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ABSTRACT  

 Pathological cardiac hypertrophy (PCH) occurs in response to pathological stimuli 

affecting the heart such as coronary artery disease, myocardial infarction, or hypertension. 

PCH is also be independent risk factor for cardiac events and/or sudden death. Despite 

therapeutic advancements in the treatment of cardiovascular diseases (CVD) and heart 

failure, deaths due to CVD remain the leading cause of mortality worldwide. Furthermore, 

treatment of these cardiovascular diseases slows their progression, but individuals 

eventually progress to heart failure, which has a 5-year survival rate of approximately 50 

percent. There is a clear need for development of new therapies that can reverse PCH and 

the associated damage to the heart. 

 As healthcare improves, populations are living longer, and illness due to age 

increases. One issue that occurs with aging is loss of normal cardiac function leading to 

heart failure. This functional decline is accompanied by morphological changes in the 

heart, including hypertrophy. Although it is well documented that myocardial remodeling 

occurs with aging, the mechanisms underlying these changes are poorly understood.  

 Growth differentiation factor 11 (GDF11) is a member of the transforming growth 

factor β (TGF-β) superfamily of proteins, which regulate a number of cellular processes. 

Shared circulation of a young mouse with an old mouse or a single daily intraperitoneal 

(IP) injection of GDF11 for 30 days was shown to reverse aging-induced pathological 

cardiac hypertrophy. This molecule is highly homologous with another TGF-β family 

member, myostatin, which is a known negative growth regulator of skeletal muscle. We 

began by attempting to validate published data claiming that a single daily intraperitoneal 

(IP) injection of 0.1 mg/kg/day of GDF11 could reverse aging induced cardiac 
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hypertrophy. We performed a blinded study during which treated 24-month-old C57BL/6 

male mice with a single IP injection of 0.1 mg/kg/day of GDF11for 28 days and monitored 

changes in cardiac function and structure using echocardiography (ECHO). We also looked 

for differences in fibrosis, myocyte size, markers of pathological hypertrophy and heart 

weight. We were unable to find any differences between vehicle treated age mice and 

GDF11 treated aged mice in any of the measured parameters. While we did find an increase 

in heart weight between 8-week-old mice and the 24-month-old mice, there was no 

difference in the heart weight to body weight ratios of these groups of animals. From these 

data we concluded that our aged- mice did not have pathological hypertrophy and the dose 

of GDF11 used in this study did not have any effect on cardiac structure or function.  

 Hypertensive heart disease results in changes in cardiac structure and function 

including left ventricular hypertrophy, systolic and/or diastolic dysfunction. It is also a 

leading cause of heart failure. Members of the TGF-β superfamily of proteins have been 

shown to be involved in many of the processes that occur in the heart in response to 

hypertension, such as the fibrotic response. Although it was previously shown that 

treatment with 0.1 mg/kg of GDF11 did not prevent pressure overload induced cardiac 

hypertrophy, we found this dose was too low to alter cardiac structure in our aging study. 

In addition, a single GDF11 dose is insufficient to fully address this issue. We therefore 

performed a blinded dose-ranging study to investigate the effects of GDF11 on pressure 

overload induced cardiac hypertrophy using transverse aortic constriction (TAC) which 

mimics the effects of chronic hypertension on the heart. In this study, animals received 

TAC surgery and were assigned to treatment groups so that there were no differences in 

wall thickness, cardiac function, or pressure gradients across the aortic constriction at the 
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start of the treatments 1 week after TAC. Mice were given 0.5 mg/kg/day of GDF11, 1.0 

mg/kg/day GDF11, 5.0 mg/kg/day of GDF11, or vehicle via a single daily IP injection for 

14 days. Using these higher doses, we found that GDF11 had dose dependent effects on 

both cardiac structure and function following TAC. Myocyte cross sectional area was dose-

dependently decreased compared to vehicle treated mice in both sham and TAC conditions.  

Cardiac function was preserved in the 1.0 and 5.0 mg/kg groups treatment groups after 

TAC. Left ventricular internal chamber dimensions were preserved with the 1.0 mg/kg 

treatment group. Treatment with GDF11 caused a dose dependent decrease on both body 

weight and heart weight in both normal and TAC mice, but with an effect on heart weight 

in the TAC mice that was independent of body weight. However, the 5.0 mg/kg dose caused 

large reductions in body weight (cachexia) and death. Our results show that GDF11 can 

reduce pathological hypertrophy and cardiac remodeling after pressure overload, but there 

is a narrow therapeutic range. 
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CHAPTER 1 

 INTRODUCTION 

Cardiac Hypertrophy 

Significance of Cardiac Hypertrophy 

Cardiovascular disease (CVD) is a worldwide epidemic, resulting in the deaths of 

more than 17 million individuals each year (Joseph et al., 2017). The heart is responsible 

for pumping blood throughout the circulatory system, thereby providing the other organs 

and tissues within the body with the oxygen and nutrients necessary for them to function. 

Cardiac injuries or cardiovascular diseases, such as myocardial infarction, diabetic 

cardiomyopathy, and hypertension, can result in decreased functioning of the heart and 

ultimately lead to heart failure (Francis, 2001). Heart failure is a clinical syndrome 

characterized by low cardiac output resulting from systolic and/or diastolic dysfunction 

(Drazner, 2011; Lips, deWindt, van Kraaij, & Doevendans, 2003). Within the United 

States, 5.8 million Americans have heart failure with more than 500,000 new patients 

diagnosed each year (Roger, 2013). Currently, the 5-year survival rate of heart failure is 

approximately 50 percent, and the economic burden to the united states is 100 billion U.S. 

dollars per year (Haldeman, Croft, Giles, & Rashidee, 1999; Malek, 1999; Zannad et al., 

1999). The direct medical costs of CVD in the United States is predicted to exceed 800 

billion dollars by 2030, with indirect costs increasing 61% to 276 billion dollars. 

(Heidenreich et al., 2011). Cases of heart failure and deaths resulting from cardiovascular 

disease are expected to increase despite therapeutic advancements (Benjamin et al., 2017).  

 Ninety-five percent of all CVD deaths are caused by 6 primary conditions: 

ischemic heart disease, stroke, hypertensive heart disease, cardiomyopathy, rheumatic 
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heart disease, and atrial fibrillation (Roth et al., 2015). Many cardiovascular diseases result 

in left ventricular cardiac hypertrophy, including hypertensive heart disease and ischemic 

heart disease (Frey, Katus, Olson, & Hill, 2004). If left untreated, left ventricular cardiac 

hypertrophy leads to cardiac dysfunction and is an independent risk factor for cardiac 

events such as myocardial ischemia, congestive heart failure, arrhythmias, and sudden 

death (Diez, Lopez, Gonzalez, & Querejeta, 2001; Haider, Larson, Benjamin, & Levy, 

1998).   

Improvements in health care and therapies are allowing people to live longer. 

However, aging presents a new set of problems within the heart as cardiac remodeling and 

decreases in cardiac pump function sometimes occur with age (Boengler, Schulz, & 

Heusch, 2009; Yang, Sreejayan, & Ren, 2005). The incidence of and prevalence of diseases 

such as hypertension, atherosclerosis increase significantly after age 45 in men and 55 in 

woman, with the odds of having a chronic CVD, hypertension, or chronic heart failure 

rising to 50%, 85%, and 20% respectively (Lakatta, 2015). Generally, age-related 

cardiomyopathy is the result of cardiovascular disease, yet age-dependent, disease free 

changes in cardiac muscle in the absence of disease are not well defined. 

Types of Cardiac Hypertrophy 

Cardiac hypertrophy is the response of the heart to chronic increases in workload. 

This hypertrophic response can be divided into two classes based on the stimuli: 

physiological hypertrophy or pathological hypertrophy (Barry, Davidson, & Townsend, 

2008). Physiological hypertrophy occurs during pregnancy or with chronic exercise (Kehat 

& Molkentin, 2010), while pathological hypertrophy results from sustained pressure or 

volume overload on the heart, such as from hypertension or myocardial infarction. 
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Enlargement of the heart muscle results from increases in the size of the cardiac myocytes 

and proliferation of non-myocytes (Balakumar & Jagadeesh, 2010).  It has been well 

established that physiological hypertrophy induces reversible growth characterized by 

increases in wall thicknesses, myocyte size, and proportional chamber enlargement 

(Shimizu & Minamino, 2016). During this type of hypertrophy, the heart maintains normal 

or enhanced function with morphology and normal gene expression (Ooi, Bernardo, & 

McMullen, 2014). In contrast to this, a heart undergoing pathological hypertrophy 

experiences fibrosis, activation of the fetal gene program, myocyte apoptosis and necrosis, 

and inflammation (Frey & Olson, 2003; Ooi et al., 2014; Ying et al., 2009). During the 

adaptive phase of hypertrophy, the left ventricular walls thicken, the left ventricular 

chamber dimensions decrease or remain the same, and cardiac function is maintained 

(Heineke & Molkentin, 2006). If the stimulus is not removed, further remodeling can cause 

the heart to progress to dilated hypertrophy, which is characterized by left ventricular wall 

thinning and increased internal chamber dimensions, accompanied by fibrosis, activation 

of fetal genes, and apoptosis (Berk, Fujiwara, & Lehoux, 2007; X. M. Li et al., 2009).  

Pathological cardiac hypertrophy can be classified as concentric or eccentric 

hypertrophy based on the geometrical changes in the heart as well as changes in the cardiac 

myocyte (Bernardo, Weeks, Pretorius, & McMullen, 2010). Eccentric hypertrophy 

generally develops in response to volume overload and refers to an increase in cardiac mass 

with an increased chamber volume, while concentric hypertrophy occurs in response to 

pressure overload and refers to an increase in wall thickness and cardiac mass with either 

a small decrease or no change in chamber volume (Grossman, Jones, & McLaurin, 1975; 

van Berlo, Maillet, & Molkentin, 2013). During concentric hypertrophy, sarcomeres are 
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added to the myocyte in parallel, resulting in an increase in the width of the myocyte, while 

sarcomeres are instead added in series increasing the length of the myocyte to create an 

eccentric hypertrophic phenotype (Bernardo et al., 2010; Esposito et al., 2002; Nadruz, 

2015).  

Functional and Structural Changes During Cardiac Hypertrophy 

The heart undergoes many changes in response to pathological stimuli that induce 

hypertrophy. Studies using transverse aortic constriction (TAC) in mice and rats have been 

used to better understand the changes that occur in the heart due to pressure overload such 

as that seen in patients with hypertension or aortic stenosis, with a focus on targeting these 

mechanisms behind these changes. Although the severity of left ventricular remodeling and 

time frame for the progression to heart failure is dependent on the strain of mouse used, 

the sex of the mouse used, and the size of the needle used to create the constriction, this 

model is highly reproducible when conditions are unchanged (Barrick et al., 2009; 

Rothermel et al., 2005; Skavdahl et al., 2005). These animal studies have shown that TAC 

causes increased left ventricular pressures, decreases in cardiac function as measured by 

echocardiography (ECHO), increases in myocyte size, and increases in both interstitial and 

perivascular fibrosis (Bae et al., 2011; Furihata et al., 2016; Qin et al., 2015). They have 

also documented increased apoptosis after pressure overload, as well as changes in cardiac 

metabolism (Kato et al., 2010; X. M. Li et al., 2009; Teiger et al., 1996; L. Zhang et al., 

2013).  Furthermore, these studies have also highlighted the inflammatory response that 

occurs during pressure overload. TAC rapidly induces upregulation of inflammatory 

cytokines such as TNFα and IL-1β, with expression returning to sham levels within 7 days 

after TAC (Ying et al., 2009). Other studies have found that mRNA expression levels of 
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inflammatory mediators peak at 7 days (Kallikourdis et al., 2017). Leukocyte infiltration 

into the cardiac tissue also occurs within 7 days after TAC but is partially resolved after 28 

days of banding (Kai et al., 2006; Ying et al., 2009). Endothelial cell IL-33 has been linked 

to the resultant systemic inflammation that occurs after pressure overload (Chen, Hong, 

Gannon, Kakkar, & Lee, 2015). 

Mechanisms of Cardiac Hypertrophy 

The type of hypertrophy the heart undergoes and the corresponding functional and 

morphological changes that accompany it are dependent on the stimuli, as different stimuli 

activate different intracellular signaling pathways. The two major stimuli for pathological 

hypertrophy are mechanical stress and neural/hormonal factors (Ritter & Neyses, 2003). 

Numerous neurohormonal signaling pathways that are activated in response to pathological 

stimuli have been identified, including the calcineurin-NFAT signaling pathway, G-protein 

coupled receptors, the renin-angiotensin-aldosterone system, mitogen activated protein 

kinases signaling, and pathways activated by TGFβ. There is cross-talk between these 

signaling pathways. 

Calcineurin-NFAT Signaling 

 Calcineurin is a calcium/calmodulin dependent protein phosphatase that 

dephosphorylates the nuclear factor of activated T-cells transcription factors (NFAT) 

resulting in myocardial hypertrophy (Agrawal, Agrawal, Koyani, & Singh, 2010). In 

response to pathological stimuli calcineurin dephosphorylates NFAT, which then 

translocates to the nucleus and activates hypertrophic genes (Bourajjaj et al., 2008; Luedde, 

Katus, & Frey, 2006). Evidence suggesting a role for calcineurin-NFAT signaling in 

cardiac hypertrophy can be found in animal studies in which the use of cyclosporine, a 
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calcineurin inhibitor, inhibited cardiac hypertrophy in animals models of myocardial 

infarction and pressure overload induced hypertrophy (Meguro et al., 1999; Oie, 

Bjornerheim, Clausen, & Attramadal, 2000). The activity of calcineurin/NFAT signaling 

is limited to pathological cardiac hypertrophy (Wilkins et al., 2004). 

