC CT3’ (LOT-Nr.: 2355627, Microsynth), reverse: IGFR-1R: 5’GAA CAG CAG CAA 

GTA CTC GGT AAT3’ (LOT-Nr.: 2355628, Microsynth). 

 

dnPI3K 

Heterozygous adult male mice harbouring cardiomyocyte-specific inhibition of 

phosphoinositide 3-kinase (dominant negative PI3K mice – dnPI3K) were used at 5-10 months 

of age. Also, these mice were generated in the laboratory of Prof. Seigo Izumo as described 

elsewhere [50]: Briefly, the cDNA insert for Ish2p110 or p110 kinase gene was cloned into a 

SalI-digested α-MyHC promoter construct. This vector contains a 5.8 kb BamHI-MaeIII 

fragment of the murine α-MyHC gene that includes the promoter and exon 1-3 from 

5´untranslated region of the gene, as well as the human growth hormone polyadenylation site. 

These transgenic animals show around 20% of PI3K activity [49]. Age-matched wild type (WT) 

littermates (FVB/N strain) served as controls. Genotype was determined from ear biopsies by 

PCR-based analysis using the following primers: dnPI3K forward: αMHC-4: 5’GGC ACT TTA 

CAT GGA GTC CT3’ (LOT-Nr.: 2355627, Microsynth), reverse: p110-2R: 

5’TGGCCTCTCTGAACAGTTCAT3’ (LOT-Nr.: 2355626, Microsynth). 
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The total number of animals used in these experiments was 102 mice, therefore 78 mice were 

from the IGF-1-R strain and 24 mice from the dnPI3K cohort. All animal procedures were 

performed in accordance with national and European ethical regulation and approved by the 

government agencies (Bundesministerium für Wissenschaft, Forschung und Wirtschaft, 

BMWFW, Austria, animal permissions: BMWFW-66.010/0160-WF/V/3b/2014 and 

BMWFW-66.010/0198-WF/V/3b/2017). 

 

2.2 Animal housing 

Mice were housed in temperature-controlled animal facilities under specific-pathogen-free 

(SPF) or conventional conditions in 12 h light/dark cycles. All mice had access to food (standard 

chow-diet, Cat. Nr. V1534-703, Ssniff, Germany) and drinking water ad libitum. 

 

2.3 Spermidine supplementation 

Chronic spermidine treatment 

Male mice were randomly divided into 4 groups according to the genotype and treatment 

(Figure 9). Supplementation of 3 mM spermidine (SPD) (Cat. Nr. S2626, Sigma-Aldrich, USA) 

was administered orally via drinking water, starting at the age of 7 months for 5 months. Control 

animals received regular drinking water. 

 

Figure 9: Schematic overview of experimental design and chronic spermidine administration. IGF-1R and 

WT mice were randomly divided into SPD-treated and control groups. Spermidine treatment (3 mM spermidine 

into drinking water) started at the age of 7 months for 5 months. Abbreviations: WT – wilde-type, IGF-1R – 

Insulin-like growth factor-1 receptor, SPD - spermidine, mM - millimolar 



 

26 

 

Acute spermidine treatment  

Young (5-10 months old) IGF-1R and dnPI3K mice as well as their WT littermates were 

subjected to intraperitoneal (i.p.) injection of either spermidine (50 mg/kg BW, dissolved in 

0.9% NaCl) or 0.9% NaCl (control, vehicle). Sixteen to twenty-four hours after i.p. injections 

animals were anesthetized using 5% isoflurane and euthanized using cervical dislocation. The 

organs were immediately removed as described below (see 2.5 Organ harvesting). Male mice 

were randomly divided according to the treatment and genotype (Figure 10). 

 

 

Figure 10: Schematic overview of experimental design and acute spermidine administration. Young (5-10 

months) IGF-1R, dnPI3K and WT mice were randomly divided according to treatment and genotype into 4 groups. 

Abbreviations: WT – wilde-type, IGF-1-R – Insulin-like growth factor-1 receptor, dnPI3K – dominant negative 

phosphoinositide 3-kinase, SPD - spermidine, mM - millimolar 

 



 

27 

 

2.4 Spermidine preparation 

Spermidine stock solution (1M) was prepared on ice as follows: spermidine free base (pH of 

approximately 13) was dissolved in sterile ice-cold and deionized H2O. Then pH was adjusted 

to 7.3 by adding 37% HCl (Cat. Nr.320331, Sigma-Aldrich, USA) dropwise, while the solution 

was continuously stirred on ice. Titration with 37% HCl is an exothermic reaction that releases 

heat, which may negatively affect the stability of spermidine. Spermidine stock solution was 

sterile filtered (filter system 0.2 µm, Cat. Nr. 156-4020, Thermo Scientific Fisher Inc., USA), 

aliquoted and stored at -20°C. Aliquots were used within 3 months to avoid spermidine 

deamination.  

