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BACKGROUND: Whether circulating growth differentiation factor 15 (GDF-15) levels differ according to smoking status and
whether smoking modifies the relationship between GDF-15 and mortality in patients with coronary artery disease are unclear.

METHODS AND RESULTS: Using data from a multicenter, prospective cohort of 2418 patients with suspected or known coronary
artery disease, we assessed the association between smoking status and GDF-15 and the impact of smoking status on the as-
sociation between GDF-15 and all-cause death. GDF-15 was measured in 955 never smokers, 1035 former smokers, and 428
current smokers enrolled in the ANOX Study (Development of Novel Biomarkers Related to Angiogenesis or Oxidative Stress to
Predict Cardiovascular Events). Patients were followed up during 3 years. The age of the patients ranged from 19 to 94 years;
67.2% were men. Never smokers exhibited significantly lower levels of GDF-15 compared with former smokers and current smok-
ers. Stepwise multiple linear regression analysis revealed that the log-transformed GDF-15 level was independently associated
with both current smoking and former smoking. In the entire patient cohort, the GDF-15 level was significantly associated with
all-cause death after adjusting for potential clinical confounders. This association was still significant in never smokers, former
smokers, and current smokers. However, GDF-15 provided incremental prognostic information to the model with potential clinical
confounders and the established cardiovascular biomarkers in never smokers, but not in current smokers or in former smokers.

CONCLUSIONS: Not only current, but also former smoking was independently associated with higher levels of GDF-15. The prognostic value
of GDF-15 on mortality was most pronounced in never smokers among patients with suspected or known coronary artery disease.
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moking is a major risk factor for coronary artery dis- Growth differentiation factor 15 (GDF-15) is a
Sease (CAD), a leading cause of death in the world.  stress-responsive member of the transforming growth
Smoking cessation reduces the mortality risk inthe  factor 3 cytokine superfamily.®# GDF-15 is weakly ex-
general population and in patients with CAD."? pressed in human tissues under good health conditions
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CLINICAL PERSPECTIVE

What Is New?

e This is the first, dedicated and large-scale
prospective cohort study to demonstrate that
higher levels of growth differentiation factor 15
are independently associated not only with cur-
rent smoking, but also with former smoking,
and that the prognostic value of growth differ-
entiation factor 15 on mortality is attenuated in
current and former smokers with suspected or
known coronary artery disease.

What Are the Clinical Implications?

e An elevated growth differentiation factor 15 level
in sera from an arterial catheter sheath at the
beginning of elective coronary angiography is
independently associated with all-cause mor-
tality in patients with suspected or known coro-
nary artery disease beyond the potential clinical
confounders, N-terminal pro-B-type natriuretic
peptide, contemporary sensitive cardiac tro-
ponin-1, and high-sensitivity C-reactive protein,
and this association is most pronounced in
never smokers.

e Further studies will be needed to clarify the rela-
tionships among smoking status, duration and
intensity of smoking, body mass index, growth
differentiation factor 15, and mortality/cardio-
vascular events.

Nonstandard Abbreviations and Acronyms

ANOX Development of Novel Biomarkers
Related to Angiogenesis or Oxidative
Stress to Predict Cardiovascular Events

cTnl contemporary sensitive cardiac
troponin-|

GDF-15 growth differentiation factor 15

IDI integrated discrimination improvement

MACE major adverse cardiovascular events

NRI net reclassification improvement

(except for the placenta), but under pathological con-
ditions GDF-15 can be produced by many cardiovas-
cular and noncardiovascular cell types.>® Although
little is known about the tissues that produce GDF-15
in patients with cardiovascular disease, GDF-15 can be
measured in serum and plasma by immunoassay.8°
Circulating levels of GDF-15 are elevated in various
conditions including higher age, current smoking, di-
abetes mellitus (metabolic syndrome), genetic fac-
tors, acute and chronic inflammation, chronic kidney
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disease, stable CAD, acute coronary syndrome, heart
failure, atrial fibrillation, anemia, solid cancers, and ter-
minal illness (cachexia).810

GDF-15 is an independent predictor of cardio-
vascular and cancer mortality and morbidity in com-
munity-dwelling individuals."'> GDF-15 is also an
independent marker of all-cause mortality and car-
diovascular events in patients with CAD.'® However,
whether GDF-15 levels differ according to smoking sta-
tus (never, former, and current smokers) and whether
smoking status modifies the relationship between
GDF-15 and mortality in patients with suspected or
known CAD are unclear.