G-Protein Coupled Receptors 

 G-Protein coupled receptors (GPCRs) are a conserved family of seven 

transmembrane receptors. The heterotrimeric G protein complex is comprised of a Gα 

subunit, consisting of four main families (Gαs, Gαi/o, Gαq/11 and Gα12/13) coupled to a 

combination of Gβ (5 members) and Gγ (12 members) subunits (Tilley, 2011). G-proteins 

and their coupled receptors serve many functions within the heart in both healthy and 

diseased states. Receptors coupled to Gαq have been shown to play important roles in mediating 

cardiac growth responses, myocyte apoptosis, and cardiac hypertrophy (Salazar, Chen, & 

Rockman, 2007). Blocking Gαq signaling using genetically altered mice blunted cardiac 

hypertrophy after TAC and preserved cardiac function, while wild-type mice in this study 

experienced progressive LV dilation and cardiac dysfunction (Esposito et al., 2002). 

Chronic activation of Gαs signaling pathways in mice with cardiac overexpression of Gαs  

caused increased heart rate and contractility in response to catecholamine stimulation, but 

eventually resulted in the development of histological evidence of myocardial damage such 

as cellular hypertrophy, fibrosis, and necrosis (Gaudin et al., 1995; Iwase et al., 1996). 

Renin-Angiotensin System  

The renin-angiotensin system (RAS) is a hormonal system responsible for 

regulating blood pressure and blood volume (Cowan & Young, 2009). Angiotensin II is 

the primary mediator of the physiological actions of RAS (Agrawal et al., 2010). It has 
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been shown to promote cardiac hypertrophy in vitro (Mehta & Griendling, 2007). 

Angiotensin II causes ventricular hypertrophy independently of its effect on blood pressure 

via the angiotensin 1 receptor (P. Lijnen & Petrov, 1999). Blockade of the RAS system by 

inhibitors of angiotensin converting enzyme (ACE) or angiotensin receptor blockers 

(ARBs) has been shown to prevent cardiac hypertrophy in animal models of pressure 

overload (L. Li et al., 2010).  

Mitogen Activated Protein Kinases 

 The mitogen activated protein kinase (MAPK) signaling pathways control 

numerous cellular functions including transcriptional regulation and apoptosis. These 

kinases are also important in the modulation of pathological cardiac hypertrophy. The 

MAPK cascade is subdivided into three main branches which consist of p38 kinases, c-Jun 

N-terminal kinases (JNKs), and extracellular signal-regulated kinases (ERK1/2) (van Berlo 

et al., 2013). MAPK signaling is induced in cardiac myocytes by small G-proteins, G-

protein coupled receptors, and stress. Constitutive activation of ERK1/2 signaling in the 

heart through expression of activated MEK1 has been shown to produce concentric 

hypertrophy without progression to heart failure, while protecting against cell death (Bueno 

et al., 2000; Lips et al., 2004). Isoproterenol induced cardiac hypertrophy and fibrosis was 

prevented in mice following gallic acid treatment, and this was associated with decreased 

phosphorylation of JNK and ERK proteins (Ryu et al., 2016).  

TGFβ Family Members in Hypertrophy and Fibrosis 

Background 

The TGFβ superfamily of proteins is comprised of more than 30 structurally related 

proteins that can be subdivided into two major subfamilies of proteins: the bone 
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morphogenic proteins/growth and differentiation factors and the TGFβ/activins (Hata & 

Chen, 2016). These proteins act as cytokines performing diverse functions throughout the 

body, including roles in growth, differentiation, and tissue repair (Brand & Schneider, 

1995; Massague, 1990). In the canonical signaling pathway for members of this family, 

ligand binding induces the formation of heterotetramers consisting of two type II and two 

type I receptors; the constitutively active type II receptor phosphorylates the type I receptor 

which then phosphorylates the R-Smad leading to its activation (Wrana, 2013).  Smads are 

intracellular signal transducers for the TGFβ superfamily which translocate to the nucleus 

to regulate transcription of target genes (Weiss & Attisano, 2013). Smad proteins are 

classified into three groups the R-Smads (Smad1, 2, 3, 5 and 8), common-mediator Smads 

(Co-Smad4), and inhibitory Smads (I-Smad6 and 7) (Pardali & Ten Dijke, 2012). TGFβ 

can also activate other protein kinases and signaling pathways, including Rho family 

guanosine triphophatases (GTPases), MAPKs, and protein kinase B/Akt (Attisano & 

Wrana, 2002). The role of TGFβ and Smad2/3 in cardiac hypertrophic and the fibrotic 

response in the heart has been studied extensively. 

TGFβ and Smad Signaling in Hypertrophy 

It is well established that TGFβ mRNA levels are increased in the left ventricular 

myocardium of  patients with hypertrophic cardiomyopathy or idiopathic cardiomyopathy, 

and protein levels are increased in macrophages and fibroblasts after MI (Edgley, Krum, 

& Kelly, 2012). When TGFβ1 was inhibited via knockout in a mouse model of chronic 

angiotensin II induced cardiac hypertrophy, TGFβ1 deficient mice had no significant 

change in left ventricular mass, cardiomyocytes cross sectional area, and percent fractional 
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shortening during treatment, while wild-type mice showed a >20% increase in LV mass 

and impaired cardiac function (Schultz Jel et al., 2002). 

Smad3 signaling has been shown to be antihypertrophic. In a mouse model of 

pressure overload, Smad3 was shown to bind to FBXO32 prior to the activation of Pak 1, 

and this is crucial for the transcriptional regulation of FBXO32 (Tsui et al., 2015). Loss of 

Smad3 resulted in a significant increase in cardiac hypertrophy (Divakaran et al., 2009). 

There is crosstalk between the TGFβ family canonical Smad signaling pathways and 

kinases from other signaling pathways. RSmads contain a serine and proline rich linker 

region that can also be phosphorylated on Ser or Thr by other kinases, e.g. ERK, MAPK 

and CDK kinases, which consequently control Smad activities (Hata & Chen, 2016). These 

kinases (ERK, MAPK) have been implicated in hypertrophy. 

TGFβ and Smad Signaling in Fibrosis 

 TGFβ activates fibroblasts inducing the expression of extra cellular membrane 

components, induces transdifferentiation of fibroblasts into myofibroblast, and has a 

positive feedback effect on its own expression in myocytes and fibroblasts further 

promoting its own expression (Edgley et al., 2012; P. J. Lijnen, Petrov, & Fagard, 2000). 

TGFβ also enhances extracellular matrix protein synthesis and suppresses the activity of 

proteases that degrade extracellular matrix by inhibiting MMP expression and by 

inducing synthesis of protease inhibitors, such as Plasminogen Activator Inhibitor (PAI)-

1 and TIMPs (Bujak & Frangogiannis, 2007). Angiotensin II induces overexpression of 

TGFβ 1 mediates cardiac remodeling and hypertrophy in an autocrine and paracrine 

manner by inducing the proliferation of cardiac fibroblasts and enhancing the deposition 

of extracellular matrix proteins such as collagen (Schultz Jel et al., 2002; Wenzel, 
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Taimor, Piper, & Schluter, 2001). Smad signaling has been shown to be profibrotic, with 

decreases in Smad 3 decreasing cardiac fibrosis in mouse models of pressure overload 

and agonist induced hypertrophy (Divakaran et al., 2009; Ryu et al., 2016). 

GDF11 and Myostatin in the Heart 

The actual function of GDF11 in the heart is understudied. However, understanding 

the proposed roles of another member of the TGFβ superfamily, myostatin/GDF8, in the 

heart may shed some light on the role of GDF11. GDF11 and myostatin are highly 

homologous, sharing approximately 90% homology. They bind to the same receptor, 

ActRIIb with similar affinities, and signal through the smad2/3 pathway (Sako et al., 2010). 

Despite this, myostatin is largely expressed in skeletal muscle, with lower expression in 

heart and adipose tissue, while GDF11 is expressed in a variety of tissues, including the 

pancreas, intestine, kidney, skeletal muscle, heart, developing nervous system, olfactory 

system, and retina (McPherron, 2010). This may suggest slightly different roles for 

myostatin and GDF11. Myostatin also circulates at much higher concentrations than 

GDF11, which questions the physiological relevance of circulating levels of GDF11 in 

adult tissues.  

Under pathological injury or stress conditions, such as myocardial infarction or 

hypertension, myostatin expression in the heart increases (Fernandez-Sola, Borrisser-

Pairo, Antunez, & Tobias, 2015; George et al., 2010; Sharma et al., 1999). This increased 

cardiac myostatin enters the circulation and acts on skeletal muscle leading to atrophy of 

the skeletal muscle (Castillero et al., 2015; Heineke et al., 2010). However, myostatin also 

has some effects in cardiac muscle (Breitbart, Auger-Messier, Molkentin, & Heineke, 

2011). In a cardiac specific overexpression model, transaortic constriction increased 
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circulating myostatin level 3-4-fold. These mice had a reduction in heart weight, while 

mysotatin null mice developed increased hypertrophy in response to infusion of the α1 

adrenergic receptor agonist, phenylephrine (Heineke et al., 2010). Other groups have 

likewise shown a role for myostatin in regulating cardiac muscle growth with loss of 

myostatin increasing hypertrophy and upregulation decreasing cardiac muscle growth 

(Artaza et al., 2007; Bish, Morine, Sleeper, & Sweeney, 2010; Jackson et al., 2012; 

Rodgers et al., 2009). Myostatin has been shown to regulate cardiomyocyte growth via 

modulation of the Akt signaling pathway (Morissette et al., 2006). However, a study 

investigating the systemic and cardiac effects of myostatin deletion in aged mice (27-30 

months old) found that myostatin deletion had no effect on aging-related increases in 

cardiac mass (Morissette et al., 2009). 

Myostatin has also been shown to have protective role against heart failure by 

stimulating expression of regulator of G-protein signaling 2, a GTPase-activating protein 

that restricts β-adrenergic and Gq-mediated signaling (Biesemann et al., 2014). These 

signaling pathways have been linked to heart failure, hypertrophy, decreases in 

contractility, and sudden cardiac death (Braz et al., 2004; van Oort et al., 2006; T. Zhang 

et al., 2003). In this study, short-term overexpression improved cardiac contractility and 

inhibited cardiac hypertrophy, while deletion of myostatin in adult cardiomyocytes led to 

heart failure and increased lethality (Biesemann et al., 2014).  

Some studies that suggest increased myostatin, and potentially GDF11 expression, 

could be beneficial in the aging heart, but there is another effect of these molecules which 

is less beneficial. Just as TGF-β promotes cardiac fibrosis, myostatin is capable of inducing 

cardiac fibrosis. Long-term overexpression of myostatin results in increased interstitial 
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cardiac fibrosis, while constitutive loss of myostatin protects from cardiac fibrosis during 

aging (Biesemann et al., 2015; Morissette et al., 2009). Likewise, by 9 months of age, mice 

overexpressing myostatin develop large patches of fibrotic area composed of interstitial 

and perivascular fibrosis and develop cardiac dysfunction with significantly decreased 

ejection fraction and stroke volumes, and increased end systolic and end diastolic volumes 

as measured by cardiac MRI (Biesemann et al., 2015).   

Summary and Objectives 

There is substantial evidence in the literature that TGFβ family members are 

involved in the pathways that are activated during cardiac remodeling that accompanies 

cardiac hypertrophy. A set of publications out of a laboratory in Harvard claimed that 

GDF11 was an anti-aging protein that was capable of reserving aging induced cardiac 

hypertrophy, decreasing fibrosis in the aged heart, and reducing fat mass, while preserving 

lean muscle mass (Loffredo et al., 2013; Poggioli et al., 2016).  In the years following this 

publication, other studies have shown the effects of this molecule in the heart are complex, 

and there have been mixed results. In addition, it has been established that very high levels 

of GDF11 result in both skeletal and cardiac muscle cachexia (Hammers et al., 2017; 

Zimmers et al., 2017). The central question remains the same: does GDF11 play a 

beneficial role in the heart? The research on myostatin suggests that despite decreasing 

cardiac mass and preventing heart failure, myostatin expression increases cardiac fibrosis 

which decreases cardiac function. The proposed beneficial role for GDF11 has not been 

reproducible, so the effect of this molecule on the heart remains a highly debated subject. 

More research examining the signaling mechanisms of GDF11 in cardiac tissue needs to 

be performed to link the proposed anti-hypertrophic effect of GDF11. 
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The objectives of the current body of research were to 1) determine if and by what 

mechanism GDF11 reverses aging-induced cardiac hypertrophy and 2) determine the 

effects of GDF11 on TAC induced cardiac hypertrophy. The hypothesis of this work was 

that GDF11 can reduce cardiac size and alter cardiac remodeling. 
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CHAPTER 2  

GDF11 IN AGING INDUCED CARDIAC HYPERTROPHY 

Abstract 

Rationale 

GDF11 (Growth Differentiation Factor 11) is a member of the transforming growth 

factor β (TGFβ) super family of secreted factors. A recent study showed that reduced 

GDF11 blood levels with aging was associated with pathological cardiac hypertrophy 

(PCH) and restoring GDF11 to normal levels in old mice rescued PCH.  

Objective 

To determine if and by what mechanism GDF11 rescues aging dependent PCH. 

Methods and Results 

24-month-old C57BL/6 mice were given a daily injection of either recombinant (r) 

GDF11 at 0.1mg/kg or vehicle for 28 days. rGDF11 bioactivity was confirmed in-vitro. 

After treatment, rGDF11 levels were significantly increased but there was no significant 

effect on either heart weight (HW) or body weight (BW). HW/BW ratios of old mice were 

not different from 8 or 12-week-old animals, and the PCH marker ANP was not different 

in young versus old mice. Ejection fraction, internal ventricular dimension, and septal wall 

thickness were not significantly different between rGDF11 and vehicle treated animals at 

baseline and remained unchanged at 1, 2 and 4 weeks of treatment.  There was no difference 

in myocyte cross-sectional area rGDF11 versus vehicle-treated old animals. In vitro studies 

using phenylephrine-treated neonatal rat ventricular myocytes (NRVM), to explore the 

putative anti-hypertrophic effects of GDF11, showed that GDF11 did not reduce NRVM 

hypertrophy, but instead induced hypertrophy. 
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Conclusions 

Our studies show that there is no age-related PCH in disease free 24-month-old 

C57BL/6 mice and that restoring GDF11 in old mice has no effect on cardiac structure or 

function. 