2.5 Organ harvesting 

After the hemodynamic assessment, animals (at the age of 12 months) were euthanized and 

blood was collected by apical puncture of the heart. Organs (heart, lung, liver, spleen, kidney, 

white adipose tissue) were quickly collected, rinsed in PBS and weighed. Hearts and other 

organs were immediately dissected, immersed into ice-cold 2-methylbutane (Cat. Nr. 106056, 

Merck Millipore, USA) for a few seconds and then flash frozen in liquid nitrogen. The samples 

were stored at -80°C until they were further processed. 

2.6 Tissue preparation and protein extraction 

Immunoblotting was performed from whole heart lysates. For protein extraction, cardiac tissue 

was disrupted using a pre-cooled mortar and pestle. Pieces of frozen myocardium (around 30 

mg) were added to 100 µl cold lysis buffer (see Table 1). Myocardial tissues were grinded by 

using a small potter until they were completely homogenized. Then the lysates were centrifuged 

at 5000 rpm for 3 minutes at 4°C. The supernatant was collected in a pre-cooled 1.5 ml safe-

lock tube (Cat. Nr. 0030120.086, Eppendorf, Germany). The pellet was resuspended in 100 µl 

lysis buffer and added to the supernatant. Tubes containing the homogenate were centrifuged 

at 14.000 rpm for 5 minutes at 4°C. The supernatant was transferred to a new collection tube 

and the lysates were snap-frozen in liquid nitrogen and stored at -80°C. A small amount of 

homogenate was used for further determination of protein concentration using bicinchoninic 

acid (BCA) assay. 
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Table 1: Composition of lysis buffer for the homogenization of the cardiac tissue 

Lysis Buffer composition 

  Concentration                 Substance 

1%                         NP 40 (IGEPAL CA-630) 

10%                       Glycerole 

137mM                  NaCl 

20 mM                   Tris-HCl pH = 7,4 

20 mM                   NaF 

1 mM                     Sodium orthovanadate 

1 mM                     Sodium pyrophosphate 

50 mM                   β-Glycerophosphate 

10 mM                   EDTA pH = 8 

1 mM                     EGTA pH = 7 

4 µg/ml                  Aprotinin 

4µg/ml                   Leupeptin 

4µg/ml                   Pepstatin 

1 mM                     PMSF 

 

2.7 Determination of protein concentration – BCA assay 

To determine protein concentrations of the whole tissue lysates the BCA assay (BCA-Assay, 

Cat. Nr. 23227, Thermo Fisher Scientific Inc., USA) was employed. For this purpose, a 

calibration curve was generated using 7 standards of different Bovine Serum Albumin (BSA, 

Cat. Nr. A7906, Sigma-Aldrich, USA) concentrations ranging from 0.5 µg/µl to 3.0 µg/µl.  

Three different dilutions of tissue lysates, each with an end volume of 10 µl, were prepared for 

the measurement. BCA working reagent (500 µl, 50 parts A + 1 part B) was added to each 

lysate dilution and BSA standard and gently mixed prior these samples were incubated in the 

water bath for 20 min at 37°C. Photometric measurement (BioPhotometer, Eppendorf, 

Germany) was performed at the end of the incubation time. Absorbed light by blank (only lysis 

buffer as a reference), BSA standards and tissue lysate dilutions was then measured at 

wavelength of 562 nm. Finally, protein concentration of each sample was calculated based on 

the BSA standard calibration curve. 
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2.8 Western Blot 

The immunoblot or Western Blot is used for the detection of specific proteins and their 

quantitative expression. This method allows to test for the presence of a single protein, which 

can be detected from whole tissue homogenate. Protein separation is based on molecular weight 

and performed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

Separated proteins are then transferred on a nitrocellulose or PVDF membrane, which is then 

incubated along with a specific antibody. Binding of the labeled antibody enables visualization 

of the target protein. 

2.8.1 SDS-PAGE 

Protein samples (40 µg) were used for measurements of protein levels by SDS-PAGE. XT 

sample buffer (6.25 µl of 4x buffer, Cat. Nr. 1610791, Bio-Rad, USA) and XT reducing agent 

(1.25 µl of 20x agent, Cat. Nr. 1610792, Bio-Rad, USA) were added to the sample. Lysis buffer 

was added to reach a total volume of 25 µl per sample. The samples were gently mixed and 

kept on ice. Electrophoresis chamber was filled with 400 ml of running buffer (20x XT MOPS, 

Cat. Nr. 1610788, Bio-Rad, USA). Samples (25 µl each) and protein standards (8 µl each, 

Precision Plus ProteinTM All Blue Standards, Cat. Nr. 1610373, Bio-Rad, USA), which served 

as a standard for the determination of molecular weight of protein bands in subsequent 

immunoblotting analyses were added to 4-12% CriterionTM XT Bis-Tris gels (Cat. Nr. 

