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Growth and differentiation factor 11 (GDF11) is a transforming growth factor β superfamily 

member with a controversial role in aging processes. We have developed a highly specific LC-

MS/MS assay to quantify GDF11, resolved from its homologue, myostatin (MSTN), based on 

unique amino acid sequence features. Here, we demonstrate that MSTN, but not GDF11, declines 

in healthy men throughout aging. Neither GDF11 nor MSTN levels differ as a function of age in 

healthy women. In an independent cohort of older adults with severe aortic stenosis, we show that 

individuals with higher GDF11 were more likely to be frail and have diabetes or prior cardiac 

conditions. Following valve replacement surgery, higher GDF11 at surgical baseline was 

associated with rehospitalization and multiple adverse events. Cumulatively, our results show that 

GDF11 levels do not decline throughout aging but are associated with comorbidity, frailty, and 

greater operative risk in older adults with cardiovascular disease.

Abstract

Introduction

Circulating proteins that change in abundance across the lifespan have the potential to serve 

as instructive biomarkers and, potentially, targetable modifiers of aging conditions. Members 

of the transforming growth factor β (TGF-β) superfamily have emerged as candidates that 

may link seemingly autonomous age-related diseases, including cardiovascular disease 

(CVD), diabetes, and frailty (Burks and Cohn, 2011; McPherron, 2010; Pardali and Ten 

Dijke, 2012). GDF11 and MSTN are highly-related TGF-β superfamily members and 

putative regulators of aging processes. However, recent studies have yielded contradictory 

findings with respect to age-associated changes in GDF11 and MSTN and their distinct roles 

in the genesis of aging-related conditions.

GDF11 and MSTN have striking homology, differing in amino acid sequence by only 11 

residues (Nakashima et al., 1999). While sequence similarity has challenged partitioned 

detection of GDF11 and MSTN, structural insights suggest that amino acid sequence 

Schafer et al. Page 2

Cell Metab. Author manuscript; available in PMC 2017 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



variation may confer important differences in inhibitory protein and receptor binding 

affinities (Cash et al., 2012; Cash et al., 2009; Padyana et al., 2016). Furthermore, expression 

pattern analyses and loss of function studies support non-redundant biological functions 

(McPherron et al., 1997, 1999; Nakashima et al., 1999). MSTN is expressed primarily in 

skeletal muscle and is a robust negative growth regulator (McPherron et al., 1997). 

Accordingly, therapeutic strategies to block myostatin signaling are aggressively being 

pursued as a means to improve muscle mass and function in the context of aging and disease 

(White and Lebrasseur, 2014).

GDF11 is more widely expressed and is requisite for axial skeleton patterning throughout 

embryogenesis (McPherron et al., 1999; Nakashima et al., 1999). In contrast to MSTN, the 

role of GDF11 in growth and regenerative processes is controversial. Initial reports 

exploiting heterochronic parabiosis identified GDF11 as a protein capable of reversing 

cardiac hypertrophy (Loffredo et al., 2013), skeletal muscle dysfunction (Sinha et al., 2014), 

and neurogenic potential (Katsimpardi et al., 2014). Declining GDF11 in circulation 

throughout normal aging was implicated as a causal factor in diminished systemic 

regenerative capacity in mice. Similarly, a recent human study that utilized a proteomic 

quantification method unable to distinguish GDF11 from MSTN demonstrated that 

combined GDF11+MSTN levels were higher in men, younger individuals, and people with 

lower risk of CVD events and death. The rejuvenative influence of GDF11 was called into 

question by Egerman et al., who showed that circulating GDF11 levels increase in rats and 

humans as a function of age and in fact, impede skeletal muscle regeneration (Egerman et 

al., 2015). Correspondingly, recent studies showed no effect of GDF11 on skeletal muscle 

satellite cell expansion in vitro (Hinken et al., 2016) and no cardiac improvements following 

daily delivery of recombinant GDF11 to 24-month old mice (Smith et al., 2015). The 

investigators who reported age-related decreases in GDF11 have also published 

corroborative results derived from antibody-based methods (Poggioli et al., 2016). Opposing 

conclusions underscore the requirement of methods sufficiently precise to quantify GDF11 

and MSTN independently within explicit physiological contexts.