 

Introduction 

Cardiovascular function can decline in old age, and the disease independent factors 

that induce these changes are not well known. A recent study suggests that disease-free 

aging induces pathological cardiac hypertrophy (PCH) in 24-month-old mice and that this 

results in large part from an age-related reduction in the circulating blood levels of Growth 

Differentiation Factor 11 (GDF11), a member of the Transforming Growth Factor β 

(TGFβ) super family of cytokines (Loffredo et al., 2013).  GDF11 and related family 

members generally reduce skeletal muscle protein synthesis and repair and enhance protein 

degradation, which leads to muscle atrophy in adults (Kollias & McDermott, 2008; Ohsawa 

et al., 2012).  Loss of these factors, particularly myostatin (also called GDF8) (Mosher et 

al., 2007; Parsons, Millay, Sargent, McNally, & Molkentin, 2006) is primarily associated 

with skeletal muscle hypertrophy but with limited effects on the heart (Heineke et al., 

2010). Recent work suggests that circulating levels of GDF11 decrease with aging, and 

restoring a “youthful” circulation containing normal levels of GDF11 to old mice via 

parabiosis reversed age-dependent pathological cardiac hypertrophy (Loffredo et al., 

2013). A major finding of this study was that restoring youthful levels of GDF11 by 

injecting recombinant (r) GDF11 into old animals restored normal myocyte size and gene 

expression in the old mouse heart. Related studies suggest that restoring GDF11 can also 
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have beneficial effects on skeletal muscle (Sinha et al., 2014) and brain function 

(Katsimpardi et al., 2014), suggesting that restoring GDF11 to levels seen in young animals 

could reverse critical aspects of age-related brain, skeletal muscle and cardiac dysfunction. 

These studies suggest that restoring normal GDF11 levels in old age can reverse aging 

effects on critical organ systems. 

The idea that a member of the TGF super family of cytokines, GDF11, is singularly 

responsible for aging related organ dysfunction is not supported by some recently 

published reports (Egerman et al., 2015). A study to reexamine the idea that reduced 

GDF11 in aging is responsible for defective skeletal muscle repair could not confirm most 

aspects of the studies related to GDF11-induced rescue of skeletal muscle wasting with 

aging (Egerman et al., 2015). This newest report (Egerman et al., 2015) showed that aging 

involves skeletal muscle wasting and that increased rather than decreased levels of 

myostatin and GDF11 are involved. These data suggest that inhibition rather than 

stimulation of myostatin/GDF11 signaling in aging could blunt the associated skeletal 

muscle dysfunction.  

The goals of the present study were to reexamine the idea that restoring youthful 

levels of GDF11 in old mice, by injection of rGDF11, reverses pathological cardiac 

hypertrophy and imparts a “youthful” phenotype to the old heart (Loffredo et al., 2013). If 

these findings could be confirmed, we then planned to explore what aspects of pathological 

myocyte function were rescued by rGDF11 treatment. 

We performed a blinded study in which we treated 24-month-old C57BL/6 mice 

with rGDF11 for 28 days, following the protocol used previously (Loffredo et al., 2013). 

We measured cardiac structure and function before and after rGDF11 treatment and then 
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measured heart and myocyte size and changes in molecular remodeling after treatment. 

Our studies suggest that while hearts of older mice are larger there is no pathological 

hypertrophy present. We also found that daily injection of rGDF11 (Loffredo et al., 2013) 

significantly raised blood levels of rGDF11 in old mice.  However, we did not observe any 

reduction in heart or myocyte size, nor did we observe any changes in cardiac performance. 

We also showed that rGDF11 induced hypertrophy in neonatal myocytes and did not block 

phenylephrine-induced neonatal myocyte hypertrophy (Loffredo et al., 2013). 

 

Methods 

Animals 

All animal studies were performed according to protocols approved by the 

Institutional Animal Care and Use Committee of Temple University School of Medicine 

and conducted in accordance with the Guide for the Use and Care of Laboratory Animals. 

Aged (24 months) C57BL/6 male mice were provided by Boehringer Ingelheim 

Pharmaceuticals.  

Functional Characterization of GDF11 

Functional activity of recombinant GDF11 (R&D Systems) was verified before use, 

by defining its ability to activate Smad2/3 signaling in HepG2 reporter cells. Briefly, 

HepG2 cells were transfected with Cignal Lentiviral (Qiagen) particles expressing an 

inducible firefly luciferase reporter under control of Smad2/3-specific TRE 

(AGCCAGACA). A puromycin-selected stable reporter cell line was used in the 

experiment as follows. The HepG2 Smad2/3 luciferase reporter cells were harvested, 

washed and resuspended at a concentration of 1X 106 cells per ml in Opti-MEM assay 
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medium. Reporter cells were incubated in a 96-well plate at 50,000 cells per well with 

serial dilutions of rGDF11. After 24-hour incubation, samples were treated with 100ul 

STEADY-Glo reagent (Promega), and assayed for luciferase expression. Relative 

Luminescence Units (RLU) were plotted versus Log10 nano molar concentrations of the 

test rGDF11, where EC50 & EC90 values were calculated using a 4 Parameter Logistic 

Model, supported by Excel add-in Xlfit (ID Business Solutions Limited). 

GDF11 Dosing and Injections 

We followed the protocol used in the previous report(Loffredo et al., 2013). 

Investigators were blinded to treatment. Animals were given a daily single intraperitoneal 

injection of either rGDF11 (R&D Systems) at 0.1mg/kg or vehicle (60mM NaAcetate 

Buffer, pH 5.0 and 10% Trehelose) daily for 28 days. rGDF11 stock solution was dissolved 

in NaAcetate Buffer, pH 4.5 at a concentration of 1mg/ml.  Stock solutions were diluted 

with the dosing solution (60mM NaAcetate Buffer, pH 5.0 and 10% Trehelose) to reach 

the final concentration of 0.1mg/kg. Boehringer Ingelheim Pharmaceuticals provided all 

solutions in a blinded fashion. Animals were weighed every day before dosing.  

Circulating Levels of GDF11  

rGDF11 and vehicle-treated animals were divided into two groups to determine 

peak and trough circulating levels of GDF11 in vivo and after injection. Preliminary studies 

showed that peak GDF11 blood levels were found within 2 hours of injection.  Therefore, 

1-3 hours before sacrifice, animals were given a final injection of rGDF11 or vehicle to 

determine the peak plasma levels of GDF11 post injection. Animals in the trough group 

were sacrificed 24 hours after their final injection. Plasma was collected from blood 

removed from the left ventricle via cardiac puncture.  
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Plasma levels of GDF11 were measured using the 2-Step Homebrew Assay Protocol for 

the Simoa Assay (Quanterix). Assay conditions were as follows: Capture was performed 

using R&D Systems anti-GDF11 antibody conjugated to paramagnetic beads (0.7mg/ml, 

5.0E+06 final bead concentration). Detection was performed using R&D Systems anti-

GDF11 antibody labeled with Biotin (60X, final stock 1.8ug/ml). A standard curve was 

created using R&D Systems rGDF11 in 3% BSA with 0.05% Tween. The Quanterix SBG 

enzyme was used at a final concentration of 100pM.  

Western Blot Analysis 

Recombinant human GDF8 (myostatin) and GDF11 were purchased from 

Peprotech or R&D Systems.  100ng of protein was resolved on 4-12% Bis-Tris mini gels 

(life technologies) either under non-reducing or reducing conditions with 100mM 

DTT.  Transfer to nitrocellulose membranes was done on an Invitrogen iBlot transfer 

system.  Membranes were blocked for 1hr in 2% BSA (Promega) + 0.05% Tween-20 in 

Tris Buffered Saline, pH7.5.  Primary anti-GDF11 antibodies (R&D Systems or abcam) 

were used at 1ug/ml diluted in 2%BSA + 0.05% Tween-20 in Tris Buffered Saline, pH7.5, 

1hr at room temperature with gentle rocking.  Membranes were washed 3 times in 0.05% 

Tween-20 in Tris Buffered Saline, pH7.5.  Secondary antibodies were (for R&D antibody), 

goat anti-rabbit IgG-HRP (life technologies) or (for abcam antibody), goat anti-rabbit-HRP 

(life technologies) used at 1:3000 dilution for 1hr at room temperature with gentle 

rocking.  After 3 additional washes, membranes were developed using HRP 

Chemiluminescent Substrate Reagent Kit (Invitrogen).  Images were captured on a Bio-

Rad Image Analyzer. 
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Echocardiography  

Anesthetized mice underwent transthoracic echocardiography using a Vevo2100 

ultrasound system (VisualSonics; Toronto, Canada). Repeated measurements were 

performed as previously described(Duran et al., 2012; Taghavi et al., 2012; H. Zhang et 

al., 2012) at baseline and at 1, 2 and 4 weeks post initial injection. Images were acquired 

in the short-axis B-mode and M-mode for analysis of cardiac function and dimensions.  

In-Vivo LV Pressure Measurements 

LV pressures were measured with a 1.4-Fr Millar pressure catheter (SPR-671, 

Millar Instruments, Houston, TX) connected to an ADInstruments PowerLab 16/30 

(ADInstruments, Colorado Springs, CO) with LabChart Pro 6.0 software. Mice were 

anesthetized with 2.5% isoflurane to maintain HRs in the 450–470 beats/min range, and 

then a midline neck incision was made and the right carotid artery was exposed and the 

catheter introduced. The pressure catheter was then advanced through the aortic valves into 

the LV. The catheter was carefully adjusted to avoid direct contact with the ventricular wall 

so that smooth intra-LV pressure traces were recorded. Five minutes of baseline pressure 

were recorded. Intra-LV blood pressure was continuously measured. Pressure data were 

analyzed offline with the blood pressure module in the LabChart6.0 software.  

Tissue Processing, Histology, Heart Weight to Body Weight Ratio (HW/BW), 

Myocardial Fibrosis and Myocyte Cross Sectional Area 

Prior to sacrifice rGDF11 and vehicle treated animals were randomly divided to be 

used for molecular analysis or histology. Animals were sacrificed 24 hours after their 28th 

injection. All hearts were rinsed with PBS and weighed. Tibias were removed and 

measured to the nearest 0.5mm. The hearts from 50% of animals per group were 
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immediately frozen for molecular analysis. The remaining hearts were perfusion-fixed with 

10% formalin and paraffin embedded for histology following previously published 

protocols (Duran et al., 2013; Duran et al., 2012; Taghavi et al., 2012). Tissue blocks were 

sent to AML Laboratories (Baltimore, MD) for sectioning and staining for Hemotoxylin 

and Eosin. Myocyte cross sectional area was measured from 6 animals per group using H 

and E stained slides. 6 samples from each group were stained with Masson’s trichrome 

(Sigma-Aldrich; St. Louis, MO) for collagen deposition. Myocyte cross-sectional area and 

Fibrotic area were quantitated with NIH ImageJ software (http://rsbweb.nih.gov/ij/). At 

least 100 myocytes from 4 sections of the heart were analyzed per animal to assess myocyte 

cross sectional area. 12 fields of view were analyzed per animal for collagen deposition. 

Fibrotic area was measured by visualizing all blue-stained areas. Color based- thresholding 

was used to differentiate between the total area of collagen deposition, stained in blue, and 

myocyte areas in each section. Fibrosis is presented as the sum of the blue-stained areas 

divided by total ventricular area. 

In-Vitro Fibrosis Assay 

Normal human dermal fibroblasts (Lonza) were cultured in a 96-well plate at 

passage 3 to 90% confluence.  Cells were serum starved for 24 hours. Cells were treated 

with a titration of TGF-β1, GDF-11, or GDF-8 at 1:3 dilutions, or medium control (all 

proteins purchased from R&D systems) for 48 hours.  Cells were fixed in methanol for 30 

min at -20°C.   Fibronectin was labeled with 1ug/ml anti fibronectin goat IgG (Santa Cruz), 

at ambient temperature for 1hr.  Alexa Fluor 555 conjugated anti goat IgG (Life 

Technologies) was used for secondary labeling, at ambient temperature for 1 hr. 

Fluorescence intensity at Ex: 555nm and Em: 580nm was determined using a Safire2 
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microplate reader from Tecan.  Fluorescence intensity values are plotted as a percent 

change from medium control.  

Real-Time Polymerase Chain Reaction (RT-PCR) 

RNA was extracted from mouse hearts and from rat neonatal cardiomyocytes with 

TRIzol Reagent. The RNA was cleaned using the Quick-RNA™ MiniPrep (Zymo 

Research) clean-up protocol. Reverse transcription (RT) reaction was performed using the 

SuperScript III first strand synthesis system  for  RT-PCR  (Invitrogen)  and  oligo-dt  

primers  according  to  the manufacturer’s instructions. Real-time PCR was performed 

using the Quantifast Sybrgreen PCR kit (Qiagen). Data generated from mouse heart 

samples were normalized to 18SRNA expression, and data generated from rat neonatal 

cardiomyocytes were normalized to Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) expression.  The primer sets used for the mouse and rat samples are listed in 

tables 1 and 2, respectively. 

In-Vitro Cardiac Myocyte Hypertrophy Assay 

Neonatal rat cardiac myocytes (NRCMs) were isolated from 1-day old rat pups. 

