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Zusammenfassung 
Auf Grund der weltweiten kontinuierlich steigenden Lebenserwartung, erhöht sich 

unter anderem die Prävalenz von chronischen Erkrankungen, welche vor allem das 

Herz-Kreislaufsystem betreffen. Die Alterung der Bevölkerung bedeutet daher eine 

massive medizinische und wirtschaftliche Belastung für die Gesellschaft. Bisher 

konnten durch die Restriktion der Nahrungsaufnahme vielversprechende anti-aging 

Effekte nachgewiesen werden, jedoch stellt sich die langfristige und umfassende 

Umstellung der Ernährung auf Grund der zu geringen Patientencompliance als nicht 

praktikabel dar. Infolgedessen ergibt sich die Notwendigkeit nach 

pharmazeutischen Alternativen zu suchen, welche in der Lage sind die Effekte einer 

Kalorienrestriktion zu mimikrieren. 

In dieser Studie konnte nachgewiesen werden, dass durch die Nachahmung dieser 

Ernährungsumstellung mittels des Polyamins Spermidin eine Vielzahl positiver 

Effekte ausgelöst wird. Alternde Mäuse, welche in ihrem späteren Leben mit 3 mM 

Spermidin im Trinkwasser behandelt wurden, wiesen Verbesserungen in den 

meisten Bereichen von altersabhängiger kardialer Dysfunktion, unter anderem bei 

der Hypertrophie, diastolischer Dysfunktion und der Koppelung zwischen Ventrikel 

und Arterien auf. Zusätzlich konnten in einem Hypertension-Rattenmodell mit 

begleitender Kardiomyopathie, kardioprotektive sowie antihypertensive Effekte, 

aufgrund der Nahrungszugabe von Spermidin, nachgewiesen werden.  

Mechanistisch scheint Spermidin über zwei nicht exklusive Wege zu wirken: (i) Es 

steigert Autophagie und Mitophagie im Herz und den Nieren, was sich durch eine 

bessere Kardiomyozyten-Struktur und Funktion und möglicherweise bessere 

Blutdruckkontrolle bemerkbar macht; (ii) exogen zugeführtes Spermidin reduziert 

den Verbrauch der Vorläufer-Aminosäure Arginin im Rahmen der Polyamin-

Biosynthese und scheint stattdessen die Regeneration der NO Bioverfügbarkeit zu 

unterstützen. Zusätzlich verfügt Spermidin über einen anti-inflammatorischen 

Effekt, welcher durch einen reduzierten Verbrauch die NO Bioverfügbarkeit erhöht, 

was essenziell für die kardiovaskuläre Gesundheit ist.  

Im alternden humanen Myokard konnte nachgewiesen werden, dass die Spermidin-

Konzentration mit der Zeit konstant abfällt. In Patienten mit Herzinsuffizienz konnte 

eine kompensatorische Steigerung der herzspezifischen Spermidin 

Konzentrationen nachgewiesen werden. Jene Patienten, welche eine gesteigerte 
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Spermidin Zufuhr aufwiesen, hatten auch einen niedrigeren Blutdruck und eine 

geringere Mortalität und Morbidität betreffend kardiovaskuläre Endpunkte.  

Zusammenfassend liefert diese Arbeit ausreichende Beweise für klinische Tests 

von Spermidin beim Menschen, um die Alterung des Herzens und möglicherweise 

damit verbundene Komplikationen zu verzögern.  
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Abstract 
Due to an ever-increasing population aging worldwide, the prevalence of 

cardiovascular diseases is progressively growing and, thus, imposing a massive 

medical and economic burden on society. In this regard, caloric restriction has 

shown promising cardiovascular and health-promoting effects. However, caloric 

restriction cannot be broadly implemented as it does not appeal the majority of 

people, not to mention its uncertain safety profile in the elderly. Therefore, more 

feasible alternatives, especially pharmaceutical or natural dietary compounds that 

mimic caloric restriction, are currently needed. 

To this end, we found that supplementing the natural polyamine and caloric 

restriction mimetic spermidine induces a myriad of cardiovascular health-promoting 

effects. Specifically, aged mice treated later in their life with 3 mM spermidine 

showed improvements in most aspects of age-related cardiac decline, including 

hypertrophy, diastolic function, and ventricular-vascular coupling. Consistently, 

spermidine feeding to an animal model of hypertension and related cardiomyopathy 

revealed similar cardioprotective, in addition to, anti-hypertensive effects. 

Mechanistically, spermidine seemed to act via two, not necessarily exclusive, 

routes; Firstly, spermidine boosted autophagy and mitophagy in the heart and 

kidneys, which improved cardiomyocyte structure and function and possibly also 

contributed to better blood pressure control. Secondly, exogenous spermidine 

administration spared its precursor arginine from being utilized for polyamines 

biosynthesis and, instead, might have redirected arginine metabolism towards 

replenishing the nitric oxide (NO) bioavailability, which is indispensable for 

cardiovascular health. Spermidine also had an anti-inflammatory effect, which might 

limit NO breakdown and, thus, further improve NO bioavailability. In humans, we 

found spermidine concentrations in the heart to constantly decline with age. More 

importantly, we detected a compensatory increase in cardiac spermidine levels in 

heart failure patients, whereas individuals reporting higher dietary intake of 

spermidine had reduced blood pressure and lower incidence of cardiovascular 

disease, and related mortality. 

Taken together, the results presented in this thesis provide sufficient evidence for 

clinical testing of spermidine in humans to delay cardiac aging and, possibly, related 

late-life disorders.  
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1.1. Is aging entirely inevitable?!  
 

According to Stedman’s Medical Dictionary, aging is defined as: 

 

“the gradual deterioration of a mature organism resulting from time-dependent 

irreversible changes in structure that are intrinsic to the particular species, and 

eventually lead to decreased ability to cope with the stresses of the environment, 

thereby increasing the probability of death”  

(Stedman’s Medical Dictionary, 26th Edition) 

 

Although this definition is largely accepted, it does not seem to be entirely accurate 

any longer due to the fact that the irreversibleness of age-related alterations has 

been severely challenged in recent years. This, as discussed in more detail later, 

was only possible thanks to the renaissance of our desire to delay aging – which is 

finally being supported by science, instead of myths and fantasies. 

  

Aspirations to defeat aging and attain eternal youth have flourished for almost as 

long as humans existed. In fact, recounts of actual pursuit of anti-aging nostrums 

date back thousands of years and are spread all over the globe. Still, the quest has 

been largely disappointing as no one succeeded in finding the fictional fountain of 

youth. Needless to mention, ancient Greeks and Romans were not successful in 

suppressing aging by getting covered in crocodile dung, nor did fenugreek oil help 

my Egyptian ancestors, who lived, on average, around 30-35 years.  

That being said, we have been constantly cheating aging with every new born 

brought to life. During this phenomenal event, age is literally zeroed out before our 

eyes as a new life is created from two originally older adults. Hence, aging might 

not be as absolutely formidable as previously thought. If we could completely restart 

age within our own offspring, then it might be possible to – at least – postpone it 

within ourselves. In fact, many other organisms manage to do this and even more; 

one such organism is Turritopsis dohrnii, also known as the immortal jellyfish (1). 

When this jellyfish gets old or is exposed to disease and stress, it can – instead of 

dying – revert back to an earlier immature stage of its lifecycle and restart its life all 

over again. This represents a spectacular example of an animal that can actually 
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reverse, not just delay, the aging process and can escape natural death altogether. 

Another exceptionally long-lived animal – which comes closer to humans being a 

vertebrate – is the Greenland shark (Somniosus microcephalus), which can 

reportedly live up to 392 years of age and, also, the warm-blooded bowhead whale 

(Balaena mysticetus), which is considered to be the longest-lived mammal as it 

exceeds 200 years of age (2,3). Interestingly, these whales also have a reduced 

incidence and delayed onset of disease compared to humans. 

As for humans, nowadays a lot of people around the globe seem to reach 

exceptionally old ages. According to United Nations reports, there have been more 

than 300 thousand living centenarians, i.e., individuals surpassing 100 years of age, 

worldwide in 2011 and currently there are likely even more (4). Interestingly, these 

centenarians usually enjoy an extended healthy life span and, thus, the period they 

live in disease is relatively shorter than average.  

Taken together, aging might be more malleable than previously anticipated. 

Therefore, if we are to identify the specific factors, processes or mechanisms that 

lead to health preservation in long-lived organisms, animal and humans, we might 

be able to extend this knowledge to allow the rest of our aging population to enjoy 

a healthier life for as long as possible. To this end, the last two decades have 

witnessed major strides in the field of aging, which have shown great promise in 

preclinical testing. These include – as discussed in detail later in this chapter – the 

identification of specific interventions, cellular processes and even single molecular 

targets that effectively regulate the pace of aging and protect from related diseases.   

 

1.2. Caloric restriction: the holy grail of longevity  
Although fasting and caloric restriction, i.e., reduced caloric intake without incurring 

malnutrition, has been practiced for thousands of years, its impact on aging has 

been rigorously studied in modern history only. Precisely, around a century ago, 

Osborne et al. – writing in Science – reported a higher late-life survival of female 

rats exposed to growth retardation due to limited food intake (5). Later on, McCay 

et al. confirmed this observation as they showed that calorically-restricted rats 

exhibit substantial lifespan extension compared to ad libitum-fed controls. Hence, 

reduced energy intake attracted a lot of attention as a potential remedy for aging; 
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especially that it is more modifiable than other recognized determinants of our 

biological age, including genetic and socioeconomic factors.  

More recently, this interest resulted in a plethora of studies validating the beneficial 

impact of caloric restriction on lifespan, not only in rats (6), but across species, that 

ranged from unicellular organisms to flies and mammals – including non-human 

primates (7). More importantly, caloric restriction has been also shown to delay the 

onset and progression of late-life disorders as it conferred protection against 

metabolic abnormalities in glucose and insulin homeostasis, as well as 

cardiovascular risk factors, including elevated blood pressure and abnormal 

circulating lipids profile (8). It is believed that dietary restriction exerts these 

beneficial effects on health and lifespan via diverting energy utilization from growth, 

towards cellular maintenance and quality control through the activation of various 

cellular adaptive and homeostatic processes, which improve stress resistance and 

enhance functionality.  

Despite such startling benefits, caloric restriction is still not ready to be adopted as 

a standard medical practice or lifestyle for a fair amount of reasons. Firstly, following 

strict dietary regimens for extended periods is generally challenging for the majority 

of people. Secondly, it is still unclear whether the elderly can tolerate chronic caloric 

restriction without incurring any adverse effects, especially in those suffering from 

osteoporosis, injuries or infections (9). Thirdly, the outcomes of caloric restriction do 

not seem to be entirely universal as differences in age, strain and sex seem to affect 

the magnitude and sometimes, unexpectedly, cause negative health outcomes (10). 

To this end, it is imperative to define the specific molecular targets through which 

caloric restriction counteracts aging and exploit them to develop novel therapies that 

could mimic the effects of caloric restriction, but are more feasible to apply and do 

not exert potential harm. 

 

1.3. Molecular pathways of aging 
Extensive experimentation on the effects and mechanisms of caloric restriction 

resulted in identifying a subset of signalling pathways, whose activity is regulated 

by food intake. Interestingly, direct manipulation of these nutrient-sensing pathways 

– without changing food intake – effectively promotes longevity; hence they were 
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termed longevity-associated pathways and these include insulin-like growth factor-

1, mammalian target of rapamycin, sirtuins and AMP-activated kinase.  

 

1.3.1. Insulin/IGF-1 
Insulin/insulin-like growth factor-1 (IGF-1) pathway is the first discovered and most 

studied longevity pathway. This pathway is strongly inhibited by caloric restriction. 

In fact, calorically-restricted mice exhibit lower levels of circulating IGF-1, and this 

is suggested to mediate their extended lifespan (11,12). Also in humans, reduced 

food intake is associated with reduced IGF-1 bioavailability and activity due to 

increased IGF binding protein-1 (13).  

Independent of food intake, deactivation of the insulin/IGF-1 pathway has a 

substantial lifespan-extending effect in various model organisms (14,15). Although 

slightly more controversial in mammals, most of the literature supports an inverse 

relationship between IGF-1 activity and aging (14,15). For instance, a large longevity 

study including 31 genetically distinct mouse strains showed that lower circulating 

IGF-1 is associated with longer lifespan (16). This finding was confirmed in three 

independent human epidemiological studies recruiting extraordinarily long-lived 

individuals, which showed a higher probability of survival when IGF-1 concentration 

or activity is reduced (17–19).  

Inhibiting this pathway has also been shown to promote healthy aging in different 

body organs, including the heart and vasculature. For instance, IGF-1 depletion or 

the knock-out of its receptor specifically in cardiomyocytes delays cardiac signs of 

aging as it attenuates fibrosis, hypertrophy and inflammatory markers in mice 

(20,21). Consistently, local IGF-1 overexpression deteriorated cardiac systolic 

function and augmented cardiac maladaptive hypertrophy and collagen deposition 

at old age (22). However, these observations have been challenged in another study 

showing protective effects of IGF-1 overexpression; thus, more efforts are 

warranted to precisely delineate the accurate outcomes of manipulating cardiac 

IGF-1 signaling (23).  At the vasculature, attenuating IGF-1 signaling might be 

beneficial as well. For instance, reduced growth hormone and IGF-1 signaling in 

long-lived Ames and Little mice is associated with a deceleration of age-related 

decline in vascular function, despite having worsened endothelial function at a 

young age (24,25). That said, another study showed improved function and 
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regenerative capacity of endothelial cells in young mice lacking IGF-1 receptor 

specifically in the endothelium (26,27). Taken together, inhibiting IGF-1 signaling 

seems to be beneficial for the cardiovascular system at least in advanced age, but 

manipulating it during earlier life stages is still controversial and warrants more 

research. 

 

1.3.2. Mammalian target of rapamycin 
One of the down-stream targets of IGF-1 signaling is the mechanistic target of 

rapamycin (mTOR), also referred to as the mammalian target of rapamycin. This 

nutrient-sensing protein kinase, which is inhibited by caloric restriction, is a master 

regulator of cellular metabolism (28). Explicitly, mTOR is implicated in a multitude 

of cellular functions, including protein synthesis, cellular proliferation, motility, 

growth, and survival (29). Interestingly, aging is associated with increased mTOR 

activity (30).  Contrarily, mTOR inhibition – genetically or by its FDA-approved 

antagonist, rapamycin – does not only extend the lifespan of yeast, worms and flies, 

but also extends the lifespan of mice when administrated at a young or old  

age (31–33).  

Furthermore, rapamycin-mediated mTOR deactivation in the heart reverses age-

related cardiac dysfunction (34). Rapamycin also confers protective effects on the 

aged vessels (35). Although some of these health-promoting effects have been 

challenged, it encourages more research to further define the specific downstream 

targets or subunits of the mTOR complex, which underlie the anti-aging effects of 

rapamycin (36,37).  

 

1.3.3. Sirtuins 
Nicotinamide adenine dinucleotide (NAD+)-dependent deacetylases, known as 

sirtuins, are considered master regulators of metabolism, especially during 

conditions of energy deficit such as caloric restriction (38). In mammals, there are 

seven different sirtuins (SIRT1-7) localized in different subcellular compartments, 

including cytoplasm, mitochondria, and nucleus. At least, the most studied member 

of sirtuins, SIRT1, is upregulated in response to caloric restriction (39). More 

importantly, SIRT1 knock-out in mice deprives caloric restriction from its lifespan-

extending effect (40). In addition, sirtuin activation by supplementing the NAD+ 
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precursor, nicotinamide riboside, promotes longevity in mice (41). However, this 

does not seem to be consistent as transgenic overexpression of SIRT6 extended 

lifespan only in male mice (42), whereas neither male nor female SIRT1 transgenic 

mice live longer, despite being healthier than wild-type controls upon aging (43). 

Similarly, other sirtuin activators, like resveratrol and SRT172037, prevent 

premature mortality due to metabolic disease, but do not necessarily extend lifespan 

in naturally aged mice (44–46).  

Regardless of their impact on lifespan, sirtuins are consensually acknowledged to 

promote health. For instance, moderate cardiac SIRT1 overexpression delays 

cardiac aging as denoted by reduced fibrotic and hypertrophic remodeling and 

limited cardiomyocyte senescence and apoptosis (47). Contrarily, abolition of SIRT3 

induces premature cardiac aging by 13 months of age (48). Similarly, SIRT1 

deactivation in young mice causes vascular function deterioration comparable to 

that observed in aged mice (49). Finally, SIRT1 levels in the vasculature tend to go 

down with aging in mice and humans, and the degree of reduction correlates with 

age-related deficit in vascular function (49). Collectively, available data support the 

notion that sirtuin activity is a major determinant of cardiovascular health and less 

so of lifespan. 

 

1.3.4. AMPK 
Another key metabolic regulator during nutrient stress is the AMP (adenosine 

monophosphate)-activated kinase (AMPK). Limited cellular ATP or accumulation of 

AMP (i.e., higher AMP to ATP ratio) catalyze AMPK activity, which in turn ignites a 

myriad of cellular changes, whereby energy production is increased and ATP 

consumption is reduced in a highly coordinated fashion (50). Hence, AMPK is clearly 

activated by caloric restriction, yet it is still uncertain whether this causally underlies 

the positive effects of caloric restriction in mammalian aging (51–53).  

Irrespectively, aging itself is associated with reduced AMPK activity in different 

organ systems, including the heart and vessels (54–56). More importantly, 

activating AMPK by the anti-diabetic drug metformin effectively improves health and 

life-span of mice (57,58). Specifically at the heart, metformin-mediated AMPK 

activation improves cardiomyocyte function and attenuates β-adrenergic-induced 

fibrosis in aged mice (54). Furthermore, metformin administration is associated with 
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reduced cardiovascular events in aged diabetic patients (59). Along the same lines, 

other AMPK activators confer protective effects against aging. For instance, AICAR 

(aminoimidazole carboxamide ribonucleotide) preserves vascular health in aged 

mice  and curcumin improves endothelial function in aged humans and rats in an 

AMPK-dependent manner (55,56,60). In contrast, genetic reduction of AMPK levels 

induces a premature cardiac aging phenotype, characterized by impaired cardiac 

structure and function as well as increased mitochondrial abnormalities and 

oxidative stress (54,61). Collectively, these reports support an essential role of 

reduced AMPK activity in the process of aging and, thus, potential exploitation of its 

activators, such as metformin, to influence health outcomes in the elderly. 

 

1.4. Autophagy: the gateway for longevity promotion  
A common demeanour of dietary restriction and longevity-associated pathways is 

that they modify a multitude of diverse cellular processes. However, all these 

longevity-promoting regimens seem to converge on a common denominator, 

namely their ability to induce autophagy (i.e., ‘self-eating’ in Greek).  

Macroautophagy (herein referred to as autophagy) is a fundamental homeostatic 

and survival mechanism, which is responsible for protein quality control in almost 

every eukaryotic cell (62). During this evolutionarily-conserved process, damaged, 

dysfunctional, or simply long-lived organelles and protein aggregates are 

sequestrated within a double-membraned structure, called autophagosome. In turn, 

autophagosomal contents undergo enzymatic degradation by acidic hydrolases of 

lysosomes in the so-called autolysosome (Fig. 1). Eventually, the end-products, 

generated upon the breakdown of these cytoplasmic components, are either utilized 

for energy production or serve as building blocks for cellular anabolism and 

organelle recycling (62).  

Astonishingly, autophagy seems to function in a selective manner, meaning that it 

recognizes a particular target within the cell and degrades it for detoxification 

purposes. One such highly-specialized form of autophagy is that targeting 

mitochondria, known as mitophagy (63). Hence, autophagy does not only enable 

the cell to generate enough energy and, thus, withstand stressful conditions (e.g., 

starvation, physical exertion, and hypoxia), but also helps preserve cellular 

homeostasis during physiological conditions by targeting specific organelles that are 
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potentially toxic if damaged. Accordingly, autophagy is considered to play an 

essential role in health control, not only during aging, but also in a variety of related 

diseases (64,65). In fact, aging is associated with a reduced autophagic capacity in 

different cell types and tissues and this is implicated in the functional decline 

associated with aging (64–66). 

 

 

Figure 1. Schematic representation of autophagy in a cardiomyocyte. 
During autophagy, damaged, dysfunctional, or long-lived organelles and proteins are sequestrated within a 

double-membraned structure, called autophagosome. Autophagosomal contents then undergo enzymatic 

hydrolysis upon contact with the lysosomes in the so-called autolysosome. In addition to detoxification purposes, 

the resulting end-products of this process are utilized for energy production or alternatively they serve as building 

blocks for various anabolic processes necessary for cellular recycling. 

 

Among the underlying factors for this characteristic decline in autophagy is age-

related changes in longevity pathways (64), including increased IGF-1 and mTOR 

signalling as well as reduced sirtuins and AMPK activity (Fig. 2).  

More interestingly though, all interventions operating through longevity pathways 

seem to lose their anti- aging effect when deprived from their ability to promote 

autophagy. For example, deactivating the essential autophagy gene bec-1 

(orthologue of mammalian beclin-1 in nematodes) almost completely abrogates the 

lifespan-extending effect of reducing IGF-1 signalling in daf-2 mutant 

Caenorhabditis elegans (67). Lack of bec-1 in C. elegans seems to also prevent 

lifespan extension induced by the sirtuin activator resveratrol (68). Similarly, 

blocking autophagy by abolishing another essential autophagy-related gene, Atg5, 

abolishes the lifespan-prolonging effect of two additional longevity mechanisms, 

namely mTOR inhibition and AMPK activation (by rapamycin (68) and β-

Guanidinopropionic acid (69), respectively) in flies (Drosophila melanogaster).  
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Figure 2. Underlying mechanisms of age-related autophagy decline. 
During the course of aging, autophagy is subjected to progressive reduction in its activity due to age-dependent 

molecular changes in longevity pathways, including increased insulin-like growth factor-1 (IGF-1) and 

mammalian target of rapamycin (mTOR) signalling and reduced sirtuins and AMP-activated protein kinase 

(AMPK) activity. Abbreviations: ATG, autophagy-related; NAD+, nicotinamide adenine dinucleotide; PI3K, 

phosphoinositide 3-kinase; ULK-1, Unc-51 like autophagy activating kinase-1. Adapted from Abdellatif et. al. 

Circulation Research, 2018 (70) with permission from the publisher (Wolters Kluwer). 