In the present study, we first examined the asso-
ciation between smoking status and serum levels of
GDF-15 in a large-scale, multicenter prospective co-
hort of patients who have suspected or known CAD
and who were undergoing elective coronary angiog-
raphy. Second, we investigated possible differences in
the prognostic impact of GDF-15 on mortality in never,
former, and current smokers.

METHODS
Study Population

The data, analytic methods, and study materials
will not be made available to other researchers for
purposes of reproducing the results or replicating
the procedure. The present study was a subanaly-
sis of the ANOX (Development of Novel Biomarkers
Related to Angiogenesis or Oxidative Stress to Predict
Cardiovascular Events) study. The main analysis results
of the ANOX study have been described.'* In brief, pa-
tients with suspected or known CAD (1624 men [67.2%)]
and 794 women [32.8%]; mean age [range], 70.6 [19-
94] years old) undergoing elective coronary angiogra-
phy were recruited to determine the predictive value
of possible novel biomarkers for mortality and major
adverse cardiovascular events (MACE) (see details of
the entire cohort of the ANOX study in Table 1 and
Table S1 in the report by Wada et al)."* The ANOX study
group consists of 15 National Hospital Organization
institutions across Japan, and the present study was
conducted by nationally certified cardiologists.
Between January 2010 and November 2013, a total
of 2513 patients were consecutively enrolled. After the
exclusion of 26 patients who did not provide blood
samples and 69 patients who withdrew consent, a
total of 2418 patients were eligible. All patients were
classified according to self-reported smoking status
as never, former, or current smokers. Data on the pa-
tients” demographic characteristics, smoking status,
medical history, and medication use were collected
from medical records. The presence of obstructive
CAD was assessed using a modified American Heart
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Table 1. Baseline Characteristics and Incidence of Events According to Smoking Status

Baseline Characteristics and Never Smokers Former Smokers Current Smokers
Incidence of Events (N=955) (N=1035) (N=428) P Value*
Baseline characteristics
Age, mean (SD), y 71.5(10.8) 71.8(9.0) 65.6 (11.4) <0.001
Male 371 (38.9) 890 (86.0) 363 (84.8) <0.001
Body mass index, mean (SD) 241 (4.1) 24.3 (3.6 24.4 (4.9) 0.365
Obesity® 365 (38.2) 395 (38.2) 176 (41.1) 0.528
Hypertension 704 (73.7) 816 (78.8) 323 (75.5) 0.025
Dyslipidemia 563 (59.0) 655 (63.3) 248 (57.9) 0.065
Diabetes mellitus 389 (40.7) 492 (47.5) 206 (48.1) 0.003
eGFR, mean (SD), mL/min per 1.73 m? 63 (22) 62 (22) 67 (23) <0.001
Chronic kidney disease* 397 (41.6) 449 (43.4) 153 (35.8) 0.026
Gensini score, median (IQR)$ 8.5 (1.0-29.0) 14.5 (4.0-41.5) 14.5 (2.0-37.9) <0.001
Obstructive coronary artery disease 490 (51.9) 656 (63.4) 246 (57.5) <0.001
Previous myocardial infarction 98 (10.3) 195 (18.8) 61 (14.3) <0.001
Previous stroke 116 (12.2) 173 (16.7) 64 (15.0) 0.015
Previous heart failure hospitalization 1138 (11.8) 104 (10.1) 36 (8.4) 0.134
Atrial fibrillation 117 (12.3) 104 (10.1) 40 (9.4) 0.162
Malignancies 68 (7.1) 122 (11.8) 36 (8.4) 0.001
Anemial 365 (38.2) 378 (36.5) 139 (32.5) 0.122
Antihypertensive drug use 779 (81.6) 838 (81.0) 350 (81.8) 0.913
Statin use 480 (50.9) 531 (51.3) 211 (49.9) 0.765
Aspirin use 488 (51.1) 624 (60.3) 228 (53.3) <0.001
NT-proBNP, median (IQR), pg/mL 194 (79-776) 190 (67-691) 228 (73-891) 0177
cTnl, median (IQR), pg/mL 0.0 (0.0-9.0) 0.0 (0.0-11.0) 0.0 (0.0-15.8) 0.001
hs-CRP, median (IQR), mg/L 0.8 (0.3-2.6) 0.9 (0.3-2.8) 1.5 (0.4-4.8) <0.001
GDF-15, median (IQR), pg/mL 1231 (838-1928) 1373 (983-1981) 1370 (927-2096) <0.001
Incidence of events, no. (/1000 person-y)
All-cause death 86 (31.4) 120 (41.1) 48 (39.5)
Cardiovascular death 24 (8.8) 47 (16.1) 17 (14.0)
Myocardial infarction 5(1.8) 10 (3.4 6 (5.0)
Stroke 24 (8.8) 31 (10.8) 14 (11.7)
First MACE" 50 (18.5) 80 (27.9) 35 (29.4)