NRCMs were plated on coverslips and incubated overnight in DEM+10% FCS (12 well 

plates and 2x12 plates coverslips). After 24 hours, NRCMs were switched to serum free 

media (DMEM F12+1xITS). After 2 hours, cells were pretreated with rGDF11 at the 

following concentrations: 0.5nM, 5nM, and 50nM. Cells were incubated with rGDF11 for 

24 hours, before phenylephrine was added at 50 µM. Cells were incubated for an additional 

24 hours for RNA preparation or 48 hours for analysis of cell size and myofibril 

organization. Cells were washed with cold 1x PBS before being processed for RNA 

isolation or Fixed with 4% paraformaldehyde. 
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Table 1: Mouse primer sequences for RT-PCR 

Gene Sequence 

18s F 5’-  GTAACCCGTTGAACCCCATT 

18s R 5’-CCATCCAATCGGTAGTAGCG 

atrial natriuretic factor (ANF) F 5’-GCCCTGAGTGAGCAGACTG 

atrial natriuretic factor (ANF) R 5’-GGAAGCTGTTGCAGCCTA 

brain natriuretic factor (BNP) F 5’-CTGCTGGAGCTGATAAGAGA 

brain natriuretic factor (BNP) R 5’-AGTCAGAAACTGGAGTCTCC 

alpha myosin heavy chain (αMHC) F 5’-ACCTACCAGACAGAGGAAGA, 

alpha myosin heavy chain (αMHC) R 5’-ATTGTGTATTGGCCACAGCG 

beta myosin heavy chain (βMHC) F 5’-ACCTACCAGACAGAGGAAGA 

beta myosin heavy chain (βMHC) R 5’- TTGCAAAGAGTCCAGGTCTGAG 

 

Table 2: Rat primer sequences for RT-PCR. 

Gene  Sequence 

GAPDH F 5’-  GACATGCCGCCTGGAGAAAC 

GAPDH R 5’- AGCCCAGGATGCCCTTTAGT 

atrial natriuretic factor (ANF) F 5’- ATCTGATGGATTTCAAGAACC 

atrial natriuretic factor (ANF) R 5’- CTCTGAGACGGGTTGACTTC 

brain natriuretic factor (BNP) F 5’- ACAATCCACGATGCAGAAGCT 

brain natriuretic factor (BNP) R 5’- GGGCCTTGGTCCTTTGAGA 
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For analysis of myocyte surface area, cells were stained with rabbit anti-troponin I 

(Cell Signaling) and goat anti-ANP (Santa Cruz).  Myocyte surface area was measured for 

at least 200 cells per condition using NIH ImageJ software.  

Statistics 

Data are reported as mean ± standard error of the mean. Unpaired t-test, two-way 

analysis of variance (ANOVA), or two-way ANOVAs for repeated measures were used to 

detect statistical significance with GraphPad Prism 6. All cell measurements from the same 

heart were averaged as one averaged data point. At least three hearts from each group were 

studied. 

Results 

Recombinant GDF11 is Functional and Can Be Selectively and Reliably Detected 

Using Western analysis, we first tested the specificity of the reagents used in the 

previous study (Abcam anti-GDF11) to document reduced GDF11 with aging and 

reductions in cardiac hypertrophy after rGDF11 injections (Loffredo et al., 2013). We 

found, as reported recently by others, (Egerman et al., 2015) that the Abcam GDF11 

antibody readily detected both GDF11 and myostatin (Figure 1A), suggesting that this is 

not an appropriate reagent to define GDF11 changes with aging or after rGDF11 injection. 

The Abcam antibody also did not readily detect the non-reduced forms of either GDF11 or 

myostatin. We then tested the specificity of an R&D systems GDF11 antibody (Figure 1B). 

This antibody had high specificity for GDF11 versus myostatin and was able to detect both 

reduced and non-reduced forms of GDF11. This antibody was used to detect GDF11 in the 

present experiments. 
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Figure 1. Assessment of antibody reactivity and function of rGDF11. A-B: Western 

Blot was used to determine the specificity of antibodies against GDF11 and Myostatin 

(MSTN) (100ng) in reduced vs non-reduced Samples. A: anti-GDF11 Abcam B: anti-

GDF11 R&D Systems. The antibody from R&D specifically detected both reduced and 

non-reduced forms of GDF11. C: Functional activity of rGDF11 (R&D Systems) was 

determined by ability to activate Smad2/3 signaling in HepG2 reporter cells using a 

luciferase assay. rGDF11 induced Smad2/3 activity with EC50 and EC90 values of 1.9 nM 

and 8.6 nM respectively. 
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We documented the bioactivity of recombinant proteins before injecting them into 

old mice. The rGDF11 protein was analyzed for its ability to induce Smad2/3 (its known 

signaling pathway) activity using HepG2 Smad2/3 luciferase reporter cells (Figure 1C). 

rGDF11 induced Smad2/3 activity with an EC50 and EC90 of 1.9 nM and 8.6 nM 

respectively (Figure 1C), documenting that rGDF11 binds to its native receptor with high 

affinity.  

GDF11 Blood Levels Increase After Injection of rGDF11 

We next performed studies to determine if a daily intraperitoneal injection of 

rGDF11 (0.1 mg/kg for 28 days) into 24-month-old male mice reverses any existing 

pathological cardiac hypertrophy. We measured circulating levels of rGDF11 in the plasma 

of old mice, either 1-3 hours after rGDF11 injection (for peak levels) or 24 hours after 

injection (for trough levels) (Table 3). These studies showed that rGDF11 rises to a 

detectable peak within a few hours and then falls to low levels within 24 hours. Importantly, 

the native GDF11 levels in old mice were below the quantification level (0.1ng/ml) of this 

assay.  Therefore, we were unable to determine if GDF11 levels in the blood decreased 

with age in C57BL/6 mice, similar to what has been reported recently (Egerman et al., 

2015). 

GDF11 Has No Effect on Cardiac Hypertrophy 

Pathological cardiac hypertrophy was assessed using heart weight to tibia length 

(HW/TL) and heart weight to body weight (HW/BW) ratios. Heart size was also 

determined with echocardiographic measures. In addition, immunohistochemistry and 

qRT-PCR were used to examine cardiac fibrosis and the presence of common markers of 

PCH. rGDF11-treated 24-month-old male animals were compared to vehicle-treated  
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Table 3. Circulating levels of GDF11 after injection. Plasma was collected 1.5-2 hours 

after injection of GDF11 at 0.1mg/kg or vehicle for peak levels (N=11) and 24 hours for 

trough levels (N=10). BQL=below quantification level (0.1ng/ml). 
 

Peak Trough 

GDF11 12.8±8.6 (ng/ml) 0.6±0.5 (ng/ml) 

Vehicle BQL BQL 

 

 

animals. We also studied 8 or12 week old young mice to define the magnitude of age 

dependent pathological cardiac hypertrophy.  

Our studies showed that rGDF11 had no effect on the heart weight or body weight 

of old mice (Figure 2A). Heart weight to body weight (HW/BW) and heart weight to tibia 

length (HW/TL) ratios were not significantly different between rGDF11 and vehicle treated 

animals.  In addition, the HW/BW ratio of 24-month-old animals was not significantly 

different from 8 or 12-week-old mice (Figure 2A).  These results show that while the heart 

weight (and body weight) of 24-month-old animals is greater than that of young animals, 

there is no pathological hypertrophy, but rather normal growth associated with changes in 

body mass (Freeman et al., 1994; Kiper, Grimes, Van Zant, & Satin, 2013; Savabi & 

Kirsch, 1992).  

Myocyte cross-sectional area was measured in vehicle and rGDF11 treated 24-

month-old mouse hearts by performing morphometric analysis of cardiac histological 
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sections. No differences in myocyte cross-sectional area between rGDF11 and vehicle 

treated 24-month-old animals were observed (Figure 2B). 

 

Figure 2. Assessment of hypertrophy in vivo. A:  Heart weight, body weight, and tibia 

length was measured at time of sacrifice 28 days post initial injection of GDF11. No 

significant differences were found between GDF11 and vehicle treated animals. *=p≤0.05 

compared to 8-week-old mice. B: There was no difference in myocyte cross sectional area 

between rGDF11 and vehicle treated animals. 100-175 myocytes with nuclei from 6 

animals were analyzed per group Scale bar= 50 microns. C: There was no difference in 

ANP levels between young and aged mice. There was no significant difference between 
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GDF11 and vehicle treated animals. *p<0.05 vs 8-week-old mice. #p<0.05 vs 12-week-old 

mice. 

mRNA levels of the hypertrophic markers ANP, BNP, αMHC, and βMHC were 

also measured in vehicle and rGDF11 treated 24-month-old mice. We also compared young 

and old mice to explore age related changes in these parameters. There were no significant 

differences in ANP, BNP, αMHC, or βMHC mRNA expression between rGDF11 and 

vehicle treated animals (Figure 2C). While there were no differences in ANP mRNA levels 

between young and aged mice, BNP was greater in 8-week-old animals versus other ages. 

In addition, there appear to be age related reductions in αMHC mRNA and increases in 

βMHC. These likely represent maturational changes in these molecules (Pandya, Kim, & 

Smithies, 2006). 

Cardiac fibrosis was measured in vehicle and rGDF11 treated 24-month-old mice 

by measuring the percentage of collagen in cardiac histological sections using Masson’s 

trichrome staining. There was no significant difference in fibrosis between rGDF11 and 

vehicle treated animals (Figure 3A). We also tested the ability of rGDF11 to stimulate 

fibroblast activation in-vitro using primary cultures of normal human dermal fibroblasts. 

rGDF11 stimulated fibroblast activation with an EC50 of 176pM (Figure 3B). This was 

similar to the effects of myostatin, which had an EC50 of 83pM.  

GDF11 Had No Effect on Cardiac Function 

Cardiac structure and function remained unchanged at 1, 2, and 4 weeks of rGDF11 

treatment as measured by echocardiography (Figure 4A-B.) In terminal hemodynamic 

studies, there was no difference in max pressure, max dP/dT, min dP/dt, EDP, or Tau  
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Figure 3. Analysis of cardiac fibrosis. A: Percent fibrosis was determined in histological 

sections using Masson’s trichrome staining by measuring the percentage of collagen 

(stained in blue) out of the total myocardial area. There was no significant difference in 

fibrotic area between rGDF11 (n=6) and vehicle treated animals (n=6). NS= Non-

Significant B: The effect of rGDF11 on fibroblast activation in vitro was examined by 

measuring fibronectin expression using normal human dermal fibroblast treated with a 

titration of TGF-β1, GDF-11, or GDF-8 at 1:3 dilutions, or medium. Fluorescence intensity 

values are plotted as a percent change from medium control (POC). GDF11 stimulated 

fibronectin expression with an EC50 of 176pM. 
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Figure 4. Cardiac structure and function measured by echocardiography. Mice 

received echocardiography at baseline, 1, 2, and 4 weeks after the start of injections. 

rGDF11 did not affect any A: structural or B: functional parameters measured. rGDF11 

(n=21) or vehicle (n=22) 
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Figure 5. Intra-left ventricular pressures. In vivo intra-LV pressures were measured at 

time of sacrifice. There was no difference in max pressure, max dP/dT, min dP/dt, EDP, or 

Tau between rGDF11 (n=21) and vehicle (n=22) treated animals. 
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between rGDF11 and vehicle treated animals (Figure 5). Collectively these experiments 

show that rGDF11 had no effects on cardiac structure or function. 

GDF11 Did Not Prevent Phenylephrine-Induced Hypertrophy In Vitro 

Finally, we tested the effects of rGDF11 treatment on phenylephrine-induced 

hypertrophy in cultured neonatal rat ventricular myocytes (NRVMs)(Loffredo et al., 2013). 

NRVMs were treated with rGDF11 at three concentrations: 0.5nM, 5nM, and 50nM with 

and without simultaneous phenylephrine treatment. rGDF11 treatment failed to inhibit 

phenylephrine-induced increases in myocyte surface area, but instead caused a dose 

dependent increase in myocyte size (Figure 6A). rGDF11 failed to inhibit phenylephrine-

induced increases in ANP and BNP mRNA expression, while by itself it induced a dose-

related increase in ANP and BNP mRNA compared to controls (Figure 6B-C). 

 

 

Figure 6. GDF11 induces hypertrophy in NRVMs. A: 150-300 myocytes were analyzed 

from at least 20 fields of view per condition B-C: GDF11 treatment increased expression 

of ANP and BNP mRNA expression (n=3) *p<0.05 vs control. #p<0.05 vs PE 50µM. 
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Discussion 

Aging related cardiomyopathy is often secondary to the accumulation of 

cardiovascular disease (CVD) and disease-induced changes in cardiac structure and 

function lead to cardiomyopathy (Barouch et al., 2003; Bujak et al., 2008; Waller, 1988). 

True age dependent changes in cardiac structure and function in CVD-free individuals are 

not well understood and if defined could provide novel clues for protection from aging-

specific cardiac functional decline. 

Others have searched for aging-specific changes in factors that circulate in the 

blood that if corrected could prevent or reverse age dependent decline in the function of 

critical organ systems (Conboy et al., 2005; Ruckh et al., 2012).  Indeed, a recent study, 

which has generated a significant amount of attention and collateral reporting 

(http://hsci.harvard.edu/aging-and-gdf11-what-we-know), 

(http://www.nature.com/cr/journal/v24/n12/full/cr2014107a.html), suggests that the blood 

levels of the myostatin-related protein, growth differentiation factor 11 (GDF11), decreases 

with age (Loffredo et al., 2013).  These myokine proteins are members of the transforming 

growth factor β (TGFβ) family of proteins. Myostatin can potently inhibit skeletal muscle 

growth and differentiation (McPherron, Lawler, & Lee, 1997), with smaller effects on 

cardiac muscle (Cohn, Liang, Shetty, Abraham, & Wagner, 2007). Reductions or loss of 

function of myostatin causes increases in skeletal muscle mass, with little or no effect on 

the heart (Heineke et al., 2010; Mosher et al., 2007; Parsons et al., 2006).  