3450124, Bio-Rad, USA). Gels were run at 70 V and 120 V for 20 minutes and 2 hours, 

respectively (Figure 11). 

 

 

Figure 11: Electrophoresis chamber. Blue bands indicate different samples as well as 4 x sample buffer. Protein 

standard was added (see arrow on the left, Precision Plus ProteinTM All Blue Standards) that served as a reference 

for the molecular weight of the proteins. 
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2.8.2 Transfer 

After electrophoresis, proteins were transferred onto 0.45 µm nitrocellulose membranes (Cat. 

Nr.10600002, GE Healthcare Life science, UK). To this end, transfer buffer (6.5mM Tris, 

38.4mM Glycine, 20% Methanol) and filter papers (Gel Blot Paper GB003, Cat. Nr. 732-4229, 

VWR, USA) were prepared, while the membranes and sponges were equilibrated in the buffer 

before assembling the blotting sandwich (Figure 12). 

 

 

Figure 12: Western Blot transfer cassette setup for the wet transfer. Assembling order from top to bottom: 

sponge – filter paper – gel – nitrocellulose membrane – filter paper – sponge. For the wet transfer, the gel side of 

the sandwich is oriented toward the cathode (black), while the membrane side is positioned toward the anode (red). 

 

The blotting cassette was then placed in a transfer tank (CriterionTM Blotter, Cat. Nr. 1704071, 

Bio-Rad, USA) filled with the transfer buffer. The tank was connected to the power supply and 

the transfer was run at 400 mA for 2 hours at 4°C. The whole setup was placed on ice during 

the blotting.  

To test whether the transfer was successful, membranes were stained with Ponceau S solution 

(Cat. Nr. P7170, Sigma-Aldrich) for 10 minutes. This staining allows to visualize protein bands 

on the membrane (Figure 13). Before de-staining the membranes with ddH2O, copies of them 

were made for documentation. Then the membranes were cut in stripes according to the size of 

each protein. After the washing step in 1 x TBST (10 mM Tris/HCl, pH 7.5, 150 mM NaCl, 

0.1% Tween-20), the membranes were blocked with the blocking solution (5% non-fat dry milk 

[w/v] (Cat. Nr. T145.2, Carl Roth, Germany) in 1x TBST) and incubated for 1 hour at room 

temperature. This step is necessary to block any unspecific protein-binding sites on the 

membranes. 
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Figure 13: Ponceau S staining of nitrocellulose membrane. Membrane was incubated for 10 minutes at room 

temperature in Ponceau S solution, to label protein bands and then washed with ddH2O. Red bands show proteins 

from different samples in the slots 1-12. Protein standard was added to the right side of the membrane. Molecular 

weights were within 10 kDa and 250 kDa. 

 

2.8.3 Immunodetection 

After the blocking step, membranes were washed in 1 x TBST for 10 minutes. Single 

membranes were incubated with primary antibody overnight at 4°C. All primary and secondary 

antibodies were diluted as indicated in Table 2 using 0.5% non-fat dry milk in 1xTBST. After 

being washed 4 times with 1xTBST for 8 minutes, membranes were incubated with horseradish 

peroxidase-conjugated secondary antibodies on a shaker for 35 min at room temperature. The 

primary antibodies that were used are listed in Table 2 and the secondary antibodies are listed 

in Table 3. 

 

Table 2: List of primary antibody dilutions  

Primary antibody     Size (kDa)     Company (Cat. Nr.)  Dilution 

mTOR     289  Cell Signaling (#2972)  1:1000 

IGF-1R     97  Santa Cruz (#sc-713)  1:500 

Akt     60  Cell Signaling (#9272)  1:1000 

p-Akt(Ser473)    60  Cell Signaling (#9271)  1:750 

p-Akt(Thr308)    60  Cell Signaling (#9275)  1:750 

GAPDH     37  Cell Signaling (#5174)  1:5000 

FoxO3a     87  Cell Signaling (#2497)  1:1000 

p-FoxO3a(Ser253)   97  Cell Signaling (#9466)  1:1000  
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Table 3: List of secondary antibodies and their dilutions  

Secondary antibody         Company       Dilution 

     1:5000 

 

    1:5000 

 

 

 

After additional 4 washing steps each lasting 8 minutes, the membranes were incubated with 

enhanced chemiluminescent substrate (ECL) for the detection of horseradish peroxidase (HRP) 

activity from bound secondary antibodies, which were detected by SuperSignal® West Pico 

Chemiluminescent Substrat (Cat. Nr. 34080, Thermo Fisher Scientific Inc., USA), ClarityTM 

Western ECL Substrat (Cat. Nr. 1705061, Bio-Rad, USA), or for maximum sensitivity 

SuperSignal® West Femto Substrate (Cat. Nr. 34096, Thermo Fisher Scientific Inc., USA). 