Values are expressed as number (percentage) unless otherwise indicated. cTnl indicates contemporary sensitive cardiac troponin-I; eGFR, estimated
glomerular filtration rate; GDF-15, growth differentiation factor 15; hs-CRP, high-sensitivity C-reactive protein; IQR, interquartile range; MACE, major adverse
cardiovascular events; and NT-proBNP, N-terminal pro-B-type natriuretic peptide.

*The P value represents a comparison of the differences between groups, and is based on the x? test of independence for categorical variables, and the

analysis of variance or Kruskal-Wallis for continuous variables.
fObesity is defined as a body mass index of >25.

*Chronic kidney disease is defined as an estimated glomerular filtration rate of <60 mL/min per 1.73 m2,

SThe Gensini score represents the angiographic severity of coronary artery disease using a nonlinear points system for degree of luminal narrowing.
IAnemia is defined as a hemoglobin level of <13 g/dL in men and <12 g/dL in women.

IMACE is defined as a composite of cardiovascular death, nonfatal myocardial infarction, and nonfatal stroke.

Association/American College of Cardiology classifi-
cation.'® The severity of CAD was quantified using the
Gensini score.'® The submitted data were examined for
completeness and accuracy by the coordinating cen-
ter (Clinical Research Institute, Kyoto Medical Center,
Kyoto, Japan), and data queries were sent to the study
sites. The study was approved by the central ethics
committee of the National Hospital Organization head-
quarters and each institution’s ethical committee. All
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of the patients provided written informed consent to
participate in the study.

Outcomes and Follow-Up

The primary outcome was all-cause death. The sec-
ondary outcomes were cardiovascular death and
MACE defined as a composite of cardiovascular death,
nonfatal myocardial infarction, and nonfatal stroke. The
patients were monitored during 3 years (1080 days)
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for the occurrence of all-cause death, cardiovascular
death, and/or MACE. The follow-up was performed
by personnel blinded to the biomarker data through
medical record/chart reviews, a survey letter, and/or
telephone interviews.

Sudden death resulting from an unknown but pre-
sumed cardiovascular cause in high-risk patients was
included in cardiovascular death. All deaths and MACE
were recorded in the official medical chart of the hos-
pitals where the patients received care. The reported
deaths, myocardial infarctions, and strokes were re-
viewed and adjudicated by the expert committee (3
independent and blinded cardiologists). The follow-up
continued even after nonfatal myocardial infarction
and/or nonfatal stroke had occurred. At the end of
the follow-up (day 1080), the survival status and de-
tailed information about MACE were available in 2400
patients (99.3%), and 18 patients (0.7%) were lost to
follow-up.

