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Abstract 
GDF15 Produced by the Failing Heart is Associated with Cardiac Cachexia 

By Ria Gupta 
 

Heart failure (HF) is a disease that affects 6.2 million adults in the United States with a 5-year 

mortality rate of 52.6%. One complication of HF is cachexia. Cachexia is the involuntary non-

edematous weight loss that cannot be reversed solely by nutritional intake. Marked by 

continuous fat and muscle breakdown via metabolic imbalances, cachexia presents with anorexia 

and hypophagia. This chronic metabolic alteration is correlated with a specific increase of 

growth differentiation factor 15 (GDF15), suggesting this molecule as a driver of cachexia. 

GDF15 is a stress induced cytokine that increases in chronic diseases and continued nutritional 

and metabolic bodily stress. Although cachexia and elevated GDF15 levels are present in HF, no 

biological effect has been established between GDF15 in cardiac pathophysiology. Our 

hypothesis is that GDF15 is a myocardial derived hormone that causes anorexia and cardiac 

cachexia. My results suggest that GDF15 is a driver of cachexia through decreased fat and 

muscle mass, food intake, and altered body parameters. Our lab used a GDF15 KO mouse model 

that incurs HF through a mutation in the phospholamban (PLN) gene. This mutation alters 

calcium signaling in cardiomyocytes, a hallmark feature of HF in humans. I have used mouse 

models and lab techniques including Q-PCR, ELISA and RNA sequencing (RNA-seq), to study 

the role of GDF15 in HF. We establish that GDF15 is increased in a mouse model of HF, is 

secreted specifically by the failing heart, and alters peripheral metabolic changes in the body. 

While further experimentation is needed to test a direct role of GDF15 in cachexia, these and 

future findings may lead to novel drug therapeutics to treat HF and cachexia.  
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INTRODUCTION 
 
Heart Function and Failure 

The heart is an essential organ that circulates blood to all other organs and tissues in the 

body. The human heart has 4 chambers: 2 atria receive blood and transmit it to the 2 ventricles, 

which pump blood out of the heart to the body (Figure 1). The right ventricle pumps blood to the 

lungs where it is oxygenated while the left ventricle (LV) pumps this oxygenated blood 

throughout the rest of the body. Due to this central physiological function, damage to the heart is 

often life threatening. Indeed, cardiovascular disease is the commonest cause of death in the 

United States and worldwide.  

 



 

 Heart disease can manifest as an acute insult such as a myocardial infarction (MI, 

commonly called a “heart attack”) or can present as a chronic progressive disorder such as heart 

failure (HF). HF is a complex syndrome whereby the ability of the ventricles to circulate blood 

through the body becomes impaired (Figure 2). This leads to a reduced ability to exercise or 

perform daily activities and produces symptoms of shortness of breath (termed dyspnea by 

physicians), fatigue, and bodily edema that substantially reduces the quality of life for these 

individuals (Figure 3). 

 
 
 



 

 
HF is frequently a secondary consequence of a wide range of cardiac and systemic 

conditions that damage the ventricles, most commonly ischemic heart disease1 (Table 1). 

However, HF can also be a primary disorder of the heart caused by a specific set of genetic 

mutations or without a clear antecedent cause.

 



 

 HF is a leading cause of morbidity. The prevalence of HF in the United States is 6.2 

million adults; the average 40-year old has a 1 in 5 chance of developing HF during their 

lifetime2. In spite of a bevy of effective therapies, HF accounts for more than 1 million 

hospitalizations each year in the United States and causes a staggering $30.7 billion per year in 

annual costs, a number expected to more than double by the year 2030. Finally, mortality in HF 

is very high. After a diagnosis of HF, mortality is 10% at 30 days, 22% at 1 year, and 52% at 5 

years2, 3. Of the 9 commonest forms of cancer, which collectively account for ~92% of all 

cancers in the United States, only lung cancer (78.3%) has a 5-year mortality that is close to or 

exceeds that of HF (Table 2). 

 
 HF is a systemic disease. As the heart begins to fail, a number of compensatory 

mechanisms attempt to restore normal cardiac output to the rest of the body. These include 



 

activation of the sympathetic nervous system and the renin-angiotensin-aldosterone system4. The 

increase in sympathetic output increases heart rate and contractility, while activation of the renin-

angiotensin-aldosterone system enhance fluid and sodium retention, increasing blood volume. 

Collectively, these physiologic changes produce an increase in cardiac output to the body. 

However, with chronic activation these compensatory mechanisms actually become a driver of 

HF progression by triggering vascular changes that increase cardiac work and causing fluid 

overload, both of which lead to the hallmark symptoms of HF5. Left unchecked, cardiac output 

eventually falls below levels necessary to meet basal metabolic demands (a pathophysiologic 

state called shock); the individual becomes symptomatic at rest and develops other organ 

dysfunction, a condition that is uniformly fatal without extreme interventions such as continuous 

intravenous medications, surgically implanted mechanical heart pumps or heart transplantation.  