 

In addition, caloric restriction does not promote longevity without intact autophagy 

machinery as shown in nematodes (71). In fact, autophagy deactivation in a single 

organ, like the intestine, is sufficient to stop the lifespan-extending effect of caloric 

restriction. Altogether, a growing body of evidence suggests that autophagy 

underlies, at least in part, the positive effects of these interventions on aging and 

longevity (72). In fact, stimulating autophagy by genetically overexpressing its 

molecular machinery is sufficient to promote longevity in a wide range of species, 

including model organisms and mammals, independent of food intake or longevity-

related pathways activity (73,74). Hence, emerging molecules that specifically 

activate autophagy may represent a new avenue for healthy aging and longevity. 
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1.5. Spermidine: a natural autophagy inducer and caloric 

restriction mimetic  
Despite the astounding benefits of caloric restriction, a minority of people seem to 

be willing to change their dietary habits and hardly any would do so for extended 

periods. Therefore, there is a growing interest in developing alternatives that could 

potentially mimic the metabolic benefits of caloric restriction without necessarily 

following stringent dietary adjustments. One such alternative is caloric restriction 

mimetics, which are natural substances or pharmacological agents that boost 

autophagy (75,76). Given that genetic manipulation of longevity-related molecular 

targets is not expected to reach humans in the near future due to several safety and 

ethical concerns, caloric restriction mimetics hold promise as a promising and 

feasible alternative. 

The natural polyamine spermidine, which exists ubiquitously in our cells, is one such 

caloric restriction mimetic. Spermidine and other polyamines, (i.e., putrescine and 

spermine) are essential for cellular survival as they serve several fundamental roles, 

including nucleic acid stabilization, protein synthesis, cell growth, differentiation, 

apoptosis, oxidative stress resistance and ion channel activity (77). Interestingly, 

spermidine levels in the bloodstream and different tissues are not only determined 

by its cellular biosynthesis, catabolism and  urinary excretion, but also by its 

nutritional uptake and production by gut microbiota (78). Therefore, it is conceivable 

that spermidine levels, which is suggested to decline with aging (79), can be raised 

by increasing its dietary intake. In this regard, some foods, such as durian fruit and 

wheat germ, are naturally rich in spermidine. In addition, fermented soy beans and 

aged cheeses are also very rich in microbially-generated spermidine due to 

fermentation processes necessary for their production. Other foods that are 

relatively less spermidine-rich, and less malodorous, include mushrooms, peas, 

nuts and broccoli (78). 

Recently, spermidine emerged as a potential caloric restriction mimetic given a 

discovered intrinsic ability to induce autophagy (76). By recapitulating such a 

fundamental trait of caloric restriction, spermidine extends the lifespan of multiple 

model organisms such as yeast, worms, flies and, additionally, cultured human cells 

(80). Interestingly, spermidine has also been shown to attenuate age-related 

memory decline in flies (81). 
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Taken together, spermidine seems to confer beneficial effects on health and 

lifespan at least in model organisms. Hence, it appears plausible that spermidine 

might delay aging in mammals as well, especially given its safety profile being a 

naturally occurring substance. To this extent, we aimed – within this thesis – to 

examine the effects of dietary supplementation of spermidine on mammalian aging 

and related disease, focusing specifically on the cardiovascular system. 
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1.6. Hypotheses and Objectives of this thesis 
 

The main hypothesis of this work is that the oral supplementation of the natural 

caloric restriction mimetic spermidine can delay cardiac aging and protect from 

cardiovascular disease in preclinical testing. In addition, we hypothesized that 

higher endogenous and dietary levels of spermidine in humans are associated with 

reduced incidence of cardiovascular disorders. To examine these hypotheses, we 

set out the following objectives: 

 

1. Examining whether spermidine feeding can attenuate cardiac aging in 

naturally old mice without concomitant comorbidities.  

(Chapter 3. Spermidine and cardiovascular aging) 

 

2. Testing the general pro-autophagic capacity of spermidine in the heart and, 

specifically, that targeting mitochondria (i.e., mitophagy). In addition, we 
aimed to confirm whether autophagy activation is a prerequisite for the 

potential cardioprotective effects of spermidine.  

(Chapter 3. Spermidine and cardiovascular aging) 

 

3. Determine the effect of spermidine on cardiovascular disease, exemplified 

by hypertension and related cardiomyopathy using Dahl salt-sensitive rats.  
(Chapter 4. Spermidine and cardiovascular disease) 

 

4. Investigating the correlation between endogenous/dietary spermidine 

levels and the prevalence of cardiovascular disease in humans.  

(Chapter 5. Spermidine in humans) 
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2.1. Animal models and spermidine administration  
Wild-type C57BL/6 mice were used throughout our cardiac aging studies. Mice 

were purchased from animal breeding laboratories (male C57BL/6J from Janvier; 

female C57BL/6J and 6N, from Charles River Laboratories (USA) and Envigo 

(USA), respectively). Mice were allocated to treatment groups in a random manner, 

yet systematically taking care that mice derived from a specific strain/provider were 

evenly assigned to different treatments. As for the treatment, mice received 

spermidine (3 mM) orally as a supplement in their drinking water, whereas control 

mice received normal water. The treatment was initiated either at the age of 4 

months (early-in-life regimen) or later when the mice were aged, specifically at 18 

months of age (late-in-life regimen). Independent cohorts of mice were used for 

different experiments, such as echocardiography, hemodynamics, blood pressure 

measurements, myocardial ultrastructural analysis, mitochondrial respiration, blood 

chemistry and lifespan analysis. Both food and water intake were regularly 

monitored (twice a week for at least a month) to exclude any confounding effects of 

possible differences in energy intake.  

Cardiomyocyte-specific Atg5 (autophagy-related gene 5) knockout mice  
(Atg5-/-) were generated by crossing Atg5flox/flox mice with cardiomyocyte-specific 

Cre+ recombinase-expressing (MLC2a-Cre+) mice (obtained from Riken BRC, 

Japan). Although Atg5-/- mice suffer from fulminant heart failure by the age of 9 

months, they do not show any signs of structural or functional deterioration till 3 

months of age (82). Therefore, male Atg5-/- (Atg5flox/flox-MLC2a-Cre+) and their wild-

type littermates (Atg+/+, Atg5flox/flox-MLC2a-Cre-) were supplemented with spermidine 

via the drinking water soon after weaning (at 4 weeks of age) till 16 weeks of age 

when final cardiac assessments (echocardiography and hemodynamics) were 

performed. Lack of ATG5 in Atg5-/- mice was confirmed in cardiomyocytes isolated 

from adult mice by immunoblotting of LC3 (ATG5), whereas genotypes were verified 

by PCR-based analysis of genomic DNA (isolated from ear biopsies) utilizing 

commercially-available primers (“exon3-1”, “short 2” and “check 2” for flox alleles; 

“MLC2a-1 (5′-GGATCTATGTGGAGCCCTGTCT-3′)” and “MLC2a-2 (5′-

GCACACAAGTCCCTGGCTCTGT-3′)” for Cre allele).  

Generally, 4-5 littermate mice were housed in single cages (individually ventilated 

cages, IVC type-III) enriched with paper huts and nesting sheets. The cages were 
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kept in rooms with controlled 12-hour dark/light cycle. Mice had free access to food 

(standard chow, Ssniff V1534) and water. 

Dahl salt-sensitive (SS) rats, an animal model of salt-induced hypertension and 
heart failure (83), were employed to study cardiovascular disease. 4-week-old Dahl 

SS rats were purchased from Charles River Laboratories (USA) and fed low-salt 

(LS) diet (0.3% NaCl; #AIN-76A, Research Diets, USA) for a 3-week-long 

acclimatization period. At the age of 7 weeks, rats received high-salt (HS) diet (8% 

NaCl-supplemented diet; #AIN-76A, Research Diets, USA) which was either 

combined with (or without) 3 mM spermidine supplementation in drinking water till 

the age of 14 or 19 weeks (short-term and long-term Prevention Cohorts, 

respectively). In a third cohort, rats received HS diet only till 12 weeks of age, when 

they were shifted to a LS diet and received a single intraperitoneal diuretic injection 

(furosemide, 10 mg/kg body weight) combined with or without 3 mM spermidine 

supplementation for 5-6 weeks (Therapy Cohort). Cardiovascular phenotyping was 

done in all 3 cohorts.  

As for mice, all rats were housed (3 per cage) at the animal facility of the Medical 

University of Graz under a 12-hour light/dark system with food and water access ad 

libitum. 

Researchers involved in any experiments were blinded to the treatment and 

genotype. All animal studies in this thesis were done following the European ethical 

regulations (Directive 2010/63/EU) and were approved by the responsible national 

agencies (BMWFW-66.007/0002-WF/V/3b/2015 - BMWF-66.010/0160-

WF/V/3b/2014 - BMWF-66.010/0053-WF/II/3b/2014 - BMWF-66.0070011-

lll3bl2013 - BMWF-66.010/0161-II/3b/2012). The 3R principles and ARRIVE 

guidelines for animal use were followed throughout (84). 

2.2. Blood pressure measurements 
A tail-cuff method was applied to non-invasively measure blood pressure (systolic, 

diastolic and mean) together with pulse rate in conscious animals (CODATM system, 

Kent Scientific Corporation, USA). The rats were restrained on a previously warmed 

heating pad to keep their body temperature at 37 °C. Following sufficient 

acclimatization, at least three independent stable measurements were averaged to 

get reliable pressure estimates at a normal pulse rate. 
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2.3. Echocardiography 
Cardiac function and dimensions were non-invasively evaluated in lightly 

anesthetized animals (1-2% or 0.5-1% isoflurane for maintenance in rats or mice, 

respectively; 4-5% isoflurane for induction) by transthoracic echocardiography 

(micro-imaging system Vevo770TM, VisualSonics Inc., Canada). Animal 

temperature was kept at 37 °C using a previously warmed heating platform, on 

which the animals were placed in a supine position with their limbs in direct contact 

with non-invasive electrocardiogram leads. Pre-warmed ultrasound transmission gel 

was spread on a shaved chest to obtain cardiac tracings in parasternal long and 

short axes using high-resolution 30 Mhz or 17.5 MHz linear-array probes for mice 

or rats, respectively. M-mode tracings were used to evaluate cardiac walls and 

internal dimensions during systole and diastole, whereas pulsed-wave and tissue 

Doppler was used to evaluate mitral flow and annulus velocities, respectively. Troy 

formula was applied to calculate myocardial mass, meanwhile ventricular volumes 

were estimated based on Teichholtz formula (85). Ejection fraction (%) was 

determined as 100×([end-diastolic volume-end-systolic volume]/end-diastolic 

volume). Generally, three steady-state cardiac cycles were averaged to obtain 

reported measures of cardiac structure and function. 

2.4. Hemodynamic evaluation (pressure-volume 

measurements) 
The gold standard for cardiac performance evaluation is real-time intra-cardiac 

measurement of pressure and volume, i.e., invasive hemodynamics. To perform this 

procedure, animals were subjected to halogenate anesthesia with isoflurane 

(induction: 4%; maintenance: 1-2%) before getting intubated for mechanical 

ventilation (SAR 1000, CWE, Inc. for rats and Harvard Mini-Vent 845 for mice). 

Animal body temperature was kept at 37 °C by a temperature-controlled warming 

pad (TC-1000, CWE, Inc.). Three-lead electrocardiogram (Animal Bio Amp, FE136; 

ADInstruments) was used for continuous monitoring of heart rate. Pressure 

conductance catheters (1.4F and 2F, #Cat. Nr. SPR-839 and SPR-838, 

respectively; Millar Instruments) were used for mouse and rat measurements, 

respectively. Signals were obtained in real-time (MPVS ultra, Millar Instruments) 

and stored in a digital form at a high sampling frequency (2 kHz) for future offline 
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analysis (MPVS PL3508 PowerLab 8/35, ADInstruments). The procedure was done 

in a closed-chest setting. Briefly, after dissecting the right carotid artery from the 

surrounding neck tissues, the catheter was inserted and advanced into the left 

ventricle via the aorta. Following proper positioning of the catheter (i.e., maximum 

conductance signal) and animal stabilization, various measures of systolic function 

(e.g., cardiac output, ejection fraction, end-systolic pressure and maximum rate of 

systolic pressure change [dP/dtmax]) and diastolic function (e.g., end-diastolic 

pressure, maximum rate of diastolic pressure change [dP/dtmin] and isovolumic 

relaxation constant [t]) were obtained and averaged from at least 10 cardiac cycles. 

Transient inferior vena cava occlusions were performed in order to manipulate the 

loading conditions and derive load-independent indices of cardiac contractility and 

passive stiffness (end-diastolic and end-systolic pressure-volume relationship, 

respectively) (86). To minimize the noise introduced by lung filling and motion, 

analyzed beats were obtained upon temporarily suspended ventilation in end-

expiration. Parallel conductance was estimated by intravenous hypertonic saline 

injection (10% NaCl; 10 µL in mice and 40 µL in rats) for later subtraction during the 

analysis. To convert measured conductance to volumes, a calibration curve was 

obtained using standard volume cuvettes for mice and rats (ADInstruments). Due to 

abnormal geometry and, thus, non-optimal positioning of the catheter in Atg-/- mice, 

conductance-based volumes were corrected by echocardiography-measured 

volumes (i.e., slope factor α). Whenever a massive difference in the body size of 

compared animals (e.g., 7 weeks old vs. 14 and 19 weeks old Dahl rats) was 

detected, volumes were corrected to body surface area (calculated as [9.1×(body 

weight)2/3]) to account for differences in cardiac chamber size. Pressure-volume 

analysis was done offline using LabChart V.8 Pro (ADInstruments). Invasive 

hemodynamics was performed as a terminal procedure. Animals were then 

sacrificed and different organs (e.g., heart, lung, kidney, liver and spleen) were 

collected for gravimetric analysis and processed accordingly for following in vitro 

experiments. 
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2.5. Maximal effort and oxygen consumption 

determination  
A subset of Dahl rats underwent peak effort testing on a motorized treadmill housed 

in an air-tight closed chamber coupled to a calorimetric unit (TSE Systems, 

Germany). Ambient air was pushed into the chamber and then extracted for 

measurement of relative changes in O2 and CO2. The flow rates were chosen such 

that despite sufficient oxygen availability, the difference in O2 and CO2 between 

inflow versus outflow air was within the gas sensors’ range of measurement, i.e., 

0.3 - 0.7 %. Gas samples were cooled to 5 °C and dried prior to the measurement 

of O2 and CO2. The gas analyzers were calibrated with standardized gas mixtures 

(Air Liquide, Vienna, Austria) prior to the experimental session following the 

manufacturer’s instructions. Rats were subjected to the ramp exercise protocol with 

an initial velocity of 0.15 m/s for 3 minutes followed by a constant acceleration of 

0.05 m/min at an inclination of 10°. The exercise session ended at maximal 

exhaustion, which was defined as the rat’s inability to maintain running speed 

despite being in contact with the electrical grid for 5 consecutive seconds. At this 

point the maximal run distance was recorded. The maximal oxygen consumption 

(VO2max) was defined as the point at which oxygen uptake reached a plateau 

during exhaustive exercise. 

2.6. Renal assessment  
For renal histology, kidney samples were embedded in paraffin following fixation in 

4% neutral-buffered formaldehyde, and then sliced into 4-µm-thick slices. The slices 

were then stained with periodic acid-Schiff (PAS) stain (Merck, Darmstadt, 

Germany) for assessment of glomerular injury and arterial hyalinosis according to a 

PAS-based semi-quantitative scoring system (87) by Dr. Alexander Kirsch 

(Department of Nephrology, Medical University of Graz). For renal fibrosis 

evaluation, the slides were stained with picrosirus red stain (Sigma-Aldrich, St. 

Louis, MO, USA). In addition, urinary lipocalin (Lcn)-2 levels were evaluated to 

assess acute renal injury, using the rat Lcn-2/NGAL DuoSet (R&D Systems, 

Abingdon, UK) following the manufacturer’s recommendations. 
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2.7. Spermidine quantification  
High performance liquid chromatography (HPLC) and mass spectrometry (MS) 

techniques were generally used for metabolome analysis. Briefly, a mortar and 

pestle were used to homogenize harvested tissues, which were initially snap-frozen 

in liquid nitrogen and kept at -80 °C. Around 10-15 mg of tissue were used to prepare 

an extract, in which the concentration of spermidine and other polyamines was 

quantified applying an established HPLC-MS/MS protocol in collaboration with Dr. 

Christoph Magnes (HEALTH-Institute for Biomedicine and Health Sciences, 

Joanneum Research, Graz) (88). Similarly, circulating spermidine levels were 

quantified in an extract prepared from 10 µl of whole blood (collected in EDTA tubes) 

or plasma, which was isolated from centrifuged blood at 2500 x g for 20 minutes. 

2.8. Arginine and citrulline determination 
Plasma arginine and citrulline were quantified using chromatography-based 

techniques in collaboration with Dr. Andreas Meinitzer (Institute of Medical and 

Chemical Laboratory Diagnostics, Medical University of Graz) (89). In detail, after 

neutralizing the supernatant by sodium carbonate, serum was precipitated with 

perchloric acid. Amino acids then underwent o-phtalaldehyde-based derivatization 

and were separated on a reverse-phase column with gradient elution. The ratio of 

observed fluorescence from pertinent amino acids to norvaline, which served as an 

internal standard, was used for quantification according to appropriate calibration 

curves.  

2.9. Quantification of cardiac mitochondrial respiration 
Mitochondrial respiratory function was determined with high-resolution respirometry 

in isolated cardiac mitochondria. For mitochondrial isolation, freshly-harvested 

hearts were subjected to a buffer incorporating bacterial protease (5 mg/ml; Sigma-

Aldrich, P8038) and 0.2 % BSA as described (90). Series of dilutions in a TECAN 

Genios Pro plate reader was used to determine the mitochondrial suspension 

(excluding bacterial protease) optical density, measured at 600 nm (OD600), which 

was used later for normalization as a surrogate for mitochondrial mass. 

Measurement of oxygen consumption was done on 10-20 µg of mitochondria (in 

OD600 equivalents) suspended in 2 mL of measurement medium at 37 °C using a 
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high-resolution respirometer (Oxygraph-2k, Oroboros Instruments, Austria) 

according to the manufacturer’s instructions. 

After measuring leak respiration (LEAK) due to residual oxygen consumption 

(ROX), 5 mM pyruvate and 10 mM glutamate were added to measure the activity of 

complex I. This was followed by consecutive adding of 450 µM ADP (OXPHOS) and 

10 µM cytochrome c (OXPHOS + CytC). Residual respiration (proton leak) was also 

ascertained by oligomycin (1.25 µM), and maximum respiration was subsequently 

assessed in an uncoupled state by FCCP titration (in 0.5 µM steps) and ensuing 

antimycin A-mediated inhibition of respiratory activity. Included recordings had an 

absolute oxygen concentration of at least 100 nM/mL and experiments were done 

in pairs of mice (e.g., aged control with old spermidine-treated or with young control 

mouse). These experiments were done by Tobias Eisenberg (Institute of Molecular 

Biosciences, University of Graz). 

2.10. Plasma cytokine measurements 
Circulating cytokines were quantified in plasma obtained from fasted 23-month-old 

mice or non-fasted 21-month-old mice. Briefly, whole blood was collected in EDTA 

tubes and plasma was extracted by centrifugation at 2500 x g for 20 minutes. 

Plasma cytokines were then measured in 25 µl samples using an 

electrochemiluminescence-related immunoassay, whereby mouse cytokines were 

evaluated in MSD V-Plex Plus Proinflammatory Panel 1 kit and rat cytokines in a 

customized TNFα / IL-10 V-Plex Rat cytokine kit (Meso Scale Diagnostics, USA). 

To focus our analysis on age-related sterile (subclinical) inflammation, we applied 

the following approach: mice that had two or more massively increased cytokines 

were considered to be going through an acute inflammatory process and were 

excluded from the analysis. A massively increased cytokine was identified by 

applying a statistical outlier rule, whereby the value had to be more than 2.2 the IQR 

(inter-quartile range) of the respective group. In case an animal had a high level of 

a single cytokine, this animal was included, but the cytokine was winsorized to the 

closest value in the respective group. Notably, comparable numbers of animals had 

acute inflammatory status in different aged groups. All Meso Scale measurements 

were done by Dr. Tobias Pendl (Institute of Molecular Biosciences, University of 

Graz) and the analysis was done by myself. 
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2.11. Immunoblotting and autophagic flux analysis 
Tissue homogenates were lysed using a buffer solution (50 mM Tris-HCl, pH 7.4, 1 

mM EDTA, 1 mM EGTA, 1 % Triton X-100) complemented with 1x Complete® 

protease inhibitor cocktail (Roche, Austria). Expression of different proteins, such 

as ATG5, p62/SQSTM1 and LC3-II (lipidated LC3) was then evaluated by standard 

immunoblotting on a PVDF (polyvinylidenfluorid) membrane using substrate-

specific antibodies (Abcam, ab018327 for ATG5; MBL, PM045 for p62/SQSTM1; 

Cell Signaling Technologies, #2775 for LC3-II, #2118 for GAPDH and #7074 as an 

HRP-linked anti-rabbit IgG). Eventually, densitometry-based protein quantification 

was done using ImageLab software (Bio-Rad Laboratories, USA). 

For autophagic flux determination, 13-month-old mice were subjected to 4 weeks of 

3 mM spermidine supplementation in their drinking water. Mice were then sacrificed 

and their hearts were collected; LC3-II was then evaluated as detailed above. Fifty 

minutes earlier, half of the animals received a single intraperitoneal injection of the 

protease inhibitor leupeptin (40 µg/kg body weight; Sigma-Aldrich, Austria) to block 

the breakdown of autophagosomes by lysosomal enzymes, allowing for flux 

evaluation by comparison to the rest of animals that received a vehicle 

(physiological saline) injection. These experiments were done by Dr. Tobias 

Eisenberg (Institute of Molecular Biosciences, University of Graz). 

2.12. Autophagy and mitophagy assessment in transgenic 

mice 
Three-month-old transgenic mice expressing tandem-fluorescent mRFP-GFP-LC3 

(Tg-tf-LC3) specifically in the heart were supplemented with 3 mM spermidine for a 

period of 2 weeks. Four hours prior to euthanasia and cardiac tissue harvesting, the 

animals either received chloroquine (10 mg/kg) or vehicle (physiological saline). 