Chemiluminescence signals were visualized using the ChemiDoc™ Touch System (Cat. Nr. 

1708370, Bio-Rad, USA). Densitometric quantification of the blots was performed using the 

Image Lab V5.2 software (Bio-Rad, USA). 

 

2.8.4 Membrane stripping 

In order to break the antibody bonds and remove already bound antibodies, the membranes 

were stripped. This process enables to detect more than only one protein or its phosphorylated 

form on the same blot as typically both have similar size. 

Then the membrane was incubated in stripping buffer (RestoreTM PLUS Western Blot Stripping 

Buffer, Cat. Nr. 46430, Thermo Fisher Scientific Inc., USA). Duration of the incubation was 

adjusted to the signal intensity, - stronger signals require longer duration of the membrane 

stripping (and vice versa). However, this can last up to 1 hour in order to avoid any protein 

removal. After stripping the membrane was washed in 1xTBST and incubated for several 

minutes followed by an additional block using 5% milk. Finally, the membrane was incubated 

with another primary antibody at 4°C overnight. 

 

ECLTM Anti-Rabbit IgG, HRP-

linked whole Ab (from donkey) 
 

GE Healthcare 

Life Sciences 

ECLTM Anti- Mouse IgG, HRP-

linked whole Ab (from sheep) 
 

GE Healthcare 

Life Sciences 
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2.9 Statistical analysis 

Factorial analysis of variance (ANOVA) was used to compare groups, thereby considering 

treatment and genotype as fixed factors and the gel as a random factor to correct for inter-gel 

variability. Pair-wise comparisons (Student's t-test, Welch's t-test or Mann-Whitney U test) 

were performed, whenever main effects or interaction were significant. When 3 groups were 

compared (in the IGF-1R young, that were adjusted to i.p. spermidine injections), ANOVA was 

used followed by Tukey's post-hoc test. Normality of residuals and equality of variance were 

confirmed using Shapiro-Wilk and Levene's tests, respectively. If these criteria were not met, 

data were log-transformed to meet the assumptions. Two-sided P value < 0.05 was considered 

significant. IBM SPSS statistics software (Version 23) was used to run the statistical 

analysis. Data are presented as bar graphs presenting means; error bars denoting standard error 

of the mean (SEM). 
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3 Results 

3.1 Expression of IGF-1R in IGF-1R mice 

We first sought to confirm that IGF-1R hearts have increased expression of IGF-1R as reported 

previously [36]. As expected, IGF-1R mice had significantly higher expression of IGF-1R than 

WT animals (P=0,0001; Figure 14). However, this increase was significantly larger in control 

IGF-1R mice compared to spermidine-treated IGF-1R mice (P=0,007). In contrast, spermidine 

treatment had an opposite (i.e. positive) effect on the expression of IGF-1R in WT group, 

although this did not reach statistical significance (P=0,06).  

 

 

Figure 14: Expression of IGF-1R was reduced in IGF-1R mice by oral spermidine supplementation. a) 

Representative Western Blots show the expression of IGF-1R (90 kDa) and GAPDH (37 kDa) as a loading control. 

b) Western Blot analysis was done by densitometry. IGF-1R densitometric values were normalized to the loading 

control (GAPDH). N=15 mice/group. ***P<0.0001, *P<0.01, #P<0.06. Abbreviations: m - months, SPD – 

spermidine, CTL – control. 

 

The IGF-1R is a receptor tyrosine kinase that is activated upon IGF-1 binding. The binding of 

IGF-1 to its receptor triggers the activation of several intracellular kinases, including the 
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activation of PI3K, which further stimulates downstream targets of the PI3K/Akt signaling 

pathway.  

 

3.2 Akt expression in IGF-1R mice 

IGF-1R overexpression in transgenic mice resulted in markedly reduced expression of Akt 

(P=0,0001 vs. WT mice). In addition, there was no effect or interaction between groups upon 

treatment with spermidine (Figure 15). 