A recent study reported that the circulating level of GDF11 decreases with aging, 

and this reduction correlated with the development of pathological cardiac hypertrophy in 

old mice(Loffredo et al., 2013). Pathological cardiac hypertrophy was rescued in these old 

http://hsci.harvard.edu/aging-and-gdf11-what-we-know
http://www.nature.com/cr/journal/v24/n12/full/cr2014107a.html


35 
 

mice by either restoring a “youthful” circulation with parabiosis or by injection of rGDF11 

to restore youthful GDF11 levels (Loffredo et al., 2013). Related studies suggest that 

restoring youthful GDF11 levels rejuvenates skeletal muscle (Sinha et al., 2014) and brain 

(Katsimpardi et al., 2014) structure and function. These findings suggest that restoring 

youthful levels of GDF11 can reverse aging dependent decline of critical organ systems 

and they were highly touted as the discovery of the long sought after tissue rejuvenation 

factor (http://hsci.harvard.edu/aging-and-gdf11-what-we-know). However, the skeletal 

muscle findings have recently been challenged (Egerman et al., 2015) and, considering our 

results in the old heart, it does not appear that GDF11 is an anti-aging factor 

(http://stemcellassays.com/2015/05/gdf11-contoversy-antibody-better/) 

(http://pipeline.corante.com/archives/2015/05/20/a_young_blood_controversy.php). 

(http://www.nature.com/news/young-blood-anti-ageing-mechanism-called-into-question-

1.17583). A recent editorial has also highlighted that GDF-11 is not the long sought 

rejuvenation factor(Brun & Rudnicki, 2015).  

The objectives of our experiments were to reexamine the idea that rGDF11 is a 

critical cardiac anti-aging factor in the mouse (Loffredo et al., 2013). Our goal was to define 

the mechanisms underlying the ability of rGDF11 to reverse aging dependent cardiac 

pathological structural and functional remodeling. 

We first set out to develop assays with appropriate sensitivity and specificity for 

GDF11 detection. We first examined the antibody used in previous work (Loffredo et al., 

2013) and found, similar to results in another recent report (Egerman et al., 2015), that this 

antibody also identified the highly homologous family member, myostatin (Online figure 

IA). We then characterized an antibody (R&D systems) that detected GDF11 and not 

http://hsci.harvard.edu/aging-and-gdf11-what-we-know
http://stemcellassays.com/2015/05/gdf11-contoversy-antibody-better/
http://pipeline.corante.com/archives/2015/05/20/a_young_blood_controversy.php
http://www.nature.com/news/young-blood-anti-ageing-mechanism-called-into-question-1.17583
http://www.nature.com/news/young-blood-anti-ageing-mechanism-called-into-question-1.17583
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myostatin (Figure 1B) and we used this antibody to determine that treatment increases 

blood levels of rGDF11 in old mice. We found that endogenous levels of GDF11 were 

below our detection limits in both young and old mice. Therefore, we could not determine 

if GDF11 levels fell with age similarly to what has been reported recently in a study of 

skeletal muscle (Egerman et al., 2015). Our results show that the reagents used in previous 

work (Loffredo et al., 2013) are inadequate to determine if GDF11 levels fall in old mice 

or increase after rGDF11 treatment. 

Our studies show that treatment of old mice with rGDF11 had no effect on heart or 

myocyte size, overall cardiac structure and cardiac pump function (Figures 2, 4, 5). Indeed, 

hearts and their myocytes are larger in old versus young mice (Helms et al., 2010; X. 

Zhang, Azhar, Furr, Zhong, & Wei, 2003).  However, old mice have greater body weights 

than young mice and 24-month-old mice have the same HW/BW ratio as 8 or 12-week-old 

mice, which is inconsistent with the presence of pathological hypertrophy. In addition, we 

could not find evidence for activation of pathological hypertrophy signaling in old animals. 

Collectively our results suggest that the increase in heart size with aging is what is expected 

in healthy animals that have increases in their body mass. There are numerous reports 

showing that heart size changes with increases or decreases in body size in mature adult 

animals(Ernsberger, Koletsky, Baskin, & Collins, 1996; Lim et al., 2000). Our results 

suggest that HW/TL cannot discriminate between pathological hypertrophy and 

physiological growth in mature animals where tibia length does not change. 

The suggestion of an anti-hypertrophic effect of a youthful circulation in old mice 

came from parabiosis experiments in which old and young mice had a shared circulation 

(Loffredo et al., 2013).  In these studies, heart size was clearly reduced in old mice sharing 



37 
 

a circulation with young mice (Loffredo et al., 2013). However, the old mice lost 25-30% 

of their body weight during the month of parabiosis with the young mice and the HW/BW 

ratios in these old mice appear to have been unchanged.  The unexplained data in this 

previous report (Loffredo et al., 2013), upon which the conclusions in the parabiosis 

experiments rest, is that there was no change in the HW of old mice sharing a circulation 

with other old mice, even though these old mice also lost 25% of their body weight.  The 

observation that mice can reduce their BW by 25% with no corresponding change in HW 

(Loffredo et al., 2013) does not fit with a large body of existing work (Ernsberger et al., 

1996; Lim et al., 2000; Savabi & Kirsch, 1992). 

We also studied the effects of GDF11 on phenylephrine-induced hypertrophy of 

neonatal rat ventricular myocytes. We found that rGDF11, by itself, activated pathological 

hypertrophy signaling and increased myocyte size, but it did not exacerbate or block the 

effects of phenylephrine reported previously (Loffredo et al., 2013). 

In summary, our studies show that daily injections of biologically active rGDF11 

raised the blood levels of rGDF11 in old mice but had no effect on heart and myocyte size; 

overall cardiac structure and cardiac pump function. We also did not find evidence for the 

existence of pathological hypertrophy in 24-month-old disease-free C57BL/6 mice. These 

results do not support the idea that GDF11 should be part of an “anti-aging” elixir. 
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CHAPTER 3  

GDF11 IN PRESSURE OVERLOAD INDUCED CARDIAC HYPERTROPHY 

Abstract 

Rationale 

There have been conflicting reports on the effects of Growth Differentiation Factor 

11 (GDF11) on the normal, diseased, and aging heart. GDF11 has been reported to reverse 

aging induced hypertrophy, but this observation has not been well validated. Excess 

GDF11 has also been shown to cause cardiac and skeletal muscle wasting. These 

controversies could be resolved if dose dependent GDF11 effects were documented in 

normal and aged animals as well as in pressure overload induced pathological hypertrophy. 

Objective 

To determine dose dependent effects of GDF11 on normal hearts and those with 

pressure overload induced cardiac hypertrophy. 

Methods and Results 

12-13-week-old C57BL/6 mice underwent transverse aortic constriction (TAC) 

surgery. One-week post TAC, these mice received a daily intraperitoneal injection of either 

vehicle or recombinant GDF11 at one of 3 doses: 0.5 mg/kg, 1.0 mg/kg, or 5.0 mg/kg for 

14 days. Treatment with GDF11 increased plasma concentrations of GDF11 and p-

SMAD2. There were no significant differences in the peak pressure gradients across the 

aortic constriction between treatment groups at one-week post-TAC. Two weeks of GDF11 

treatment caused dose dependent decreases in cardiac hypertrophy as measured by HW/TL 

ratio, myocyte cross sectional area, and LV mass. Pathological cardiac hypertrophy 

markers including BNP, alpha skeletal actin, beta myosin heavy chain, and alpha myosin 
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heavy chain were changed with GDF11 treatment. GDF11 improved cardiac pump 

function while preventing TAC-induced ventricular dilation and caused a dose dependent 

decrease in interstitial fibrosis. However, treatment with the highest dose (5.0mg/kg) of 

GDF11 caused severe body weight loss, with significant decreases in both muscle and 

organ weights in both sham and TAC mice.  

Conclusions 

GDF11 can reduce pathological cardiac hypertrophy and associated fibrosis in 

pressure overload. However, the therapeutic range for these beneficial GDF11 effects 

appears quite narrow with slightly higher GDF11 doses causing cachexia and death. 

Introduction 

 Cardiovascular diseases result in over 600,000 deaths in the United States alone, 

with high blood pressure as a primary or contributing cause to more than 400,000 deaths 

annually (Benjamin et al., 2017; Kearney et al., 2005). Prolonged high blood pressure 

initially results in concentric pathological hypertrophy, which if left untreated can lead to 

heart failure with (Heart Failure with reduced Ejection Fraction; HFrEF) or without (Heart 

Failure with preserved Ejection Fraction; (HFpEF) ventricular dilation and depressed 

cardiac ejection fraction. Both of these clinical situations also exhibit altered left 

ventricular (LV) diastolic function that is associated with interstitial fibrosis, decreased LV 

systolic reserve, increased arterial stiffness, and impaired endothelial function(Lakatta & 

Levy, 2003a, 2003b). With sustained disease stress these structural and functional changes 

are accompanied by increased cardiomyocyte death from apoptosis and/or necrosis. Since 

the heart has little regenerative capacity (Rumyantsev, 1977; Soonpaa & Field, 1997), 

myocyte death leads to decreased numbers of functional cardiac myocytes (Goldspink, 
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Burniston, & Tan, 2003; Olivetti, Melissari, Capasso, & Anversa, 1991). Current therapies 

for hypertension (HPT) and heart failure are somewhat effective, but do not reverse many 

of the disease induced cardiac alterations. There is a need to identify new therapeutic 

targets that could slow or reverse adverse cardiac remodeling in acquired cardiovascular 

diseases such as HPT, and especially in HFpEF, where there are inadequate therapeutic 

options. 

 Members of the TGF-β super family of proteins are involved in a wide range of 

diverse functions and play critical roles in embryogenesis, development and overall tissue 

homeostasis. This family of proteins is known to be involved in tissue growth and repair 

but can by dysregulated in cardiovascular disease. Members of this family have diverse 

roles in the regulation of differentiation, apoptosis, cell migration, adhesion, and 

extracellular matrix deposition (Vilar, Jansen, & Sander, 2006) and are being examined as 

possible therapeutic targets in cardiovascular disease (Angelov et al., 2017; Biesemann et 

al., 2015; Biesemann et al., 2014).   

 Growth Differentiation Factor 11 (GDF11) is a member of the TGF-β super family 

of proteins and is highly homologous to the well-studied TGF- β family member, 

myostatin. Myostatin is a known negative regulator of skeletal muscle growth (Mosher et 

al., 2007; Parsons et al., 2006). Given its structural similarity to myostatin, GDF11 has 

been suggested to have a similar effect on skeletal and cardiac muscle (Xing et al., 2007). 

Supporting this idea are recent studies in which circulating GDF11 levels have been 

increased and result in skeletal and cardiac muscle wasting (Hammers et al., 2017; 

Zimmers et al., 2017). These studies documented that overexpression of GDF11 from 

AAV-2 or CHO cells resulted in decreases in cardiac and skeletal muscle mass and function 
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and could even induce death of mice at high doses. Interestingly, other studies have shown 

that GDF11 has little or no effects on cardiac or skeletal muscle mass (Smith et al., 2015), 

and there is some data suggesting that GDF11 treatment can have beneficial effects on the 

heart (Du et al., 2017; Poggioli et al., 2016). 

Previous studies on the effects of GDF11 on the normal and diseased heart have 

produced widely variant findings and conclusions. One series of studies suggested that 

circulating GDF11 levels decrease with age and are associated with pathological cardiac 

hypertrophy. When normal levels were restored with daily injections of recombinant 

protein, they rejuvenated the aged heart (Loffredo et al., 2013), skeletal muscle (Sinha et 

al., 2014), and brain (Katsimpardi et al., 2014). These studies suggest that daily injections 

of GDF11 reverse aging induced pathological hypertrophy (Loffredo et al., 2013), 

improved skeletal muscle function(Sinha et al., 2014), and improved brain vascularization 

(Katsimpardi et al., 2014). However, a number of more recent studies could not validate 

these results (Egerman et al., 2015; Smith et al., 2015). Our group has shown that the (0.1 

mg/kg/day) dose of GDF11 reported to reverse aging induced cardiac pathologies 

(Loffredo et al., 2013) had no effect on cardiac function or structure in aged C57BL/6 mice 

(Smith et al., 2015). No age-related pathological cardiac hypertrophy was observed in these 

studies (Smith et al., 2015). 

A major purpose of the present study was to bring some clarity to the disparate 

findings reported regarding GDF11 effects on the heart and skeletal muscle in adult mice. 

In our view, performing studies with recombinant proteins in different laboratories and 

achieving identical results is clearly challenging, in part because differences in dosing or 

in the biological activity of the recombinant protein are not easily controlled. These 
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problems might explain some of the disparate results in the literature. Therefore, to clarify 

some of the discrepancies in this field, we performed a (blinded) dose ranging study in 

which we treated 12-13-week-old C57BL6 mice with GDF11 for 14 days, beginning one 

week after undergoing transverse aortic constriction (TAC) or sham surgery. This allowed 

us to explore dose dependent GDF11 effects on the structure and function of normal hearts 

(and skeletal muscle) as well as those with evolving pathological cardiac hypertrophy. Our 

results show that daily injections of GDF11 caused a dose dependent reduction in body 

weight and heart mass in both normal and TAC mice, with a disproportionate effect on 

heart weight in TAC mice. Our results are consistent with the hypothesis that GDF11 can 

reduce pathological hypertrophy and associated fibrosis in pressure overload. However, 

the therapeutic range for these beneficial GDF11 effects appears quite narrow with slightly 

higher GDF11 doses causing cachexia and death. 

Methods 

Animals 

C57BL/6 male mice aged 12 weeks were purchased from the Jackson Laboratories. 

All animal studies were performed according to protocols approved by the Institutional 

Animal Care and Use Committee of Lewis Katz School of Medicine at Temple University 

and conducted in accordance with the Guide for the Use and Care of Laboratory Animals.  

Animal Model of Cardiac Hypertrophy 

Mice received either sham surgery (55 mice) or transverse aortic constriction 

surgery (120 mice). Mice were anesthetized via inhalation of 2.5% isoflurane and 

artificially ventilated. The transverse aortic arch was accessed via partial thoracotomy to 

the second rib and the aortic arch was constricted between the innominate artery and left 
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carotid arteries using a 7-0 silk suture tied firmly against a 27-gauge blunted needle. The 

needle was promptly removed, the chest was closed, and the mice were allowed to recover 

from anesthesia. The sham-operated mice underwent the same operation except for aortic 

constriction. Ligation of the aorta was confirmed one week after TAC using pulse wave 

doppler echocardiography (ECHO). Mice with a maximum peak gradient of less than 30 

were excluded from the study.   