Briefly, fresh cardiac slices were embedded in tissue-TEK OCT compound (Sakura 

Finetechnical Co., Ltd.) and stored at -80 °C. Frozen cardiac samples were cut into 

10-μm-thick slices by a cryostat (CM3050S; Leica, Germany), air-dried for 30 

minutes, fixed (10 % formalin for 10 min), mounted with a DAPI-containing reagent, 

and eventually visualized under a confocal microscope to count fluorescent LC3 

puncta, denoting autophagosomes and autolysosomes, as described (91). 
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As for mitochondrial autophagy (mitophagy) evaluation, Mito-Keima and 

Lamp1-YFP fluorescence-based method was applied (92). Briefly, aged and young 

(18 and 6 months old, respectively) mice were injected with AAV-Mito-Keima and 

AAV9-Lamp1-YFP. One week later, mice were supplemented with or without 3 mM 

spermidine in their drinking water for 3 weeks. Confocal microscopy was then used 

to analyze Mito-Keima green (457 nm), Mito-Keima red (561 nm), and Lamp1-YFP 

fluorescence in the harvested hearts. Mitophagy was denoted by ratiometric images 

of red to green Mito-Keima (561 nm/457 nm), meanwhile merged Mito-Keima red 

(561 nm) and Lamp1-YFP images confirmed co-localization of lysosomes with 

mitochondria at the so-called ‘Mito-Keima positive areas’. These experiments were 

done by Dr. Mingming Tong (Rutgers New Jersey Medical School, Rutgers 

University, New Jersey, USA). 

2.13. Analysis of titin isoforms and phosphorylation  
Titin isoforms in cardiac homogenates were separated using SDS–PAGE (1.8%). 

Different bands were visualized by Coomassie blue staining prior to densitometry-

based quantification as described (93). Total and site-specific (phospho-S4080) 

phosphorylation of titin were probed using anti-phosphoserine/threonine antibodies 

(from Biotrend Chemicals, Cologne, Germany or custom-made against 

LFS(PO3H2)EWLRNI; Eurogentec, Brussels, Belgium) and horseradish 

peroxidase-conjugated IgG (Acris Antibodies, Herford, Germany) served as a 

secondary antibody. Enhanced Chemoluminescence Western blot detection kit (GE 

Healthcare, Little Chalfront, UK) amplified the signals, which was visualized by LAS-

4000 Image Reader (Fuji Science Imaging Systems) and quantified by Quantity One 

1-D Analysis software (Bio-Rad Laboratories, USA). Human cardiac and 

diaphragmatic extracts were used as standards (i.e., size markers for N2B/N2BA 

and N2A isoforms, respectively). Generally, equally distributed samples from 

different groups (at least 2 samples per group) were analyzed on the same blot. 

These experiments were done by Marion von Frieling-Salewsky (University of 

Münster, Germany). 

2.14. Cardiomyocyte ultra-structural analysis  
Electron microscopy (EM) and design-based stereology techniques were applied to 

study the ultra-structure of mouse cardiomyocytes (94). Briefly, whole hearts were 



 33 

fixed by aortic cannulation and coronary artery perfusion with 4% formaldehyde. 

After 24 hours of submerging the hearts in the same fixative, different cardiac 

chambers were separated, maintaining intact left ventricle (including the posterior 

wall and interventricular septum; LV), which was subsequently weighed and 

randomly sampled for EM. LV samples were incubated again in a fixative comprising 

1.5% paraformaldehyde and 1.5% glutaraldehyde in 0.15 M HEPES buffer. 

Samples were then treated with 1% osmium tetroxide, stained with uranyl acetate 

(50% saturation, in water) and finally embedded in epoxy resin after serial 

dehydrating acetone concentrations. Samples were then cut into ultra-thin slides, 

which were analysed by a Morgagni transmission electron microscope (FEI, 

Eindhoven, Netherlands) following additional lead citrate and uranyl acetate 

staining. Morphometric test fields were assessed according to a systematic uniform 

scheme for random sampling using a camera (95). Volume estimation of a specific 

structure (e.g., mitochondria, myofibrils, nucleus, interstitium or a whole 

cardiomyocyte) was performed using projected point grids on to the field. According 

to the ratio between the amount of points hitting the structure of interested versus 

those hitting the reference volume, the volume could be calculated by multiplying 

this ratio with the known reference volume, taking in consideration muscle tissue 

density (defined as 1.06 g/cm³). These experiments were done by Dr. Julia Schipke 

(Institute of Functional and Applied Anatomy, Hannover Medical School, Hannover, 

Germany). 

2.15. Human myocardial samples 
Human donor hearts were collected according to the University regulations on 

human tissue handling and were approved by its ethics review committee. All hearts 

were explanted either before cardiac transplantation surgery in case of heart failure 

with reduced ejection fraction patients (HFrEF), or post-mortem together with other 

organs in case of non-failing and HF with preserved ejection fraction (HFpEF) 

donors. Upon ice-cold cardioplegia, cardiac biopsies were harvested from the left 

ventricular free wall, quickly frozen in liquid nitrogen and stored at -80° C for future 

analysis. All three groups (non-failing, HFpEF, and HFrEF) had comparable average 

age (±SEM); (58±3.5, 59±2.5 and 53±3.9 years, respectively; P=0.462) and gender 

distribution; (5 females and 6 males, 3 females and 7 males, 3 females and 6m, 

respectively). HFrEF patients suffered from non-ischemic dilated cardiomyopathy 
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with severe contractile dysfunction (EF<40%) and underwent cardiac 

transplantation surgery. HFpEF patients had echocardiographic evidence of 

diastolic dysfunction (E/e’>13) or clear structural remodelling in the form of 

hypertrophy or dilated left atrium, with elevated NT-proBNP levels (>125 pg/ml), but 

preserved EF (>50%). As for the non-failing hearts, they belonged to deceased 

donors who had normal NT-proBNP levels and no clinical history of any cardiac 

abnormalities. 

2.16. Statistical analysis of preclinical data 
Normally-distributed data are presented as mean ± SEM or SD, as indicated. Data 

that are non-normally distributed are presented as median [interquartile range]. As 

for the graphical representation, various kinds of charts were used, including bar 

charts with error bars, dot plots with mean lines or box plots showing mean, median, 

interquartile range, minimum and maximum within 1.5-fold IQR (whiskers) and 

outliers (more or less than 1.5-fold IQR; separately-plotted). Sample size is always 

indicated within the figure legend and represents biological replicates (i.e., 

independent animals).  

Paired or independent Student’s t-test was used to compare two groups, whereas 

multiple groups were compared with one-way or factorial analysis of variance 

(ANOVA) with Tukey’s post-hoc, as appropriate. In case of repeated measures (or 

mixed) factorial ANOVA, Greenhouse-Geisser correction was applied if sphericity 

was violated (as tested by Mauchly’s test). Whenever factorial ANOVAs showed a 

significant main factor or significant interaction between different factors, they were 

followed by pairwise comparisons of different levels of each factor (i.e., simple main 

effects) – these were corrected by Bonferroni if more than 2 groups were being 

compared. Multi-beat load-independent hemodynamic measures (e.g., end-

diastolic and end-systolic pressure-volume relationships) were analyzed applying 

analysis of covariance, whereby myocardial chamber stiffness constant (b) and end-

systolic elastance (Ees) were compared including other parameters in the fitting 

equation (i.e., a  or V0 when b or Ees were compared, respectively) as co-variates 

to correct for their potential influence.(86) Of note, ANCOVA was conducted after 

confirming homogeneity of regression slopes between included groups.  

Generally, normality of data residuals distribution was checked by Shapiro-Wilk’s 

test and homogeneity of variances was confirmed by Levene’s test. If these 
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assumptions were not met, data were either transformed (e.g, log transformed) or 

compared using nonparametric statistics as follows: (i) if data were non-normally 

distributed: after confirming ranks variances equality (by non-parametric Levene’s 

test), Kruskal-Wallis was used to compare the data and following pairwise multiple 

comparisons were done by Mann-Whitney U test adjusting the significance level (a) 

according to the number of multiple comparisons (n) to a=0.05/n, to control for 

inflated family-wise error rate. (ii) in case of homogeneity of variance violation, we 

used Welch’s t-test (to compare two groups) or Welch’s test followed by Games-

Howell post-hoc (for multiple groups comparison).  

Inflammatory cytokines statistical analysis is detailed in Methods section 2.10. 

Generally, statistics were carried out using IBM SPSS statistics software (Version 

23) and significance was always set to two-sided type-I error (a)  of 0.05.  

2.17. Human epidemiological data analysis  
Subjects: human data included in our study belong to the participants of the 

Bruneck cohort, which is a prospective, population-based survey on the 

epidemiology and pathogenesis of atherosclerosis and cardiovascular disease (96). 

Patient recruitment and baseline examination was done in 1990, including 

exclusively the inhabitants of Bruneck, Italy (n=829). Follow-up was done in 5-year 

intervals (i.e., on 1995, 2000, 2005 and 2010) and was obtained from almost all 

participants. This was only feasible because a single local hospital received all 

medical referrals and due to the generally very low mobility rates in the region. A 

total of 345 mortalities were encountered throughout the study period (until 2010). 

 

Dietary intake: ascertainment of nutrients intake was done by a dietitian employing 

a 118-item food frequency questionnaire (FFQ), which was based on gold standard 

FFQ (97), but taking into consideration the particularities of the survey region. 

Participants needed to describe their daily intake of a specific food on a scale 

(ranging from ‘never’ to ‘more than six times’) of common units or portions. When 

needed, food pictures were provided to the participants or their nurses, such as in 

cases of aphasia. In addition, a whole section in the survey was dedicated to foods 

that were not included in the questionnaire and were consumed at least once per 

week. Complex recipes were broken down to their basic components. Dietary 

spermidine intake was calculated based on a compilation of published nutrient data 
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(Table 1). Of note, the correlation of spermidine intake between different visits was 

at 0.54, which supports stability of food intake over the study period. This validates 

that surveyed intake well represents long-term food intakes. Throughout the study, 

a total of 2450 diet records were collected from the 829 participants, of these 815 

were collected in 1995 and 484 in 2010. 

 

Clinical outcomes: as for mortality, data on timing and cause of death were 

available for every participant who succumbed throughout the study. This was 

accessible thanks to thorough medical records and even autopsy data in non-

expected mortality cases. Heart failure-related mortality was defined according to 

ICD-10 diagnosis codes I50.x, I13.0, I13.2, I11.00, I11.01 (hypertensive heart 

disease with (congestive) heart failure, with and without hypertensive crisis), and 

I97.1 (heart failure due to presence of cardiac prosthesis or following cardiac 

surgery). As for heart failure diagnosis, Framingham diagnostic criteria (i.e., 

presence of at least 2 major criteria or 1 major criterion combined with 2 minor 

criteria) were adopted (98). Finally, incident cardiovascular disease (CVD) 

comprised acute coronary artery disease (i.e., nonfatal myocardial infarction [MI], 

new-onset unstable angina, and acute coronary interventions) and vascular death 

(due to MI, ischemic stroke, or sudden cardiac death).  

 

Statistical analysis: dietary intake at a given follow-up visit was calculated as the 

cumulative average of the records obtained during the respective and preceding 

visits. This provides a more robust representation of long-term dietary habits and 

also reduces within-subject variance. Spermidine intake was transformed (log 

function) and corrected for total caloric intake by the residual method (99), whereby 

a log-log simple linear model was applied. Spermidine intake was then stratified into 

units of standard deviation (SD) variance, in a way that the risk of a given outcome 

was tested for every SD unit increment in spermidine dietary intake. Cox or Fine 

and Gray proportional hazard models were used to analyse time-to-event outcomes 

(i.e., incident CVD and mortality, respectively) during 15 years of follow-up (1995 

until 2010) employing 1995 dietary record of spermidine intake as baseline 

exposure. Blood pressure and overt heart failure were examined cross-sectionally 

using cumulative average of spermidine intake in a mixed linear model or logistic 

regression, respectively. Generally, the effects were tested in single- and multi-
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variate models, adjusting for potential confounding factors, such as age, sex, total 

caloric intake, diabetes mellitus, diastolic pressure, current smoker or alcohol 

consumption, as indicated. Normality of residuals distribution was confirmed in 

quantile-quantile plots. Two-sided type-1 error (α) at 0.05 was considered 

significant. Data were analysed in R 3.1.1. 

The results obtained from the Bruneck study in this thesis were generated by Dr. 

Stefan Kiechl (Department of Neurology, Medical University of Innsbruck, Austria). 

 

Table 1. Spermidine content in different foods. 

Food Category  Spermidine content  

(nmoL/g) 

1. Milk and Dairy Products  

Full cream milk  2 

Skim milk 3 

Yoghurt 2 

Curd 0 

Cheese 47 

2. Fruits  

Grapes 87 

Apples  193 

Peaches or apricots 42 

Oranges 35 

Citrons 34 

Water melon 8 

Sugar melon 81 

Strawberries 41 

Blackberries 35 

Prune (dried) 11 

Pineapple 30 

Mango 199 

Cherry 19 

Banana 60 

3. Vegetables  

Tomato 20 
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Tomato sauce 58 

Cucumber 44 

Salad 150 

Cabbage 82 

Broccoli 309 

Cauliflower 207 

Carrots 46 

Turnips 92 

Peas 449 

Kidney beans 134 

Lentils 60 

Spinach, uncooked 185 

Spinach, cooked 50 

Celeriac 184 

Garlic 181 

Mushrooms 651 

Wheat germs 2440 

4. Protein  

Eggs 0 

Poultry 37 

Beef or veal 45 

Pork 22 

Game 106 

Lamb, mutton and fawn-meat 34 

Sausages (mortadella, wiener, chorizo) 26 

Innards (chicken, pork, beef) 218 

Tuna 23 

Freshwater fish 54 

Saltwater fish 25 

Soybean 854 

Nuts 252 

5. Sweets  

Chocolate 0 

Confection of pastry 0 

Ice cream 0 
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Goodies and candies 0 

Honey 0 

Cookies 0 

6. Carbohydrate  

White bread/ Pizza dough 35 

Whole-grain bread 129 

Noodles 49 

Dumplings 0 

Cereals mixed 167 

Potatoes 97 

Rice 16 

Polenta 298 

Omelet 48 

Chips 171 

Potato chips 259 

7. Butter, Oils and Cooking Fats  

Butter 0 

Lard 0 

Margarine 0 

Olive oil 0 

Seed oil 0 

Mayonnaise 0 

8. Drinks  

Cola 0 

Lemonade 0 

Apple juice 0 

Lemon juice 0 

Orange juice 13 

Mineral water 0 

Red wine 2 

White wine 0 

Beer 3 

Liquor, Schnapps 0 

Coffee 0 

Black tea 4 
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Green tea 23 

Tea, general 1 

 
Zero values refer to spermidine concentrations below detection limit. This table is adapted from Eisenberg and 

Abdellatif et. al. Nature Medicine, 2016; Ref. (100) with permission from the publisher (Springer Nature). 
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The results presented in this chapter have been published in Eisenberg and Abdellatif et. al. Nature Medicine, 

2016; Ref. (100) and were reproduced with permission from the publisher (Springer Nature).  



 42 

3.1. Introduction to cardiovascular aging  
Through a far-reaching circulatory tree, the cardiovascular system is responsible for 

the delivery of oxygen and nutrients to virtually every cell in the body and the 

disposal of their harmful waste. Given such fundamental role, a satisfactory 

performance of the circulatory system is a major determinant of whole organismal 

health. That being said, aging insinuates detrimental structural and functional 

alterations to the heart and vasculature, which undermine their homeostasis and 

impair their functionality. Hence, aging is the main risk factor for several life-

threatening cardiovascular diseases, such as hypertension, atherosclerosis, 

ischemic heart disease, stroke and heart failure. 

 

3.1.1. Structural and functional decline of the aged heart 
The heart of an aged individual tends to be stiffer than it used to be at a younger 

age and this is largely due to a slow progressive increase in fibrosis (101,102) and 

wall thickening (103,104) during the course of age even in absence of comorbidities 

(Fig. 3). Although such remodelling helps the heart preserve its pumping ability in 

face of aged rigid vessels, it does cost dearly. Specifically, cardiac stiffening causes 

a characteristic age-related functional decline in the form of diastolic dysfunction. 

This, in turn, leads to impaired filling properties where most of the filling has to be 

actively carried out by the atria, unlike the normal setting where most of the work is 

passively carried out during ventricular diastole. As a result, the atria become 

enlarged and remodelled. Furthermore, cardiac reserve capacity gets impaired, 

which manifest as reduced maximal heart rate, ejection fraction and cardiac output 

(103,105,106). Altogether, this culminates in compromised effort tolerance – due to 

limited oxygen consumption capacity – and, thus, frailty and diminished quality of 

life in late-life (107,108). 
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Figure 3. Cardiac signs of aging. 
Shown are the detrimental alterations and ensuing functional decline of the heart upon aging. Note in the right 

panel how the aged heart exhibits atrial remodelling and ventricular hypertrophy, fibrosis, and apoptosis. 

Adapted from Abdellatif et. al. Circulation Research, 2018; Ref. (70) with permission from the publisher (Wolters 

Kluwer). 

 

3.1.2 Structural and functional decline of the aged vessels 
Given their elastic structure, the aorta and other large conduit arteries expand and 

recoil with every heartbeat. This allows for sufficient blood delivery to distal organs 

throughout the cardiac cycle (i.e., during both systole and diastole) meanwhile 

dampening the pulse wave to the lowest possible degree. However, with aging large 

elastic arteries become stiffer (109), mainly due to increased elastin fractures and 

collagen deposition (110) (Fig. 4). In addition, aging is associated with vascular 

endothelial dysfunction and reduced endothelial NO synthase (eNOS) expression; 

both of which lead to impaired nitric oxide (NO)-dependent vasorelaxation (111). 

Aged endothelial cells also have compromised proliferation capacity and disrupted 

barriers, allowing vascular smooth muscle cell migration to sub-endothelial 

compartments, which in turn foster extracellular matrix deposition and intimal 

thickening (112). Therefore, the aged, now less elastic, vessels fail to provide 

sufficient buffer against age-related increases in pulse wave, which promote 

peripheral tissue damage, especially at highly-perfused organs such as the brain 

and kidneys.  
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3.1.3 Ventricular-vascular uncoupling in aging 
Age-related arterial remodelling accelerates concurrent cardiac alterations by 

imposing additional afterload (i.e., resistance), a vicious cycle that progressively 

aggravates age-related cardiovascular decline in the form of a mismatch between 

ventricular and vascular counterparts of the cardiovascular system. A fundamental 

prerequisite for normal cardiovascular performance is efficient coordination or 

coupling between the ventricular and arterial systems. Age-related ventricular-

vascular uncoupling is typically exposed during exercise (or similar stress) when an 

acute rise in vascular stiffness cannot be further compensated for by the aged heart, 

which has already exhausted its reserve (107). Worth mentioning, such uncoupling 

between the heart and vessels underlies a major part of the compromised functional 

capacity of the whole cardiovascular system in the elderly. 

 

 

Figure 4. Vascular signs of aging. 
Shown are the detrimental processes involved in late-life structural and functional decline of vessels. Note in 

the right panel how aged vessels show subendothelial migration of vascular smooth muscle cells, which in turn 

stimulate extracellular matrix disarray in the form of higher elastin fractures and collagen deposition. All together 

lead to intimal thickening and vascular stiffening. Abbreviations: NO, nitric oxide. Adapted from Abdellatif et. al. 

Circulation Research, 2018; Ref. (70) with permission from the publisher (Wolters Kluwer). 
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3.1.4 Molecular mechanisms of cardiovascular aging 
In the aged heart, cardiomyocytes display mitochondrial inefficiency and, thus, 

reduced ATP production. In addition to the functional deficit, aged cardiac 

mitochondria are structurally impaired as they are typically more swollen and display 

less cristae and a generally deformed matrix (113). In addition, they generate higher 

levels of reactive oxygen species (ROS), which can instigate cardiomyocyte death 

(114). Therefore, aged cardiomyocytes do not only suffer from insufficient energy 

supply, but they also have to deal with an exceptional burden of oxidative stress. 

This is particularly challenging for cardiomyocytes as they predominantly reside in 

a post-mitotic state and so defective mitochondria and other toxic cellular cargo 

cannot be diluted into daughter cells (115). When added to the fact that aging is 

associated with a global decline in autophagy – the alternative defensive 

mechanism by which cardiomyocytes deal with toxic cargo (82,116), this makes 

aging especially challenging for the heart. Similarly, aged cardiomyocytes 

accumulate large amounts of lipofuscin (117), which has been reported to induce 

cell death and aggravate mitochondrial abnormalities (118). Other mechanisms that 

have been suggested to contribute to cardiac aging include; deranged calcium 

homeostasis (119), sodium mishandling (120), exaggerated apoptosis (121), 

activation of sterile (low-grade) inflammatory processes (122,123) and telomere 

dysfunction (124). 

As for age-related vascular remodelling, it is also believed that increased oxidative 

stress is a major culprit (125).  On one hand, increased ROS consumes NO to 

generate peroxynitrite (ONOO-) (126), thus limiting NO bioavailability and NO-

dependent vasorelaxation. On the other hand, ROS jeopardize mitochondrial DNA 

stability (127) and activate NF-kB, which in turn, stimulates pro-inflammatory 

cytokine secretion causing vascular inflammation (123).  

 

3.1.5. Murine models of human cardiovascular aging 
Many experimental studies on cardiac aging typically employ aged rodents as 

models because aged mice and rats exhibit an aged cardiac phenotype that closely 

mimics humans (128). Mice, for instance, experience a progressive increase in 

myocardial mass and fibrosis with aging and show clear evidence of diastolic 

dysfunction similar to humans (128). Aged mice also exhibit vascular stiffness and 
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endothelial dysfunction (129). Consequently, cardiovascular death accounts for a 

major proportion of overall mortality in mice (130). From a mechanistic point of view, 

recognized subcellular changes in aged cardiomyocytes (see Chapter 1) have been 

either discovered or, at least, confirmed in aged murine hearts. Taken together, 

these characteristics make mice a very suitable model to study human cardiac 

aging.  

That said, aged mice do not show common cardiovascular disease risk factors of 

humans, such as hypertension and diabetes mellitus. While this might sound like a 

disadvantage in the sense that mice do not fully recapitulate the clinical context 

where aged individuals suffer from multiple comorbidities in conjunction with aging, 

it makes mice a unique preclinical model to examine the specific mechanisms and 

potential therapies for cardiac aging itself without the influence of any confounding 

factors, which could indirectly affect the pace of aging. To this end, we employed 

aged mice to test whether autophagy induction by spermidine can attenuate, delay 

or maybe even prevent cardiac aging.  
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3.2. Results: Cardiac anti-aging effects of spermidine  
18-month-old C57BL6 mice were supplemented with 3 mM spermidine in their 

drinking water for 5-6 months (Fig. 5A) and were then subjected to a comprehensive 

cardiac investigation at the organismal, cellular and molecular levels. 

3.2.1. Spermidine attenuates cardiac signs of aging in vivo 
At the age of 24 months, mice are considered to be as old as a 70-year-old human. 