Exposures, Sample Collection, and
Biomarker Measurement
The predictor of this subanalysis was the patients’ serum
levels of GDF-15. Fasting blood samples for serum
were collected from the arterial catheter sheath at the
beginning of each patient’s coronary angiography be-
fore a heparinized saline flush. The serum was stored
at —80°C for a mean of 4 years until it was assayed for
GDF-15 after 1 freeze—thaw cycle. The serum GDF-15
level was measured with a specific, commercially avail-
able, ELISA kit according to the manufacturer’s instruc-
tions (Quantikine; R&D Systems, Minneapolis, MN). The
sensitivity of the assay for GDF-15 was 2.0 pg/mL. The
inter-/intra-assay coefficients of variation of the ELISA for
GDF-15 were <6%/<3%. The assays were performed by
an investigator blinded to the sources of the samples.
The details of the assays for NT-proBNP (N-terminal
pro-B-type natriuretic peptide), contemporary sensitive
cardiac troponin-l (cTnl), and hs-CRP (high-sensitivity
C-reactive protein) are described elsewhere.'*'” Briefly,
the serum levels of NT-proBNP were measured using
a validated, sandwich electrochemiluminescence im-
munoassay (Elecsys; Roche Diagnostics, Indianapolis,
IN). Serum cTnl was measured with the ADVIA Centaur
Troponin | Ultra assay (Siemens Healthcare Diagnostics,
Los Angeles, CA). The serum levels of hs-CRP were
measured with a specific, commercially available ELISA
kit according to the manufacturer’s instructions (CyclLex,
MBL, Nagano, Japan). The inter-/intra-assay coefficients
of variation of ELISA for hs-CRP were <6%/<4%. The
sensitivity of the assay for NT-proBNP was 5 pg/mL, and
the assay coefficient of variation at values of the measur-
ing range (5—-35 000 pg/mL) was <10%. The sensitivity
of the assay for cTnl was 6 pg/mL, and the assay coef-
ficient of variation at the 99th percentile reference value
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of 40 pg/mL (potential range, 20-60 pg/mL) was <10%.
The sensitivity of the assay for hs-CRP was 0.0286 mg/L.

Statistical Analysis

We divided the patients into 3 groups according to
smoking status. The data were compared among the
smoking status groups and significant differences were
determined using the Kruskal-Wallis and ¥? tests. The
relationships between GDF-15 and other variables
were assessed in simple and stepwise multiple linear
regression analyses. Stepwise variable selection was
performed in a forward direction with the Bayesian in-
formation criterion. Because GDF-15, the Gensini score,
NT-proBNP, cTnl, and hs-CRP were normally distributed
after logarithmic transformation, the logarithms of these
parameters were used in the linear regression analyses.
The relationships between the baseline GDF-15 level and
the outcomes were investigated with the use of Cox pro-
portional hazard regression in 3 sets of models: models
adjusted for traditional risk factors (age, sex, body mass
index, hypertension, dyslipidemia, diabetes mellitus, and
current smoking); models adjusted for potential clini-
cal confounders (the traditional risk factors plus several
other potential clinical confounders, ie, the estimated glo-
merular filtration rate [eGFR], the Gensini score, previous
myocardial infarction, previous stroke, previous heart fail-
ure hospitalization, malignancies, anemia [defined as a
hemoglobin level <13 g/L in men and 12 g/L in women],
antihypertensive drug use, statin use, and aspirin use);
and models adjusted for potential clinical confounders
and established cardiovascular biomarkers (NT-proBNP,
clnl, and hs-CRP for 1 SD increase).

We evaluated the incremental predictive perfor-
mance of biomarkers by calculating changes in the
C-statistic, continuous net reclassification improve-
ment (NRI), and integrated discrimination improvement
(IDl) metrics.”® We assessed the model calibration
by comparing predicted probabilities with observed
probabilities. A residual analysis was used to assess
model fit.

All statistical tests were 2-sided, and P<0.05 was
considered significant. Since all analyses were consid-
ered exploratory, the P values were not adjusted for
multiple comparisons. The analyses were performed
using SPSS ver. 23.0 (IBM Japan, Tokyo), JMP13 (SAS,
Cary, NC), and R, ver. 3.5.2 (R Foundation for Statistical
Computing, Vienna, Austria). Additional details are de-
scribed elsewhere.™ 17

RESULTS

Baseline Characteristics

The median level of GDF-15 was 1322 pg/mL (inter-
quartile range, 902-1980 pg/mL) for all the patients.
The baseline characteristics of the patients divided
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according to smoking status are shown in Table 1
and Table S1. Never smokers showed the lowest
rates of male sex, diabetes mellitus, obstructive
CAD, previous myocardial infarction, and previous
stroke, and the lowest Gensini score; Former smok-
ers, the highest rates of hypertension, chronic kidney
disease, malignancies, and aspirin use; and Current
smokers, the lowest age, highest eGFR, and highest
levels of cTnl and hs-CRP. There was no significant
difference in the body mass index, the rates of obe-
sity, dyslipidemia, previous heart failure hospitaliza-
tion, atrial fibrillation, anemia, antihypertensive drug
use, statin use, or levels of NT-proBNP. Importantly,
never smokers exhibited significantly lower levels of
GDF-15 compared with former smokers and current
smokers (P<0.001).