GDF11 Dosing and Injections  

Investigators were blinded to treatment. Mice were given a daily single 

intraperitoneal injection of either rGDF11 (R&D Systems) at 0.5mg/kg (N=40, 15 sham, 

20 TAC), 1.0 mg/kg (40, 15 sham, 20 TAC) or 5.0 mg/kg (N=25, 10 sham, 15 TAC) or 

vehicle (60mM NaAcetate Buffer, pH 5.0 and 10% Trehelose) (N=40, 15 sham, 20 TAC) 

for 14 days beginning one week after TAC surgery. rGDF11 stock solution was dissolved 

in NaAcetate Buffer, pH 4.5 at a concentration of 1mg/ml. Stock solutions were diluted 

with the dosing solution (60mM NaAcetate Buffer, pH 5.0 and 10% Trehelose) to reach 

the final concentrations of 0.5mg/kg, 1.0 mg/kg or 5.0 mg/kg. Boehringer Ingelheim 

Pharmaceuticals provided all solutions in a blinded fashion. Mice were assigned to 

treatment groups so that there were no significant differences in ejection fraction, wall 

thicknesses, left ventricular mass, or pressure gradients at the band between the groups at 

one week. Mice were weighed every day before dosing. 

Echocardiography 

Mice were anesthetized with 2-2.5% isoflurane and then maintained at 1.5-2%. 

Anesthetized mice underwent transthoracic echocardiography using a Vevo2100 

ultrasound system (VisualSonics; Toronto, Canada). Repeated measurements were 
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performed at baseline and at 1, and 3 weeks post-surgery. Hearts were viewed in the short-

axis at the level of the mid-papillary muscles for M-mode. Parameters were to be measured 

offline (Vevo software) including end diastolic diameter (EDD), end-systolic diameter 

(ESD), left ventricular posterior wall thickness (LVPW), and left ventricular anterior wall 

thickness (LVAW) to determine cardiac morphological changes. Ejection fraction (EF) and 

fractional shortening (FS). Images were acquired in the short-axis B-mode and M-mode 

for analysis of cardiac function and dimensions. Pulse wave doppler of the transverse aorta 

was used to measure the peak pressure gradients at the aortic constriction. 

Circulating Levels of GDF11 

An MSD assay to detect human recombinant GDF11 was developed using a 

homogenous assay format. A master mix was prepared, combining 4.0 µg/mL biotinylated 

anti-GDF11 antibody (R&D Systems) and 2.0 µg/mL sulfo-labeled anti-GDF11 antibody 

(R&D Systems) in binding buffer (5% BSA in 1X PBS with 0.05% Tween 20). This master 

mix was added to a 96-well, non-binding, light-blocking plate (Fisher Scientific) at 50 µL 

per well. Twenty-five µL of standards, QCs, and mouse plasma samples (diluted 2-fold in 

binding buffer) were added per well in duplicate to the non-binding plate containing the 

master mix. The non-binding plate was incubated at room temperature on a plate shaker 

(600 rpm, 2 hours). In parallel, an MSD streptavidin (SA) gold 96-well plate (Meso Scale 

Discovery) was blocked using 150 µL blocking buffer (5% BSA with 1X PBS with 0.05% 

Tween 20) and incubated at room temperature on a plate shaker (500 rpm, 2 hours). After 

incubation, the MSD plate was washed three times with 300 µL per well wash buffer 

(0.05% Tween 20 in 1X PBS). Fifty microliter aliquots of each sample mix from non-

binding plates were added to MSD plates and incubated at room temperature on a plate 
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shaker (600 rpm, 2 hours). After incubation, the plate was washed three times and 150 µL 

of 2x Read Buffer T (MSD, stock diluted 2X in H20) was added to each well and read 

immediately on the MSD QuickPlex 120 instrument using an electrochemiluminescent 

(ECL) signal. Quality control and unknown mouse plasma sample concentrations were 

back-calculated using standard curves fitted to a four-parameter logistics equation using 

MSD Discovery Workbench software. 

Histology, Weight Measurements, Myocardial Fibrosis and Myocyte Cross Sectional 

Area 

Prior to sacrifice rGDF11 and vehicle treated animals were randomly divided to be 

used for molecular analysis or histology. The mice receiving the 5 mg/kg dose of GDF11 

had to be euthanized after 9 to 10 doses of GDF11 due to severe cachexia. All other mice 

were euthanized after 14 days of treatment with GDF11 or Vehicle. All Tissues were rinsed 

with PBS, excess fluid was blotted off, and weighed. Tibias were removed and measured 

to the nearest 0.5 mm. The hearts from approximately two-thirds of the mice per group 

were immediately snap-frozen in liquid nitrogen for molecular analysis. The remaining 

hearts were perfusion-fixed with 10% formalin and paraffin embedded for histology 

following previously published protocols (see supplemental material references 3-5). 

Tissue blocks were sent to AML Laboratories (St Augustine, FL) for sectioning and 

staining for Hemotoxylin and Eosin. Myocyte cross sectional area was measured from 3-8 

mice per group using slides stained with Wheat-Germ agglutinin. 3-8 samples from each 

group were stained with Masson’s trichrome (Sigma-Aldrich; St. Louis, MO) for collagen 

deposition. Myocyte cross-sectional area and Fibrotic area were quantitated with NIH 

ImageJ software (http://rsbweb.nih.gov/ij/). At least 300 myocytes from 3 sections of the 
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heart were analyzed per animal to assess myocyte cross sectional area. At least 13 fields of 

view were analyzed per animal for collagen deposition. Fibrotic area was measured by 

visualizing all blue-stained areas. Color based- thresholding was used to differentiate 

between the total area of collagen deposition, stained in blue, and myocyte areas stained 

red in each section. Fibrosis is presented as the sum of the blue-stained areas divided by 

total ventricular area. Interstitial fibrosis was measured from images that did not include 

vessels, while perivascular fibrosis was measured from areas with both myocytes and 

vessels. 

Western-Blot Analysis 

Snap-frozen hearts were cut in half. One half of the heart was used for RNA 

isolation and the other half for protein isolation. Frozen heart sections were homogenized 

in RIPA buffer (Sigma) with phosphatase inhibiter cocktails 1 and 2, a protease inhibitor 

cocktail and EDTA added at a 1x concentration. Protein was quantified using the Pierce 

BCA Protein Assay Kit (Thermo Scientific). Tissue homogenates were resolved on 4-15% 

gels (Biorad) under reducing conditions and transferred to nitrocellulose membranes. 

Membranes were blocked for 1 hour in Odyssey Blocking Buffer (LI-COR). The following 

primary antibodies were used for immunoblotting: pSMAD2, SMAD2 at 1:1000 

(CellSignaling Technology, Danvers, MA, USA). LI-COR goat anti-rabbit or goat anti-

mouse secondaries were used at 1:5000 concentration. Odyssey CLx western blot detection 

system (LI-COR, Lincoln, NE, USA) was used to detect the signal.  

Real-Time Polymerase Chain Reaction (PCR) 

Total RNA was extracted from snap frozen myocardial tissue utilizing TRIzol 

Reagent (Thermo Fisher) and digested with DNase I (Invitrogen) to eliminate genomic 
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DNA. cDNA was synthetized using the SuperScript III first strand synthesis system for 

RT-PCR (Invitrogen) according to the manufacturer’s instructions. Real-time PCR was 

performed using the Quantifast Sybrgreen PCR kit (Qiagen) and The StepOnePlus Real-

Time PCR system (Applied Biosystems). Ct values were normalized with respect to beta-

2 microglobulin (β2M). Fold change was calculated with respect to sham vehicle. The 

primer sets are listed in table 4. 

 

Table 4. Primer sequences for RT-PCR. 

Gene Sequence 

β2M F 5’-ATGTGAGGCGGGTGGAACTG -3' 

β2M R 5’-CTCGGTGACCCTGGTCTTTCTG-3' 

Acta1 F 5'-TGAAGCCTCACTTCCTACCCT-3' 

Acta1 R 5'-CCGTTGTCACACACAAGAGC-3’ 

αMHC F 5'-ATAAAGGGGCTGGAGCACTG-3' 

αMHC R 5'-GTAGCGCTCCTTGAGGTTGT-3’ 

βMHC F 5'- TCCTGCTGTTTCCTTACTTGCT-3' 

βMHC R 5'-GAACTTGGGTGGGTTCTGCT-3' 

BNP F 5’-CTGCTGGAGCTGATAAGAGA-3’ 

BNP R 5’-AGTCAGAAACTGGAGTCTCC-3’ 
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Statistics 

Data are represented as mean ±SEM. For echocardiography parameters with 

repeated measures, linear mixed-effects models were used to determine predicted mean 

values at each assessment point (baseline, week 1, and week 3) and to test treatment group 

differences. In each linear mixed-effects model, time and treatment group were included 

as fixed effects with time-by-treatment group interaction term. T-tests were used to 

determine significance between sham and TAC mice with vehicle treatment for parameters 

with a single measurement. One-way analysis of variance evaluated the differences for 

parameters measured at a single time point within the sham or TAC group using Dunnet’s 

multiple comparison test. Statistical analyses were performed using SAS 9.4 (SAS 

Institute, Cary, NC) and GraphPad prism version 7.0. A p-value of < 0.05 was used to 

determine significance for all statistical tests. 

Results 

GDF11 Causes Dose Dependent Activation of SMAD2 Signaling 

The canonical signaling pathway for GDF11 involves activation (phosphorylation) 

of SMAD2/3. Our results show that rGDF11 injections caused a dose dependent increase 

in the circulating plasma concentrations of GDF11 (measured 1-1.5 hours after injection 

on the day of sacrifice) in both sham and TAC mice (Figure 7A). These studies also showed 

that TAC induced phosphorylation of SMAD2 and treatment with GDF11 increased 

SMAD2 phosphorylation in both sham and TAC mice (Figure 7B,C). These results support 

the idea that GDF11 causes a dose dependent activation of SMAD signaling in the normal 

and hypertrophied heart. 
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Figure 7. Injections of rGDF11 increase the circulating concentration of GDF11 and 

SMAD2 phosphorylation. A: Plasma was collected 1-1.5 hours after injection of GDF11 

or vehicle. Blood GDF11 levels increased with GDF11 dose. B: Ratio of phosphorylated 

to total forms of SMAD2 protein in the hearts of vehicle-treated and GDF11-treated TAC 

and sham mice was quantified by densitometry. (n=5-8 per group) C: Immunoblotting for 

phosphorylated and total forms of SMAD2 in the hearts of vehicle-treated and GDF11-

treated TAC and sham mice. *p<0.05 vs vehicle-treated TAC mice. #p<0.05 vs vehicle-

treated sham mice.  
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GDF11 Decreases TAC-Induced Cardiac Hypertrophy 

Pulse wave doppler-based echocardiography (ECHO) techniques were used one 

week after sham or TAC surgery to determine the peak pressure gradient across the aortic 

constriction. TAC caused a significant increase in the peak pressure gradient across the 

constriction in TAC mice (Figure 8A). TAC mice were then randomized to either GDF11  

or vehicle treatment groups so that there were no significant differences in the peak 

pressure gradients at the time of initial treatment (Figure 8A). 3 weeks of TAC (without 

GDF11 treatment) caused significant increases in heart weight (HW; Table 5), HW/body 

weight (BW) (Figure 8B), HW/tibial length (TL) (Figure 8C) and left ventricular myocyte 

cross sectional area (CSA) (Figure 9A,B) versus vehicle treated sham mice. ECHO-based 

evaluation of LV anterior wall thickness and cardiac mass also documented a significantly 

greater pathological hypertrophy in vehicle-treated TAC mice versus sham (Figures 

10A,D). Traditional markers of pathological LV hypertrophy were also significantly 

changed in vehicle-treated TAC versus sham mice (Figure 9C-F). These results show that 

the TAC performed in these studies induced well documented features of pathological 

hypertrophy in vehicle-treated mice. 

Daily intraperitoneal injections of GDF11 were started one week after TAC or 

sham surgery and continued for up to two weeks at doses of 0.5/1/or 5 mg/Kg (Figure 

11A,B).  In sham mice, GDF11 doses of 0.5 and 1 mg/Kg caused no significant 

reductions in HW (Table 5), BW (Table 5), and ECHO -derived ventricular structure 

(Figure10A-D) or function (Figure 12A-D). However, the highest GDF11 dose tested (5 

mg/Kg) in sham mice caused significant reductions in HW (Table 5), BW (Table 5), 

HW/TL (Figure 8C), ECHO -derived cardiac mass and dimensions (Figure 10C,D), and  
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Figure 8. GDF11 reduces TAC-induced cardiac hypertrophy. A:  Peak pressure 

gradients across the aortic constriction were measured 1 week after TAC or sham surgery. 

B,C: Heart weight to body weight ratio and heart weight to tibia length ratio were 

determined 21 days after TAC surgery (16/17 days after TAC surgery for mice treated with 

5.0 mg/kg). D: Representative images of the mid-papillary transverse sections of hearts 

after 21 days of TAC and 14 injections of GDF11 or vehicle (16/17 days after TAC surgery 

and 9 or 10 injections for mice treated with 5.0 mg/kg of GDF11). Data are represented as 

mean ±SEM. *p<0.05 vs vehicle-treated TAC mice. #p<0.05 vs vehicle-treated sham mice. 
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Figure 9. GDF11 decreases myocyte cross-sectional area and alters expression of 

markers of hypertrophy. A: Representative images of wheat germ agglutinin staining. B: 

Quantification of cross sectional areas of cardiac myocytes in WGA stained hearts from 3-

8 mice per group.  At least 300 myocytes with nuclei were analyzed per mouse. Scale bar 

= 50 microns. C-F: RT-PCR analysis of BNP, alpha skeletal actin (Acta1), alpha myosin 

heavy chain (αMHC) and beta myosin heavy chain (βMHC) mRNA expression. All data 

are represented as mean ±SEM *p<0.05 vs vehicle-treated TAC mice. #p<0.05 vs vehicle-

treated sham mice. 
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Table 5. Terminal Weights. Heart weight, body weight, tibia length, and lung weights 

were measured at time of sacrifice 14 days post initial injection of GDF11 (9 or 10 

injections for mice treated with 5.0 mg/kg of GDF11). *p<0.05 vs vehicle-treated TAC 

mice. #p<0.05 vs vehicle-treated sham mice. 