By then, they show all the cardinal signs of cardiac aging. Indeed, when compared 

to young (5-month-old) mice, aged (23- to 24-month-old) mice showed hypertrophy, 

increased myocardial stiffness, delayed relaxation and lower slope of end-systolic 

pressure-volume relationship, a load-independent contractility index, despite having 

a normal ejection fraction (Supplementary Tables 1 and 2; Fig. 7B). Nevertheless, 

spermidine supplementation attenuated many of these characteristic age-related 

abnormalities. Firstly, increased circulating spermidine levels upon spermidine 

feeding was associated with a significant reduction in echocardiographic measures 

of myocardial hypertrophy, including myocardial mass index and posterior wall 

thickness (Fig. 5B and C and Supplementary Table 1), to levels matching 18-month-

old mice (i.e., the age at which spermidine supplementation was initiated).  

Figure 5. Late-life 

spermidine feeding 

attenuates age-related 

hypertrophy 
(A) Schematic presentation 

of spermidine feeding 

regimen to aged 18 months 

old C57BL6 mice. 

(B) Circulating polyamines in 

whole blood obtained from 

spermidine-fed (24M+S) and 

control (24M) aged mice 

(n=18 and 15, respectively).  

(C) Echocardiography-

measured left ventricular 

mass (LVmass) to tibia length 

(TL) ratio, a measure of 

hypertrophy (n=10, 14 and 20 for 4 months, 18 months, and 23 months (±S) old mice, respectively). ***P< 

0.001, **P < 0.01, *P < 0.05, by Welch's t-test in (B) and by analysis of variance (ANOVA) with Tukey post-

hoc test in (C). Abbreviations: Orn, ornithine; Put, putrescine; Spd, spermidine; Spm or S, spermine; M, month.  
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Secondly, spermidine attenuated age-related diastolic impairment – the hallmark 

of cardiac aging as evaluated in vivo by invasive intra-cardiac hemodynamics. 

Specifically, spermidine reduced end-diastolic pressures, myocardial passive 

stiffness constant and shifted the end-diastolic pressure-volume relationship 

downwards (Fig. 6A-C and Fig. 7A). Spermidine-fed mice also tended to have a 

faster relaxation than control aged mice as evaluated by ventricular pressure 

decay constant t (Supplementary Table 2). In line with these findings, unlike aged 

controls, spermidine-fed mice were protected from lung congestion as measured 

by post-mortem lung weight to body weight ratio (Supplementary Table 3). Thirdly, 

spermidine restored ventricular-vascular coupling in aged mice to levels 

comparable to young mice, denoting improved coordination between the cardiac 

and vascular systems, thus, improving overall cardiovascular efficiency and 

performance (Fig. 6D). 

 

Figure 6. Spermidine 

improves both diastolic 

dysfunction and 

ventricular vascular 

coupling in aged wild-

type mice 
(A) Representative left 

ventricular (LV) pressure-

volume (PV) loops. 

(B) End-diastolic pressure 

(EDP). 

(C) End-diastolic pressure-

volume relationship constant 

(EDPVR β), a measure of 

myocardial stiffness. 

(D) Ventricular-vascular 

coupling (VVC), a measure of 

cardiac- vascular interaction 

and overall system efficiency. 

(n=8-10 mice/ group).  

**P < 0.01, *P < 0.05, #P< 0.06 

by analysis of variance 

(ANOVA) with Tukey post-hoc 

test in (B and D) or by analysis of covariance (ANCOVA) with Bonferroni post-hoc test in (C). Abbreviations: 

M, month; S, spermidine-treated.   



 49 

Collectively, spermidine delays structural and functional aspects of cardiac aging at 

the organ level and these benefits seem to be cardiac-specific as spermidine-fed 

mice did not differ from aged controls in afterload as measured by arterial elastance, 

end-systolic pressure (Supplementary Table 2 and Fig. 7B).   

 

Figure 7. Spermidine improves left ventricular passive stiffness in aged mice 
(A) Exponential left ventricular end-diastolic pressure-volume relationship (EDPVR). Note the downward shift, 

indicating reduced stiffness, in spermidine-fed old mice (24M+S) as compared to aged controls (24M). 

(B) Linear left ventricular end-systolic pressure-volume relationship (ESPVR). 

(n=8-10 mice/group). **P < 0.01 vs. 24M control, +P < 0.05 vs. 4M, #P< 0.06 by analysis of covariance 

(ANCOVA) with Bonferroni post-hoc test. 

 

3.2.2. Spermidine improves aged cardiomyocytes composition 
To elucidate the underlying mechanisms of spermidine effects on cardiac aging, we 

examined the structure and function of aged cardiomyocytes at the cellular, sub-

cellular and molecular levels. Using design-based stereology analysis, we found 

aged mice to have reduced relative cardiomyocyte content (i.e., organelle-to-

cardiomyocyte size ratio) of myofibrils (contractile apparatus) and mitochondria (the 

cellular power house) and, thus, increased organelle-free sarcoplasmic volume 

compared to young mice (Fig. 8A-B). Contrarily, cardiomyocytes of aged 

spermidine-fed mice had similar composition to young mice as denoted by restored 

myofibrillar and mitochondrial relative volumes (Fig. 8A-B). In fact, not only relative 

mitochondrial volume, but also the absolute volume was higher in spermidine-fed 

mice compared to aged controls (Fig. 8C).  
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Figure 8. Spermidine improves the (ultra)structure of aged cardiomyocytes 
(A) Representative transmission electron micrographs. Scale bar, 2 μm. 

(B) Relative volume of left ventricular cardiomyocyte mitochondria Vv(mi/myo), myofibrils Vv(mf/myo) 

and organelle-free sarcoplasm Vv(sp/myo) normalized to cardiomyocyte volume.  

(C) Absolute myofibril volume, V(mf, lv), mitochondrial volume, V(mi, lv) and organelle-free 

sarcoplasmic volume, V(sp, lv) in the whole left ventricle.  

In B and C, n=10 for 4M; n=15 for 24M; n=14 for 24M+S. ***P< 0.001, *P< 0.05 by analysis of variance 

(ANOVA) with Tukey post-hoc, Welch's test with Games–Howell post-hoc or Kruskal-Wallis with 

Mann-Whitney U-test.  

Abbreviations: mi, mitochondria; mf, myofibrils; myo, cardiomyocyte; nu, nucleus; sp, sarcoplasm; M, 

month; S, spermidine.  

(Cardiomyocyte ultra-structural analysis was performed by Dr. Julia Schipke, Hannover Medical 

School, Germany)   
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To test whether such increase in myocardial content of mitochondria was associated 

with improved function, we evaluated mitochondrial respiration in isolated cardiac 

mitochondria. Indeed, we found aged spermidine-fed mice to have improved 

mitochondrial oxygen consumption as compared to aged controls, which had 

impaired mitochondrial respiratory capacity when compared to young controls (Fig. 

9). Therefore, spermidine feeding was not only associated with ameliorated 

cardiomyocyte composition, but also function. 

 

Figure 9. Spermidine restores cardiac 

mitochondrial function in aged wild-

type mice 

High-resolution respirometry-measured oxygen 

consumption (complex-I respiration) in isolated 

mitochondria from the hearts of young (4 months, 

4M), control aged (24 months, 24M) and 

spermidine-fed aged mice (24M+S). n=8 

mice/group (left) and n=5 mice/group (right). **P< 

0.01, *P< 0.05 by paired Student’s t-test. 

(Mitochondrial respiration was assessed by Tobias 

Eisenberg, University of Graz, Austria) 

 

At the molecular level, we examined the composition and post-translational 

modification of titin, a giant spiral-like molecule, which largely determines single 

cardiomyocyte passive stiffness. Although spermidine feeding was not associated 

with any changes in titin isoform composition as assessed by the ratio between its 

large (elastic) and short (stiffer) isoforms (N2BA and N2B, respectively), it increased 

titin phosphorylation (Fig 10). This could, at least in part, underlie the attenuated 

cardiac stiffness and, thus, diastolic dysfunction in aged mice fed spermidine as titin 

phosphorylation is known to improve cardiomyocyte elasticity. Of note, systemic 

inflammatory status regulates titin phosphorylation. Therefore, we evaluated 

markers of inflammation, where we found circulating levels of TNF-α to be 

significantly reduced in spermidine-fed mice, indicating attenuated sterile 

(subclinical) inflammation typically associated with aging (Fig. 11). 
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Figure 10. Spermidine supplementation enhances titin phosphorylation, known to 

improve cardiomyocyte elasticity, in aged wild-type mice 
(A) Representative blots of titin isoforms expression and phosphorylation.  

(B) The ratio between different titin isoforms expression N2BA/(N2BA+N2B). 

(C) Total titin N2B isoform phosphorylation. 

(D) Ser4080 (S4080)-site specific titin N2B isoform phosphorylation. 

(n=12 mice/group). **P< 0.01, by independent Student’s t-test. Abbreviations: a.u., arbitrary units; M, month; S, 

spermidine. (These blots were done by Marion von Frieling-Salewsky, University of Münster, Germany) 

 

3.2.3. Spermidine protects the heart by stimulating autophagy 
Higher abundance of spermidine in the circulation upon its oral administration (Fig. 

5B) effectively increased its myocardial levels, thus, confirming successful delivery 

to the heart (Fig. 12A). To validate whether higher spermidine concentration in the 

heart boosts cardiac autophagy, we evaluated cardiac autophagic flux in vivo. For 

this purpose, 13-month-old mice were treated with spermidine for 4 weeks and 

markers of autophagy were blotted after injecting the mice with either saline or the 

protease inhibitor leupeptin.  
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Figure 11. Spermidine attenuates age-

related subclinical inflammation 

Shown are the circulating levels of the pro-inflammatory 

cytokine TNF-α following spermidine (S) 

supplementation for 3 or 5 months in 21 months old 

(21M) and 23 months old mice (23M), respectively.  

(n=12 mice for 5M; n=12 mice for 21M; n=13 mice for 

21M+S; n=9 mice for 23M; n=10 mice for 23M+S). 
+++P < 0.001 by ANOVA and Tukey post-hoc test vs. 4M; 

**P < 0.01, *P < 0.05 by Student’s t-test vs. age-matched 

control; Shown P values are for factor comparisons (T, 

treatment; A, age) by two-way ANOVA including 21M±S 

and 23M±S groups. (These measurements were 

performed by Dr. Tobias Pendl, University of Graz, and 

then analysed by the candidate) 

 

Here, we found that in the absence of protease inhibition by leupeptin, i.e., under 

baseline conditions, the amount of autophagosomes, as measured by LC3-II, was 

comparable in spermidine-fed and control mice. However, autophagosomal 

accumulation in response to protease inhibition by leupeptin was higher in 

spermidine-fed mice than in the controls, indicating a cardiac pro-autophagic action 

of spermidine in vivo (Fig. 12B). 

 

Figure 12. Spermidine supplementation activates autophagy in middle-aged mice 
(A) Cardiac spermidine levels and (B) LC3-II/GAPDH ratio in 13-month-old mice treated with or without 

spermidine for 4 weeks and injected or not with the protease inhibitor leupeptin 50 min before tissue collection. 

Shown are the means±SEM of n=7 in vehicle and n=13 in leupeptin. Shown P values are two-way ANOVA 

factors (Spd, spermidine; Leu, leupeptin); ***P<0.001; *P<0.05 for the pairwise comparisons. (These 

measurements were done by Dr. Tobias Eisenberg, University of Graz, Austria) 
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To substantiate the evidence that cardiac autophagic flux is induced by spermidine, 

we employed an autophagy reporter mouse strain: transgenic cardiac-specific 

tandem-fluorescence mRFP-GFP-LC3 mice (tf-LC3). These mice express labelled 

autophagosomes (in red and green; mRFP and GFP, respectively) and 

autolysosomes (only in red; mRFP). After 2 weeks of spermidine supplementation 

to young tf-LC3 mice, cardiomyocytes were harvested and subjected to confocal 

microscopy evaluation of autophagosomes and autolysosomes in the presence or 

absence of the protease inhibitor chloroquine. Here we also found spermidine-

supplemented tf-LC3 mice to have higher numbers of autophagosomes and 

autolysosomes both at baseline and under conditions of inhibited autophagosomal 

turnover (Fig 13).  

Figure 13. Spermidine boosts cardiac autophagic flux in vivo in transgenic mice 
See next page for figure legend  
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(A) Representative overlays of RFP, GFP and Hoechst. Orange puncta marked by arrows indicate 

autophagosomes; red puncta marked by arrowheads indicate autolysosomes. Scale bars, 50 μm. 

(B) Autophagosomes and autolysosomes quantified following 2 weeks of spermidine feeding to young 

transgenic mice in the presence or absence of the protease inhibitor chloroquine.  

Shown are the means of n=3 mice/group. Indicated P values are for two-way ANOVA factors (Spd, spermidine; 

CQ, chloroquine); ***P<0.001 for the following pairwise comparisons. Abbreviations: Co, control. (These 

measurements were done by Dr. Mingming Tong, Rutgers–New Jersey Medical School, Newark, USA) 

 

Next, we evaluated a highly-specialized form of autophagy, called mitophagy, 

whereby defective mitochondria are targeted for autophagic breakdown. To do so, 

young (3-month-old) and old (18-month-old) mice were injected with adenovirus-

associated virus expressing the mitochondrial-targeted fluorescent biosensor (Mito-

Keima). Mito-Keima fluorescence changes its excitation characteristics in a pH-

dependent manner allowing for the detection of Keima-labelled mitochondria 

coming in contact with the acidic lysosomal milieu during mitophagy. Both aged and 

young mice had higher Mito-Keima positive area, indicative of activated mitophagy, 

after 2 weeks of spermidine supplementation (Fig. 14). 

 

 

Figure 14. Spermidine induces mitophagy in vivo in young and aged wild-type mice 
(A) Representative scans showing Mito-Keima positive area signals (ratiometric images; 561 nm/457 nm).  

(B) Quantification of Mito-Keima positive areas following 2 weeks of spermidine supplementation or normal 

drinking water to young (6 months) and old (18 months) wild-type mice injected with the adenovirus-associated 

virus expressing Mito-Keima. 

Shown are the means of n=3 mice/group. P values indicate two-way ANOVA factor comparisons (G, age; T, 

treatment); ***P<0.001 for the following pairwise comparisons. Abbreviations: S, spermidine; M, month. (These 

measurements were done by Dr. Mingming Tong, Rutgers–New Jersey Medical School, Newark, USA)  
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These results clearly indicate that spermidine effectively induces cardiac autophagic 

flux, yet still do not necessarily imply that autophagy underlies spermidine 

cardioprotective effects. To this end, we employed cardiomyocyte-specific 

autophagy-deficient mice (Atg5fl/flMLC2a-Cre+; herein referred to as Atg5-/-) to 

determine whether cardiac autophagy induction is a prerequisite for the beneficial 

effects of spermidine. As Atg5-/- mice suffer from reduced lifespan, it is not possible 

to study them at old age. Instead, we studied them at a young age when they show 

no apparent abnormalities under baseline conditions compared to their autophagy-

competent littermates (Atg5fl/flMLC2a-Cre-; herein referred to as Atg+/+). Atg5-/- and 

Atg+/+ mice were supplemented with spermidine in their drinking water soon after 

weaning (at 4 weeks of age) and later, at the age of 16 weeks, they underwent a 

comprehensive cardiac investigation (Fig. 15A). In detail, echocardiographic 

evaluation revealed reduced left ventricular mass index (LVmass/tibia length) in 

Atg+/+ mice in response to spermidine treatment (Fig. 15B and Supplementary Table 

4). Spermidine-fed Atg+/+ mice also had superior contractility, indicated by a higher 

ESPVR slope, and also improved ventricular-vascular coupling upon invasive 

haemodynamic assessment (Fig. 16A-C, Fig. 17A and Supplementary Table 5). 

  

 

Figure 15. Spermidine deteriorates cardiac fitness in autophagy-deficient mice 
(A) Spermidine feeding scheme to autophagy-deficient (Atg5-/-) and autophagy-competent (Atg+/+) mice. 

(B) Tibia length (TL)-normalized left ventricular mass (LVmass), echocardiographic measure of hypertrophy. 

(C) Ejection fraction (EF) measured by echocardiography. 

(n=12-16/group). Shown P values indicate two-way ANOVA factor comparisons (G, genotype; T, treatment); 

**P<0.01, *P<0.05 for the following pairwise comparisons. Abbreviations: Co, control; Spd, spermidine; wk, 

week.  
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Contrarily, Atg-/- mice did not benefit from spermidine feeding. In fact, spermidine 

had unexpected negative effects on Atg-/- mice as they showed hypertrophy and 

reduced ejection fraction (Fig. 15B-C and Supplementary Table 4). Furthermore, 

Atg-/- mice suffered from worsened diastolic function upon spermidine feeding as 

denoted by a higher myocardial stiffness constant and an upward shift of the EDPVR 

(Fig. 16D, Fig. 17B and Supplementary Table 5). Taken together, these findings 

support an essential role of autophagy in mediating the cardioprotective effects of 

spermidine. 

 

Figure 16. Spermidine 

improves contractility and 

ventricular- vascular 

coupling in autophagy-

competent mice only. 
(A) Representative left ventricular 

(LV) pressure-volume (PV) loops of 

spermidine-treated (Spd) or control 

(Co) cardiomyocyte-specific 

autophagy-deficient (Atg5-/-) and 

autophagy-competent (Atg+/+) mice. 

(B) End-systolic pressure-volume 

relationship slope (ESPVR Ees), a 

contractility measure. 

(C) Ventricular-vascular coupling 

(VVC), a measure of cardiovascular 

efficiency.  

(D) End-diastolic pressure-volume 

relationship constant (EDPVR β), a 

measure of myocardial stiffness. 

(n=9-11 mice/group). Shown P 

values indicate two-way ANOVA (ANCOVA in B and D) factor comparisons (G, genotype; T, treatment); 

**P<0.01, *P<0.05, #P<0.06 for the following pairwise comparisons.  
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Figure 17. Intra-cardiac pressure-volume relationships of cardiomyocyte-specific 

autophagy-deficient mice upon spermidine feeding. 
(A) Linear left ventricular end-systolic pressure-volume relationship (ESPVR). Note the upward shift, indicating 

improved contractility, only in autophagy-competent mice (Atg5+/+) treated with spermidine. 

(B) Exponential left ventricular end-diastolic pressure-volume relationship (EDPVR). Note the upward shift, 

indicating increased stiffness, only in autophagy-deficient mice (Atg5-/-) treated with spermidine. 

(n=9-11 mice/group). *P<0.05, #P<0.06 vs. respective control by analysis of covariance (ANCOVA) and 

Bonferroni post-hoc test. 
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3.3. Discussion 
In this chapter, we have shown that spermidine reduces, or occasionally prevents, 

cardinal signs of cardiac aging in mice, including maladaptive hypertrophy, 

myocardial stiffness, diastolic dysfunction and ventricular-vascular mismatch. These 

improvements were driven by effects at the (sub-)cellular and molecular levels, 

culminating in the overall rejuvenation of cardiomyocyte structure and function. We 

have also extended the evidence that spermidine is an effective autophagy inducer 

in model organisms by reporting clear in vivo activation of cardiac autophagy and 

mitophagy in mice upon oral supplementation.  

In addition to cardiac autophagy, spermidine had other effects that could contribute 

to the resulting cardioprotection. Specifically, spermidine had an intriguing anti-

inflammatory effect, which might directly, regardless of autophagy status, benefit 

the heart. In fact, age-related cardiac stiffening and diastolic dysfunction are largely 

attributed to the progressive increase in subclinical inflammation induced by aging 

and associated comorbidities (122). Specifically, exaggerated inflammation causes 

titin dephosphorylation and, thus, increases cardiomyocyte stiffness. Interestingly, 

spermidine upregulated titin phosphorylation, coinciding with improved myocardial 

elasticity and diastolic function in treated mice. Furthermore, increased titin 

phosphorylation may originate from a direct inhibitory effect of spermidine on 

serine/threonine protein phosphatase 5, which is known to dephosphorylate titin 

(131). That said, whether these mechanisms are completely uncoupled from 

autophagy is still to be confirmed in future studies. 

Irrespective of these, seemingly, autophagy-independent mechanisms, we have 

found autophagy to be causally implicated in the cardioprotective effects of 

spermidine as inferred from cardiac autophagy-deficient mice, which not only failed 

to benefit, but instead suffered from an exacerbated cardiac phenotype in response 

to spermidine feeding. Hence, the findings reported in this chapter strongly support 

a growing body of evidence that strongly suggests an intimate relationship between 

the maintenance of autophagy and cardiovascular health in aging (132). Indeed, as 

detailed below, several genetic, nutritional and pharmaceutical interventions that 

boost autophagy have been shown to effectively delay signs of aging in the heart 

(Fig. 18 and Table 2).  
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Figure 18. Autophagy-promoting interventions that delay cardiac aging. 
Abbreviations: Akt2, serine/threonine-specific protein kinase 2; dnPI3K, dominant negative phosphoinositide 3-

kinase; NAD+, nicotinamide adenine dinucleotide; SIRT1, Sirtuin 1; tg, transgenic overexpression. Adapted from 

Abdellatif et. al. Circulation Research, 2018; Ref. (70) with permission from the publisher (Wolters Kluwer). 
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3.3.1. Dietary activation of autophagy  
3.3.1.1. Caloric restriction 

Caloric restriction, defined as reduced total daily intake of calories without incurring 

malnutrition, is considered the gold standard and by far the most powerful 

autophagy inducer in almost every tested organism (133,134). Experimental testing 

of caloric restriction, ranging from 15% to 40% reduction in caloric intake, proved 

efficient in attenuating almost every aspect of cardiac aging, including hypertrophic 

and fibrotic remodelling and both diastolic and systolic impairments (28,135,136). 

Caloric restriction does so by conferring multiple improvements on the 

cardiomyocyte itself, including enhanced mitochondrial fitness and limited oxidative 

stress, apoptotic cell death, telomere dysfunction and markers of senescence and 

inflammation (135). Interestingly, such cardioprotective effects of caloric restriction 

are reproducible whether it is applied throughout life (28,136) or only for a short 

duration at a later life stage (135,137,138). That said, the ability of caloric restriction 

to exert beneficial effects on the heart are limited, abolished or even reversed if 

caloric restriction is applied during the early thriving phases of life. In fact, young 

mice exposed to caloric restriction unexpectedly show restrained autophagy 

activation and abnormal cardiac performance (135), which further deteriorates if 

autophagy is additionally deactivated by AMPK deletion (139,140). This strongly 

suggests that induction of autophagy is essential for any cardioprotective effects of 

caloric restriction, which seem to be restricted to late-life periods.  