The correlations of GDF-15 with other variables are
shown in Table 2. Stepwise regression analysis re-
vealed that higher GDF-15 levels were independently
associated with higher age, diabetes mellitus, current
smoking, former smoking, lower eGFR, anemia, no use
of statins, and higher levels of NT-proBNP and hs-CRP.

Smoking, GDF-15, and Mortality in CAD

Incidence of Outcomes

As described in the ANOX study,'*'" 254 patients died
of any cause (88 cardiovascular and 166 noncardio-
vascular deaths), and 165 developed first MACE (21
myocardial infarction, 69 stroke, and 75 cardiovascular
deaths) during the 3-year follow-up. Figure 1 shows the
cumulative incidence of all-cause death according to
the quartiles of GDF-15 levels in the entire cohort, never
smokers, former smokers, and current smokers. The
highest quartile of GDF-15 had the greatest risk of all-
cause death irrespective of smoking status. Figures S1
and S2 show the cumulative incidence of cardiovascu-
lar death and MACE according to the quartiles of GDF-
15 levels in the entire cohort, never smokers, former
smokers, and current smokers, respectively. The high-
est quartile of GDF-15 also had the greatest risks of
cardiovascular death and MACE irrespective of smok-
ing status. The baseline characteristics of the patients
and the incidence of outcomes according to the quar-
tiles of GDF-15 levels in the entire cohort, never smok-
ers, former smokers, and current smokers are shown
in Tables S2 through S5, respectively.

Table 2. Simple and Multiple Stepwise Regression Analyses for the GDF-15 Level* in the Entire Cohort

Simple Regression Independent Determinants

Variables r SEM P Value B SEM P Value
Age, y 0.022 0.001 <0.001 0.012 0.001 <0.001
Male 0.067 0.028 0.015

Body mass index, kg/m? -0.017 0.003 <0.001

Hypertension 0.184 0.030 <0.001

Dyslipidemia -0.102 0.026 <0.001

Diabetes mellitus 0.243 0.026 <0.001 0.169 0.019 <0.001
Current smoking 0.026 0.034 0.445 0.166 0.027 <0.001
Former smoking 0.073 0.026 0.006 0.091 0.020 <0.001
eGFR, mL/min per 1.73 m? -0.016 0.000 <0.001 -0.009 0.000 <0.001
Gensini score* 0.073 0.008 <0.001

Previous myocardial infarction 0.063 0.037 0.088

Previous stroke 0.195 0.037 <0.001

Previous heart failure hospitalization 0.449 0.041 <0.001

Atrial fibrillation 0.275 0.041 <0.001

Malignancies 0.193 0.044 <0.001

Anemia 0.535 0.025 <0.001 0.202 0.020 <0.001
Antihypertensive drug use 0.203 0.033 <0.001

Statin use -0.045 0.026 0.082 -0.054 0.018 0.003
Aspirin use -0.031 0.026 0.231

NT-proBNP, pg/mL* 0.208 0.006 <0.001 0.101 0.006 <0.001
cTnl, pg/mL* 0.110 0.007 <0.001

hs-CRP, mg/L* 0.101 0.008 <0.001 0.041 0.006 <0.001

cTnl indicates contemporary sensitive cardiac troponin-I; eGFR, estimated glomerular filtration rate; GDF-15, growth differentiation factor 15; hs-CRP, high-
sensitivity C-reactive protein; and NT-proBNP, N-terminal pro-B-type natriuretic peptide.

*Natural log-transformed to obtain normal distributions.