We recently described a novel immunoplexed liquid chromatography with tandem mass 

spectrometry (LC-MS/MS) assay applicable for accurate quantification of MSTN and two of 

its key inhibitors, follistatin-related gene (FLRG) protein and growth and serum protein-1 

(GASP-1) (Bergen et al., 2015). We have expanded this technology to accurately measure 

levels of circulating GDF11. Here, we leverage immunoplexed LC-MS/MS to assess and 

compare age-associated changes in GDF11 and MSTN in healthy women and men from 20 

to 80+ years of age. Moreover, we apply this method to define associations between clinical 

phenotypes and circulating concentrations of GDF11 and MSTN in a well-characterized 

cohort of older adults undergoing valve replacement for severe aortic stenosis, an age-

associated condition and the most common form of valvular CVD in developed countries 

(Osnabrugge et al., 2013)

Schafer et al. Page 3

Cell Metab. Author manuscript; available in PMC 2017 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

Resolution of circulating GDF11 and MSTN abundance by LC-MS/MS

High amino acid sequence homology (Fig.1A) and low circulating concentrations have 

challenged previous attempts at measuring GDF11 and MSTN in vivo. LC-MS/MS 

overcomes this barrier by monitoring multiple, distinct residues within GDF11 and MSTN 

(Fig.1A), allowing for accurate resolution of homologue quantity within biological samples. 

Monitored transitions and assay parameters employed for assessment of GDF11 and MSTN 

are detailed in Table S1, and comparative GDF11 and MSTN peptide spectra are depicted in 

Figure S1. The lower limits of detection and quantification (LOD, LOQ) for GDF11 were 

both 194 pg/ml, determined by spiking authentic protein into BSA. A four hour digestion 

utilizing “winged” internal standard peptides to account for digestion variability was found 

to provide consistent results with no evidence of residual intact internal standard peptide 

(Hoofnagle et al., 2016; Shuford et al., 2012). Inter- and intra-assay precision for GDF11 

ranged from 9.6-18.4% and 1.5-10.6%, respectively, for recombinant concentrations and 

pooled human serum (Tables S2 and S3). Recovery rates were ascertained relative to the 

calculated levels of endogenous GDF11 plus spiked in concentrations and ranged from 

64-91% (Table S4.) Assay parameters for measurement of MSTN, including LOD, LOQ, 

assay precision, and recovery rates, have been recently described (Bergen et al., 2015).

Aging-related changes in GDF11 and MSTN

Previous studies exploring the relationship of GDF11 to aging have been contradictory. 

Thus, we utilized our quantitative LC-MS/MS assay to measure serum protein levels in 70 

women and 70 men, age 21-93. GDF11 levels did not statistically differ as a function of age 

or sex (Fig. 1B). MSTN levels were highest in men in their 20s and statistically declined 

throughout subsequent decades (Fig. 1C). Female MSTN levels did not change as a function 

of age (Fig. 1C). Consistent with our previous study (Bergen et al., 2015), young women had 

lower circulating MSTN levels than young men Fig. 1C). As methods used in several 

previous studies were unable to distinguish GDF11 from MSTN, we also report combined 

GDF11 and MSTN levels. GDF11+MSTN levels declined in men but not women throughout 

aging, in register with MSTN levels (Fig. 1D). When data from both sexes were combined, 

we did not observe statistically significant differences in circulating GDF11+MSTN levels 

throughout aging (Fig. 1E). Of note, GDF11 represented, on average, 15.5% and 11.2% of 

composite GDF11+MSTN values for women and men, respectively. Thus, GDF11 levels are 

not altered in women or men as a function of age, and previous observations of age-

dependent decreases in GDF11 levels likely reflect changes in MSTN levels.

GDF11 and MSTN in older adults with CVD

Given previous reports that GDF11 may influence cardiovascular health, we next tested 

whether plasma protein levels are associated with health parameters and post-operative 

outcomes in an extensively characterized cohort of older adults undergoing surgical valve 

replacement for treatment of severe aortic stenosis. Our study sample consisted of 41 women 

and 55 men, age 65-94. Plasma GDF11 levels ranged from 220 to 841 pg/ml and plasma 

myostatin concentrations ranged from 0.64 to 6.27 ng/ml. In contrast to our healthy aging 

subjects, neither GDF11 nor MSTN levels statistically differed as a function of sex (Fig. 
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2A). For phenotypic comparisons, we stratified participants into low, middle, and high 

GDF11 or MSTN tertiles (Table 1, Table 2). GDF11 groups did not vary by sex or age 

(Table 1), but consistent with our data from healthy subjects, the tertile with the lowest 

myostatin trended to be of older age (p=0.066) (Table 2). We observed a trend indicative of 

higher body weight in individuals with low GDF11 levels (Table 1). There were no 

differences in the prevalence of hypertension or hyperlipidemia, recognized risk factors for 

adverse health outcomes, as a function of GDF11 or MSTN levels (Table 1, Table 2).