 

 

Figure 15: Expression of Akt was reduced in IGF-1R mice. a) . a) Representative Western Blots show the 

expression of Akt (60 kDa) and GAPDH (37 kDa) as a loading control. b) Western Blot analysis was done by 

densitometry. IGF-1R densitometric values were normalized to the loading control (GAPDH). N=15 mice/group. 

***P<0.0001. Abbreviations: m - months, SPD – spermidine, CTL - control 
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3.3 Phosphorylation of Akt at Thr308 and Ser473 in IGF-1R mice 

To test the activation level of Akt, we sought to determine the phosphorylation status of Akt 

protein at two residues, namely Thr308 and Ser473. The phosphorylation level of Akt at the 

Thr308 regulatory site (p-Akt-Thr308) was significantly increased in IGF-1R hearts with 

respect to WT hearts (P=0,0001; Figure 16). Spermidine treatment did not show any significant 

changes on the phosphorylation of Akt at Thr308 (Figure 16). 

 

 

Figure 16: Akt phosphorylation at Thr308 is increased in IGF-1R mice a) Representative Western Blots show 

the phosphorylation of p-Akt(Thr308) (60 kDa) and total levels of Akt (60 kDa). b) The ratio of p-Akt(Thr308) to 

total expression of Akt was calculated after the quantification by densitometry. N=15 mice/group. ***P<0.0001. 

Abbreviations: m - months, SPD – spermidine, CTL - control 

 

The phosphorylation of Akt at Ser473 site was significantly elevated in the IGF-1R mice 

(P=0,0001; Figure 17), and this increase was comparable between control and spermidine-

treated hearts. However, we observed a strong trend for the reduction in phosphorylation upon 

supplementation of spermidine in WT hearts (P=0,052). 
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Figure 17: Akt phosphorylation at Ser473 was increased in IGF-1R hearts. a) Representative Western Blots 

show the phosphorylation of p-Akt(Ser473) (60 kDa) and total expression of Akt (60 kDa). b) The ratio of p-

Akt(Ser473) to total expression of Akt (Akt) was calculated after the quantification by densitometry. N=15 

mice/group. ***P<0.000; #P<0.06. Abbreviations: m - months, SPD – spermidine, CTL – control 

 

Altogether, these results indicate that despite reduced Akt expression, the phosphorylation of 

Akt, and thus the activity of Akt is increased in IGF-1R mice.  

 

3.4 Expression and phosphorylation of mTOR in IGF-1R mice 

The expression of mTOR was comparable between WT and IGF-1R heart lysates and it was 

not affected by chronic spermidine supplementation (Figure 18). 
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Figure 18: No differences in mTOR expression in IGF-1R mice. a) Representative Western Blots show the 

expression of mTOR (289 kDa) and GAPDH (37 kDa) as a loading control. b) Blots were quantified by 

densitometry and normalized to the loading control. N=15 mice/group. Abbreviations: m - months, SPD – 

spermidine, CTL – control 

 

3.5 Akt expression in dominant negative PI3K mice phosphorylation  

Next, we investigated the effect of reduced PI3K activity on downstream targets using dnPI3K 

mice, which were subjected to intraperitoneal injections of spermidine. This allowed us to 

assess for acute effects of spermidine compared to the chronical supplementation of spermidine 

(via drinking water). Expression of Akt was significantly increased in mice with dnPI3K 

compared to WT mice (P=0,0001). Spermidine treatment did not change the expression of Akt 

in none of the groups (Figure 19).  
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Figure 19: Expression of Akt was increased in dnPI3K mice. a) Representative Western Blots display 

expression of Akt (60 kDa) and GAPDH (37 kDa) as a loading control. b) Blots were quantified by densitometric 

method and normalized to the loading control. N=8 mice/group. ***P<0.0001. Abbreviations: m - months, SPD – 

spermidine, CTL - control 

 

3.6 Akt phosphorylation in dnPI3K mice 

Phosphorylation of Akt at Thr308 site was dramatically reduced in the dnPI3K mice compared 

to their WT littermates (P=0,0001; Figure 20). Acute spermidine treatment reduced p-

Akt(Thr308) in WT group (P=0,023), but not in the dnPI3K cohort, which showed a trend 

toward increased p-Akt(Thr308). Spermidine administration also reduced the difference in Akt 

phosphorylation at the site Thr308 between WT and dnPI3K cohort (P=0,042), suggesting that 

spermidine, when applied acutely, acts via PI3K as the critical downstream effector of IGF-1R 

signaling pathway. 
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Figure 20: Phosphorylation of Akt at Thr308 was reduced in dnPI3K hearts. a) Representative Western Blots 

show p-Akt(Thr308) (60 kDa) and total expression of Akt (60 kDa). Treated groups (SPD) were subjected to i.p. 

injections of spermidine (50 mg/kg body weight SPD in 0.9% NaCl), whereas the control groups received 

injections of 0.9% NaCl b) The ratio of p-Akt(Thr308) to total Akt was calculated in 8 mice per group. 