3.3.1.2. Intermittent fasting 

Intermittent fasting, which consists of cycles of normal food intake interrupted with 

periods of reduced or no feeding, is another dietary regimen known to promote 

autophagy and exert beneficial health and longevity effects. Among the known 

forms of intermittent fasting is alternate-day fasting (ADF), i.e., fasting on alternate 

days separated by normal feeding days, and time-restricted feeding (TRF), whereby 

food intake is restricted to a short window (4-8 hours) during the day. While TRF 

has so far been shown to preserve cardiac function in aged fruit flies only (141), 

ADF is known to delay cardiac aging in mammals as it reduces age-related cardiac 

hypertrophy and fibrosis (142,143) and also extends lifespan (144) of rats. At the 

molecular level, ADF attenuates cardiac oxidative stress, inflammation and collagen 

accumulation (142,143). These effects were attributed to phosphoinositide 3-kinase 
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(PI3K) inhibition (142), which is known to induce autophagy (145). Although direct 

evidence is still lacking for causal involvement of autophagy in intermittent fasting 

effects on cardiac aging, it does exist for other cardiac disease settings. Specifically, 

the cardioprotective effects of intermittent fasting against ischemia-reperfusion 

injury were absent in mice deficient in autophagy due to a LAMP2 knockout mutation 

(146). This is highly suggestive of an essential role of autophagy in underlying the 

benefits of intermittent fasting on the aged heart. 

3.3.1.3. Metabolic shifting diets 

As extended periods of reduced caloric intake or fasting are especially challenging, 

other dietary regimens that do not necessarily involve food abstinence are much 

needed. Therefore, other regiments, which primarily focus on diet composition to 

induce similar metabolic shifts to caloric restriction, have been proposed. For 

instance, increased circulating ketone bodies observed in caloric restriction are 

recapitulated by the ketogenic diet, which consists of increased fat intake with slight, 

if any, carbohydrate consumption. Controlled intake of the ketogenic diet, whereby 

avoiding any increase in body weight known to occur upon ad libitum feeding of 

such high-caloric diet, was associated with extended healthy lifespan (147,148). At 

the heart level, cyclic ketogenic diet improved age-related cardiac phenotype, as 

assessed by a composite score incorporating myocardial mass, fractional 

shortening, heart rate and arterial pressure gradient (147). Although the specific 

mechanism by which ketone bodies exert their effects are still largely elusive, it is 

conceivable that autophagy might play a role given that a higher level of ketone 

bodies is known to inhibit a major negative regulator of autophagy, namely mTORC1 

(147). That said, further testing is warranted to delineate the exact role played by 

autophagy in the context of controlled ketogenic diet. Another example for 

metabolism-shifting diets is the fasting mimicking diet (FMD), which features 

reduced caloric content from proteins and sugars while remaining high in 

unsaturated fats (149). Short-term administration of FMD reduces various 

cardiovascular disease risk factors in humans, including lower fasting glucose, body 

mass index and inflammatory markers as well as improved blood pressure and lipid 

profile (150). Similarly, FMD extends lifespan and promotes health in aged mice as 

denoted by reduced tumorigenesis and improved cognitive and immune functions 

(149). Although autophagy can be induced by FMD due to reduced total caloric 
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intake and inhibited IGF-1 signalling, which are associated with FMD, it is still to be 

elucidated whether autophagy causally contributes to the effects of this diet.  

3.3.2. Genetic activation of autophagy  
By genetic reinforcement of the molecular alterations observed in caloric restriction, 

various mouse models of activated autophagy have been generated to identify the 

therapeutic potential of this process. On such animal model is the cardiomyocyte-

specific dominant negative PI3K (dnPI3K) mouse. These mice have a healthier 

aged cardiac phenotype characterized by improved cardiac functional reserve and 

reduced hypertrophy and fibrosis (145). Increased autophagy in dnPI3K 

cardiomyocytes is also associated with reduced lipofuscin deposition, oxidative 

stress, inflammatory and senescence biomarkers (145). Similarly, stimulation of 

autophagy by global abrogation of Akt2 in Akt2-/- mice enhances mitochondrial 

integrity, calcium handling and contractile function in aged cardiomyocytes (151). 

Interestingly, autophagy inhibition by 3-methyladenine abolishes these benefits 

which highly supports the hypothesis that autophagy underlies, at least in part, 

enhanced cardiac health in aged Akt2-/- mice (151).  

Furthermore, cardiomyocyte-specific overexpression of the mitophagy protein 

Parkin leads to enhanced mitochondrial integrity and respiration in aged mice (152). 

Activated mitophagy in aged Parkintg mice is also associated with reduced 

senescence, inflammation and oxidative damage, which all culminate in enhanced 

cardiac functional reserve (152). However, it is still to be tested whether inhibition of 

mitophagy in these mice would abrogate the observed benefits. Similarly, it is still 

not clear to what extent autophagy contributes to improved cardiac structure and 

function observed in transgenic mice overexpressing SIRT1, known to induce 

autophagy. These Sirt1tg mice also have reduced hypertrophy, fibrosis and 

contractile dysfunction upon aging (47,153).  

Taken together, transgenic animal models of activated autophagy fairly reproduced 

many of the cardiac benefits associated with caloric restriction. However, for human 

translational purposes, pharmaceutical agents or natural substances, like 

spermidine, which can be orally administrated and have an acceptable safety profile 

hold promise as more feasible alternatives.  
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3.3.3. Pharmacological activation of autophagy  
In line with the cardioprotective effects of spermidine feeding, other natural and 

pharmacological autophagy inducers showed promising results in the context of 

cardiac aging. One such autophagy inducer and caloric restriction mimetic is 

rapamycin, which activates autophagy by inhibiting mTOR. Rapamycin feeding for 

3 months attenuated age-related hypertrophy and decline in cardiac function. It also 

limited local (at the heart) and systemic pro-inflammatory cytokines (34). More 

recently, it has been shown that a decline in cardiac hypertrophy is noticeable as 

soon as 2 weeks after the administration of rapamycin to aged mice. Within these 2 

weeks rapamycin induces autophagy, which is then followed by enhanced fatty acid 

oxidation, energy homeostasis and mitochondrial biogenesis, but no more pro-

autophagic effect (154). The lack of any additional reduction in myocardial 

remodelling following these first 2 weeks of autophagy activation in rapamycin-fed 

mice strongly suggests a direct link between autophagy and rapamycin anti-aging 

impact on the heart (154). 

Other autophagy inducers, such as resveratrol and SRT1720, which induce 

autophagy by activating SIRT1, have been shown to delay the functional and 

molecular signatures of cardiac aging (136,151). In addition, metformin (155) and 

caffeine (156,157), which also possess autophagy-activating capacities, have been 

shown to decelerate cardiac aging (54,158,159). Nevertheless, further research is 

warranted to establish the extent to which autophagy contributes to their benefits on 

cardiomyocyte aging, whereas other candidate autophagy promoting molecules, 

such as trehalose, still await testing in the setting of cardiac aging (160).  

In conclusion, autophagy activators, including spermidine, hold great promise at 

least in preclinical testing to substitute caloric restriction as a more feasible and safe 

strategy to attenuate, retard or even avert cardiac aging and related diseases. To 

this end, we continued with spermidine testing by applying it to an evident 

cardiovascular disease condition, namely hypertensive cardiomyopathy, which is 

discussed in detail in the next chapter. 
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Table 2. List of interventions that induce autophagy and delay cardiac aging 

Intervention; 

Specificity 

Mechanism of 

autophagy 

regulation 

Effect on cardiac aging phenotype 
Age; 

Model 

Cardiac effect 

abolished by 
Ref. 

Caloric 

restriction 

SIRT1 activation 

mTOR inhibition 

AMPK activation 

- Attenuated hypertrophy and fibrosis; 

ameliorated systolic and diastolic 

functions as well as cardiac reserve 

- Reduced mitochondrial damage, lipid 

accumulation, oxidative stress, 

apoptosis, telomere shortening, 

senescence and inflammatory markers 

22-28 months; 

Mice 

24-30 months; 

Rats 

52.7±11.9 

years [M±SD]; 

Humans 

Prkaa ablation 
(139,140) 

(28) 

(135

–

138) 

(161,

162) 

Intermittent 

fasting 

SIRT1 activation 

mTOR inhibition 

AMPK activation 

- Reduced hypertrophy and fibrosis; 

prolonged lifespan 

- Decreased myocardial collagen 

deposition, oxidative stress, 

inflammatory markers and B-type 

natriuretic peptide levels 

24 months; 

Rats Not reported 

(142

–

144) 

Cardiac-

specific dnPI3K 
mTOR activation 

- Reduced hypertrophy and fibrosis; 

enhanced cardiac functional reserve; 

improved survival 

- Reduced oxidative stress, lipofuscin 

accumulation, senescence and 

inflammatory biomarkers as well as 

rejuvenated genetic profile. 

20-24 months; 

Mice 
Not reported (145) 

Global Akt2−/− 
mTOR activation 

FOXO inhibition 

- Enhanced contractile function despite 

accentuated hypertrophy; prolonged 

lifespan 

- Improved cardiomyocyte mechanical 

properties, calcium handling and 

mitochondrial integrity 

24 months; 

Mice 

Autophagy 

inhibitor 3-

methyladenine 

(151) 

Cardiac-

specific 

Parkintg 

Enhanced Parkin-

mediated 

mitophagy 

- Increased cardiac functional reserve 

- Enhanced mitochondrial structure and 

function; reduced oxidative stress, 

senescence and inflammatory markers 

20 months; 

Mice 
Not reported (152) 

moderate 

cardiac-specific 

Sirt1tg 

SIRT1 activation 

- Reduced hypertrophy, fibrosis; 

Enhanced contractility 

- Reduced apoptosis and aging markers 

18 months; 

Mice 
Not reported 

(47) 

(153) 

Rapamycin mTOR inhibition 

- Reduced hypertrophy; enhanced 

contractile function; 

- Promoted mitochondrial biogenesis and 

restored fatty acid oxidation; reduced 

systemic and cardiac inflammation 

24-27 months; 

Mice 
Not reported 

(34) 

(154) 

Resveratrol 
SIRT1 and AMPK 

activation 

- Restored myocardial performance index 

- Rejuvenated genetic signature 

25 months; 

Mice 
Not reported (136) 

SRT1720 SIRT1 activation 
- Rescued cardiomyocyte contractility in 

vitro 

24 months; 

Mice 

Parkin deficiency 

or co-incubation 

with insulin 

(151) 

Abbreviations: Akt2, serine/threonine-specific protein kinase 2; dnPI3K, dominant negative phosphoinositide 

3-kinase; mTOR, mechanistic target of rapamycin; SIRT, Sirtuin; tg, transgenic overexpression; M±SD, 

mean±standard deviation. This table is adapted from Abdellatif et. al. Circulation Research, 2018; Ref. (70) 

with permission of the publisher (Wolters Kluwer).  
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Parts of the results presented in this chapter have been published in Eisenberg and Abdellatif et. al. Nature 

Medicine, 2016; Ref. (100) and were reproduced with permission from the publisher (Springer Nature).  
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4.1. Introduction to hypertension 
Age is the primary determinant of cardiovascular and general health of an individual. 

Therefore, extended life expectancies and population aging worldwide led to an 

ever-increasing prevalence of chronic disorders, especially those affecting the 

cardiovascular system. This public health problem is further exacerbated by 

hypercaloric diets, obesity, sedentariness and other features of modern-day life 

which cause premature onset of cardiovascular ailments. Indeed, cardiovascular 

diseases are currently the leading cause of sickness and death worldwide 

representing a massive global medical burden. 

 

4.1.1. Aging lays down the foundation of cardiovascular disease 
Several aspects of aging predispose the elderly to distinctive forms of 

cardiovascular ailments. For instance, age-related vascular stiffness and endothelial 

dysfunction underlie the development of hypertension, especially in its isolated 

systolic form, which is the most common variant of hypertension in aged individuals 

(163). Furthermore, atherosclerosis develops in aging vessels under the influence 

of intimal thickening and inflammation. Atherosclerotic lesions, in turn, predispose 

the aged heart to coronary artery disease, which itself is further aggravated in the 

presence of hypertrophy (103,164,165). Additionally, age-related myocardial 

stiffness, diastolic dysfunction and hypertension are major risk factors for the 

development of heart failure with preserved ejection fraction (HFpEF) (166,167). 

HFpEF, which affects half of all heart failure patients, still lacks evidence-based or 

life-saving therapies, despite being the leading cause of hospitalization in those 

above 65 years of age (168). Last but not least, dilation and structural remodelling 

of the aged atria as a consequence of augmented ventricular filling pressures is 

largely involved in yet another disease limited to the elderly, namely atrial fibrillation 

(AF). AF is considered the most common cardiac arrhythmia of clinical significance 

and represents a major risk factor for life-threatening thromboembolisms (169).  

It is clearly noticeable that elevated blood pressure or hypertension is a common 

risk factor for almost every form of age-related cardiovascular disorder. In fact, 

hypertension is not just implicated, but even underlies some of these diseases. 

Therefore, I will focus in this chapter on hypertension as a reasonable example and 

a highly-relevant clinical entity of late-life cardiovascular disease.  
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4.1.2. Hypertension: a major risk for fatal cardiovascular events  

Hypertension, i.e., systolic blood pressure (SBP) ≥ 140 mmHg, in quantitative terms, 

is the most important risk factor of premature cardiovascular disease as it is more 

frequent than any other major risk factor, including diabetes mellitus, dyslipidemia 

and smoking. In fact, current prevalence of hypertension is devastating as the count 

of hypertensive patients has almost doubled during the last 25 years and currently 

affects 874 million persons (170). That said, non-optimal systolic blood pressure is 

the foremost contributing risk factor to morbidity and all-cause mortality worldwide, 

causing 212 million lost healthy life years and 9.4 million deaths every year (171). 

Elevated blood pressure causes a multiple fold increase in the likelihood of 

cardiovascular disease development. For instance, hypertensive patients, 

depending on their gender, are three-to-four times more likely to suffer heart failure 

than non-hypertensives (172). Contrarily, reducing high blood pressure by 10-12 

mmHg systolic blood pressure (or 5-6 mmHg diastolic blood pressure) lowers the 

risk of stroke and ischaemic heart disease by 38% and 16%, respectively (173). 

Despite such benefits of reducing elevated blood pressure, hypertension is still the 

leading risk factor of many life-threatening cardiovascular diseases, including 

cardio-renal failure (170,174). Thus, hypertension constitutes a massive challenge 

for public health and causes extravagant economic expenditure, currently being the 

costliest cardiovascular disease (175).  

As mentioned previously, extended life expectancy and aging of the world 

population are major culprits in such unprecedented prevalence of hypertension. 

Similarly, habitual risk factors, such as higher caloric and salt intake combined with 

a sedentary lifestyle, have facilitated the age-related surge in blood pressures. That 

said, limited interventions have proven successful in achieving extended and long-

lasting control in blood pressure. While intensive search for more successful 

interventions has been ongoing for decades, anti-hypertensive pharmacotherapy 

remains the only remedy to reduce high blood pressures. However, anti-

hypertensive drugs, albeit fairly effective and accessible at an affordable price 

almost everywhere, are far from ideal. In fact, although a great majority (87.5%) of 

individuals diagnosed with hypertension receive regular pharmacological therapies, 

only a minority (32.5%) show controlled blood pressures (systolic BP < 140 mmHg), 

despite the fact that nearly one third of them already receive two or more drugs 
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(176). Therefore, more efforts are warranted to achieve better management of 

hypertension and its subsequent complications. 

 

4.1.3. Dahl salt-sensitive rats: a model of hypertensive cardiomyopathy 
Dahl salt-sensitive (SS) rats are a selected Sprague-Dawley strain, which due to a 

spontaneous mutation in the renin gene, are more prone to salt-induced 

hypertension (177). In fact, Dahl SS rats exhibit many traits of hypertensive disease 

observed in humans. When fed a high-salt diet, they develop a rapid surge in blood 

pressure, which in turn causes concentric cardiac hypertrophy and diastolic or 

systolic dysfunction depending on the extent, duration and age at which salt intake 

is initiated (83). Specifically, when Dahl SS rats are exposed to a high-salt diet at 

the age of 7 weeks, they develop diastolic dysfunction between 14 and 19 weeks of 

age, meanwhile high-salt administration at a younger age or extending it beyond the 

age of 19 weeks causes systolic dysfunction. Consequently, according to the salt 

feeding regimen, these rats suffer from heart failure in its diastolic or in its systolic 

form and this is evident from several manifestations, including tachypnea, labored 

respiration and obvious gravimetric lung congestion (83). Furthermore, hypertensive 

Dahl SS rats, like hypertensive patients, suffer from extra-cardiac complications, 

such as renal dysfunction (178). Therefore, Dahl SS rats on a high-salt diet 

represent a clinically relevant model of hypertension and related complications, 

including diastolic heart failure.  

To this end, we decided to examine the impact of spermidine supplementation on 

the development of salt-induced hypertension and diastolic heart failure in Dahl SS 

rats. This allowed us to extend our results from the context of functional decline and 

increased risk of cardiovascular disease in aged mice to a full picture of 

cardiovascular disease. In addition, supplementing spermidine to Dahl SS rats 

before and after the development of hypertension allowed us to determine whether 

spermidine acts in a preventative manner (i.e., in primary prevention) only or it can 

also reverse existing cardiovascular demise (i.e., in secondary prevention or 

therapy).  
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4.2. Results: Cardioprotective effects of Spermidine in 

hypertension and related cardiomyopathy  
Dahl SS rats were fed a high-salt diet (8%) starting from 7 weeks of age and their 

blood pressure was measured biweekly; then at the age of 14 or 19 weeks, they 

were subjected to a thorough cardiac examination. A subset of rats received 3 mM 

spermidine in their drinking water, which was either initiated with the high-salt diet 

(prevention cohort) or later at the age of 12 weeks after the development of 

hypertension (therapy cohort). 

 

4.2.1. Spermidine improves blood pressure control and attenuates 

hypertensive heart failure 
High salt feeding to Dahl SS rats causes a rapid increase in mean, systolic and 

diastolic blood pressures, which we observed within a mere 2 weeks (Fig. 19). 

However, co-administration of spermidine with high salt-diet restrained the increase 

in blood pressure and, thus, delayed hypertension to a significantly older age (by 4 

weeks as measured along the progression line of mean blood pressure; Fig. 19).  

 

 

Figure 19. Spermidine delays salt-induced hypertension onset and progression. 
(A) Mean arterial blood pressure non-invasively measured by a tail-cuff technique. 

(B) Systolic arterial blood pressure. 

(C) Diastolic arterial blood pressure. 

The red symbols indicate the first time point at which mean blood pressure did not show a significant difference 

from the peak pressure reached by the respective group. (n=10 rats/group); shown P values indicate factor 

comparisons (age and treatment) by two-way mixed-design ANOVA and **P<0.01, *P<0.05 represent the 

following pairwise comparisons (i.e., simple main effects). 
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We hypothesized that the anti-hypertensive action of exogenous spermidine is 

mediated by inhibiting de novo synthesis of polyamines and, thus, their precursor L-

arginine can be instead re-directed towards increasing the production of the 

vasodilator nitric oxide (NO). Indeed, we found increased circulating levels of 

spermidine in the treated rats to be associated with reduced plasma concentrations 

of ornithine (Fig. 20A-B), indicating spermidine-mediated inhibition of de novo 

polyamine synthesis. More importantly, treated rats had a higher level of plasma 

arginine, as measured by the global arginine bioavailability ratio (GABR, 

arginine/[citrulline+ornithine]), already within 2 weeks of spermidine administration 

(Fig. 20C). 

 

 

Figure 20. Exogenous spermidine spares the NO precursor arginine by diverting it 

from de novo synthesis of polyamines.  
(A) Plasma spermidine levels in Dahl SS rats at baseline and after 2 weeks of high-salt diet combined (or not) 

with spermidine supplementation in the drinking water. 

(B) Circulating ornithine levels.  

(C) Global arginine bioavailability ratio (GABR), calculated as arginine/(citrulline+ornithine). 

(n=11-12/group); ***P<0.001, **P<0.01 by ANOVA and Tukey post-hoc test. Abbreviations: S, spermidine, wk, 

week 

 

As for the heart, spermidine feeding attenuated hypertension-associated cardiac 

hypertrophy as assessed by echocardiography-measured left ventricular mass and 

posterior wall dimension (Fig. 21 and Supplementary Table 6) and post-mortem 

whole heart weight (Supplementary Table 7). Not only cardiac remodelling, but also 

left ventricular dysfunction was attenuated by spermidine feeding. In this regard, 



 72 

diastolic function was improved in spermidine-treated rats as denoted by lower E/e’, 

an echocardiographic surrogate of end-diastolic pressure and diastolic function (Fig. 

21 and Supplementary Table 6). 

 

 

Figure 21. Spermidine ameliorates cardiac hypertrophy in hypertensive Dahl SS rats 
(A) Schematic representation of spermidine feeding to Dahl SS rats on a high-salt diet.  

(B) Tibia length (TL)-normalized left ventricular mass (LVmass), an echocardiographic index of hypertrophy. 

(C) Peak early Doppler trans-mitral blood flow velocity (E) to the corresponding myocardial tissue Doppler 

velocity (e′), a measure of diastolic dysfunction. 

(n=10 rats/group); in (B), *P<0.05 by Kruskal–Wallis and corrected multiple-comparisons by Mann-Whitney U 

test; in (C), shown P values indicate factor comparisons (A, age; T, treatment) by two-way mixed-design ANOVA 

and **P<0.01 represent the following pairwise comparisons (i.e., simple main effects). (Parts of these results 

were generated by Dr. Uwe Primessnig, Medical University of Graz) 

 

More importantly, when we evaluated cardiac performance by intra-cardiac 

pressure-volume measurements, we found spermidine-fed Dahl SS rats to have 

reduced left ventricular filling pressures, lower myocardial stiffness and a 

downward-shifted pressure-volume relationship, all indicative of improved diastole 

(Fig. 22 and 23). This was further corroborated by ameliorated cardiomyocyte 

elasticity, as denoted by an increase in total and S4080 site-specific phosphorylation 

of titin (Fig. 24). In addition, spermidine reduced circulating TNFα, a pro-

inflammatory cytokine known to increase in heart failure (Fig. 24). This corroborates 

the anti-inflammatory effect we initially observed in aged mice and may contribute, 

at least in part, to the increased phosphorylation of titin.  
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Figure 22. Spermidine 

improves diastolic 

function and ventricular-

vascular coupling in 

hypertensive Dahl SS rats. 
(A) Representative left ventricular 

(LV) pressure-volume (PV) loops. 