GDF11, comorbid conditions, functional status, and mortality risk

We next interrogated potential associations between GDF11 and MSTN levels and baseline 

comorbid conditions. Increased circulating GDF11 was identified in a greater proportion of 

study participants with diabetes (p=0.019). Forty-six percent of individuals with high 

GDF11 had diabetes, in contrast to only 14.3% with low levels. Elevated GDF11 was also 

associated with a history of previous cardiac conditions (p=0.021), with a significant 

relationship drawn with previous coronary artery bypass (p=0.041). Participants with the 

highest GDF11 levels at surgery had significantly higher NYHA class ranking than those 

with lower GDF11 levels (p=0.042), and were uniquely categorized as high risk based on a 

mean STS predicted risk of mortality score greater than 8% (Thourani et al., 2015) 

(p=0.044) (Table 1). Critically, we did not identify differences in aortic stenosis severity or 

related cardiac dysfunction, as measured by ejection fraction, mean gradient, aortic valve 

velocity, valve area, valve area index, or left ventricular mass index, as a function of 

circulating GDF11 concentration (Table S5). In contrast to GDF11, we were unable to draw 

any statistical associations between MSTN and comorbid conditions, NYHA classification, 

or mortality risk (Table 2).

GDF11 as a biomarker of frailty

Frailty is a strong predictor of poor post-operative outcomes, yet biomarkers of frailty have 

not been forthcoming. Accordingly, we tested whether circulating GDF11 and MSTN 

protein levels are associated with frailty status using Cardiovascular Health Study (CHS) 

criteria, specified by unintentional weight loss, grip strength, endurance, gait speed, and 

physical activity (Fried et al., 2001). Participants who reported low energy and endurance 

had significantly higher levels of circulating GDF11 than those who reported normal energy 

(p<0.001). A trend towards increased plasma GDF11 concentrations was observed in 

individuals demonstrating unintentional weight loss (p=0.064) and low activity (p=0.066), 

relative to peers reporting no weight loss and normal activity (Fig. 2B). Similarly, 

individuals with slow gait (p=0.150) and weak grip strength (p=0.163) appeared to possess 

higher GDF11 levels than counterparts with normal gait and appropriate grip strength, 

although these associations did not reach statistical significance. Using the presence of 3 or 

more CHS criteria as an operational frailty definition, we compared GDF11 concentrations 

between frail and non-frail study participants. Mean GDF11 levels increased by 21% as a 

function of frailty (p=0.002) (Fig.2C). Unlike GDF11, MSTN levels were not associated 

with frailty status (Table 2). To evaluate whether the relationship between GDF11 and frailty 

remained after adjusting for potential confounding demographic and comorbidity 

characteristics, we applied a multivariable model using a penalized stepwise logistic 
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regression approach for variable selection. After variable adjustment, GDF11 was still 

significantly related to frailty (p=0.003) (Table S6).

GDF11 and adverse health outcomes

Multimorbidity and frailty are independent predictors of poor post-operative outcomes 

(Makary et al., 2010; Rowe et al., 2014). Thus, we speculated that elevated GDF11 levels at 

the time of surgery, which were associated with both comorbid conditions and frailty, might 

also predict adverse outcomes. Of the 96 individuals who underwent surgical or 

transcatheter aortic stenosis treatment, we received post-operative information in the form of 

follow-up visits at 1, 3, and/or 6 months post-surgery, self-reported surveys, and/or 

communication with a primary care provider for 73 study participants. One or more adverse 

outcomes were observed in 33 individuals, which included myocardial infarction, new 

arrhythmia, new conduction abnormality, stroke, deep vein thrombosis, pulmonary emboli, 

pneumonia, pleural effusion, renal insufficiency, seizure disorder, hypotension, tachycardia, 

bradycardia, urinary tract infection, other infection, acute dementia, rehospitalization, or 

death. The most common adverse event was rehospitalization, an outcome experienced by 

22 participants (30% of the study sample that provided follow-up information) at least once 

within one year post-operation. Individuals who were rehospitalized had significantly higher 

GDF11 levels at baseline than non-rehospitalized counterparts (Fig.2D). Moreover, 

participants that experienced multiple adverse health outcomes had higher baseline GDF11 

levels than those with only one or no post-operative health complications (Fig. 2E). The 

associations between GDF11 and rehospitalization or multiple adverse post-operative events 

remained statistically significant after adjusting for potential confounding demographic and 

comorbidity variables (Table S6).