***P<0.0001, *p<0.05. Abbreviations: m - months, SPD – spermidine, CTL - control 

 

To test whether these effects (on Akt phosphorylation at Thr308 site) can be recapitulated in 

IGF-1R mice, we subjected them to the intraperitoneal injection of spermidine as we did with 

dnPI3K animals.  

 

Control IGF-1R mice had increased Akt activity as compared with age-matched WT littermates 

(P=0,049). Conversely, spermidine-treated IGF-1R mice showed comparable activity of the Akt 

pathway to that in WT controls (Figure 21).  
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Figure 21: Phosphorylation of Akt at Thr308 was increased in young IGF-1R mice. a) Representative Western 

Blots show p-Akt(Thr308) (60 kDa) and total Akt expression. Treated groups (SPD) were subjected to i.p. 

injections of spermidine (50 mg/kg body weight SPD in 0.9% NaCl), whereas the control groups received 

injections of 0.9% NaCl. b) The ratio of p-Akt to total Akt (Akt) was calculated from 4-5 mice/group. *P<0.05. 

Abbreviations: m - months, SPD – spermidine, CTL - control 

 

3.7 Akt phosphorylation of Ser473 site in dnPI3K mice 

dnPI3K mice had significantly reduced Akt phosphorylation of Ser473 site compared to WT 

animals (P=0,0001; Figure 22). Interestingly, spermidine significantly increased Akt-Ser473 

phosphorylation in the dnPI3K mice to control (baseline) levels from WT mice, which showed 

a trend toward an increased Akt-Ser473 phosphorylation upon spermidine administration 

(Figure 22). 
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Figure 22: Spermidine increased Akt phosphorylation of Ser473 site in dnPI3K mice. a) Representative 

Western Blots show (p-Akt(Ser473) (60 kDa) and total Akt (60 kDa). Spermidine-treated groups were subjected 

to i.p. injections of spermidine (50 mg/kg body weight SPD in 0.9% NaCl), whereas control groups received 

injections of 0.9% NaCl b) Blots were quantified by densitometry and normalized to the loading control. N=8 

mice/group. ***p<0.0001, **p<0.01. Abbreviations: m - months, SPD – spermidine, CTL - control 

 

To further elucidate mechanisms underlying the IGF-1/PI3K signaling pathway, Western 

Blotting was performed on the Akt downstream target mTOR. 

 

3.8 mTOR expression in dnPI3K mice 

There were no significant differences in the mTOR expression in any of the groups tested at 

baseline and after spermidine treatment (Figure 23). However, our statistical analysis revealed 

that spermidine reduced mTOR expression as a main. 
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Figure 23: Expression of mTOR in dnPI3K mice. a) Representative Western Blots show mTOR (289 kDa) and 

GAPDH (37 kDa) as a loading control. b) Blots were quantified by densitometry and normalized to the loading 

control. N=8 mice/group. Abbreviations: m - months, SPD – spermidine, CTL - control 

 

3.9 Phosphorylation of FoxO3a in dnPI3K mice 

Another important downstream effector of the IGF-1/PI3K pathway is FoxO transcription 

factors family. Therefore, we investigated the activity of FoxO3a transcription factor in the 

IGF-1/PI3K/Akt signaling, as FoxO3a is an important determinant of autophagy induction [63]. 

The activity of FoxO3a is regulated by Akt and its phosphorylation leads to inactivation of 

FoxO3a.  

dnPI3K mice had reduced phosphorylation of FoxO3a (P=0,045; Figure 24) than WT animals 

under control conditions. Interestingly, both groups responded differently to the treatment with 

spermidine, which significantly reduced FoxO3a phosphorylation in WT hearts (P= 0,039), 

while tended to increase FoxO3a phosphorylation in dnPI3K mice (Figure 24).  



 

44 

 

 

Figure 24: Expression of p-FoxO3a in dnPI3K mice. a) Original Western Blots showing p-FoxO3a(Ser253) (97 

kDa) and total expression of FoxO3a (87 kDa). Treated groups (SPD) were subjected to i.p. injections of 

spermidine (50 mg/kg body weight SPD in 0.9% NaCl), whereas the control groups received injections of 0.9% 

NaCl b) Blots were quantified by densitometry and normalized to the loading control. N=8 mice/group. *P<0.05. 