J Am Heart Assoc. 2020;9:e018217. DOI: 10.1161/JAHA.120.018217
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Figure 1. Cumulative incidence of all-cause death in the entire cohort (A), never smokers (B), former smokers (C), and

current smokers (D) according to the serum GDF-15 level at baseline.
Follow-up results are truncated after 3 years. GDF-15 indicates growth differentiation factor 15.

Multivariate Cox Regression Analyses

After adjusting for traditional risk factors (ie, age, sex,
body mass index, hypertension, dyslipidemia, diabetes
mellitus, and current smoking), the GDF-15 level was
significantly associated with all-cause death in the en-
tire cohort, never smokers, former smokers, and cur-
rent smokers (Mmodel 1, Figure 2). After the additional
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adjustment for other potential clinical confounders (ie,
eGFR, the Gensini score, previous myocardial infarc-
tion, previous stroke, previous heart failure hospitaliza-
tion, malignancies, anemia, antihypertensive drug use,
statin use, and aspirin use), the GDF-15 level was signif-
icantly associated with all-cause death in the entire co-
hort, and this association was independent of smoking
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Never smokers
Unadjusted
Model-1
Model-2
Model-3

Former smokers
Unadjusted
Model-1
Model-2
Model-3

Current smokers

Hazard ratio (95% CI) of GDF-15 95% CI
Subgroups for all-cause death (per 1-SD increase) HR Lower Upper
Entire cohort
Unadjusted HoH 1.74 1.63 1.86
Model-1 o 166 154 178
Model-2 = 154 140 1.7
Model-3 e 150 135 1.67

—o—i 1.71 1.51 1.91
—o—i 1.73 1.51 1.98
—e—i 1.62 1.33 1.96
—e—1 1.59 1.29 1.94
e 1.80 1.64 1.97
o 1.74 1.55 1.94
——i 1.73 146  2.05
—e— 1.65 1.39 1.96

Unadjusted —e— 1.65 1.39 1.92

Model-1 == 1.50 1.23 1.80

Model-2 == 1.30 1.03 1.65

Model-3 H—— 123 095 1.57
0.3 1.0 3.0

Figure 2. Hazard ratios for all-cause death in the entire cohort, never smokers, former smokers, and current
smokers according to the serum GDF-15 level at baseline.

Values are for 1 SD increase. The data were adjusted for the following variables: model-1, age, sex, body mass
index, hypertension, dyslipidemia, diabetes mellitus, and current smoking; model-2, the variables in model-1 plus
estimated glomerular filtration rate, the Gensini score, previous myocardial infarction, previous stroke, previous heart
failure hospitalization, malignancies, anemia, antihypertensive drug use, statin use, and aspirin use; model-3, the
variables in model-2 plus N-terminal pro-B-type natriuretic peptide, contemporary sensitive cardiac troponin-I, and
high-sensitivity C-reactive protein. The biomarkers were modeled as continuous variables. GDF-15 indicates growth

differentiation factor 15; and HR, hazard ratio.

status (model 2, Figure 2). Even after additional adjust-
ment for established cardiovascular biomarkers (NT-
proBNP, cTnl, and hs-CRP), the GDF-15 level was still
significantly associated with all-cause death in the en-
tire cohort, never smokers, and former smokers, but
not in current smokers (model 3, Figure 2).

We also performed quartile analyses. After full adjust-
ment, the quartiles of GDF-15 levels were significantly associ-
ated with all-cause death in the entire cohort, never smokers,
and former smokers, but not in current smokers (Figure S3).

Discrimination, Reclassification, and
Calibration

The C statistics for all-cause death by the model with
potential clinical confounders (base model) were 0.789
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in the entire cohort, 0.815 in never smokers, 0.793 in
former smokers, and 0.796 in current smokers (Table 3).
The C statistics of GDF-15 alone were 0.776 in the entire
cohort, 0.788in never smokers, 0.782 in former smokers,
and 0.735 in current smokers. The C statistics of other
single cardiovascular biomarkers (NT-proBNP, cTnl, and
hs-CRP) in the entire cohort are shown in Table 2 of the
report by Wada et al,' and those in never, former, and
current smokers are shown in Table 3. The combination
of established cardiovascular biomarkers significantly
improved the prediction of all-cause death in the entire
cohort and in former smokers, but not in never smokers
or in current smokers (Table 3). Notably, the addition of
GDF-15 to the model with potential clinical confounders
and established cardiovascular biomarkers significantly
improved the prediction of all-cause death in the entire
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Table 3. Model Performance Measures for All-Cause Death in the Entire Cohort, Never Smokers, Former Smokers, and