Discussion

Aging is the primary risk factor for the majority of chronic diseases. Recent efforts to 

understand this fundamental link have included the search for circulating factors that may be 

biomarkers or modifiers of biological age. GDF11 has been proposed as one such factor, but 

has been surrounded by controversy attributed, in part, to challenges associated with the 

accurate measurement of circulating levels and their dissociation from circulating MSTN 

levels. Here, using a novel, highly precise immunoplexed LC-MS/MS assay, we show that, 

cross-sectionally, circulating concentrations of GDF11 do not decline as a function of 

advancing age in humans. Furthermore, in older adults with CVD, we show that increased 

circulating GDF11 levels are associated with a higher prevalence of comorbid conditions, 

frailty, and a larger number of adverse health outcomes following aortic valve replacement 

surgery.

Initially, GDF11 was identified, using an aptamer-based proteomic profiling platform, as a 

circulating rejuvenating factor in young mice that declines with age (Loffredo et al., 2013). 

It was later learned that this methodology is unable to distinguish GDF11 from MSTN, 

thwarting interpretation. A recent study in humans utilizing a similar aptameric strategy 

identified an association between higher GDF11+MSTN levels with younger age and lower 

risk of CVD events and death (Olson et al., 2015). This study also demonstrated higher 
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GDF11+MSTN levels in men. Our results, derived from a novel mass spectrometric method 

capable of accurately resolving GDF11 from MSTN, show that GDF11 levels do not decline 

throughout aging and do not statistically differ between sexes in healthy adults. MSTN, in 

contrast, is highest in men in their 20s and declines throughout aging. This observation is 

substantiated by our results demonstrating reduced MSTN levels in aged and sarcopenic 

males compared to young men (Bergen et al., 2015), as well as recent results demonstrating 

cross-reactivity of an assay historically used for MSTN detection and declining MSTN 

levels in murine aging (Rodgers and Eldridge, 2015). Trends toward age-dependent 

differences in GDF11+MSTN observed by Olson et al., therefore, are likely attributable to 

differences in MSTN levels, the far more abundant homologue, rather than changes in 

GDF11 levels.

Early exploration of putative rejuvenative properties suggested that GDF11 mediates 

cardioprotective effects, including reversal of age-related hypertrophy (Loffredo et al., 

2013). Recent studies have contradicted these claims, showing trends for age-related 

increases in circulating GDF11 concentrations in rodents and humans (Egerman et al., 

2015), and no beneficial effects of GDF11 treatment on cardiac myocyte size, total cardiac 

volume, or cardiac performance. Rather, GDF11 treatment dose-dependently increases 

ventricular myocyte hypertrophy in culture (Smith et al., 2015). Similarly, the beneficial 

influence of GDF11 on skeletal muscle regeneration following injury (Sinha et al., 2014) has 

been challenged (Egerman et al., 2015; Hinken et al., 2016). To establish relevance in 

humans and disentangle controversy, we measured GDF11 levels in a well-characterized 

patient population of older adults undergoing surgery for severe aortic stenosis. We observed 

a higher prevalence of cardiac conditions and prior cardiac procedures, worse NYHA 

classification scores, and STS scores greater than 8% (indicative of high risk for morbidity 

and mortality) in older adults with higher compared to lower plasma GDF11 concentrations. 

Importantly, these associations were independent of obesity, hypertension, and 

hyperlipidemia, which are well-established risk factors for CVD and its complications 

(Grundy et al., 1999). No similar associations were drawn for MSTN. While these findings 

do not clarify whether increases in GDF11 are adaptive or maladaptive in patients with end-

stage valvular heart disease, our data support the conclusion that GDF11 may be a unique 

biomarker to discern between biological and chronological aging.

We have also identified striking associations between high circulating GDF11 levels and 

increased disease burden, reduced resiliency, and elevated post-operative risk. In particular, 

the prevalence of diabetes was 3-fold higher in individuals with the highest compared to the 

lowest plasma concentrations of GDF11. Moreover, despite equivalent age and severity of 

aortic stenosis, participants categorized as frail by CHS criteria, a combination of 

performance-based (i.e., grip strength and gait speed) and self-reported (i.e., questions of 

activity and endurance) measures, had significantly higher GDF11 levels compared to peers 

categorized as non-frail. We believe this is of great importance as chronological age and 

disease severity are inadequate determinants of surgical risk. Frailty, on the other hand, is a 

strong predictor of post-operative vulnerability in older adults (Makary et al., 2010), and a 

biomarker of frailty could be of significant utility in the clinical setting. In accordance, we 

observed that participants who had multiple postoperative complications had 21% higher 

plasma concentrations of GDF11, and those who were rehospitalized after surgery had 20% 
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higher GDF11 levels. These data suggest that GDF11 may indeed be a modifier of aging, as 

circulating levels are associated with deficits in multiple physiological systems. Additional 

research is needed to determine whether GDF11 is a predictor of compromised 

physiological reserves and subsequent risk, or “biological age”, in other clinical populations.