Cardiac Cachexia 

 The systemic consequences of HF are myriad and include kidney and liver dysfunction, 

changes to the immune system, alterations in the vasculature, and a shift in metabolism. Some 

individuals also develop a condition called cachexia (termed cardiac cachexia when due to HF), 

which is unintentional weight loss that does not include the loss of edema fluid that has built up 

as a consequence of HF6. Cachexia is insidious in onset and can be difficult to detect, especially 

in those who are or were obese. However, cachexia is quite common and is found in ~20% of HF 

patients (with some studies suggesting rates as high as 40%7). Cachexia becomes more prevalent 

as HF progresses. It might be present in up to 60% of patients who are awaiting heart 

transplantation8, and it is an independent predictor of death in those who receive a heart 

transplant9, 10. Importantly, cardiac cachexia has an exceedingly high mortality rate, with 50% 

being dead within 18 months of diagnosis with cachexia11. Despite this serious outcome, little is 



 

known about the molecular mechanisms that cause cachexia in HF. The overarching goal of 

our study is to characterize a putative driver of cardiac cachexia. 

 Many theories exist as to the origin of cachexia in HF. In general, these hold that the 

neurohumoral imbalance and systemic inflammatory state that develops in HF leads to changes 

in appetite and altered metabolism, particularly in fat tissue and skeletal muscle. Neurohumoral 

contributions include imbalanced hormone levels in the renin-angiotensin system and 

vasopressin and alterations in the sympathetic nervous system. Systemic inflammation increases 

the circulation of inflammatory cytokines and macrophages.  These alterations trigger an 

imbalance between catabolism and anabolism that results in progressive protein and fat 

degradation, and ultimately cachexia (Figure 4). However, the evidence to support this 

interpretation is limited and indirect, and no cardiac derived mechanisms are known to cause 

cachexia in HF. 



 

 

Cachexia and Growth Differentiation Factor 15 
 

Beyond HF, cachexia is a common manifestation of advanced stages of many chronic 

diseases including cancer, chronic kidney disease, chronic obstructive pulmonary disease, AIDS, 

tuberculosis and chronic inflammatory diseases such as rheumatoid arthritis. In cancer, it has 

long been hypothesized that tumor cell derived molecules alter the control of body weight, 

though the mechanisms were unclear. Recently, growth differentiation factor 15 (GDF15; 

previously known as macrophage inhibitory cytokine-1) has been identified as a tumor derived 

factor that causes cachexia12. GDF15 is produced by a number of cancers, and serum levels are 

higher in those with more advanced disease.  

 GDF15 is a stress-induced cytokine and a member of the transforming growth factor 

(TGF)-b  superfamily. It is upregulated in many disease states, yet its biologic function remained 



 

unknown until very recently. In a landmark study, injection of recombinant GDF15 induced 

anorexia and weight loss in normal mice, an effect that was blocked by concomitant treatment 

with a GDF15 neutralizing antibody12. These authors also found that tumors that produce GDF15 

are associated with weight loss in mice as compared to tumors that do not express GDF15. In 

transgenic mice, GDF15 overexpression caused anorexia and reduced fat and lean tissue mass, 

while GDF15 knockout (KO) mice have higher adiposity relative to wild type mice12-15.  

 Interestingly and unlike other entero-endocrine hormones (e.g., leptin), GDF15 does not 

respond to short term changes in caloric intake. Instead, GDF15 levels rise in the presence of 

chronic nutritional stress or after toxin ingestion. In these settings, GDF15 triggers an aversive 

response that changes feeding behavior15. Toxin exposure provides a straightforward example: 

GDF15 is produced in response to chemotherapy whereby it causes emesis and anorexia, as is 

commonly observed in humans receiving treatment for cancer16. Teleologically, the role of this 

aversive response may be to force a change in feeding or foraging behaviors in the animal when 

nutritional needs are not being met. However, this clearly results in a maladaptive response in the 

setting of a chronic illness such as HF.  

In conjunction with its role in feeding, GDF15 levels were shown to correlate with 

activation of a specific set of neurons located in the area postrema of the brainstem, which 

happens to be the appetite center of the brain. Recent work has revealed that GDF15 binds to 

glial cell-derived neurotrophic factor (GDNF) receptor a-like (GFRAL)17-20. This previously 

orphan receptor is only expressed in this region of the hindbrain and is not known to be 

expressed anywhere else in the body. Upon binding of GDF15 to GFRAL on the cell surface, 

GFRAL activates the receptor tyrosine kinase, Ret, which triggers downstream signaling via the 

AKT, ERK and phospholipase C pathways. The resultant neuronal activation triggers the 



 

activation of nearby sympathetic neurons in the parabrachial nucleus, which then signals to the 

periphery via the sympathetic nervous system (Figure 5, 6). This signaling ultimately suppresses 

food intake and regulates body weight and can trigger metabolic alterations in peripheral tissues 

leading to catabolism.  