 BW (g) HW (mg) TL (mm) HW/BW 
(mg/g) 

HW/TL 
(mg/mm) 

LW/BW 
(mg/g) 

Sham 
Vehicle 

26.53±1.60 123.80±9.81 17.37±0.44 4.42±0.30 6.80±0.58 4.95±0.28 

Sham 
0.5mg/kg 

26.98±2.34 125.65±17.39 17.43±0.32 4.65±0.44 7.21±0.98 5.35±0.50 

Sham 1.0 
mg/kg 

25.56±1.94 119.34±12.84 17.11±0.21 4.66±0.24 6.98±0.77 5.53±0.37 

Sham 5.0 
mg/kg 

18.73±1.74# 87.61±10.71# 17.63±0.58 4.71±0.70 4.97±0.56# 7.07±0.66# 

TAC 
Vehicle 

27.04±2.21 175.09±29.64# 17.21±0.38 6.47±0.88# 10.17±1.66# 5.51±0.49 

TAC 0.5 
mg/kg 

26.73±1.97 172.74±34.97 17.39±0.32 6.44±1.04 9.94±2.00 5.85±1.50 

TAC 1.0 
mg/kg 

25.94±2.28 150.83±17.84* 17.47±0.48 5.84±0.76 8.64±1.07* 5.91±1.65 

TAC 5.0 
mg/kg 

18.92±0.95* 103.88±11.76* 17.63±0.38 5.50±0.65* 5.89±0.65* 6.83±0.39* 
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Figure 10. GDF11 altered cardiac remodeling after TAC. Echocardiography was 

performed at baseline, 1, and 3 weeks after TAC surgery. A: Left ventricular anterior wall 

thickness (top: diastole bottom: systole) B: Left ventricular posterior wall thickness C: Left 

ventricular internal dimension (top: diastole, bottom: systole). D: Left ventricular mass. 

Data are represented as mean ±SEM *p<0.05 vs vehicle-treated TAC mice at same time 

point. #p<0.05 vs vehicle-treated sham mice at same time point. ^<0.05 vs same group at 

baseline. $p<0.05 vs same group at 1 week.  
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myocyte CSA (Figure 9B). There was no significant effect of 5 mg/Kg GDF11 on HW/BW 

in sham mice (Figure 8B). GDF11 caused small but significant reductions in myocyte CSA 

at all doses tested in sham mice (Figure 9B). Sham mice treated with 5 mg/Kg GDF11 

showed signs of severe cachexia (see below) and either died or had to be euthanized 10-11 

days after GDF11 treatment.  

In TAC mice, the lowest GDF11 dose (0.5 mg/Kg) had no significant effect on BW, 

HW and ECHO-derived ventricular structure or mass. The 1.0 mg/Kg GDF11 dose caused 

a significant reduction in HW and HW/TL (Table 5, Figure 8C). The highest GDF11 dose 

(5 mg/Kg) caused significant reductions in HW (Table 5), BW (Table 5), HW/TL (Figure 

8C), and ECHO-derived LV wall thicknesses, dimensions, and cardiac mass (Figure 10A-

D). GDF11 cause significant reductions in myocyte CSA in TAC mice with CSA 

regressing to almost normal levels at 1 mg/Kg, a dose that did not induce severe cachexia 

(Figure 9B). GDF11 decreased some hypertrophy markers in TAC mice (Figure 9C-F), but 

the 5 mg/Kg dose had complex effects in both sham and TAC mice, with some hypertrophy 

markers decreasing while others increased. Like sham mice, TAC mice treated with 5 

mg/Kg GDF11 showed signs of severe cachexia, were lethargic and needed to be 

euthanized 9-10 days after treatment was initiated. 

These findings suggest that GDF11 induces a dose-dependent decrease in 

pathological cardiac hypertrophy, but also induces a body wasting phenotype (see below) 

that can become so severe at high GDF11 doses (5.0 mg/kg) that mice either died or had 

to be euthanized because they lost in excess of 30% of their body weight within 9-10 days 

of treatment (Figure 11).  
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Figure 11. Schematic of experimental protocol. A: 12-13-week-old mice underwent TAC 

surgery. Mice were treated with vehicle or GDF11 at a dose 0.5mg/kg/day or 1.0 mg/kg/day 

via an IP injection for 14 days. Mice were euthanized after 21 days of TAC and tissue and 

plasma were collected. B: Mice receiving the 5.0 mg/kg/day dose of GDF11 had to be 

euthanized after 9 or 10 days of treatment with GDF11. Tissue and plasma were collected 

on day 16 or 17 of TAC. 
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GDF11 Improves Cardiac Function. 

ECHO was used to determine time dependent changes in cardiac structure and 

function in sham and TAC mice treated with vehicle or GDF11 one week after surgery. In 

vehicle treated TAC mice, the ventricle began to dilate and pump function began to decline 

by week 3 post TAC with significant decreases in ejection fraction and fractional  

shortening and an increase in end-systolic and end-diastolic LV volumes (Figure 12A-C). 

TAC mice treated with the 0.5 mg/kg of GDF11 experienced similar decreases in ejection 

fraction and fractional shortening (Figure 12A,B). However, TAC mice treated with 1.0 

mg/kg of GDF11 exhibited a modest increase in ejection fraction and fractional shortening 

and dilation was not present.  5.0 mg/kg of GDF11 caused a significant increase in ejection 

fraction and fractional shortening in TAC mice between weeks 1 and 3 post-TAC (Figure 

12A,B). Sham mice treated with the 5.0 mg/kg dose also experienced an increase in EF, 

but this was not significant. End systolic and end diastolic volumes were unchanged in the 

0.5 and 1.0 mg/kg treated TAC mice between weeks 1 and 3 post-TAC, while these 

volumes significantly decreased in the 5.0 mg/kg treated sham and TAC mice (Figure 

12C,D). These results suggest that GDF11 treatment in TAC mice can prevent cardiac 

dilation and progressive depression of cardiac pump function.  

GDF11 Decreased Cardiac Fibrosis. 

Pathological cardiac hypertrophy induced by pressure overload is associated with 

increased cardiac fibrosis (Cingolani et al., 2004; Heymans et al., 2005; Ying et al., 2009). 

In the present experiments, TAC increased both perivascular and interstitial cardiac fibrosis 

in vehicle-treated TAC versus sham mice (Figure 13A-C). GDF11 treatment of sham mice 

had no effect on the amount of observed cardiac fibrosis, even at high GDF11 doses. In 
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TAC mice, all doses of GDF11 caused significant decreases in interstitial fibrosis but had 

no significant effect on perivascular fibrosis (Figure 13A-C). RT-PCR analysis of 

Collagen, type I, alpha 1 (Col1a1) showed a significant increase in Col1a1 mRNA 

abundance after TAC and a dose dependent reduction in Col1a1 abundance in GDF11-

treated TAC mice (Figure 13D). 

 
Figure 12. GDF11 improves cardiac function after TAC. Echocardiography was 

performed at baseline, 1, and 3 weeks after TAC surgery. A: Ejection fraction B: 

Fractional shortening. C: End systolic volume. D: End diastolic volume. Data are 

represented as mean ±SEM *p<0.05 vs vehicle-treated TAC mice at same time point. 

#p<0.05 vs vehicle-treated sham mice at same time point. ̂ <0.05 vs same group at baseline. 

$p<0.05 vs same group at 1 week. 
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Figure 13. GDF11 reduces interstitial fibrosis and collagen mRNA expression.  GDF11 

treatment began 1 week after mice underwent TAC surgery. A: Representative images of 

hearts stained with Masson’s trichrome. B: Quantification of interstitial fibrosis from 

Masson’s trichrome staining. C: Quantification of fibrosis from areas containing vessels. 

D: RT-PCR analysis of collagen1a1 (col1a1) mRNA expression. Data are represented as 

mean ±SEM *p<0.05 vs vehicle-treated TAC mice. #p<0.05 vs vehicle-treated sham mice 
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High doses of GDF11 cause cachexia:  

Both sham and TAC mice receiving a 5.0 mg/kg dose of GDF11 lost approximately 

30 percent of their body weight within 9 days of treatment compared to 5% for mice 

receiving the 1.0 mg/kg dose and a weight gain of about 1% for vehicle treated TAC mice 

(Figure 14A, Table 6). Three weeks of pressure overload had no effect on BW or skeletal 

muscle (Figure 14E-H) and organ weights (Figure 14B-D). Treatment with 0.5 mg/kg and 

1.0 mg/kg of GDF11 also had no effect on the weight of these tissues. However, sham and 

TAC mice treated with the 5.0 mg/kg dose of GDF11 had decreased tibialis anterior, 

quadriceps, triceps, and gastrocnemius weights, as well as decreases in liver, kidney and 

spleen weights (Figure 14B-H). Lung weight was unaffected (Table 5). These results show 

that high doses of GDF11 cause severe body wasting and can cause death.  

 

Table 6. Body weights and percent body weight change. Body weights were measured 

prior to the first injection and at sacrifice. Data are represented as mean ±SEM *p<0.05 vs 

vehicle-treated TAC mice. #p<0.05 vs vehicle-treated sham mice. 

 BW day 1 BW at sacrifice Percent BW change 
Sham Vehicle 26.89±1.55 26.53±1.60 -1.28±3.15 
Sham 0.5mg/kg 28.49±2.28 26.98±2.34 -5.32±2.70# 
Sham 1mg/kg 26.88±1.94 25.56±1.94 -4.90±2.43# 
Sham 5.0 mg/kg 27.41±2.34 18.73±1.74# -31.52±5.87# 
TAC Vehicle 26.79±1.96 27.04±2.21 0.88±3.05 
TAC 0.5 mg/kg 28.30±2.02 26.73±1.97 -5.38±4.83* 
TAC 1.0 mg/kg 28.01±1.98 25.94±2.28 -7.24±7.41* 
TAC 5.0 mg/kg 28.34±1.76 18.92±0.95* -32.86±4.95* 
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Figure 14. GDF11 induces severe cachexia at high dosage. Mice were weighed daily 

beginning with the first dose of GDF11. A: percent body weight change was calculated 

using the weight at time of sacrifice and the weight at the time of the first injection of 

GDF11. B-D: Liver weight to tibia length, kidney weight to tibia length, and spleen weight 

to tibia length ratios were analyzed 21 days after TAC surgery (16/17 days after TAC 

surgery and 9 for mice treated with 5.0 mg/kg of GDF11). E-F: Tibialis anterior (TA) 

weight to tibia length, Quadriceps (Quad) weight to tibia length, triceps (Tric) weight to 

tibia length, and gastrocnemius (Gast) weight to tibia length ratios were analyzed 21 days 

after TAC surgery (16/17 days after TAC surgery and 9 for mice treated with 5.0 mg/kg of 

GDF11). Data are represented as mean ±SEM *p<0.05 vs vehicle-treated TAC mice. 

#p<0.05 vs vehicle-treated sham mice. 
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Figure 15. Representative M-mode echocardiograms. Echocardiograms are shown for 

TAC animals in each treatment group at the three measured time points: baseline, 1 week 

and 3 weeks after TAC surgery. Each set of images follows a single animal. 

 

Discussion 

Pathological cardiac hypertrophy (PCH) is a consequence of multiple 

cardiovascular diseases and is a major cause of morbidity and mortality (Ho et al., 1998). 

There is an unmet clinical need for novel therapeutic strategies to reduce PCH and thereby 

improve the quality and duration of patients’ lives. Recent studies have suggested that 

GDF11 is a natural, circulating, anti-PCH factor. GDF11 levels in the blood may decrease 

with aging and this decrease has been associated with the emergence of pathological 

hypertrophy (Loffredo et al., 2013). A single study suggests that restoring normal GDF11 
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levels in old mice reverses PCH (Loffredo et al., 2013), consistent with a natural anti-

hypertrophic effect. However, the beneficial effects of GDF11 in old mice have not been 

routinely confirmed (Smith et al., 2015) and there is evidence that excess GDF11 levels 

have severe adverse effects that would obviously limit its usefulness as a therapeutic.  

The purpose of this study was to determine dose dependent effects of circulating 

recombinant GDF11 on cardiac structure and function in normal heathy mice as well as in 

mice with PCH induced by transverse aortic constriction (TAC). A dose ranging study was 

performed because the literature suggests that much of the current controversy regarding 

possible beneficial or adverse GDF11 effects result from different GDF11 dosing(Walker 

et al., 2017), poorly characterized recombinant GDF11(Poggioli et al., 2016) and the 

difficulty in reliably measuring blood levels of biologically active GDF11 (Jamaiyar et al., 

2017; Schafer et al., 2016). In this regard it was previously suggested that a GDF11 

treatment dose of 0.1mg/kg per day was sufficient to reverse aging induced PCH but had 

no effect on TAC- induced PCH (Loffredo et al., 2013). Our group was unable to confirm 

that old mice actually had any PCH and we could not find any PCH reversal with this 

GDF11 dose (0.1 mg/kg)  (Smith et al., 2015). In subsequent studies, others showed that 

GDF11 doses of 0.5 mg/kg and 1.0 mg/kg reduced HW/BW ratios in normal young and 

aged mice as well as myocyte cross sectional area (Poggioli et al., 2016), suggestive of a 

body wasting phenotype. A major goal of the present study was to determine if an anti-

PCH effect of GDF11 could be separated from its ability to cause skeletal muscle wasting 

(Hammers et al., 2017; Zimmers et al., 2017). 
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GDF11 Reduces PCH and Improves Cardiac Structure and Function. 