We believe the current controversy surrounding GDF11 as either a rejuvenating factor or a 

pro-aging protein is related to the difficulties inherent to its measurement. In the present 

study, we have overcome methodological challenges by developing an immunoplexed 

LC/MS-MS assay with excellent specificity for GDF11 and MSTN. However, we are not yet 

able to determine the relative proportions of either latent versus mature GDF11 or MSTN, or 

unbound versus bound (to propeptide, GASP1, FLRG, or other binding proteins) mature 

GDF11 or MSTN. Indeed, additional methodological advances that resolve these limitations 

will yield important insights into the abundance and regulation of these fascinating proteins. 

An additional contributor to the inconsistent conclusions about GDF11’s role in aging may 

be the experimental contexts (e.g., species, models, doses of recombinant protein) in which 

it has been studied. These issues have been discussed exhaustively elsewhere (Egerman et 

al., 2015; Harper et al., 2016; McNally, 2016; Walker et al., 2016).

In summary, our data suggest that GDF11 is a possible biomarker of advanced biological 

aging and impaired organismal resiliency to surgical stress, but is not a reliable indicator of 

chronological aging. GDF11 levels do not decline in men or women as a function of age. In 

older adults with aortic stenosis who underwent surgery, however, we consistently observed 

significant associations between baseline circulating concentrations of GDF11 and 

comorbidity, frailty, multiple postoperative complications, and rehospitalization. These 

observations were unique to GDF11, and not observed with MSTN. Additional research is 

needed to understand the generalizability of these findings, the utility of GDF11 as predictor 

of health outcomes, and ultimately, the potential contexts in which GDF11 signaling may be 

harnessed for therapeutic benefit.

Experimental Procedures

Study Participants and Protocol

These studies were approved by the Mayo Clinic Institutional Review Board. For the aging 

study, samples were derived from 140 healthy individuals (70 women and 70 men), collected 

at Mayo Clinic in Rochester, MN between November 2000 and May 2006 who were 

randomly selected from the local population. Participants providing samples ranged in age 

from 21 to 93 years old. Additional patient cohort characteristics have been previously 

described (Lebrasseur et al., 2012; Riggs et al., 2004). For the CVD study, a convenience 

sample of 96 individuals (41 women and 55 men) age 65 years and older diagnosed with 

severe aortic stenosis and scheduled for surgical or transcatheter aortic valve replacement 

were recruited between July 2013 and May 2015 at Mayo Clinic in Rochester, MN. 

Demographic characteristics and medical history, including previous surgical events and 

diagnoses, were ascertained by interview, physical exam, and electronic medical record 

review at baseline. The New York Heart Association functional classification (NYHA) 

system was used to define CVD severity (New York Heart Association. and Ferrer, 1994). 

The Society of Thoracic Surgeons (STS) scoring system was used to predict the risk of 
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mortality (Puskas et al., 2012). Clinical parameters of frailty were based upon the 

Cardiovascular Health Study (CHS) criteria, as outlined by the following metrics: weak grip 

strength by electronic dynamometer (less than 17-21 kg for women and 29-32 kg for men, 

normalized to BMI), slow walk speed by a handheld ultrasonic monitor (less than 0.83 

meters per second), self-report of low endurance and energy on the Center for 

Epidemiological Studies Depression Scale (self-report of exhaustion), unintended weight 

loss (greater than or equal to 10 pounds in the prior year), and low physical activity by the 

Physical Activity Scale for the Elderly (men, less than 383 kcal expended per week; women, 

less than 270 kcal expended per week) (Fried et al., 2001). Adverse peri- and post-operative 

events were recorded prior to discharge from hospital and at 1, 3, and 6 months post-

dismissal.