 

 GDF15 is a sensitive biomarker in both healthy populations and populations with 

cardiovascular disease21-26 (Figure 7). Elevated levels of GDF15 portend a higher risk of 

cardiovascular events such as MI, HF, and stroke in healthy individuals. This holds true in 

patients with dilated cardiomyopathy (DCM), stable coronary artery disease, acute coronary 

syndromes, congenital heart disease, atrial fibrillation, and other chronic non-cardiac diseases21, 

27-45. In patients with HF, higher levels of GDF15 correlate with a greater burden of symptoms, 

lower ejection fraction, and lower cardiac output41, 43, 44. Despite these compelling biomarker 

data, the role of GDF15 in cardiovascular biology is unknown.  

 

 

  

 

 

 



 

Mouse models have provided limited insight into the function of GDF15 in heart disease. 

Transverse aortic constriction (TAC) is an experimental technique whereby a ligature is 

surgically placed around the aorta to narrow its luminal diameter. This creates an acute pressure 

overload on the heart that leads to LV hypertrophy (thickening of the heart muscle), and 

eventually LV dilation and HF. Using TAC in mice that either overexpress GDF15 or had 

GDF15 knocked out (KO) suggested a protective effect: overexpression was associated with less 

hypertrophy and HF while KO mice developed more severe HF than wild type mice46. However, 

the mechanism for this effect was not defined. Similarly, when subjected to experimental MI, 

GDF15 KO mice have larger infarct size and lower survival47. Interestingly, in this setting 

GDF15 exerted its protective effect by enhancing chemokine-activated leukocyte arrest on the 

endothelium, which promotes monocyte/macrophage transmigration into the heart, a critical first 

step in the healing process after an acute MI48. 

TAC and MI models are somewhat artificial models of HF. Both are conducted in 

juvenile or adolescent mice, and both are acute methods to induce HF. This is far from the 

normal progression of HF in humans, which is a chronic disease that progresses over many 

years. Further, as noted above, the protective effect of GDF15 after MI occurs via an extra-

cardiac mechanism (altered leukocyte recruitment). Hence, the biologic role of GDF15 in 

chronic HF remains unclear.  

PLNR9C Mice Models 

Our lab utilizes a genetic mouse model of HF with a mutation in the phospholamban 

(Pln) gene49. Specifically, these mice carry a missense mutation at residue 9 that changes Arg to 

Cys (R9C). In humans, this mutation induces progressive DCM and HF in early adult life with 

all patients dying or receiving heart transplant by age ~4049-51. This mutation causes a hallmark 



 

molecular feature of HF, which is altered calcium regulation in cardiomyocytes. PLN regulates 

the cardiomyocyte sarcoplasmic/endoplasmic reticulum calcium adenosine triphosphatase 

(SERCA2a) pump that is essential to normal cardiomyocyte calcium cycling. PLNR9C mice 

mimic human disease with a lengthy latent phase; they have no overt phenotypic features of 

DCM before 10-weeks of age (we call this the “preDCM” phase). However, between 12-20 

weeks of age, they develop profound and progressive DCM that ultimately leads to symptomatic 

HF and premature death by ~25 weeks of age.  

Our PLNR9C mouse model showcases several pathophysiological features of DCM and 

HF. These models have dilated ventricles, lower cardiac contractility, and increased cardiac 

fibrosis (Figure 8). Furthermore, not only do these PLNR9C mice develop HF, they also develop 

cardiac cachexia, as evidenced by overall weight loss and reduced fat and muscle mass in 

PLNR9C vs. age-matched wild type (WT) mice (Figure 9). These data identify the PLNR9C 

mouse model as a good model in which to study cachexia. 

 



 

To assess changes in gene transcription at different stages of disease in PLNR9C/+ mice, 

our lab previously performed high-throughput next-generation RNA-sequencing (RNA-seq). 

Among other changes that revealed a marked increase in inflammatory gene network activation, 

we found a ~40-fold upregulation of Gdf15 mRNA in the cardiomyocytes of failing PLNR9C/+ 

hearts52. To explore whether Gdf15 was upregulated in other forms of cardiomyopathy, we used 

publicly available genomic data from the NCBI’s gene expression omnibus (GEO) database and 

found that upregulation of Gdf15 was common to other mouse HF models (Table 3). However, 

the biological effect of GDF15 has not been studied specifically in HF. Because of this 

knowledge gap, no molecular mechanisms have been characterized that comprehensively 

associate GDF15 with cachexia. Therefore, our hypothesis is that GDF15 is a myocardial-

derived hormone that causes anorexia and cardiac cachexia.  