In the present study, PCH induced by TAC was produced in normal young mice. 

After PCH was confirmed (one week after surgical induction), mice were then randomized 

to different treatment groups for a dose ranging study in which mice were treated with 

intraperitoneal injections of GDF11 (0.5, 1.0 and 5.0 mg/kg/day) or vehicle for up to 14 

days. At the completion of the study, we tested the plasma for increases in the circulating 

concentration of GDF11 and the heart for evidence of Smad2 phosphorylation. These 

experiments showed that daily injections of GDF11 increased the circulating blood 

concentrations of GDF11 and activated the canonical GDF11 signaling pathway in the 

heart (Figure 7B,C). 

A previous study showed that 10 IP injections of GDF11 at 1.0 mg/kg caused a 

decrease in both HW/BW ratio and myocyte cross sectional area (CSA) in non-injured 

young and old mice (Poggioli et al., 2016). These findings suggest that GDF11 might 

reduce cardiac size but the cause is not entirely clear. Our study showed small but 

significant reductions in myocyte CSA at all GDF11 doses in sham mice. However, our 

findings differ from previous published results in that treatment of normal animals with 0.5 

mg/kg and 1.0 mg/kg of GDF11 had no significant effect on their HW, BW, HW/BW or 

HW/TL ratios. There were small reductions in HW and BW at these doses but they were 

not significantly different than in untreated animals. However, the highest GDF11 dose (5 

mg/Kg) tested indeed caused profound reductions in both body and heart weight but again, 

there was not a significant reduction in HW/BW. The fact that HW/BW changes were not 

induced in normal (sham) animals suggests to us that the primary dose dependent effect of 
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GDF11 was to reduce lean body mass, and heart size was then reduced as a function of its 

changing work demands. 

In mice with TAC induced PCH, GDF11 caused a decrease in HW/BW and HW/TL 

at both the 1.0 mg/kg and 5.0 mg/kg doses. However, only the 5.0 mg/Kg GDF11 dose 

caused a significant reduction in BW with lethargy and overall body wasting (see below). 

A significant dose dependent decrease in the myocyte cross sectional area was observed in 

TAC mice treated with GDF11, and a dose dependent decrease in the LV mass was also 

observed in the GDF11 treated TAC mice.  

A previous report suggested that GDF11 does not reduce TAC induced hypertrophy 

(Loffredo et al., 2013). This study (Loffredo et al., 2013) used a very low GDF11 dose of 

0.1 mg/kg/day and did not test a range of GDF11 levels. We found clear evidence that 

GDF11 can cause dose-dependent reductions in PCH. Our studies employed a range of 

GDF11 doses that went from low doses that cause little or no changes in normal or TAC-

induced cardiac structure and function to high doses that caused severe cachexia and 

premature death. Within this dosing range (1 mg/Kg) we observed reductions in TAC-

induced cardiac (and cardiac myocyte) size without major changes in BW. The broad range 

of GDF11 doses we used could explain the differences between ours and other related 

GDF11 studies. Overall, we observed potentially beneficial anti-hypertrophic effects that 

were best observed at our 1.0 mg/kg/day dose of GDF11. Larger effects were seen at our 

highest dose (5 mg/Kg/day) but interpretation of these effects is complicated by the severe 

cachexia that was also observed. The reduction in HW/BW toward sham levels that was 

caused by GDF11 suggests to us that it can blunt pathological cardiac hypertrophy. 
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The highest GDF11 dose tested (5 mg/kg/day) caused severe muscle (and other 

organ/tissue) wasting (more than a 30% loss of BW in 9 days) in both normal and TAC 

mice that caused death or severe lethargy that forced us to euthanize the mice. In the TAC 

mice, the 5.0 mg/Kg treatment caused significant reductions in LV wall thicknesses and 

internal dimensions compared to the vehicle treated TAC mice, with the walls returning to 

baseline thickness and the LVID decreasing.  

GDF11 treatment of TAC mice increased cardiac systolic function, as measured by 

ECHO, and reduced dysfunctional ventricular remodeling (ventricular dilation). This result 

supports some but conflicts with other studies (Zimmers et al., 2017) that have reported 

that mice injected with GDF11 secreting CHO cells had reduced cardiac size, but also 

reduced systolic function (Zimmers et al., 2017). In our experiments, ECHO derived 

systolic function decreased significantly between baseline and 3 weeks in vehicle treated 

TAC mice and the LV chamber began to dilate (Figure 10C), consistent with the time 

dependent changes in cardiac structure and function that are a prelude to heart failure in 

this animal model (G. Li et al., 2017; Schipke et al., 2016). A major finding of the present 

study is that GDF11 treatment prevented or reversed these structural and functional 

changes (Figures 10A-D, 12A-D), albeit over a narrow dosing range. Collectively, these 

results suggest that there is a rGDF11 dose range that can reverse the progression of PCH 

and improve cardiac function without causing cachexia.  

GDF11 Reduces TAC-Induced Interstitial Fibrosis. 

TAC induced significant increases in cardiac interstitial and perivascular fibrosis 

(Figure 13A,B). This has been shown in many previous studies (Cates et al., 2018; Furihata 

et al., 2016; Hirose et al., 2017; Ying et al., 2009; Zhao et al., 2018). Members of the TGFβ 
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family of proteins are thought to be involved in pathological cardiac fibrosis (Biesemann 

et al., 2015; Koitabashi et al., 2011; Shimano et al., 2011). Unexpectedly, we found a 

rGDF11 dependent decrease in interstitial fibrosis in the TAC mice (Figure 13A,B). This 

effect was observed at all GDF11 doses tested. The basis for this antifibrotic effect of 

GDF11 is unclear and likely involves multiple factors including direct effects on myocytes 

and fibroblasts (Brown, Ambler, Mitchell, & Long, 2005) as well as potential modulation 

of the immune cells that invade hearts with PCH (Ying et al., 2009).   

High GDF11 Treatment Doses Cause Cachexia and Death.  

The primary goal of our study was to test potential anti-PCH effects of circulating 

GDF11. We used recombinant GDF11 to explore this idea. The most common method for 

treatment with rGDF11 is daily intraperitoneal injections (Du et al., 2017; Egerman et al., 

2015; Katsimpardi et al., 2014; Loffredo et al., 2013; Poggioli et al., 2016; Sinha et al., 

2014; Smith et al., 2015). This method delivers GDF11 into the systemic circulation and 

allows for effects on tissues other than the heart. At the lowest doses used, 0.5 and 1.0 

mg/kg/day, we saw no apparent negative noncardiac effects of GDF11 in either sham or 

TAC mice (Figure14 B-H). However, mice treated with the highest dose tested, 5.0 mg/kg, 

experienced severe cachexia and had to be sacrificed within 10 days of treatment due to 

severe weight loss and lethargy in every treated mouse and the death of a few mice. The 

cachexic effects of GDF11 have been reported previously (Hammers et al., 2017; Zimmers 

et al., 2017) and were not surprising. GDF11 is highly homologous to another TGFβ family 

member, myostatin. Myostatin activates the canonical SMAD2/3 pathway to negatively 

regulate skeletal muscle growth (McPherron et al., 1997; Trendelenburg et al., 2009). The 

cachexia seen in our study at high GDF11 doses is likely due to mechanics recently defined 
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by others (Jones et al., 2018). Our results clearly show that high levels of circulating 

GDF11 mimic the skeletal muscle atrophy effects of high levels of myostatin. 

Our study documents what appears to be beneficial dose dependent GDF11 effects 

on PCH and cardiac fibrosis. One caution is comparing our dosing with that in other studies 

(Egerman et al., 2015; Katsimpardi et al., 2014; Loffredo et al., 2013; Poggioli et al., 2016; 

Sinha et al., 2014). Differences in bioactivity of the rGDF11 used could make these 

comparisons dangerous. It was for this reason that we used a broad range of rGDF11 doses. 

The results of the experiments with this approach support the idea that increasing 

circulating GDF11 levels can reduce PCH, improve cardiac structure and function, and 

reduce pressure overload induced cardiac fibrosis. However, the clinical usefulness of this 

strategy is likely limited by the fact that the dose range for the cachexic effects of rGDF11 

likely overlaps with those of its antihypertrophic effects. These issues would need to be 

resolved in future studies. 
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CHAPTER 4 

 CONCLUSIONS AND FUTURE DIRECTIONS 

PCH usually results from diseases such as chronic hypertension, ischemic heart 

disease or from genetic defects (Bernardo et al., 2010; Frey & Olson, 2003; Orenstein et 

al., 1995; Richard, Villard, Charron, & Isnard, 2006; Tanijiri, 1975). PCH characteristics 

include increased HW/BW, increased cardiomyocyte size, altered myocyte Ca2+ handling 

properties, decreased cardiomyocyte number due to myocyte death, and increased fibrosis 

(Bernardo et al., 2010; McMullen & Jennings, 2007). Some of these features can be present 

in the aged heart (Lakatta & Levy, 2003b), but there is little conclusive evidence that PCH 

develops as part of the normal aging process. In fact, age-related cardiomyopathy is often 

secondary to the acquisition of cardiovascular disease (Bujak et al., 2008; Olivetti et al., 

1991). Molecular causes of true age-dependent cardiomyopathy, in the absence of disease, 

are not well defined. There is a need for studies that better explain the mechanisms of 

aging-related cardiomyopathy to better define strategies to prevent or reverse these defects. 

This knowledge gap has led to studies that explore true age dependent changes in cardiac 

structure and function versus disease dependent changes in these parameters. One idea for 

age dependent cardiac changes is that circulating factors that determine them are altered 

with age. GDF11 has been explored as one of these factors. 

The role of TGF-β family members in cardiovascular disease has been investigated. 

TGF-β family members are known to negatively regulate muscle, but studies involving 

GDF11 have produced conflicting results regarding its role in cardiac muscle. GDF11 is 

highly homologous to another TGF- β family member, GDF8 (myostatin) which has been 

studied more extensively in the heart and in skeletal muscle. 
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 Recently, in a controversial study from the laboratories of Richard Lee and Amy 

Wagers, GDF11 was shown to regulate age-related cardiac hypertrophy. Healthy, disease 

free, aged mice were thought to have PCH when compared to young 8-week-old animals, 

and this was thought to be correlated with a decreased level of circulating GDF11. The 

authors suggested that GDF11 levels in the blood decreased with aging and daily injections 

of GDF11 (0.1 mg/kg) for 30 days reversed PCH in aged mice (Loffredo et al., 2013). 

However, these data could not be confirmed in our studies. Using the same dose, we found 

that daily injections of GDF11 had no effect on cardiac structure or function in the same 

strain of mice. We also were unable to determine the native levels of GDF11 in mice 

because the levels were too low to accurately detect with the methods available to us. In 

addition, the original data that involved parabiosis were suspect since the decrease in 

cardiac weight was proportional to the large reductions in BW that occurred in old mice 

conjoined to young mice. 

Our findings do not support the hypotheses that 1) there is PCH in old C57Bl6 mice, 

2) that reduced circulating levels of GDF11 are responsible for this PCH and 3) that raising 

GDF11 levels with daily injections of rGDF11 rescues cardiac pathologies (because none 

could be shown). Additional work with carefully characterized animal models and rGDF11 

should help the field determine if raising circulating GDF11 levels in old age repairs or 

damages the heart. These studies should focus on a range of doses rather than a single low 

dose to determine if there is a therapeutic range for GDF11. 

Our dose response study in young healthy mice and in mice after TAC surgery was 

designed to answer two questions: 1) whether GDF11 can have beneficial effects on the 

heart under stress, and 2) what are the effects of GDF11 on the normal heart? The ability 
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of GDF11 to regulate muscle mass has been established; increased amounts of circulating 

GDF11 can lead to both skeletal and cardiac muscle wasting (Hammers et al., 2017; 

Zimmers et al., 2017).  Although these studies showed that overexpression of GDF11 via 

AAV-2 or CHO cells resulted in decreases in cardiac and skeletal muscle mass and function 

as well as death of mice at high doses, other studies have shown modest changes in cardiac 

mass with no effect on skeletal mass, or even beneficial effects of GDF11 treatment on the 

heart (Pogglioli 2015, Du 2017).  

Our data show an effect of GDF11 on the heart in both TAC and sham animals. 

Most molecular changes occur within the first few days of pressure overload. At the three-

week time point used in this study, we were unable to see any differences in 

phosphorylation levels of key proteins involved in the common signaling pathways 

activated during hypertrophy. It is also important to note that although we see preservation 

of cardiac function in the 1.0mg/kg group at 3 weeks post TAC, and we begin to see a 

decline of function in the vehicle treated animals, it is unclear whether this dose would be 

able to prevent the transition of these mice to heart failure over time.  

Further studies are needed at earlier time points to assess changes in the signaling 

pathways that lead to the induction of hypertrophy, and at longer time points to assess the 

preservation of function. Another dose ranging study with doses between 1.0 mg/kg and 

5.0 mg/kg would help to determine a true therapeutic range for systemic increases in 

circulating GDF11, as we see some beneficial effects of GDF11 on hypertrophy at 1 mg/kg 

with no obvious changes in skeletal muscle mass, while the highest dose used (5.0 mg/kg) 

resulted in cachexia and death within 10 days. Targeted delivery of GDF11 to the heart 

after TAC should also be investigated to determine if GDF11 could be beneficial to the 
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heart without the negative effects on skeletal muscle or other organs. We also observed an 

anti-fibrotic effect in our GDF11 treatment groups after TAC. The canonical signaling 

pathway for GDF11 activates Smad2/3 which are known to be involved in promoting 

fibrosis (Khalil et al., 2017). The root of this anti-fibrotic effect in vivo needs to be 

investigated.   
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