Sample Preparation

For the aging study, fasted serum samples were collected and stored at −80°C until 

proteomic assessment. The following sample preparation methods were applied to a plate-

based format utilizing Eppendorf deepwell 96/2000μl Lo Bind® plates. For the CVD study, 

fasted blood samples collected in EDTA at the time of the surgical procedure were 

centrifuged and stored at −80°C until proteomic assessment. Participant plasma samples, 

standards, and controls were analyzed as recently described using a tube-based format 

(Bergen et al., 2015). Briefly, 400 μL of sample was diluted with 600 μL Phosphate buffered 

saline (PBS) (Bio-Rad, Hercules, CA, USA) containing 0.03 % 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) (Thermo Fisher 

Scientific, Waltham, MA, USA). Biotinylated anti GDF11 (cat# MAB19581, R&D systems, 

Minneapolis, MN, USA), biotinylated anti-MSTN (cat# BAF788), biotinylated anti-GASP-1 

(cat# BAF2070), and biotinylated anti-FLRG (cat# BAF1288) (0.25μg/μL in PBS with 0.1% 

BSA) were immobilized to Dynabeads® M-280 Streptavidin (Invitrogen, Carlsbad, 

CA,USA) (10mg/mL in PBS) at a ratio of 40 μL antibody to 125 μL of magnetic bead 

suspension. Individual suspensions were combined, rinsed with serial PBS washes, and 

diluted to a final volume of 625 μL with PBS. Fifteen microliters of immobilized antibody 

mixture was added to each sample, which were incubated at 4°C with rotation overnight. 

Following consecutive PBS washes, 15 μL of 8 M urea, 15 mM tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) (Sigma, St. Louis, MO, USA) in 50 mM tris 

buffer was added to each sample with an internal standard peptide mixture (24nM 

KRSRRDFGLDCDEHSTESRCCRYP, 60nM VFLQKYPHTHLVHQANPRGSAGP, 48nM 

PKRYKANYCSGECEFVFLQKYPHTH, 6nM YFNGKEQIIYGKIPAMVVDRCGCS, 

12nM YFNDKQQIIYGKIPGMVVDRCGCS, 60nM KRSRRNLGLDCDEHSSESRCCRYP, 

60nM MFMQKYPHTHLVQQANPRGSAGP) and incubated for 30 minutes at room 

temperature. Alkylation was achieved by application of 20 μL of 60 mM iodoacetamide 

(Sigma) (30 mM final) and 30 min room temperature incubation in darkness. Urea was 

diluted to 1.1M with the addition of 70 μL of 50 mM tris buffer pH 8.2. Five microliters of 

Trypsin/Lys-C Mix (Promega, Madison, WI, USA) (0.2 μg/μL) was added to each sample 

and was incubated at 37°C for 4 hours. Trypsin digestion was terminated through the 

addition of 5 μL of 4.7% trifluoroacetic acid (TFA) (Thermo Fisher Scientific) with 0.02 %
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Zwittergent® 3-16 (CalBiochem, EMD Millipore, Billerica, MA, USA). Digested samples 

were transferred to auto-sampler vials and analyzed by LC-MS/MS.

Liquid chromatography-tandem mass spectrometry and protein analysis

5 μL of the acidified samples were loaded onto a 0.25μL bed OptiPak trap (Optimize 

Technologies, Oregon) custom-packed with 5um, 200A Magic C8 (Bruker-Michrom, 

Auburn, CA) stationary phase. An aqueous loading buffer composed of 0.2% FA and 0.05% 

TFA was used to wash the loaded trap at a flow rate of 10μL/min. Following the wash, a 10-

port valve was used to place the trap in-line with a 35cmx100μm PicoFrit column, self-

packed with Michrom Magic 3μm C18 AQ stationary phase, using a Dionex UltiMate® 

3000 RSLC liquid chromatography (LC) system (Thermo-Fisher Scientific, Sunnyvale, CA). 

The LC flow rate was set at 400nL/min and the gradient was 2%-50% B in 20 min, 

50%-95%B from 20-22 min, held at 95%B from 20-24 min and re-equilibrated to 2%B from 

26-39 minutes. Mobile phase A was 2% acetonitrile (ACN) in water with 0.2% FA and 

mobile phase B was ACN/isopropanol/water (80/10/10 by volume) with 0.2% FA. The target 

peptides were analyzed using a QExactive mass spectrometer (Thermo-Fisher Scientific, 

Bremen, Germany). The instrument was configured to acquire 1 full MS scan followed by 

10 consecutive targeted MS2 scans directed by a scheduled inclusion list including m/z 

values for the native and labeled forms of the target peptides. The MS1 full scans were 

collected at 70,000 resolving power (measured at m/z 200) with an AGC value of 1E6 over a 

m/z range of 250-2500. The targeted MS2 scans were acquired at 17,500 resolving power, 

an AGC target of 3E6 and a maximum ionization time of 50ms. Target transition 

chromatograms were extracted from the full scan MS2 data using a 10ppm window and data 

was analyzed as recently described (Bergen et al., 2015).