 

 

 
 
 



 

 
DCM=dilated cardiomyopathy; MI=myocardial infarction; I/R= ischemia/reperfusion; HCM= hypertrophic cardiomyopathy; 
TAC= thoracic aortic constriction; N.R.= fold change not reported, but significantly elevated 
 

METHODS 

Mouse Models: To study the role of GDF15 in HF, we have obtained a Gdf15 knock-out KO 

mouse model. This floxed GDF15 allele is a whole body, constitutive KO. Gdf15 KO mice were 

obtained in the C57BL/6 genetic background. These mice were crossed for 10 generations to 

FVB mice to develop a congenic strain with the floxed GDF15 allele in the FVB genetic 

background. We then obtained PLNR9C/+ mice in the FVB background and crossed the Gdf15 KO 

mice with the congenic strain (Figure 10) to produce the following 4 experimental groups: (1) 

Pln+/+-Gdf15+/+ - these are wild type (WT) mice; (2) Pln+/+-Gdf15-/- - WT mice lacking Gdf15; 



 

(3) PlnR9C/+-Gdf15+/+ - DCM mice that express Gdf15; (4) PlnR9C/+-Gdf15-/- - DCM mice lacking 

Gdf15 (Table 4).  

  

Sample Procurement: Mice were anesthetized with 2% isoflurane mixed with oxygen using a 

vaporizer (VetEquip). Then, hearts were exposed by midline thoracotomy and extracted, resulting 

in their death. Serum was taken via a direct cardiac puncture. Tissue (ex. fat, muscle, etc) was then 

dissected from these mice. The heart samples were washed in PBS buffer to remove any bodily 

fluids, and only the LV tissue was retained. RIPA buffer was utilized to extract protein from LV 

tissue and serum. Fat pads and muscle tissue were weighed. Tibia length was measured in order to 

normalize the fat, muscle, and body weight as well as food intake. 

 

RNA extraction: I extracted total RNA from 10 types of organ tissues at 10- and 22-weeks of age 



 

using TRIzol reagent. When extracting RNA from 10-week old fat tissue, we obtained poor quality 

control results on serial experiments. Therefore, to isolate high-quality RNA from fat at 10-weeks 

of age, we utilized Qiagen’s RNeasy lipid tissue mini kit. RNA was quantified using a Nanodrop 

spectrometer. Isolated RNA was then used for Q-PCR or sent for RNA-seq as detailed below.  

 

Quantitative-PCR: I isolated RNA from heart, lung, spleen, brain, kidney, liver, muscle, fat, 

small intestine, and colon tissue and then performed Q-PCR as follows. Total RNA was 

quantified using a Nanodrop spectrometer. The RNA was converted to cDNA via the 

SuperScript III First-strand Synthesis System (Invitrogen). Q-PCR was performed using the 

BioRad QX200 digital droplet PCR platform with a FAM-labeled TaqMan probe targeting 

mouse Gdf15. We used a VIC (Aequora victoria Green Fluorescent Protein)-labeled 18s rRNA 

probe for normalization. A reaction mixture was created with the following: 1µl of cDNA 

solution, 12.5 µl of digital PCRTM Supermix (Bio-Rad), 1.25 µl of probe (Gdf15 or 18s rRNA), 

and 10.25 µl of DEPC H2O. This solution was loaded into a 96-well PCR plate with 70 µl of 

QX200 Droplet Generation oil (Bio-Rad) and then placed into QX200 Droplet Generator (Bio-

Rad). Droplets were then transferred to a new 96-well PCR plate and the plate was sealed with 

foil using a BioRad plate sealer. PCR amplification was performed on a thermal cycler at 95℃ 

for 10 min, followed by 40 cycles of 95℃ for 30 seconds and 60℃ for 1 min, 1 cycle of 98℃ for 

10 min, and finally ending at 4℃. The plate was then loaded into the QX200 Droplet Reader 

(Bio-Rad). The number of positive droplets were recorded and then normalized to 18sRNA. All 

tests were performed in duplicate (technical replicates). 

 

ELISA: A Quantikine ELISA Kit (Mouse/Rat GDF-15 immunoassay) was used according to the 



 

manufacturer’s directions. In brief: samples of LV lysate and serum were first incubated in 

GDF15 antibody-coated microplates for 2 hours then washed and incubated with GDF15 

antibody conjugate for 2 hours. After washing, color reagent was added and the plate was 

incubated for 30 min. The microplate reader was set to 450 nm and 570 nm. Then, a standard 

curve using Calibrator Diluent RD5P diluted at 1:5 (500 pg/mL standard serving as the high 

standard) was generated. Triplicates were performed.  