(B) End-diastolic pressure (EDP). 

(C) End-diastolic pressure-volume 

relationship constant (EDPVR β), a 

measure of myocardial stiffness. 

(D) Ventricular-vascular coupling 

(VVC), a measure of cardiac- 

vascular interaction and overall 

system efficiency. 

 (n=9-10 rats/group); Shown P 

values indicate factor comparisons 

(A, age; T, treatment) by two-way 

ANOVA (ANCOVA in C) including 

14 weeks and 19 weeks groups 

treated (or not) with spermidine (+S) and the following pairwise comparisons are indicated by ***P<0.001, 

**P<0.01, *P<0.05; +++P<0.001, ++P<0.01, +P<0.05 by ANOVA (ANCOVA in C) and Tukey post-hoc comparing 

the 3 control groups (7wk, 14wk and 19wk) only. 

 

 

Figure 23. Spermidine attenuates passive myocardial stiffness in hypertensive Dahl 
SS rats 

See next page for figure legend  
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(A) Exponential left ventricular end-diastolic pressure-volume relationship (EDPVR). Note the downward shift, 

indicating reduced stiffness, in spermidine-fed 14 weeks old and 19 weeks old rats as compared to their 

respective controls, which both had increased stiffness compared to 7-week-old non-hypertensive controls. 

(B) Linear left ventricular end-systolic pressure-volume relationship (ESPVR). Note the upward shift, indicating 

increased contractility, in all high-salt diet-fed rats (14wk and 19wk) whether treated or not, as compared to the 

7-week-old non-hypertensive controls. 

(n=9-10 rats/group); +++P<0.001, ++P<0.01 by ANCOVA and Bonferroni post-hoc test comparing the 3 control 

groups (7wk, 14wk and 19wk) only; shown P values indicate factor comparisons (age, 14wk and 19wk; 

treatment, control and spermidine) by two-way ANCOVA and following pairwise comparisons are indicated by 

***P<0.001, *P<0.05 (vs. age-matched control) or §P<0.05 (vs. treatment-matched group).  

 

 

Figure 24. Spermidine promotes titin phosphorylation and limits the pro-

inflammatory cytokine TNFα levels in hypertensive Dahl SS rats. 
(A) Representative blots of titin N2B isoform expression and phosphorylation.  

(B) Total (left) and Ser4080 (S4080)-specific (right) titin N2B isoform phosphorylation. (n=8 rats/group); shown 

P values are for factor comparisons (T, treatment; A, age) by two-way ANOVA and the following pairwise 

comparisons are represented by **P<0.01, *P<0.05.  

(C) Plasma levels of the pro-inflammatory cytokine TNF-α. (n=7-12 rats/group); **P<0.01, *P<0.05 by ANOVA 

and Tukey post-hoc test. Abbreviations: S, spermidine; wk, week. (Western blots were done by Ms. Marion von 

Frieling-Salewsky, University of Münster, Germany) 

 

Of note, contractility as measured invasively by the end-systolic pressure volume 

relationship (ESPVR) slope, was preserved in both treated and non-treated rats 

(Fig. 22 and Supplementary Table 8), yet ventricular-vascular coupling was still 

significantly improved upon spermidine feeding essentially due to reduced arterial 

stiffness (Supplementary Table 8). Last but not least, spermidine reduced 

pulmonary and hepatic congestion, as evaluated in a post-mortem gravimetric 
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analysis (Fig. 25 and Supplementary Table 7). Taken together, these results 

indicate that supplementation of Dahl SS rats with spermidine slows the progression 

of salt-induced hypertension, meanwhile it successfully mitigates the development 

of diastolic heart failure at least in the setting of ‘primary prevention’.  

 

Figure 25. Spermidine 

suppresses pulmonary and 

systemic congestion in 

hypertensive heart failure 
Depicted are the post-mortem lung 

and liver weights normalized to tibia 

length (TL) in 14 weeks and 19 

weeks old Dahl hypertensive rats 

(treated or not with spermidine) and 

their non-hypertensive 7-week-old 

controls. (n=9-10 rats/group); 

+++P<0.001 by ANOVA and Tukey 

post-hoc tests comparing the 3 control groups (7wk, 14wk and 19wk) only; shown P values indicate factor 

comparisons (A, age; T, treatment) by two-way ANOVA including 14 weeks and 19 weeks groups treated or not 

with spermidine and the following pairwise comparisons are indicated by *P<0.05. Abbreviations: S, spermidine; 

wk, week.  
 

4.2.2. Spermidine protects from renal complications of hypertension  
As a result of increased salt intake, hypertensive Dahl SS rats suffer from multiple 

renal abnormalities. In fact, we found non-treated Dahl SS rats to show histological 

signs of arterial hyalinosis, fibrosis, glomerulosclerosis and thrombotic 

microangiopathy, all of which were improved in spermidine-treated rats (Fig. 26). 

Furthermore, increased kidney content of spermidine was associated with reduced 

acute renal injury as reflected by a lower level of lipocalin-2 (Fig. 27A-B). Such renal 

protective effects of spermidine are mediated, at least partly, through autophagy 

induction as denoted by the reduction of p62, a specific autophagy substrate, which 

is depleted upon activation of autophagic flux (Fig. 27C). 
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Figure 26. Spermidine alleviates hypertensive nephropathy in Dahl SS rats 
(A) Representative picrosirius red-stained renal fibrosis slides of 19-week-old hypertensive rats treated 

with or without spermidine in the drinking water. 

(B) Glomerulosclerosis and (C) Arterial hyalinosis semi-quantitative score, as evaluated on PAS-stained renal 

tissue at the indicated ages. 

(D) Renal tubular casts count as averaged from 6 high-power fields.  

(n=9 rats/group); shown P values in (B) indicate factor comparisons (A, age; T, treatment) by two-way ANOVA 

including 14 weeks and 19 weeks groups treated or not with spermidine (+Spd); *P<0.05, **P<0.01 by unpaired 

Student’s t-test. (This analysis was performed by Dr. Alexander Kirsch, Medical University of Graz) 
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Figure 27. Spermidine-induced autophagy is renoprotective in hypertensive rats 

(A) Renal concentration of different polyamines in control and spermidine-treated hypertensive Dahl rats (n=11-

13 rats/group). Abbreviations: Orn, ornithine; Put, putrescine; Spd, spermidine; Spm, spermine. 

(B) Urinary lipocalin (Lcn)-2 content in non-hypertensive (7wk) and hypertensive (19wk) rats treated (or not) 

with spermidine (+S). (n=10-12 rats/group). 

(C) GAPDH-normalized quantification of p62 immunoblot signal in renal tissue extracts of control and 

spermidine-treated (+S) hypertensive rats (n=9-12 rats/group).  

*P<0.05, ***P<0.001 by unpaired Student’s t-test (A and C) or by ANOVA and Tukey post-hoc test (B).  

(These measurements were done by Dr. Tobias Eisenberg, University of Graz and Dr. Alexander Kirsch, 

Medical University of Graz) 

 

4.2.3. Spermidine therapeutically attenuates hypertension and related 

cardiac dysfunction  
To examine the effect of spermidine supplementation on established hypertension, 

we administrated spermidine to Dahl SS rats that have been already on a high-salt 

diet for 5 weeks (Fig. 28A). At this point, the rats have already developed severe 

arterial hypertension and cardiac hypertrophy. Then, they received a standard anti-

hypertensive treatment in the form of (i) a diuretic (furosemide, 10 mg/kg body 

weight) as a single intraperitoneal injection combined with (ii) a dietary shift to a low-

salt diet. The reduction in salt intake combined with adjuvant diuresis resulted in a 

transient and relatively small reduction in blood pressure (Fig. 28B-D). However, co-

administration of spermidine with this therapy resulted in a stronger and long-lasting 

reduction in blood pressure (Fig. 28B-D). Spermidine also restored vascular 

elasticity to the levels of healthy control rats that received a low-salt diet throughout 

the experiment (Fig. 29A).  
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Figure 28. Spermidine synergistically improves standard anti-hypertensive therapy 
(A) Schematic representation of spermidine therapeutic feeding to Dahl SS rats with established hypertension. 

(B) Mean, (C) systolic and (D) diastolic arterial blood pressure that was non-invasively measured by the tail cuff 

method in Dahl SS rats that either never received high-salt diet (healthy control) or received high-salt diet till 12 

weeks and then were fed a low-salt diet combined with a single intraperitoneal (IP) diuretic injection alone 

(standard anti-hypertensive therapy) or additionally supplemented with spermidine in the drinking water 

(standard anti-hypertensive therapy+SPD). Note the relatively small and transient reduction in the blood 

pressures of the standard therapy group. Contrarily, co-administration of spermidine in standard therapy+SPD 

group synergistically improved the blood-pressure lowering effect to reach levels comparable to the healthy 

control group, which received a low-salt diet throughout the experiment. 

(n=6 rats/group); *P<0.05, **P<0.01, ***P<0.001 vs. standard therapy+SPD group by pairwise comparisons 

(simple main effects) following 2-way mixed-design ANOVA. 
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At the heart, therapeutic application of spermidine reduced cardiac hypertrophy as 

evaluated by tibia length-normalized postmortem heart weight (Fig. 29B) and 

improved diastolic function as indicated by restoring normal left ventricular filling 

pressure and minimum rate of pressure change (dPdtmin) (Fig. 29 C-D). These 

cardiac improvements in spermidine-fed rats translated to improved exercise 

tolerance, indicating enhanced cardiopulmonary functional capacity. Indeed, 

spermidine restored maximal treadmill running distance and oxygen consumption 

(VO2max) of hypertensive Dahl SS rats (Fig. 30). Altogether, these results indicate 

a therapeutic potential of spermidine application against salt-induced hypertension 

and associated cardiomyopathy.  

 

Figure 29. Therapeutic 

application of spermidine 

reverses established 

cardiomyopathy induced 

by hypertension in Dahl 
SS rats. 

(A) Arterial elastance measured as 

the ratio between intra-cardiac 

end-systolic pressure and stroke 

volume. 

(B) Post-mortem heart weight 

(HW) normalized to Tibia length 

(TL), a measure of hypertrophy. 

(C) End-diastolic pressure (EDP). 

(D) Minimum change rate in left 

ventricular pressure (dPdtmin), a 

measure of diastolic function. 

(n=5-6 rats/group); **P<0.01, 

*P<0.05 by ANOVA and Tukey 

post-hoc test. 
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Figure 30. Spermidine restores exercise tolerance and maximum oxygen 

consumption in hypertensive Dahl SS rats 
(A) Maximal treadmill run distance by Dahl SS rats that received an anti-hypertensive therapeutic strategy 

combined with (or without) spermidine in the drinking water. 

(B) Maximal oxygen consumption (VO2max) during treadmill exercise testing in the same rats. 

(n=6 rats/group); **P<0.01, *P<0.05 by ANOVA and Tukey post-hoc test. 
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4.3. Discussion 
In this chapter, we could identify numerous beneficial effects of spermidine 

administration in the context of cardiovascular disease, exemplified by hypertension 

and related cardiomyopathy. Spermidine supplementation to Dahl SS rats fed a 

high-salt diet led to improved blood pressure regulation, thereby delaying the onset 

and progression of hypertension. Furthermore, spermidine diminished 

hypertension-induced hypertrophy, preserved cardiac function and protected the 

rats from imminent heart failure.  

Even when co-administrated after full development of hypertension, spermidine 

improved the efficacy of standard therapy, thereby synergistically strengthening the 

anti-hypertensive effect and restoring cardiac structure, function and overall 

cardiopulmonary performance. Collectively, the data presented in this chapter 

denote potential therapeutic applications of spermidine alone or in conjunction with 

standard pharmacotherapies to prevent or even reverse hypertension and 

subsequent cardiac dysfunction and heart failure.  

In a considerable proportion of the general population, increased salt intake causes 

significant fluctuations in disease burden (179). These individuals – regarded ‘salt-

sensitive’ – are closely mimicked by Dahl SS rats. In fact, when fed a high-salt diet, 

Dahl SS rats exhibit several structural and functional abnormalities common to 

hypertensive patients. Therefore, from a translational perspective, these rats 

represent a highly clinically relevant model of hypertension. Similar to humans, 

reduced bioavailability of the vasodilator nitric oxide (NO) contribute to the 

development of hypertension in Dahl SS rats upon increased salt intake (180). In 

fact, hypertension can be mitigated in these rats by supplementing the NO precursor 

L-arginine (180). Interestingly, L-arginine serves also as a precursor for polyamines, 

including spermidine. Accordingly, increased circulating and tissue levels of 

spermidine, upon exogenous supply, spared de novo synthesis of polyamines from 

L-arginine, which instead became readily available for the production of NO (Fig. 

31). Indeed, lower blood pressure in spermidine-fed Dahl SS rats coincided with 

higher levels of arginine and reduced de novo synthesis of polyamines. 
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Figure 31. Arginine is a common precursor for NO and polyamines 
Schematic depiction of the relationship between arginine metabolism (urea cycle) and biosynthesis of polyamine 

vs. nitric oxide (NO). Adapted from Eisenberg and Abdellatif et. al. Nature Medicine, 2016; Ref. (100) with 

permission from the publisher (Springer Nature). 

 

Another potential mechanism by which spermidine feeding may increase NO levels 

is the suppression of vascular inflammation. A chronic inflammatory status is usually 

associated with increased oxidative stress and reactive oxygen species production, 

which in turn limits NO bioavailability by converting it to peroxynitrite. In this regard, 

spermidine had an anti-inflammatory effect as it reduced plasma levels of the pro-

inflammatory cytokine TNF-α. Suppressed systemic inflammation did not only 

benefit the vasculature, but also the heart as increased titin phosphorylation, which 

consequently improved diastolic function (122).  

Collectively, increased L-arginine bioavailability and reduced inflammation 

contribute to spermidine-mediated protection in the settings of hypertension and 

heart failure likely via enhancing NO production, availability and likely utilization. 

In addition to these apparently autophagy-independent mechanisms, spermidine-

induced autophagy might play an anti-hypertensive role as well. In fact, we found 

autophagy activation in the kidneys of treated rats to be associated with protection 

from hypertensive nephropathy. Although we have not performed direct testing 



 83 

within this thesis, it is conceivable to hypothesize that preserved renal structure and 

function by autophagy activation in the kidneys plays an indispensable role in 

spermidine’s antihypertensive effect. More importantly, spermidine-induced 

autophagy in the vasculature itself might be implicated as well. In fact, spermidine 

has been previously shown to restore normal aortic pulse velocity and NO-

dependent vasodilation in aged mice, indicating reversed age-related arterial 

stiffening and endothelial dysfunction, respectively (129). In addition, spermidine-

fed aged mice showed lower levels of vascular collagen accumulation, oxidative 

stress and advanced glycation end-products, all of which are common complications 

of aging (129). Importantly, these vascular anti-aging effects have been shown to 

be autophagy-dependent as when incubated with the autophagy inhibitor 

chloroquine, aortic rings from aged spermidine-fed mice had no advantage over 

age-matched controls (129). 

In addition to spermidine, other autophagy-promoting interventions have been 

shown to confer similar beneficial effects on vascular health at least in the context 

of aging (Table 3). For instance, the natural autophagy inducer trehalose restores 

vascular function and NO bioavailability in aged mice by increasing eNOS 

expression. Trehalose also reduces vascular oxidative stress levels and pro-

inflammatory cytokines (181). Furthermore, trehalose has been shown to exert 

similar beneficial effects in humans. When supplemented to the elderly, trehalose 

improved vascular function in resistance arteries as denoted by increasing both 

bioavailability and smooth muscles sensitivity of NO (182). Of note, trehalose loses 

its beneficial effects, in cultured endothelial cells, when co-incubated with the 

autophagy inhibitor 3-MA. This supports the notion that trehalose-mediated vascular 

protection is essentially mediated by autophagy (181).  

Consistently, resveratrol, SRT1720 and nicotinamide mononucleotide (NMN), all of 

which induce autophagy via sirtuin activation, have been shown to improve vascular 

health. Resveratrol improves vascular function in aged mice as it improves NO-

dependent vasodilation and reduces endothelial apoptosis, oxidative stress and 

inflammation. Consistently, resveratrol preserved vascular health in Rhesus 

monkeys fed a diet that was abnormally high in fat and sucrose. Specifically, dietary 

resveratrol reduced pulse wave velocity-measured vascular stiffness as well as 

arterial wall inflammation (183). Similar to non-human primates, resveratrol has 
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shown promising vascular effects in overweight and obese individuals as it improved 

flow-mediated vasodilation (184). 

Also, SIRT1 activation by SRT1720 has been shown to confer vascular protection 

in the form of preserved endothelial function and attenuated pro-inflammatory 

cytokines and oxidative stress (185). Finally, replenishing cellular NAD+ levels by 

NMN supplementation activates SIRT1 and reverses age-related arterial stiffening 

as measured in vivo by aortic pulse wave velocity and in vitro by elastic modulus. In 

addition, NMN improves endothelial function and attenuates collagen deposition 

and elastin fractures in aged mice aortae (186). That said, although SIRT1 activation 

is known to induce autophagy (187), it is still to be elucidated to what extent the 

beneficial effects of SIRT1 activators rely on autophagy.  

The benefit of autophagy activation on vascular health is further substantiated by 

autophagy-boosting dietary regimens. One such regimen is caloric restriction, which 

exerts a multitude of health-promoting effects on vasculature when initiated early or 

later in life. Caloric restriction enhances NO bioavailability and also reduces vascular 

thickening and stiffness in aged mice. These effects are mediated by a reduction in 

vascular oxidative stress and inflammation, collagen deposition as well as elastin 

fragmentation (188). Even when applied for a short period during a late-life stage, 

caloric restriction still improves endothelial function and reduces inflammatory and 

oxidative damage (189,190). In fact, incubating endothelial cells in a serum obtained 

from calorically-restricted animals is sufficient to reduce inflammation and oxidative 

stress (191).  

Collectively, dietary or pharmacological activation of autophagy seems to protect 

the vasculature from common structural and functional abnormalities that are 

common to aging and hypertension. Therefore, spermidine and other autophagy-

boosting caloric restriction mimetics may hold promise as therapeutic interventions 

to preserve or even improve vascular health in the face of aging and related 

diseases, such as hypertension. 
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Table 3. List of interventions that induce autophagy and improve vascular health 

Intervention 

Mechanism of 

autophagy 

regulation 

Effect on vascular health 
Age; 

Model 

vascular effect 

abolished by 
Ref. 

Caloric 

restriction 

SIRT1 activation 

mTOR inhibition 

AMPK activation 

- Attenuated wall thickening, vascular 

stiffness and restored endothelial 

function of conduit arteries; neutralized 

arterial collagen accumulation and 

elastin remodeling.  

- Reduced oxidative stress and 

inflammation; increased eNOS 

expression and bioavailability 

29-31 

months; 

Mice 

24-28 

months; 

Rats 

Not reported 

(188) 

(189) 

(190) 

(191) 

(161) 

Intermittent 

fasting 

SIRT1 activation 

mTOR inhibition 

AMPK activation 

- Attenuated fibrosis and vascular wall 

alterations in the aorta 

- Reduced oxidative stress 

24 

months; 

Rats 

Not reported 

(142

–

144) 

Trehalose 

AMPK activation 

by inhibiting 

glucose 

transport (192) 

- Reduced vascular stiffness and 

restored vascular endothelial function 

- Reduced oxidative stress and 

enhanced eNOS expressing and NO 

levels; reduced vascular inflammation. 

27-28 

months; 

Mice 

In endothelial cell 

culture, 

autophagy 

blocker 3-MA 

abolishes 

trehalose-induced 

oxidative stress 

reduction and NO 

bioavailability 

enhancement  

(181,

182) - Enhanced vascular function in 

resistance arteries  

- Increased microvascular NO 

bioavailability; improving vascular 

smooth muscles NO sensitivity 

Middle-

aged to 

elderly 

humans 

Resveratrol 
SIRT1 and 

AMPK activation 

- Attenuated arterial stiffness and 

vascular endothelial dysfunction 

- Enhanced NO-mediated 

vasorelaxation; reduced vascular 

oxidative stress, inflammation and 

endothelial apoptosis 

18 

months; 

Mice 

Not reported (44) 

SRT1720 SIRT1 activation 

- Restored endothelial function 

- Reduced oxidative stress and 

inflammatory markers; enhanced COX-

2-dependent vasorelaxation 

29-32 

months; 

Mice 

Not reported (185) 

NMN 

SIRT1 activation 

by replenishing 

cellular NAD+ 

- Restored endothelial function; restored 

large elastic arteries stiffness; 

neutralized collagen deposition and 

partially limited elastin damage  

- Reduced oxidative stress; restored NO 

bioavailability 

26-28 

months; 

Mice 

Not reported (186) 

Abbreviations: AMPK, AMP-activated kinase; Cox-2, cyclooxygenase-2; NMN, Nicotinamide mononucleotide; 

NAD+, nicotinamide adenine dinucleotide; mTOR, mechanistic target of rapamycin; SIRT1, Sirtuin1; tg, 

transgenic overexpression. This table is adapted from Abdellatif et. al. Circulation Research, 2018; Ref. (70) 

with permission from the publisher (Wolters Kluwer). 
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Parts of the results presented in this chapter have been published in Eisenberg and Abdellatif et. al. Nature 

Medicine, 2016; Ref. (100) and were reproduced with permission from the publisher (Springer Nature).  
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5.1. Introduction to anti-aging interventions in humans  

5.1.1. Caloric restriction promotes healthy aging in humans 
In line with preclinical evidence, a growing body of clinical data supports the notion 

that autophagy-inducing interventions delay aging and improve cardiovascular 

health in humans. For instance, long-term dietary restriction protects aged, 

otherwise healthy individuals, from multiple characteristics of age-related functional 

decline in the cardiovascular system, including diastolic dysfunction, cardiac 

fibrosis, high blood pressure and systemic pro-inflammatory cytokines (162). More 

importantly, old individuals with heart failure also benefit from caloric restriction. In 

fact, within a relatively short period of time, precisely 20 weeks, reduced caloric 

intake improves cardiopulmonary functional capacity in heart failure with preserved 

ejection fraction patients (193). Interestingly, the effect of caloric restriction in these 

patients is two-fold stronger than that of exercise (193). 

In pursuit of finding beneficial interventions that might be more tolerable than caloric 

restriction, a few alternative regimens have been proposed and clinically tested. 