Statistical Analyses

The Pearson correlation coefficient was used to summarize the relationship between the 

biomarkers and age. We summarized continuous variables as mean (SD) and reported 

categorical variables as percentages. Continuous and categorical variables were compared by 

GDF11 levels using the ANOVA F-test and the chi-square test, respectively. Binary variables 

were compared using t-tests. Penalized logistic regression with stepwise variable selection 

(stepPlr package in R) was used to identify comorbidity and demographic variables 

associated with measures of frailty or adverse post-operative outcomes. These variables were 

then added to a multivariable model with GDF11; a spline was used to account for the non-

linear relationship between GDF11 and the endpoint. Analyses were performed using JMP 

10.0, R 3.2.0, SAS 9.4, and GraphPad Prism 6.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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In Brief

XXX et al develop a LC-MS/MS assay for precise quantification of GDF11 and its 

closely related homologue, myostatin, and show that circulating concentrations of 

GDF11 do not decline in humans during aging. Furthermore, in older adults with 

cardiovascular disease, increased circulating GDF11 levels are associated with negative 

health outcomes.
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Highlights

- Immunoplexed liquid chromatography mass spectrometric assessment of 

GDF11 and MSTN

- Circulating GDF11 levels do not change in healthy adults throughout the 

lifespan

- Previous reports of declining GDF11 levels likely correspond to changes in 

MSTN

- In CVD, GDF11 is associated with comorbidity, frailty, and post-operative 

outcomes
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Figure 1. Quantitative analysis of GDF11 and MSTN by LC-MS/MS throughout human aging
(A) Amino acid sequence of active human GDF11 (red) and MSTN (black), indicating 

differing residues (blue). Shading demarcates MS signal peptides monitored for 

quantification. (B) GDF11 and (C) MSTN levels were quantified in healthy women and men 

corresponding to the indicated ages in years. Concentrations of GDF11 and MSTN were 

combined and compared in a (D) sex-dependent and (E) sex-independent manner throughout 

aging (n=10 per sex and decade; linear regression assessment.)
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Figure 2. Frailty, rehospitalization, and multiple adverse postoperative events are associated with 
elevated GDF11 levels in older adults with severe aortic stenosis
(A) Quantified levels of circulating GDF11 and MSTN do not differ among older women 

(n=41) and men (n=55) with CVD. CHS criteria were applied for frailty assessment and 

were compared with plasma GDF11 concentrations. (B) Participants with normal test 

performance are indicated by green bars, and those with impairments are indicated by gray 

bars. Energy and endurance were determined through Center of Epidemiological Studies 

Depression Scale self-report questions. (Normal energy, n=48, low energy, n=48; t-test, 

***p<0.001.) Unintentional weight loss of 10 pounds or greater within the past year was 

determined by verbal report or medical record examination. (No loss, n=87, unintentional 

loss, n=9; t-test, #p=0.064.) The Physical Activity Scale for the Elderly was used to estimate 

activity; a score of less than 100 equated to low activity. (Normal activity, n=36, low activity, 

n=60; t-test, #p=0.066.) Average time required to walk 5 meters over three trials was used to 

probe gait speed. Less than 0.83 meters per second was considered slow gait. (Normal gait, 

n=62, slow gait, n=33; t-test, p=0.150.) Dominant hand grip strength was measured by serial 

tests with an electronic dynamometer, with normal strength defined as above 17-21 kg for 

women and 29-32 kg for men, normalized to BMI. (Normal grip, n=52, weak grip, n=44; t-

test, p=0.163). (C) Individuals displaying impairments in 2 or fewer CHS criteria were 

considered non-frail, and individuals with 3 or more criteria were considered frail (Non-frail, 

n=45, frail, n=50; t-test, **p=0.002.) (D) Of the 73 participants in which follow-up 

information was ascertained, 22 were rehospitalized at least once (No n=51, Yes n=22, t-test, 

*p=0.011.) (E) Participants who experienced multiple adverse events post-surgery had 

higher GDF11 levels at baseline than those that experienced one or no negative events (0-1 

AE n=52, 3-6 AE n=21, t-test, *p=0.011.)
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Table 1

Study sample demographic characteristics, comorbid conditions or events, and estimated CVD risk, stratified 

by circulating GDF11 levels.