 

Dual energy X-ray absorptiometry (DEXA): Isoflurane was used to anesthetize 24-week old 

mice. Kubtec Scientific Parameter Cabinet X-ray System was used to quantify total, fat, and lean 

body mass. Mouse tibia length was measured.  

 

Food Intake: A subset of mice were individually housed to track food intake. Beginning at 10-

weeks of age, food remaining in the cage was weighed weekly. When mice had evidence for 

overt HF, they were sacrificed along with a Gdf15 genotype-matched WT mouse. Food intake 

over the final 3 weeks of life was assessed.  

 

Survival: In our lab’s past experience, once overt HF is present, PLNR9C mice typically die 

within 2-3 days. Hence, we assessed survival free from overt HF in PlnR9C/+-Gdf15+/+ and 

PlnR9C/+-Gdf15-/- mice. As per IACUC regulations, at the onset of symptoms, mice were 

sacrificed in the survival analysis.  

 



 

Echocardiography: Mice were anesthetized with isoflurane and then secured to a Vevo Mouse 

Handling Table (VisualSonics Inc.). Chest hair was removed with depiliatory cream and 2-

dimensional and M-mode echocardiography was performed using a Vevo 770 High-Resolution In 

Vivo Micro-Imaging System with RMV 707B scan-head (VisualSonics Inc.). The following 

parameters were measured: left ventricular end diastolic diameter (LVEDD), left ventricular wall 

thickness (LVWT), fractional shortening (FS), and left ventricular end systolic diameter (LVESD). 

LVEDD is the size of the LV chamber when the heart is relaxed (end diastole) after contraction, 

and is a measure of LV structure and chamber dilation. LVESD is size of the LV chamber at peak 

contraction (end systole) and is a measure of LV contractile function. LVWT is the combined 

thickness of the LV septal and posterior walls at end diastole; this is also a measure of LV structure. 

FS is a measure of cardiac contractility and showcases how close the cardiac walls come together 

during a heartbeat. 

 

Histochemistry: After harvesting hearts as detailed above, hearts were placed in PBS to removed 

excess blood. Hearts were then fixed in buffered 4% paraformaldehyde (pH 7.4) overnight 

followed by 2 10-minute washes with PBS. Hearts were embedded in paraffin and 5 µm sections 

were cut by the Winship histology core facility at a variable number of levels that were 75 µm 

apart from apex to base such that the representative regions of entire heart were examined. 

Picrosirius red staining was used to identify LV fibrosis (explain protocol). Finally, slides were 

imaged using a Hamamatsu NanoZoomer SQ, and fibrosis was quantified by Image J (NIH).  

 

RNA-sequencing: In a separate cohort of mice, white fat tissue was extracted for RNA 

collection. Sample purity was confirmed using an Agilent 4200 Tapestation by the core facility 



 

and RNA-seq was performed using 150 bp paired end sequencing on a NovaSeq 6000. QC was 

performed on all samples by the core facility and differential gene expression was analyzed using 

the DEseq2 platform53. The gene ontology tool DAVID was used to identify gene ontology terms 

and pathways that were enriched among differentially expressed genes. 

 

Statistics: Data are presented as mean ± SD for normally distributed data. For QPCR and ELISA, 

between-groups differences were calculated using a 2-tailed Student’s t test; P values less than 

0.05 were considered significant. Kaplan Meier survival plot was used to measure survival spans 

of mice models. Log rank tests were used to compare the statistical significance of survival of the 

two experimental groups. 

 

RESULTS 

To address our hypothesis, our lab has previously characterized the phenotype of the 

PLNR9C-Gdf15 KO model. PlnR9C/+-Gdf15+/+ mice had significant fat and muscle wasting when 

compared to all other experimental groups (Figure 11A. p<0.01 for all comparisons, 

n=19/genotype, 9B. p<0.001 for gastrocnemius and p=0.001 for tibialis, n=19/genotype). This 

suggests that GDF15 is a driver of cachexia in HF. To confirm these results, we performed 

DEXA scanning to quantify fat and muscle mass (Figure 11). We found significant wasting of fat 

mass in Pln+/+-Gdf15+/+ mice when compared to Pln+/+-Gdf15-/- mice (p<0.05). Importantly, fat 

mass was preserved in PlnR9C/+-Gdf15-/- mice versus Pln+/+-Gdf15+/+ mice (p<0.05) and was not 

significantly different than WT. By DEXA, lean mass was not found to be different. However, 

edema, is a measured component of lean mass via DEXA scanning. Edema is a cardinal feature 



 

of HF and it develops in PLNR9C mice with advanced disease. Hence, this neutral result is likely 

due to the excess edema in PLNR9C-positive mice.  