One such regimen is time-restricted feeding, which is a form of intermittent fasting 

whereby food intake is limited to a defined time interval during the day. Early time-

restricted feeding (i.e., food intake within 6 hours before 3 pm) has been shown to 

improve several parameters of cardiometabolic health, including insulin sensitivity, 

blood pressure and oxidative stress in prediabetics. Interestingly, these benefits 

were evident after 5 weeks despite ensuring isocaloric intake throughout this 

randomized trial, thus, avoiding any potential confounding effects of weight loss 

(194). An alternative regimen is the fasting-mimicking diet, which is characterized 

by low intake of sugars, proteins and overall calories, but high amounts of 

unsaturated fats. Consuming this diet for 5 days per month reportedly improves 

various aspects of cardiovascular health. In fact, 3 cycles of fasting-mimicking diet 

ameliorates several cardiovascular risk factors, including blood pressure, body 

mass index, inflammatory mediators, glucose homeostasis and circulating lipids 

(150). Nonetheless, some individuals seem to indulge in overfeeding behaviours 

during their ad libitum periods of the day, thus jeopardizing the benefits of these 

intermittent fasting regimens. In addition, fasting in any of its forms still does not 

appeal the majority of people and only a few show adherence for extended periods 

(195). Hence, dietary solutions with better compliance or better so pharmacological 



 88 

approaches that recapitulate the benefits of fasting without enduring food 

deprivation are substantially needed.  

 

5.1.2. The Mediterranean diet promotes health and longevity without 

fasting 
There is a general consensus that the Mediterranean diet is a healthy dietary option 

that does not necessarily involve energy restriction. This diet involves a high 

consumption of olive oil, nuts, whole-grain cereals, legumes and vegetables, with a 

moderate intake of dairy products and fish with a trivial amount of sugar and refined 

carbohydrates. The remarkable health- and longevity-promoting properties of the 

Mediterranean diet is supported by a substantial amount of clinical evidence (196). 

Epidemiological proof that adhering to the Mediterranean diet improves longevity 

was initially provided by a large population-based study in Greece reporting reduced 

all-cause mortality and death due to coronary heart disease and cancer in those 

adhering to this diet (197). These observations were then further validated in 

another study, which enrolled aged individuals (between 70 and 90 years old) from 

11 European countries, showing that consuming the Mediterranean diet lowers the 

risk of total mortality, and also death due to cardiovascular disease (198). 

Furthermore, the Lyon Heart study – a randomised trial for the secondary prevention 

of coronary heart disease – showed that a Mediterranean a-linolenic acid-rich diet 

reduces both recurrence of myocardial infarction and risk of mortality due to cardiac 

or other causes (199). Of note, the benefits of this diet lasted for almost 4 years 

following the first cardiac event (200). Along the same lines, another randomised 

trial (PRIMIDED study) showed protective effects of the Mediterranean diet against 

cardiovascular disease in individuals at high risk (201). Supplementation of extra-

virgin olive oil or nuts resulted in lower incidence of major cardiovascular events as 

measured by a composite score incorporating myocardial infarction, stroke, and 

cardiovascular mortality (201). However, the conclusions of PRIMIDED study are 

still a matter of debate due to patient randomization issues (202). Regardless, 

available clinical trials and epidemiological studies collectively vouch for a positive 

effect of the Mediterranean diet on health and aging. In fact, in PRIMIDED and Lyon 

Heart trials, non-treated control patients were consuming a relatively healthy diet, 
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suggesting that the protective effects of the Mediterranean diet might be even 

stronger, if compared to a standard ‘obesogenic’ western diet. 

 

Although several mechanisms have been proposed to underlie the beneficence of 

the Mediterranean diet, its exact mechanisms are still unknown (196). Nonetheless, 

this diet is known to contain high concentrations of polyamines, including 

spermidine, and this has been proposed to contribute, at least in part, to its 

protective cardiovascular effects (203,204). To this end, we decided to examine the 

clinical relevance and translational potential of our promising preclinical findings 

(described in Chapters 3 and 4) in humans.  

For this purpose, we quantified spermidine levels in non-failing and failing human 

donor hearts, which are readily available from the Graz Heart Bank. In addition, we 

studied the correlation between dietary spermidine intake and the incidence of 

cardiovascular disease in a prospective population-based cohort (Bruneck study).  

 

5.1.3. Bruneck Study: a long-term prospective community-based cohort  
The Bruneck study is a prospective community-based cohort on the epidemiology 

and pathogenesis of atherosclerosis and cardiovascular disease (96). The cohort 

recruited participants from the Bruneck region (South Tyrol, Italy) taking in 

consideration equal representation of both genders and different age groups 

(between 4th and 7th decade). The fact that a single hospital serves the whole 

community in Bruneck allowed the study to achieve extraordinary participation and 

long-term follow-up rates for more than 20 years; making this cohort optimal for the 

study of age-related cardiovascular disorders. In addition, detailed information 

regarding dietary habits of all participants was made available based on a series of 

detailed food frequency questionnaires conducted by specialized dietitians (refer to 

Methods for more details). Combined with thorough medical records on health, 

disease and survival, these dietary details allowed us to quantify the average intake 

of spermidine and correlate it to the cardiovascular health status of the participants 

over the study’s duration.  
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5.2. Results: Cardiac benefits of spermidine in humans 

5.2.1. Cardiac spermidine levels progressively decline with age in 

humans  
To provide initial proof that spermidine is involved in preserving human cardiac 

health, we quantified the absolute concentrations of spermidine in human 

myocardial biopsies obtained from non-failing and failing donor hearts. The 

examined samples covered a wide range of ages (26-81 years) and, thus, allowed 

us to examine – for the first time – whether a correlation exists between person’s 

age and their cardiac spermidine abundance. Indeed, we could detect an inverse 

linear correlation between age and spermidine levels in the heart (Fig. 32). More 

importantly, we conducted an additional multi-variate regression analysis, where we 

found age to be a significant predictor of cardiac spermidine levels independent of 

potential confounding factors, including heart failure, NT-proBNP and EF (corrected 

P=0.003, 0.038, 0.014, respectively). We concluded that cardiac spermidine levels 

progressively decline with age, which might, in turn, facilitate the development of 

heart diseases in the elderly. 

 

 

Figure 32. Cardiac spermidine levels progressively decline with age in humans. 

Absolute spermidine concentrations were measured in myocardial samples of failing and non-failing heart 

donors (n=40) and correlated to donor’s age. Indicated P value and correlation coefficient R were derived by 

Pearson correlation analysis. Additional analyses correcting for EF, NTproBNP or heart failure show consistent 

results (see text for the respective P values of multiple regression analysis). 

R= -0.428 

P<0.006 
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5.2.2. Human failing hearts exhibit a compensatory increase in 

spermidine content 
To confirm whether spermidine deficiency is implicated in the development of heart 

failure, we examined the difference in spermidine abundance between failing and 

non-failing hearts. Specifically, we compared explanted failing hearts from patients 

of heart failure with reduced or preserved ejection fraction to non-failing donor 

hearts, which had no history of cardiac abnormalities, and had a comparable age to 

the heart failure patients. Unexpectedly, both forms of failing hearts, i.e., with 

preserved or reduced EF, exhibited higher spermidine levels than non-failing hearts 

(Fig. 33). In light of our experimental results (Chapters 3 and 4), we speculated that 

higher spermidine levels in heart failure patients are compensatory in nature and 

might have a rather positive impact. Therefore, we verified this hypothesis as 

described in the following section. 

  

 

Figure 33. Human failing hearts exhibit a 

compensatory increase in endogenous 

spermidine levels. 
Cardiac spermidine levels in heart failure with preserved or 

reduced ejection fraction (HFpEF and HFrEF, respectively) 

patients compared to non-failing donors. n=9-11 

hearts/group.  

**P<0.01 vs. non-failing by ANOVA followed by Tukey 

post-hoc test. 

 

 

 

5.2.3. Dietary spermidine intake inversely correlates with cardiovascular 

disease in humans 
To substantiate clinical evidence that spermidine plays an active role in determining 

cardiac health in humans, we examined the correlation between different levels of 

dietary spermidine intake and cardiovascular disease development in the Bruneck 

study (a prospective population-based cohort). In line with our hypothesis that 

spermidine confers cardioprotection in humans, we found that a reported higher 
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intake of spermidine was associated with a lower general risk of cardiovascular 

disease, as evaluated by a composite score encompassing acute coronary artery 

disease, stroke and vascular death (Fig. 34A). More importantly, increased 

spermidine intake was associated with reduced mortality due to heart failure (Fig. 

34B). In fact, dietary spermidine consumption inversely correlated with the clinical 

biomarker of heart failure, N-terminal pro-B type natriuretic peptide (NT-proBNP; 

R=-0.115, P=0.001), and higher intake of spermidine tended to lower the incidence 

of overt heart failure (Fig. 34C). Finally, higher consumption of spermidine-rich diet 

was correlated with lower systolic and diastolic blood pressures (Fig. 34D). 

Interestingly, spermidine benefits seemed to be more prominent in males  

(Fig. 34A-D).  

 

Figure 34. Dietary intake of spermidine inversely correlates with cardiovascular 

disease in humans 
(A) Risk of incident cardiovascular disease (CVD; a composite of acute coronary artery disease, stroke and 

vascular death) for one standard deviation (SD) higher intake of spermidine (time to event analysis).  

(B) Risk of death due to heart failure for one SD higher intake of spermidine (time to event analysis).  

(C) Risk of clinically overt heart failure for one SD higher intake of spermidine (cross-sectional analysis). 

Models were unadjusted (U) or had multivariable adjustment (M) for age, sex, total caloric intake, smoking, 

diabetes, alcohol consumption and diastolic blood pressure.  

(D) The average difference in systolic (BPsys) and diastolic (BPdia) blood pressures (mm Hg) for one SD higher 

intake of spermidine (M1) or between the first and third tertile groups (M2) after adjustment for age, sex and 

total caloric intake. (These results were generated in collaboration with Dr. Stefan Kiechl, Medical University of 

Innsbruck)  
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5.3. Discussion 
In this chapter, we examined the clinical relevance of our preclinical data on 

spermidine, whereby we took initial steps towards translating our findings to 

humans. Specifically, we examined human cardiac biopsies, wherein we found 

spermidine levels to show a progressive decline with age. This is in line with a 

previous report showing lower spermidine blood levels in the elderly (205), 

suggesting that inadequate cardiac spermidine might contribute to the pathogenesis 

of heart disease in late-life stages. Surprisingly, however, patients suffering from 

heart failure in either of its forms (i.e., reduced or preserved ejection fraction) had 

higher spermidine levels than those not exhibiting any cardiac abnormalities. That 

said, such increase in spermidine levels might be an adaptive coping mechanism, 

one that has a positive impact on disease progression and outcomes. Although this 

notion might not come as the most intuitive interpretation, such phenomena are not 

uncommon in medicine or biology. In fact, natriuretic peptides, the most commonly 

used clinical biomarker for HF, are known to play key beneficial roles in heart failure 

adaptation. These include, but are not limited to, antagonizing the harmful actions 

of renin-angiotensin-aldosterone system by inducing natriuresis and vasodilation, 

as well as sympatho-inhibitory, anti-inflammatory, antioxidative and anti-ischemic 

effects (206). In fact, exogenous administration of natriuretic peptides is an 

approved therapy by the FDA (Food and Drug Administration in the United States) 

for advanced decompensated congestive heart failure patients (206). Therefore, 

increased cardiac spermidine levels in HF could be, like natriuretic peptides, 

adaptive and may even be beneficial. 

In support of this hypothesis, we found consuming a spermidine-rich diet to be 

associated with a lower risk of heart failure, hypertension and general 

cardiovascular disease and related mortality in a prospective cohort. Along similar 

lines, Kiechl et al. have recently shown that a spermidine-rich diet is also associated 

with reduced all-cause mortality (207). Precisely, one standard deviation higher 

intake of spermidine was associated with 24% lower risk of overall mortality, after 

adjusting for several confounding factors, including age, sex, BMI, smoking, 

diabetes, hypertension, socioeconomic status, physical activity, caloric intake-to-

energy expenditure ratio, alcohol consumption, and aspirin medication (207). 
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Furthermore, cause-specific mortality was reduced upon increased dietary intake of 

spermidine as exemplified by the lower risk of vascular and cancer mortality (207).  

It is important to mention that despite adjusting for a wide array of potential 

confounding factors, neither nutritional, nor epidemiological evidence per se are 

sufficient to prove the clinical utility of medical interventions. In this regard, 

randomized clinical trials are pivotal to provide definitive evidence that spermidine 

can promote health and longevity in humans. That being said, a small pilot trial has 

been recently conducted to determine the safety and tolerability of spermidine in the 

elderly (60-80 years old) with subjective cognitive decline (208). Although the 

applied dose was quite low (1.2 mg spermidine/day for 3 months), the 

supplementation of spermidine in the form of a plant-rich extract was safe and well-

tolerated and also associated with a positive, albeit modest, impact on memory 

performance (208,209).  

Taken together, available clinical evidence supports the notion that spermidine 

might promote health and longevity in humans as it does in animals. However, the 

upcoming years will reveal whether spermidine is ready for clinical use by 

performing large clinical trials and providing sufficient doses of spermidine.  
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6. Conclusions 
 

Through a series of animal experiments and clinical studies, including human 

myocardial tissues and a large prospective cohort, we have demonstrated that the 

polyamine spermidine effectively attenuates cardiac aging and protects from 

cardiovascular disease. Hence, we can conclude that spermidine holds great 

promise to reduce the burden of cardiovascular disease in our aging society. 

Mechanistically, the startling cardioprotective ability of spermidine against aging and 

other risk factors, like hypertension, seems to pertain to multiple factors:  

Firstly, spermidine is a naturally occurring polyamine, whose cellular levels 

progressively decline with age. This includes, as we demonstrated for the first time 

here, human myocardial tissue. Therefore, supplementation of spermidine appears 

necessary to restore its physiological levels. This could be especially relevant in 

individuals following dietary patterns that are inherently poor in spermidine intake 

and, thus, would be at a higher risk of experiencing an exaggerated late-life 

reduction in spermidine concentrations. Similarly, exogenous supplementation 

might be important for those in high spermidine demand, such as heart failure 

patients, whom we have found to show a compensatory, yet inadequate, increase 

in spermidine levels. Taken together, by virtue of restoring adequate levels of 

spermidine during times of need (reduced production or high demand), spermidine 

supplementation might restore essential functions of vitally important polyamines, 

and, thus, promote health and delay aging. 

Secondly, spermidine, like caloric restriction, boosts the cellular homeostatic 

mechanism autophagy, which is responsible for cleaning and recycling cellular 

waste in different body organs, including the heart. Interestingly, the efficiency of 

autophagy is also known to progressively decline with aging under the influence of 

reduced activity of its molecular machinery and increased work demand due to 

mounting waste accumulation with aging. In fact, diminished autophagy is 

postulated as one of the driving forces for aging. Contrarily, various autophagy-

promoting strategies successfully delay aging and promote longevity. Hence, the 

protective effects of spermidine could stem, at least in part, from rescuing the 

cellular ability to eliminate harmful contents by autophagy induction. In fact, 
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spermidine feeding did not exert any cardio-beneficial effects in transgenic mice 

lacking essential autophagy genes. In fact, these mice tended to do worse under 

spermidine supplementation. This does not only strongly suggest that autophagy 

underlies the cardioprotective effects of spermidine, but also illustrates that intact 

autophagic machinery is a prerequisite for spermidine use.  

Thirdly, spermidine supplementation exerts a negative feedback on de novo 

polyamine biosynthesis from their precursor, the amino acid arginine. Therefore, 

endogenous polyamine production seems to be spared by exogenous spermidine 

and, thus, arginine is instead re-routed towards generating the vasodilator NO. 

Spermidine might further improve NO bioavailability indirectly via limiting its 

breakdown by reactive oxygen species. We attribute this outcome to a newly 

identified anti-inflammatory effect of spermidine against subclinical sterile 

inflammation, which also can on its own confer cardioprotection independent of 

associated NO abundance. These systemic effects on NO and inflammation can 

contribute to, or possibly underlie the beneficial effects of spermidine not only 

against aging, but also hypertension, the most common risk factor for cardiovascular 

disease in the elderly.  

In summary, spermidine supplementation improves cardiovascular health through 

multiple cardiac-specific and systemic effects, which effectively counteract the 

detrimental effects of aging and related disease and, thus, restore cellular 

homeostasis and normal function. Of note, many aspects of spermidine-mediated 

cardioprotection are common to caloric restriction (Fig. 35). Therefore, spermidine 

is considered a caloric restriction mimetic, which in addition to being natural and 

safe, might offer wider adherence and compliance than commonly suggested 

stringent dietary interventions that involve cumbersome food abstinence or radical 

changes in dietary habits. That being said, future clinical trials only will reveal 

whether spermidine is suitable for clinical use to counteract age-related 

cardiovascular disorders in humans.   
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Figure 35. Spermidine improves aspects of cardiovascular health in a similar fashion 

to caloric restriction.  
Cardiac-specific and systemic effects of spermidine, which underlie cardioprotection against aging and 

hypertension are depicted. In addition, these effects are compared to those of caloric restriction (black arrows 

in case of spermidine and white ones in case of caloric restriction). Abbreviations: GABR, global arginine 

bioavailability ratio; NO, nitric oxide; TTN, titin. This figure is reproduced from Eisenberg and Abdellatif et al., 

Autophagy, 2017; Ref. (210) with permission from the publisher (Taylor & Francis).  
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The Tables included in this appendix have been published in Eisenberg and Abdellatif et. al. Nature Medicine, 

2016; Ref. (100) and were reproduced with permission from the publisher (Springer Nature).  
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Supplementary Tables 
Supplementary Table 1. Left ventricular echocardiography of C57BL/6J aging mice.  
Young (4M), middle-aged (18M) and aged (23M) controls were compared with aged late-in-life spermidine-

treated (23M+S) C57BL/6J male mice (see Fig. 1 for the feeding scheme). Abbreviations: EF, ejection fraction; 

FS, fractional shortening; HR, heart rate; IVS, interventricular septum thickness during diastole; LV, left 

ventricular; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; PW, 

posterior wall thickness during diastole; RWT, relative wall thickness; TL, tibia length. Data show means ± s.e.m. 

of indicated number of mice analyzed per group. 

 

 Young Aged 

 (4M) 

N=10 

(18M) 

N=14 

(23M) 

N=20 

(23M+S) 

N=20 

Body weight 

(g) 

25.1±0.5*** 33.9±0.8*** 30±0.6 30.2±0.6 

HR (bpm) 572±18 545±16 538±13 519±17 

LV mass (mg) 92±3*** 152±6 153±6 137±4§ 

LV mass/TL 

(mg/mm) 

5.17±0.17*** 8.48±0.35 8.73±0.37 7.52±0.22* 

IVS (mm) 0.80±0.02*** 1.04±0.03 1.05±0.03 0.99±0.03 

IVS/TL  0.045±0.001*** 0.058±0.001 0.06±0.002 0.055±0.002 

PW (mm) 0.73±0.02*** 0.89±0.02 0.94±0.03 0.86±0.02§ 

PW/TL 0.041±0.001*** 0.05±0.001 0.054±0.002 0.047±0.001** 

LVEDD (mm) 3.57±0.05** 3.99±0.06 3.88±0.06 3.88±0.05 

LVESD (mm) 2.00±0.10* 2.52±0.07 2.33±0.08 2.26±0.07 

RWT 0.43±0.01** 0.48±0.01 0.52±0.02 0.48±0.01 

FS (%) 44±2 37±1 40±1 42±1 

EF (%) 76±2 67±2 71±2 73±1 

 

***p<0.001, **p<0.01, *p<0.05 vs. 23M (ANOVA with post-hoc Tukey or Welch’s test with post-hoc Games-

Howell according to equality of variances)  

§p<0.05 vs. 23M (unpaired Student’s t-test comparing 23M+S vs. 23M) 

This table is reproduced from Eisenberg and Abdellatif et. al. Nature Medicine, 2016; Ref. (100) with permission 

from the publisher (Springer Nature).
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Supplementary Table 2. Left ventricular hemodynamics of C57BL/6J aging mice.  
Young (4M), middle-aged (18M) and aged (24M) controls were compared with aged late-in-life spermidine-

treated (24M+S) C57BL/6J male mice (see Fig. 1 for the feeding schemes). Abbreviations: CO, cardiac output; 

dP/dtmax, peak rate of pressure rise; dP/dtmin, peak rate of pressure decay; Ea, arterial elastance; EF, ejection 

fraction; ESP, end-systolic pressure; EDP, end-diastolic pressure; ESV, end-systolic volume; EDV, end-diastolic 

volume; HR, heart rate; Pmax, maximum ventricular pressure; SV, stroke volume; t, left ventricular pressure 

decay time constant (according to Weiss’ Method); VVC, ventricular-vascular coupling; EDPVR b, Exponential 

end-diastolic pressure-volume relationship chamber stiffness constant; ESPVR Ees, Linear end-systolic 

pressure-volume relationship slope. Data show means ± s.e.m. or median [IQR] (according to normality) of 

indicated number of mice analyzed per group. 

 

 

 

Young Aged 

 (4M) 

N=10 

(18M) 

N=8 

(24M) 

N=10 

(24M+S) 

N=10 

HR (bpm) 505±10* 502±20 457±12 476±26 

EF (%) 76±3 66±2 70±1 71±2 

CO (ml/min) 20.8 [20.4-21] 23 [20.8-26.1] 20.2 [19.6-23.4] 23.9 [20.6-25] 

SV (µl) 40.4±0.9** 45.2±1.7 47±1.1 48.1±1.5 

ESV (µl) 12.9±1.6** 24.1±2.2 20.9±1.5 20.1±1.6 

EDV (µl) 53.3±1.6*** 69.3±2.8 67.8±2.3 68.2±2.1 

Pmax (mmHg) 68±2* 69±3 56±3 59±5 

ESP (mmHg) 56±2 61±2 50±3 50±4 

EDP (mmHg) 3.3±0.4# 4.6±0.3 5.2±0.7 3.3±0.5# 

Ea (mmHg/µl) 1.39±0.06** 1.37±0.06* 1.06±0.06 1.06±0.09 

dP/dtmax 

(mmHg/s) 

3298±130 3825±332* 2580±261 3131±381 

dP/dtmin 

(mmHg/s) 

-3445±177# -3528±291* -2396±255 -2803±372 

t (ms) 6.9±0.3* 7.7±0.7 10.6±1.3 8.1±0.8§ 

VVC 1.45±0.18 1.07±0.17 1.02±0.1 1.63±0.19* 

ESPVR Ees  

(mmHg/µl) 

2.05±0.31* 1.51±0.26 1.06±0.1 1.76±0.28 

EDPVR b (µl) 0.023±0.004* 0.025±0.004 0.049±0.009 0.031±0.003** 

 

***p<0.001, **p<0.01, *p<0.05, #p<0.055 vs. 24M (ANOVA with post-hoc Tukey, Welch’s test with post-hoc 

Games-Howell or Kruskal-Wallis followed by corrected multiple comparisons by Mann-Whitney U-test according 

to normality and equality of variances. §p<0.05 vs. 24M (unpaired Student’s t-test comparing 24M+S vs. 24M) 
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Note: for ESPVR Ees and EDPVR b, other parameters in the fitting equation (V0 and a, respectively) were 

included as covariates using ANCOVA and post-hocs were Bonferroni-corrected. This table is reproduced from 

Eisenberg and Abdellatif et. al. Nature Medicine, 2016; Ref. (100) with permission from the publisher (Springer 

Nature).  
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Supplementary Table 3. Gravimetric analysis of C57BL/6J aging mice.  
Young (4M), middle-aged (18M) and aged (24M) controls were compared with aged late-in-life spermidine-

treated (24M+S) C57BL/6J male mice (see Fig. 1 for the feeding scheme). Abbreviations: BAT, brown adipose 

tissue; WAT, white adipose tissue; TL, tibia length. Data show means ± s.e.m. of indicated number of mice 

analyzed per group. 