Abbreviations: m - months, SPD – spermidine, CTL - control 

 

An overview of the observed effects of spermidine on the IGF-1/PI3K signaling pathway is 

shown in Table 4. 
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Table 4 Effects of spermidine on the IGF-1/PI3K signaling pathway in the mouse heart 

Mouse model IGF-1R/PI3K 

downstream target 

Effect 

(control animals) 

Effect 

(spermidine 

treatment) 

IGF-1R IGF-1 increased reduced 

IGF-1R Akt reduced no change 

IGF-1R p-Akt(Thr308) increased No change 

IGF-1R p-Akt(Thr308) increased reduced 

(after i.p. injections) 

IGF-1R p-Akt(Ser473) increased reduced 

IGF-1R mTOR no effect no change 

dnPI3K Akt increased no change 

dnPI3K p-Akt(Thr308) reduced reduced 

dnPI3K p-Akt(Ser473) reduced increased 

dnPI3K mTOR no effect no change 

dnPI3K p-FoxO3a reduced increased 
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4 Discussion 

The aim of the present study was to examine the role of spermidine on the IGF-1/PI3K signaling 

pathway in the mouse heart and to elucidate its downstream signaling targets as well as 

transcriptional regulatory effects. To this end, we used young and middle-aged mice 

overexpressing cardiomyocyte-specific IGF-1 and mice, harbouring cardiomyocyte-specific 

inhibition of PI3K (dnPI3K). Given that IGF-1 is implicated as a primary factor in the 

development of cardiac hypertrophy [119], it is relevant to define pharmacological strategies 

that regulate the IGF-1/PI3K  pathway, and thus to prevent age-associated hypertrophy coupled 

to cardiac aging. The role of IGF-1 signaling in the heart has been determined using genetic 

animal models with overexpression [36] or deletion [43, 43] of the IGF-1R in the heart. The 

main advantage of such models is that they allow to define the role of the IGF-1 signaling 

cascade specifically in the heart.  

Our results show that oral supplementation of spermidine reduced the expression of IGF-1R in 

the IGF-1R mice, but not in WT animals, suggesting that spermidine appears more effective to 

delay cardiac aging, when there is an excessive expression of the IGF-1 receptor, reasons that 

may account for this effect remain elusive, but could include epigenetic mechanisms underlying 

reduced transcription of genes due to high deacetylation capacity by spermidine [120]. 

Studies demonstrated the beneficial effects of reduced IGF-1 signaling on cardiac aging [43, 

44]. For example, a recent study by Ock et al. showed that aging was associated with the 

induction of IGF-1R expression in cardiomyocytes. Furthermore, the same authors showed that 

hypertrophic response associated with aging was blunted and cardiac function was preserved in 

cardiomyocyte-specific IGF-1R knockout mice [43]. Consistent with this, transgenic mice 

overexpressing the IGF-1R in the heart (used in this study) display cardiac hypertrophy, yet 

without any evidence of histopathology [36], which may occur later in life. 

To find out whether spermidine supplementation negatively regulates the IGF-1 signaling 

cascade, we performed immunoblot analysis on heart lysates from IGF-1R mice and dnPI3K 

mice. Akt (Protein kinase B) is one of the best known downstream signaling targets of the IGF-

1/PI3K cascade. IGF-1 stimulates the PI3K/Akt pathway via PI3K, which is activated by its 

interaction with the insulin receptor substrate (IRS) to the activation of Akt. Akt is translocated 

from the cytoplasm to the cell membrane, where it is phosphorylated at Thr308 and Ser473 sites 

and phosphorylation of both residues is required to generate a high level of Akt activity [53]. 

We could show that hyperactivation of the IGF-1/PI3K pathway led to a significant reduction 

of Akt expression in the IGF-1R hearts. This is corroborated by an increased expression of Akt 
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in mice with dominant negative PI3K. Our findings indicate that there is a compensatory 

mechanism, which prevents from an excessive expression of Akt likely due to high expression 

levels of IGF-1R. We also found an elevated phosphorylation of Thr308 and Ser473 residue in 

IGF-1R hearts. In conjunction with reduced Akt expression, increased phosphorylation of Akt 

indicates increased Akt activity in IGF-1R mice. In contrast, aged cardiomyocyte-specific IGF-

1R knockout mice show lower levels of Akt phosphorylation compared to aged WT littermates 

[43]. A recent study showed that a cardiac-specific Akt overexpression contributes to chronic 

activation of Akt and therefore accentuates an aging-induced decline in autophagy [34], 

suggesting that an increase in Akt phosphorylation with aging may be responsible for reduced 

autophagic activity and age-associated complications. These data imply that Akt activation is 

responsible for the inhibition of autophagy in aging, and thus promotes cardiac dysfunction 

associated with aging. 