 

  

Given the recently established effect of GDF15 on food intake, we also assessed food 

intake. We found that PlnR9C/+-Gdf15+/+ mice had significantly reduced food intake when 

compared to other groups (p<0.05). Importantly, PlnR9C/+-Gdf15-/- mice had significantly higher 

food intake than PlnR9C/+-Gdf15+/+ (p<0.05), signifying that GDF15 levels play a role in food 

intake in HF. This observation suggests that one possible mechanism of cardiac cachexia in HF 

is anorexia.  



 

 

  

Finally, survival was assessed (Figure 13). We found that PlnR9C/+-Gdf15-/- mice lived 15% 

longer (29 ± 3 weeks vs. 25 ± 3 weeks; log-rank p<0.01, n=32 mice/PlnR9C/+-Gdf15+/+, n=39 

mice/PlnR9C/+-Gdf15-/-). This suggests that elevated GDF15 levels contribute to higher mortality 

rates as DCM progresses.  



 

Next, we assessed the cardiac phenotype of these mice to further our understanding of the 

interaction between HF and GDF15. Echocardiography was performed on our 4 experimental 

groups from week 10 to week 22 (Figure 14). PLNR9C mice developed DCM when compared to 

WT mice: progressive LV dilation, LV wall thinning, and reduced LV systolic function was 

present in the former group (LVEDD: 4.5 ± 0.4 mm vs. 3.2 ± 0.3 mm; LVWT: 1.3 ± 0.2 mm vs. 

1.6 ± 0.2 mm; FS: 17% ± 5% vs. 45% ± 7%; LVESD: 3.8 ± 0.6 mm vs. 1.8 ± 0.3 mm; n=10 Pln+/+-

Gdf15+/+, n=17 PlnR9C/+-Gdf15+/+; p<0.001 for all). However, when comparing Pln+/+-Gdf15-/- to 

Pln+/+-Gdf15+/+ mice, no differences were identified with Gdf15 KO (LVEDD: 4.2 ± 0.5 mm vs. 

4.5 ± 0.4 mm, p=0.22; LVWT: 1.3 ± 0.3 mm vs. 1.3 ± 0.2 mm, p=0.71; FS: 22 % ± 7% vs. 16% ± 

6%, p=0.48; LVESD: 3.4 ± 0.6 mm vs. 3.8 ± 0.6 mm, p=0.38; n=17 PlnR9C-Gdf15+/+, n=18 

PlnR9C/+-Gdf15-/-).   



 

 

We also assessed cardiac fibrosis, another hallmark feature of HF, using picrosirius red 

stained LV tissue sections (Figure 15). When comparing our PLNR9C/+- Gdf15+/+ models with 

Pln+/+-Gdf15+/+ models, there was a significant increase in fibrosis in the latter group (21.3% vs. 

1.4% Pln+/+-Gdf15+/+; 15.2% relative increase; p=0.001; n=3/genotype). However, although our 

PLNR9C/+- Gdf15+/+ and PLNR9C/+- Gdf15-/- models had elevated fibrosis levels with a statistical 

significance, we think there is no biologically significant difference between the two (18.2% vs. 

21.3%, p=0.001). This suggests that GDF15 does not impact cardiac morphology or function.  

 

 



 

 

My Specific Aims 

GDF15 is only increased in the failing heart.  

My first aim was to establish that the upregulation in Gdf15 mRNA in PLNR9C mice is (1) 

specific for the heart; (2) correlates with increased GDF15 protein in the heart; and (3) translates 

to elevated circulating levels of GDF15 compared to WT mice. I performed QPCR on mRNA 

from 10 tissue types in preDCM PLNR9C/+ mice at 8 weeks of age, and mice with HF at 22 weeks 

of age, along with age-matched WT mice. In preDCM mice, Gdf15 mRNA increased ~10.6-fold 

in the LV tissue (p=0.012) in PLNR9C mice compared to WT. In mice with DCM, there was a 

48.4-fold increase in cardiac Gdf15 mRNA levels compared to WT (p<0.001). In all other tissue 

types, Gdf15 levels were low and did not change significantly when comparing PLNR9C to WT 



 

mice at different time points. These data demonstrate that Gdf15 is increased specifically and 

exclusively in the failing heart. 

     
Next, to confirm that GDF15 protein levels increase in the heart commensurate with the 

increased mRNA, I performed ELISA to quantify GDF15 protein levels in LV tissue in preDCM 

and DCM mice, and age-matched WT (Figure 17). I found a small but significant increase in 

GDF15 protein in LV tissue in preDCM PLNR9C mice (9pg/mg LV tissue in PLNR9C vs. 

undetectable in WT LV tissue, n=4/genotype; p=0.011). In DCM mice, there was a marked 

upregulation of GDF15 protein levels in PLNR9C compared to WT and compared to PLNR9C 

preDCM hearts. (98pg/mg LV tissue, 54-fold increase vs. WT, n=4/genotype, p=0.002).  