 

 Young Aged 

 (4M) 

N=10 

(18M) 

N=8 

(24M) 

N=10 

(24M+S) 

N=10 

Body weight 

(g) 

28.2±0.6 35.1±1** 30.6±1 29.3±0.7 

Heart weight 

(HW, mg) 

136±6*** 194±10 200±12 191±9 

HW/TL 

(mg/mm) 

7.7±0.4*** 10.9±0.6 11.2±0.7 10.8±0.5 

Lung weight 

(mg) 

157±4** 168±8 187±3 166±6* 

Lung 

weight/TL 

(mg/mm)   

8.8±0.3** 9.4±0.5 10.5±0.2 9.4±0.3§ 

Kidney 

weight (mg) 

336±11 433±5*** 279±21 295±25 

Kidney 

weight/TL 

(mg/mm) 

18.9±0.8 24.3±0.4*** 15.7±1.3 16.8±1.5 

Liver weight 

(mg) 

1376±82* 1606±114 1688±82 1651±65 

Liver 

weight/TL 

(mg/mm) 

77.7±5.1 90.4±6.9 94.3±4.2 93.5±3.4 

Spleen 

weight (mg) 

80±8*** 102±8 156±19 159±16 

WAT (mg) 347±33** 1057±185** 165±16 177±14 

BAT (mg) 64±2 85±11 59±7 50±5 

 

***p<0.001, **p<0.01, *p<0.05 vs. 24M (ANOVA with post-hoc Tukey or Welch’s test with post-hoc Games-

Howell according to equality of variances) 

§p<0.05 vs. 24M (unpaired Student’s t-test comparing 24M+S vs. 24M) 

This table is reproduced from Eisenberg and Abdellatif et. al. Nature Medicine, 2016; Ref. (100) with permission 

from the publisher (Springer Nature). 
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Supplementary Table 4. Left ventricular echocardiography of Atg5-transgenic mice.  
Control and spermidine-treated Atg5flox/flox/MLC2a-Cre- (Atg5+/+) and Atg5flox/flox/MLC2a-Cre+ (Atg5-/-) male mice 

at the age of 13-14 weeks were used (see Fig. 5 for the feeding scheme). Abbreviations: EF, ejection fraction; 

FS, fractional shortening; HR, heart rate; IVS, interventricular septum thickness during diastole; LV, left 

ventricular; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; PW, 

posterior wall thickness during diastole; RWT, relative wall thickness; TL, tibia length. Data show means ± s.e.m. 

of indicated number of mice analyzed per group. 

 

 Atg5+/+ Atg5-/- Two-way ANOVA 

(p-values) 

 Control 

(N=16) 

Spermidine 

(N=15) 

Control 

(N=12) 

Spermidine 

(N=14) 

Geno-

type 

Treat-

ment 

Inter-

action 

Body 

weight (g) 

26.8±0.6 26.8±0.5 25.4±0.7 27.7±0.6* n.s. 0.052 n.s. 

HR (bpm) 558±14 567±13 535±9 559±16 n.s. n.s. n.s. 

LV mass 

(mg) 

116±5 104±3 121±5 139±8+++, * 0.001 n.s. 0.008 

LV mass/ 

TL 

(mg/mm) 

6.65±0.29 5.84±0.17* 6.86±0.3 7.94±0.43+++, *  <0.001 n.s. 0.004 

IVS (mm) 0.87±0.02 0.86±0.02 0.86±0.03 0.97±0.03++, ** 0.055 n.s. 0.016 

IVS/TL  0.05±0.001 0.05±0.001 0.05±0.002 0.06±0.002++, * 0.03 n.s. 0.007 

PW (mm) 0.81±0.02 0.76±0.02 0.83±0.02 0.89±0.02+++  <0.001 n.s. 0.013 

PW/TL  0.05±0.001 0.04±0.001* 0.05±0.001 0.05±0.002+++, * <0.001 n.s. 0.002 

LVEDD 

(mm) 

3.8±0.05 3.67±0.04 3.87±0.08 3.84±0.06+ 0.004 n.s. n.s. 

LVESD 

(mm) 

2.22±0.09 2.08±0.06 2.34±0.08 2.43±0.08++ 0.005 n.s. n.s. 

RWT  0.78±0.04 0.79±0.03 0.74±0.03 0.78±0.03 n.s. n.s. n.s. 

FS (%) 41.7±1.7 43.5±1.2 39.6±1.2 37±1.1++ 0.003 n.s. n.s. 

EF (%) 73±2 75±2 71±1 67±2++ 0.005 n.s. n.s. 

 

***p<0.001, **p<0.01, *p<0.05 vs. respective genotype-matched control (Simple main effects following 

significant two-way ANOVA) 

+++p<0.001, ++p<0.01, +p<0.05 vs. respective treatment-matched Atg5+/+ (Simple main effects following 

significant two-way ANOVA) 

This table is reproduced from Eisenberg and Abdellatif et. al. Nature Medicine, 2016; Ref. (100) with permission 

from the publisher (Springer Nature). 

  



 126 

Supplementary Table 5. Left ventricular hemodynamics of Atg5-transgenic mice.  
Control and spermidine-treated Atg5flox/flox/MLC2a-Cre- (Atg5+/+) and Atg5flox/flox/MLC2a-Cre+ (Atg5-/-) male mice 

at the age of 16 weeks were used (see Fig. 5 for the feeding scheme). Abbreviations: CO, cardiac output; 

dP/dtmax, peak rate of pressure rise; dP/dtmin, peak rate of pressure decay; Ea, arterial elastance; EF, ejection 

fraction; ESP, end-systolic pressure; EDP, end-diastolic pressure; ESV, end-systolic volume; EDV, end-diastolic 

volume; HR, heart rate; Pmax, maximum ventricular pressure; SV, stroke volume; t, left ventricular pressure 

decay time constant (according to Weiss’ Method); VVC, ventricular-vascular coupling; EDPVR b, Exponential 

end-diastolic pressure-volume relationship chamber stiffness constant; ESPVR Ees, Linear end-systolic 

pressure-volume relationship slope. Data show means ± s.e.m. of indicated number of mice analyzed per group. 

 

 Atg5+/+ Atg5-/- Two-way ANOVA 

(p-values) 

 Control 

(N=10) 

Spermidine 

(N=10) 

Control 

(N=9) 

Spermidine 

(N=11) 

Geno-

type 

Treat-

ment 

Inter-

action 

HR (bpm) 477±12 472±16 464±7 464±12 n.s. n.s. n.s. 

EF (%) 76±2 76±1 74±1 70±1+++, * 0.002 n.s. 0.051 

CO 

(ml/min) 

21±0.7 20.2±1.1 20.5±0.7 19.4±0.6 n.s. n.s. n.s. 

SV (µl) 44.1±1.1 42.8±1.3 44.3±1.7 41.8±0.6 n.s. n.s. n.s. 

ESV (µl) 14.3±1.4 13.2±0.4 15.3±0.8 18.4±1+++, * 0.004 n.s. 0.045 

EDV (µl) 58.4±2 56±1.5 59.7±1.6 60.2±1.2 n.s. n.s. n.s. 

Pmax 73±3 74±4 74±6 81±1 n.s. n.s. n.s. 

ESP 

(mmHg) 

60±3 64±4 65±6 70±2 n.s. n.s. n.s. 

EDP 

(mmHg) 

4.4±0.7 4.3±0.5 4.6±1.1 5.1±0.5 n.s. n.s. n.s. 

Ea (mm 

Hg/µl) 

1.38±0.07 1.51±0.11 1.46±0.13 1.68±0.05 n.s. n.s. n.s. 

dP/dtmax 

(mmHg/s) 

4048±398 4331±450 4371±688 4798±462 n.s. n.s. n.s. 

dP/dtmin 

(mmHg/s) 

-3787±308 -4085±417 -3913±554 -4445±309 n.s. n.s. n.s. 

t (ms) 6.8±0.3 7.4±0.4 8.1±0.8 6.9±0.4 n.s. n.s. n.s. 

VVC 1.18±0.23 1.63±0.23* 0.83±0.1 0.81±0.05+++ 0.002 n.s. n.s. 

ESPVR Ees 

(mmHg/µl) 

1.63±0.30 2.33±0.27† 1.24±0.20 1.35±0.09+ 0.048 n.s. n.s. 

EDPVR b 

(µl) 

0.020±0.002 0.020±0.002 0.021±0.003 0.039±0.005* n.s. n.s. 0.045 
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***p<0.001, **p<0.01, *p<0.05 and †p = 0.054 vs. respective genotype-matched control (Simple main effects 

following significant two-way ANOVA) 

+++p<0.001, ++p<0.01, +p<0.05 vs. respective treatment-matched Atg5+/+ (Simple main effects following 

significant two-way ANOVA) 

Note: for ESPVR Ees and EDPVR b, other parameters in the fitting equation (V0 and a, respectively) were 

included as covariates using ANCOVA. 

This table is reproduced from Eisenberg and Abdellatif et. al. Nature Medicine, 2016; Ref. (100) with permission 

from the publisher (Springer Nature).



 127 

Supplementary Table 6. Left ventricular echocardiography of Dahl salt-sensitive rats.  
Control and spermidine-treated Dahl salt-sensitive rats fed a high-salt diet (8% NaCl) starting from the age of 7 weeks (see Fig. 3 for the feeding scheme) were used at the 
indicated ages. Abbreviations: E/E’, peak early filling Doppler velocity of transmitral flow (E) to the corresponding myocardial tissue Doppler velocity (E’) ratio; EF, ejection fraction; 
FS, fractional shortening; HR, heart rate; IVS, interventricular septum thickness during diastole; RWT, relative wall thickness; LA, left atrium; LV, left ventricular; LVEDD, left 

ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; PW, left ventricular posterior wall thickness during diastole. Data show means ± s.e.m. of indicated 

number of rats analyzed per group. 
 

 9-week-old 

(2 weeks high-salt) 

14-week-old 

(7 weeks high-salt) 

19-week-old 

(12 weeks high-salt) 

Two-way ANOVA 
(p-values§) 

 Control 

(N=10) 

Spermidine 

(N=10) 

Control 

(N=10) 

Spermidine 

(N=10) 

Control 

(N=10) 

Spermidine 

(N=10) 
Age Treatment Interaction 

Body weight (g) 300±4 268±3*** 371±5+++ 341±5***, +++ 360±11+++ 389±11 <0.001 n.s. <0.001 

HR (bpm) 377±6 387±6 375±5 378±6 371±5 376±4 n.s. n.s. n.s. 

LV mass (mg) 1304±29 1231±36 1762±66+++ 1404±44***, + 2053±85+++ 1719±55**, +++ <0.001 <0.001 0.02 

LV mass/body weight (mg/g) 4.36±0.13 4.60±0.16 4.75±0.17 4.11±0.1**, + 5.70±0.15+++ 4.43±0.14*** <0.001 <0.001 <0.001 

LA area (mm2) 22.3±1 21.8±0.9 27.9±0.8+++ 26.8±0.6+ 27.7±1.3++ 24.2±0.7* <0.001 0.01 n.s. 

IVS (mm) 2.20±0.04 2.09±0.04 2.74±0.07+++ 2.36±0.07**, + 2.99±0.05+++ 2.69±0.09*, +++ <0.001 <0.001 0.043 

PW (mm) 2.38±0.06 2.25±0.07 2.73±0.08+++ 2.42±0.08* 3.12±0.13+++ 2.65±0.07**, ++ <0.001 0.003 0.048 

LVEDD (mm) 7.10±0.1 7.14±0.1 7.30±0.15 7.33±0.11 7.26±0.19 7.39±0.13 0.035 n.s. n.s. 

LVESD (mm) 3.08±0.09 3.33±0.14 3.51±0.11+++ 3.60±0.13+ 4.26±0.16+++ 4.11±0.21+++ <0.001 n.s. n.s. 

RWT 2.88±0.06 2.79±0.08 3.30±0.08+++ 3.02±0.07*, + 3.41±0.07+++ 3.05±0.03***, ++ <0.001 0.002 n.s. 

FS (%) 57±1 54±2 52±1++ 51±1 42±1+++ 45±2+++ <0.001 n.s. 0.028 

EF (%) 84±1 83±1 81±1 79±1+ 73±1+++ 76±1+++ <0.001 n.s. 0.017 

E/E’ 22.4±1.4 24.4±1.2 35.2±1.6+++ 28.2±1.1**, +++ 43.9±1.4+++ 32.9±1.1***, +++ <0.001 0.001 <0.001 
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§p-values of two-way ANOVA (mixed-design) including two factors: (i) age (9, 14 and 19 weeks, as repeated measurements) and (ii) treatment (high-salt control vs. high-salt + 

spermidine, as independent observations). 
***p<0.001, **p<0.01, *p<0.05 vs. age-matched control (Simple main effects following significant two-way ANOVA) 
+++p<0.001, ++p<0.01, +p<0.05 vs. 9-week-old treatment-matched group (Simple main effects [Bonferroni-corrected] following significant two-way ANOVA) 

This table is reproduced from Eisenberg and Abdellatif et. al. Nature Medicine, 2016; Ref. (100) with permission from the publisher (Springer Nature). 
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Supplementary Table 7. Gravimetric analysis of Dahl salt-sensitive rats.  
Control and spermidine-treated Dahl salt-sensitive rats fed a high-salt (8% NaCl) diet starting from the age of 7 weeks (see Fig. 3 for the feeding scheme) were used at the 
indicated ages. Abbreviations: TL, tibia length. Data show means ± s.e.m. of indicated number of rats analyzed per group. 
 

 7-week-old 
(no high-salt) 

14-week-old 
(7 weeks high-salt) 

19-week-old 
(12 weeks high-salt) 

Two-way ANOVA 
(p-values§) 

 Control 

(N=10) 

Control  

(N=9) 

Spermidine 

(N=9) 

Control  

(N=10) 

Spermidine 

(N=10) 
Age Treatment Interaction 

Body weight (g) 202±3†, ‡ 370±6 351±7 365±12 383±9+ n.s. n.s. 0.54 

Heart weight (HW, mg) 889±18†, ‡ 1596±32 1412±53** 1757±27++ 1599±29**, +++ <0.001 <0.001 n.s. 

HW/TL (mg/mm) 24.1±0.5†, ‡ 39.7±0.9 35.2±1.3** 42.3±0.7+ 38.1±0.6**, + 0.004 <0.001 n.s. 

Lung weight (mg) 1104±19†, ‡ 2146±91 1896±116* 1973±59 1781±71 n.s. 0.014 n.s. 

Lung weight/TL (mg/mm) 29.9±0.6†, ‡ 53.3±2.3 47.3±3 47.5±1.5 42.4±1.7 0.018 0.014 n.s. 

Kidney weight (mg) 1779±40†, ‡ 3626±142 3195±69* 4386±172+++ 3692±143***, + <0.001 <0.001 n.s. 

Kidney weight/TL (mg/mm) 48.1±1†, ‡ 90.1±3.7 79.5±1.6* 105.6±4.3++ 87.9±3.4** 0.002 <0.001 n.s. 

Liver weight (g) 8.27±0.36†, ‡ 13.85±0.32 12.61±0.74 15.89±0.82+ 14.11±0.45* n.s. 0.021 n.s. 

Liver weight/TL (mg/mm) 223.7±9.4†, ‡ 343.9±8.3 313.9±17.9 383.4±21.6 336.2±10.9 n.s. 0.021 n.s. 

Spleen weight (mg) 632±14†, ‡ 1046±51 900±37 1354±98++ 1009±60*** 0.004 0.001 n.s. 

Spleen weight/TL (mg/mm)  17.1±0.4†, ‡ 26±1.3 22.4±0.9 32.6±2.4++ 24±1.4** 0.007 0.013 0.05 

§p-values of two-way ANOVA including two factors: (i) age (14 vs. 19 weeks) and (ii) treatment (high-salt control vs. high-salt + spermidine). 
***p<0.001, **p<0.01, *p<0.05 vs. age-matched control (simple main effects following significant two-way ANOVA) 
+++p<0.001, ++p<0.01, +#p<0.05 vs. 14-week-old treatment-matched group (simple main effect following significant two-way ANOVA) 
†p<0.001 and ‡p<0.001 vs. 14-week-old and 19-week-old controls, respectively (one-way ANOVA comparing all controls with post-hoc Tukey or Welch’s test with post-hoc Games-

Howell according to equality of variances). This table is reproduced from Ref. (100) with permission from the publisher (Springer Nature).  
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Supplementary Table 8. Left ventricular hemodynamics of Dahl salt-sensitive rats.  
Control and spermidine-treated Dahl salt-sensitive rats fed a high-salt (8% NaCl) diet starting from the age of 7 weeks (see Fig. 3 for the feeding scheme) were used at the 
indicated ages. Abbreviations: BSA, body surface area; CI, cardiac index; dP/dtmax, peak rate of pressure rise; dP/dtmin, peak rate of pressure decay; Eai, arterial elastance for 
indexed volumes, EF, ejection fraction; ESP, end-systolic pressure; EDP, end-diastolic pressure; ESVi, indexed end-systolic volume; EDVi, indexed end-diastolic volume; Pmax, 

maximum ventricular pressure; SVi, indexed stroke volume; VVC, ventricular-vascular coupling; t, Left-ventricular pressure decay time constant (according to Weiss’ method); 

EDPVR bi, exponential end-diastolic pressure-volume relationship chamber stiffness constant for indexed volumes; ESPVR Eesi, linear end-systolic pressure-volume relationship 

slope for indexed volumes. Data show means ± s.e.m. of indicated number of rats analyzed per group.  
 7-week-old 

(no high-salt) 
14-week-old 

(7 weeks high-salt) 
19-week-old 

(12 weeks high-salt) 
Two-way ANOVA§ 

 Control (N=10) Control (N=9) Spermidine (N=9) Control (N=10) Spermidine (N=10) Age Treatment Interaction 

BSA (cm2) 314±3†††, ‡‡‡  469±5 453±6 464±11 480±7+ n.s. n.s. 0.052 

HR (bpm) 429±8 419±12 421±11 410±8 403±10 n.s. n.s. n.s. 

EF (%) 85±1†, ‡‡‡   81±1 80±2 70±1+++ 72±2++ <0.001 n.s. n.s. 

CI (µl/min.cm2) 298±16†††, ‡‡‡ 207±8 211±4 167±8+++ 178±7++ <0.001 n.s. n.s. 

SVi (µl/cm2) 0.70±0.04†††, ‡‡‡  0.49±0.02 0.5±0.01 0.41±0.02+++ 0.44±0.02+ <0.001 n.s. n.s. 

ESVi (µl/cm2) 0.12±0.01‡‡   0.11±0.01 0.13±0.01 0.18±0.01++ 0.17±0.02+ <0.001 n.s. n.s. 

EDVi (µl/cm2) 0.82±0.05†††, ‡‡‡   0.61±0.03 0.63±0.02 0.59±0.03 0.62±0.02 n.s. n.s. n.s. 

Pmax (mmHg) 112±4†††, ‡‡‡  136±4 123±4* 151±5++ 145±3+++ <0.001 0.012 n.s. 

ESP (mmHg) 99±5‡‡‡  116±5 106±4 132±6+ 130±3+++ <0.001 n.s. n.s. 

EDP (mmHg) 7±0.7†, ‡‡ 10±0.4 8.7±0.3 10.6±1 7.8±0.5** n.s. 0.005 n.s. 

Eai (mmHg*cm2/µl) 147±11†††, ‡‡‡   236±9 212±8 331±21+++ 298±15+++  <0.001 0.042 n.s. 

dP/dtmax (mmHg/s) 6840±358 6711±282 6409±169 7475±234+ 7314±260+ 0.001 n.s. n.s. 

dP/dtmin (mmHg/s) -6966±377† -5960±393 -5560±319 -6948±306++ -6703±208++ <0.001 n.s. n.s. 

t (ms) 7.7±0.2††, ‡  9±0.3 8.7±0.3 8.7±0.3 8.3±0.3 n.s. n.s. n.s. 

VVC 1.15±0.18 1.07±0.08 1.28±0.14 0.99±0.15 1.35±0.14 n.s. 0.043 n.s. 

ESPVR Eesi (mmHg*cm2/µl) 162±22††, ‡‡  254±24 269±31 317±48 393±33+ 0.016 n.s. n.s. 

EDPVR bi (µl/cm2) 1.31±0.16†††, ‡‡‡ 1.83±0.24 1.45±0.14* 2.85±0.42 1.93±0.26*** n.s. <0.001 n.s. 
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§p-values of two-way ANOVA including two factors: (i) age (14 vs. 19 weeks) and (ii) treatment (high-salt vs. high-salt + spermidine). 

***p<0.001, **p<0.01, *p<0.05 vs. age-matched control (simple main effects following significant two-way ANOVA) 
+++p<0.001, ++p<0.01, +p<0.05 vs. 14-week-old treatment-matched group (simple main effect following significant two-way ANOVA) 
†††p<0.001, ††p<0.01, †p<0.05 vs. 14-week-old control and ‡‡‡p<0.001, ‡‡p<0.01, ‡p<0.05 vs. 19-week-old control (one-way ANOVA comparing all controls with post-hoc Tukey or 

Welch’s test with post-hoc Games-Howell according to equality of variances) 

Note: for ESPVR Eesi and EDPVR bi, other parameters in the fitting equation (V0 and a, respectively) were included as covariates using ANCOVA. 

This table is reproduced from Eisenberg and Abdellatif et. al. Nature Medicine, 2016; Ref. (100) with permission from the publisher (Springer Nature). 
 
 