GDF11 Level

220-400
pg/ml
(n=35)

401-500
pg/ml
(n=33)

501-841
pg/ml
(n=28)

Characteristic Mean (±SD) or Number (%) p-value

Sex
0.357

1

Female 12 (34.3%) 17 (51.5%) 12 (42.9%)

Male 23 (65.7%) 16 (48.5%) 16 (57.1%)

Age in years 79.1 (8.1) 80.8 (7.5) 82.2 (6.2)
0.268

2

Weight in kilograms 91.3 (24.5) 80.6 (18.3) 82.8 (12.9)
0.066

2

Height in centimeters 169.3 (12.2) 163.8 (10.1) 166.6 (10.6)
0.127

2

BMI 31.7 (7.4) 29.9 (6.0) 30.0 (5.3)
0.470

2

Comorbid condition or event

Diabetes 5 (14.3%) 9 (27.3%) 13 (46.4%)
0.019

1

Hypertension 31 (88.6%) 30 (90.9%) 25 (89.3%)
0.950

1

Hyperlipidemia 24 (68.6%) 22 (66.7%) 20 (71.4%)
0.923

1

Peripheral vascular disease 12 (34.3%) 16 (48.5%) 11 (39.3%)
0.485

1

Previous stroke 3 (8.6%) 1 (3.0%) 5 (17.9%)
0.138

1

Previous percutaneous coronary angioplasty 7 (20.0%) 13 (39.4%) 13 (46.4%)
0.068

1

Previous coronary artery bypass 5 (14.3%) 10 (30.3%) 12 (42.9%)
0.041

1

Atrial fibrillation or flutter 9 (25.7%) 9 (27.3%) 10 (35.7%)
0.657

1

Previous pacemaker 2 (5.7%) 1 (3.0%) 4 (14.3%)
0.219

1

Any prior cardiac condition 14 (40.0%) 22 (66.7%) 20 (71.4%)
0.021

1

CVD classification or risk

NYHA classification 2.5 (0.7) 2.7 (0.6) 3.0 (0.7)
0.042

2

STS predicted risk of mortality (%) 5.7 (3.1) 7.1 (4.2) 8.3 (3.8)
0.044

2

1
Chi-Square

2
ANOVA F-test
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Table 2

Study sample demographic characteristics, comorbid conditions or events, and estimated CVD risk, stratified 

by circulating MSTN levels.

MSTN Level

≤2 ng/ml
(n=32)

2-3.1 ng/ml
(n=32)

≥3.1 ng/ml
(n=32)

Characteristic Mean (±SD) or Number (%) p-value

Sex
0.124

1

Female 13 (40.6%) 18 (56.3%) 10 (31.3%)

Male 19 (59.4%) 14 (43.8%) 22 (68.8%)

Age in years 83.0 (7.0) 79.9 (6.5) 78.9 (8.2)
0.066

2

Weight in kilograms 81.8 (17.0) 89.6 (25.4) 84.1 (15.9)
0.279

2

Height in centimeters 167.8 (12.0) 165.4 (10.6) 166.6 (11.0)
0.687

2

BMI 28.9 (4.8) 32.5 (7.9) 30.4 (5.7)
0.073

2

Comorbid condition or event

CHS frailty score 2.7 (1.4) 2.4 (1.4) 2.2 (1.5)
0.386

2

Diabetes 8 (25.0%) 8 (25.0%) 11 (34.4%)
0.629

1

Hypertension 28 (87.5%) 30 (93.8%) 28 (87.5%)
0.640

1

Hyperlipidemia 22 (68.8%) 19 (59.4%) 25 (78.1%)
0.270

1

Peripheral vascular disease 12 (37.5%) 15 (46.9%) 12 (37.5%)
0.678

1

Previous stroke 4 (12.5%) 2 (6.3%) 3 (9.4%)
0.692

1

Previous percutaneous coronary angioplasty 12 (37.5%) 10 (31.3%) 11 (34.4%)
0.871

1

Previous coronary artery bypass 7 (21.9%) 7 (21.9%) 13 (40.6%)
0.156

1

Atrial fibrillation or flutter 14 (43.8%) 6 (18.8%) 8 (25.0%)
0.073

1

Previous pacemaker 1 (3.1%) 5 (15.6%) 1 (3.1%)
0.085

1

Any prior cardiac condition 18 (56.2%) 18 (56.2%) 20 (62.5%)
0.842

1

CVD classification or risk

NYHA classification 2.8 (0.7) 2.8 (0.8) 2.6 (0.6)
0.369

2

STS predicted risk of mortality (%) 7.8 (4.2) 6.3 (3.3) 6.7 (3.9)
0.345

2

1
Chi-Square

2
ANOVA F-test
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