 

 

 



 

 

Finally, I examined circulating GDF15 levels in the serum (Figure 18). Again, I found a 

small but significant upregulation in preDCM PLNR9C/+ mice (1.4 fold increase, p=0.045). In 

mice with DCM, I noted a much greater increase in circulating GDF15, with a significant 6.1-

fold increase in PLNR9C/+ mice (p<0.001). Collectively, these data demonstrate that GDF15 is 

specifically produced by the failing heart in greater quantities as the disease progresses and is 

secreted into the blood stream.  

 

 

 

 

 

 



 

GDF15 triggers peripheral metabolic changes. 

My second aim was to establish a correlation between GDF15 and peripheral metabolic 

changes in our mice models. I collected fat tissue from 10- and 22-weeks old mice and extracted 

total RNA. Then, I sent the RNA to the Yerkes Genomics Core for RNA-seq analysis. From the 

RNA-seq results, I performed gene ontology analysis using a web tool called DAVID. I first 

sorted all genes based on which ones were differentially regulated. Next, I uploaded them into 

the platform. Firstly, there was no differential change in lipid and fat metabolic processes in 10-

week mice in any experimental group. Furthermore, in 10-week mice with DCM, I found that 

there was no difference in the lipid and fat metabolic processes regardless of the GDF15 

genotype i.e. no difference between our Pln+/+-Gdf15+/+ and Pln+/+-Gdf15-/-. This suggests that 

when GDF15 is not expressed in the body, there is no systemic effect of this molecule.  

 However, there was a significant downregulation of the genes involved in lipid and fat 

metabolic pathways when comparing our 22-week old PlnR9C/+-Gdf15+/+ and Pln+/+-Gdf15+/+ 



 

mice models (p<0.05 for all genes listed). Furthermore, when looking at the GO terms for these 

lipid pathways, these genes were enriched in the PlnR9C/+-Gdf15+/+ versus Pln+/+-Gdf15+/+ mice 

models, meaning that the amount of RNA molecules for these genes differed significantly 

between the two groups. This suggests that when HF occurs in mice models, there is an alteration 

of metabolic pathways due to the nature of this syndrome. 

 Lastly, when comparing our PlnR9C/+-Gdf15-/- and Pln+/+-Gdf15+/+ mice models, we saw 

no significant change in the genes associated with these metabolic pathways (p>0.05 for all 

genes studied). 

 

DISCUSSION 

 Cardiac cachexia is a potentially catastrophic consequence of HF. In this project, I have 

identified GDF15 as a potential cardiac hormone that is secreted specifically from the heart and 

causes cardiac cachexia in HF.  I examined gene expression in different organ tissues to confirm 



 

that GDF15 is secreted specifically from the failing heart and has upregulated circulating levels. 

Using a genetic mouse model, our lab has observed that GDF15 KO reduced cardiac cachexia 

and increased food intake in mice with HF. An additional benefit seen in our GDF15 KO models 

is the increased survival rate when compared to GDF15 models. Surprisingly, this occurs in the 

absence of substantial changes in cardiac structure and function. Lastly, I have now 

demonstrated that fat metabolism is altered by GDF15, pointing to the systemic effects that this 

molecule may exhibit. The absence of GDF15 potentially restores the changes in lipid and fat 

metabolism. This can provide strong evidence that GDF15 plays a role in HF in PLNR9C mice as 

it alters fat metabolism, leading to excess lipolysis and cachexia. Collectively, these data suggest 

that GDF15 is a novel cardiac hormone.  

Presently, BNP (brain-type natriuretic peptide) and ANP (atrial natriuretic peptide)54 are 

the only known cardiac hormones. In response to HF, they are secreted to reduce arterial 

pressure and blood volume. Both bind to the cell receptor guanylyl cyclase to trigger a signaling 

cascade involving intracellular cGMP. Currently, a drug called Entresto is used in HF patients 

that targets these molecules. This drug is classified as an angiotensin receptor neprilysin 

inhibitor. By blocking neprilysin and angiotensin, angiotensin II and aldosterone release is 

blocked, thereby reducing the blood pressure and volume. This relieves the workload on the 

failing heart.  

My data suggests that GDF15 is also a novel cardiac hormone, suggesting a new and 

previously unappreciated endocrine function for the heart. However, what distinguishes GDF15 

in comparison to these two hormones is its specific binding to GFRAL and its upregulation in 

chronic stress. GDF15 having a completely different cell receptor expands the possibilities of 

drug developments as therapeutics can now target different cell receptors. Furthermore, GDF15 



 

is unique in that it is only present in continuous and prolonged bodily stresses, an aspect that 

ANP and BNP do not have. 