While chronic spermidine changed neither Akt expression nor the phosphorylation of Thr308 

site in IGF-1R and WT hearts, we observed a strong trend toward reduced phosphorylation at 

Ser473 site upon long-term spermidine treatment only in WT mice. Interestingly, a similar 

effect on Thr308 phosphorylation was found in IGF-1R mice, that received intraperitoneal. 

injections of spermidine (i.e. acute treatment). Izumo et al. showed that the amount of 

phosphorylated Akt is increased in constitutively active PI3K mice, whereas the amount of non-

phosphorylated Akt is expectedly decreased. Conversely, levels of phosphorylated Akt in 

dnPI3K mice are decreased and the amount of the non-phosphorylated form of Akt was elevated 

[49]. Consistent with these results, our dnPI3K mice showed decreased phosphorylation of Akt 

and thus reduced Akt activity. In addition, acute administration of spermidine caused about 2-

fold reduction of Thr308 phosphorylation in WT mice, while exerting no effect in dnPI3K mice. 

In contrast, administration of spermidine increased the phosphorylation of Ser473 site in WT 

mice and also dnPI3K animals. Altogether, these results indicate that spermidine negatively and 

positively regulates these two Akt phosphorylation sites (i.e. Thr308, Ser473, respectively), 

suggesting likely different mechanisms, which need to be further explored in future studies. 

Consistent with our results, Chrisam et al. reported that chronic spermidine administration 

decreases Akt phosphorylation levels in skeletal muscle [105].  

We observed that spermidine supplementation reduced the phosphorylation/activation of Akt 

in WT mice, but not in IGF-1R and dnPI3K mice, indicating that spermidine has limited 

capacity to counteract the alterations caused by the mutations. Our results also show that 

different route (oral vs. intraperitoneal) and treatment duration (acute vs. chronic) of spermidine 

have slightly different effects on the IGF-1/PI3K signaling pathway, albeit we have to point out 
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that different mouse models were used due to their availability at the time of experiments. 

Therefore, it would be highly informative to perform acute and chronic treatment in both 

transgenic models (e.g. IGF-1R and dnPI3K).    

FoxO transcription factors have been implicated in the regulation of several cellular functions, 

including the induction of autophagy [63]. FoxO3a is subjected to inhibition by IGF-1 and 

overexpression of IGF-1R induces FoxO3a phosphorylation, which is triggered by PI3K/Akt 

pathway [121]. On the one hand, phosphorylated FoxO3a proteins are inactive and are 

sequestered in the cytoplasm where they are unable to regulate gene expression. On the other 

hand, dephosphorylated FoxO3a transcription factors are activated and translocated to the 

nucleus, where they activate the transcription of autophagy-related genes. Our results show a 

significant decrease of FoxO3a phosphorylation in dnPI3K mice, indicating that decreased 

activity of the IGF-1/PI3K/Akt signaling pathway due to the mutation is responsible for the 

dephosphorylation of FoxO3a, and thus activation of FoxO3a transcription factor. Our study 

confirms findings from previous studies, which demonstrated that FoxO transcription factors 

are inactivated via the IGF-1/PI3K/Akt pathway [60, 63, 121]. Importantly, spermidine reduced 

phosphorylation of FoxO3a in WT mice, indicating that spermidine is able to induce FoxO 

activity, which might be associated with increased autophagy [63]. We detected a decrease of 

mTOR expression upon spermidine treatment in WT as well as in dnPI3K as a main effect, 

while we could not observe any changes in mTOR expression levels in IGF-1R and dnPI3K 

mice under control conditions. Based on our finding that spermidine promotes 

dephosphorylation of Akt and FoxO3a, it is tempting to speculate that spermidine triggers 

translocation of FoxO3a into the nucleus, causing increased transcription of autophagy-related 

genes. Additional experiments are warranted to determine whether autophagic flux is reduced 

in our IGF-1R overexpressing mice, and whether spermidine activates autophagy in these mice.  

 

In this work we have demonstrated that oral spermidine supplementation or intraperitoneal 

injections of spermidine inhibit, at least in part, the IGF-1/PI3K signaling pathway in the heart. 

Reduced phosphorylation of Akt at site Thr308 as well as dephosphorylation of FoxO3a seems 

to be important downstream targets of the IGF-1/PI3K pathway underlying cardioprotective 

effects by spermidine. Further investigation is needed to elucidate the precise role of spermidine 

in this complex molecular pathway of aging and longevity. 
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6 Appendix 

Statistical tables – IGF-1R mice 
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Statistical tables – dnPI3K mice 
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