 Cachexia is observed in a similarly morbid and chronic disease: cancer. Elevated GDF15 

levels are also found in late stages of this diseases, and this molecule has been characterized as a 

tumor derived activator of cachexia in certain types of cancer12. Aligning with past studies that 

have shown GDF15 to have systemic effects that cause anorexia12-15, I have established that 

GDF15 is associated with cardiac cachexia during HF. By measuring tissue weight and performing 

DEXA scanning, we were able to characterize differences in tissue composition with or without 

GDF15. We also found that GDF15 correlated directly with food intake, suggesting a possible 

causal role for anorexia in the cachexia observed in PLNR9C mice. Although we established that 

GDF15 does not affect cardiac morphology or function, there was a surprising increase in survival 

in GDF15 KO mice models when compared to our GDF15 WT models with HF. This suggests 

that the cachectic state has impact on survival independent of any change in cardiac function, 

thereby increasing the importance of studying the association of GDF15 and cardiac cachexia.  

 Although cardiac cachexia is a deadly complication of HF, no therapeutic strategies have 

been developed to target this symptom. The pharmaceutical targeting of the GDF15-GFRAL axis 

can provide therapies for HF and cardiac cachexia. By identifying GDF15 as a novel hormone 

specifically secreted by the failing heart, we have a direct impact in this research realm as this 

hormone is a backbone of this mechanism. Some potential effective therapies include preventing 

the binding of GDF15 to the GFRAL receptor, so the body does not enter the cachectic state. 

Another potential drug could preemptively alter the GDF15 levels secreted from the failing heart 

to dampen the effects of cardiac cachexia. Given the massive possibilities of drugs pertaining to 

HF and cardiac cachexia, it is clear that our project’s results can be a beneficial addition to the 



 

pharma industry.  

Our study has several strengths. First, the PLN mouse model undergoes progressive DCM 

leading to HF, which more closely mirrors the disease process in humans than other established 

mouse HF models such as TAC or MI. Previously published studies that suggested protective 

effects of GDF15 used TAC or MI46-48. The cardiovascular events in these studies are induced 

artificially with a sudden onset in otherwise normal adolescent mice. This causes a dissonance of 

age ranges studied in these mice models versus humans. Mice models are often in young age or 

adolescent years when these cardiovascular events are induced. This is out of norm for human 

patients as heart attacks and other significant cardiovascular events usually occur later in life. 

Therefore, our data are different because not only do we specifically study HF in our mice models, 

but we also recreate the slow progression of HF to account for the proper age range in mice. Also, 

the PLN mutation recapitulates a hallmark feature of HF in our mice models that also is present in 

humans: altered calcium signaling. Due to these differences in the mice models used between the 

studies and our project, the cardioprotective effects of GDF15 can be questioned in cardiac events 

and HF. Another strength of our study is the rigorous and temporal phenotyping that showcases 

the upregulation of GDF15 in later stages of diseases. We examined the mice models 

longitudinally as they developed progressive DCM, therefore allowing for a comprehensive 

association of GDF15 being upregulated only in chronic and continuous metabolic bodily stress. 

Lastly, the usage of RNA sequencing analysis further minimizes the bias when studying peripheral 

metabolic changes.  

 However, our study also has limitations as we have yet to identify a mechanism of action 

as to how GDF15 causes cachexia. One future aim to explore is the GDF15-GFRAL axis that 

regulates food intake. By further analyzing the high affinity and specific interactions between 



 

GDF15 and the GFRAL-expressing neurons in the hindbrain, a systemic, noncardiac mechanism 

can be established that correlates with fat metabolism regulation17-20. We have obtained brain 

tissue from mice with HF. In collaboration with the Pederson lab (Emory Neurology) we will 

section these brains and use immunohistochemistry to co-localize activated neurons (c-Fos-

positive cells) with GFRAL-expressing neurons in the brainstem, and to co-localize GFRAL and 

phosphorylated-ERK, which identifies cells with active Ret-signaling, a hallmark feature of 

GFRAL activation. 

In our project, we have characterized GDF15 as a driver of cachexia secreted directly from 

the failing heart. This finding can provide novel treatments to treat the HF associated anorexia and 

cachexia. Potential avenues for research include understanding how GDF15 is upregulated in 

cardiomyocytes, further exploring the GDF15-GFRAL axis, and specifically studying a shift in 

cardiac metabolism. Despite these future explorations, our research provides a foundation for the 

next therapeutic drug of HF in hopes to lower the high mortality and morbidity associated with 

this deadly disease. 
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