Current Smokers

Continuous NRI,
Risk Factors and Biomarkers C Statistics | AC Statistics 95% Cl P Value IDI, 95% ClI P Value
Entire cohort
Base model* 0.789
GDF-15 0.776
Base model+NT-proBNP+cTnl+hs-CRPT 0.803 0.015 0.386 <0.001 0.017 0.003
(0.257 t0 0.514) (0.006 to 0.028)
Base model+NT-proBNP+cTnl+hs- 0.826 0.022 0.276 <0.001 0.036 <0.001
CRP+GDF-15+ (0.147 to 0.405) (0.021 to 0.051)
Never smokers
Base model* 0.815
NT-proBNP 0.734
cTnl 0.673
hs-CRP 0.646
GDF-15 0.788
Base model+NT-proBNP+cTnl+hs-CRP* 0.827 0.011 0.349 0.002 0.008 (-0.006 0.246
(0.129 to 0.569) to 0.021)
Base model+NT-proBNP+cTnl+hs- 0.847 0.020 0.465 (0.245 to <0.001 0.028 (0.006 to 0.010
CRP+GDF-15+ 0.684) 0.049)
Former smokers
Base model* 0.793
NT-proBNP 0.723
cinl 0.673
hs-CRP 0.640
GDF-15 0.782
Base model+NT-proBNP+cTnl+hs-CRPT 0.815 0.022 0.275 0.004 0.059 (0.027 to <0.001
(0.085 to 0.464) 0.090)
Base model+NT-proBNP+cTnl+hs- 0.838 0.023 0.114 (-0.075 to 0.236 0.025 (0.005 to 0.013
CRP+GDF-15* 0.303) 0.046)
Current smokers
Base model* 0.796
NT-proBNP 0.701
cinl 0.577
hs-CRP 0.629
GDF-15 0.735
Base model+NT-proBNP+cTnl+hs-CRPT 0.832 0.036 0.380 0.012 0.023 (-0.004 0.096
(0.084 to 0.676) t0 0.05)
Base model+NT-proBNP+cTnl+hs- 0.842 0.010 0.233 (-0.066 to 0.126 0.022 (-0.003 0.090
CRP+GDF-15* 0.532) t0 0.05)

Follow-up results are truncated after 3 years. The biomarkers were modeled as continuous variables (for 1 SD increase). The AC statistic, continuous NRI,
and IDI show the change in model performance from “Base model” or “Base model+NT-proBNP+cTnl+hs-CRP.” cTnl indicates contemporary sensitive cardiac
troponin-I; eGFR, estimated glomerular filtration rate; GDF-15, growth differentiation factor 15; hs-CRP, high-sensitivity C-reactive protein; IDI, integrated
discrimination improvement; NRI, net reclassification improvement; and NT-proBNP, N-terminal pro-B-type natriuretic peptide.

*The base model is based on age, sex, body mass index, hypertension, dyslipidemia, diabetes mellitus, current smoking, eGFR, the Gensini score, previous
myocardial infarction, previous stroke, previous heart failure hospitalization, atrial fibrillation, malignancies, anemia, antihypertensive drug use, statin use, and aspirin use.

TEvaluated the change of model performance from the “Base model.”

*Evaluated the change of model performance from the “Base model+NT-proBNP+cTnl+hs-CRP.”

cohort (P<0.001 for NRI, P<0.001 for IDI) and in never
smokers (P<0.001 for NRI, P=0.010 for IDI), but not in
former smokers (P=0.236 for NRI, P=0.013 for IDI) or
in current smokers (P=0.126 for NRI, £=0.090 for IDI)
(Table 3). Calibration of the models with or without GDF-
15 showed no evidence of lack of fit.
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DISCUSSION

In this prospective cohort of patients with suspected
or known CAD, we first showed that higher levels of
GDF-15 were independently associated not only with
current smoking, but also with former smoking. In
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addition, we demonstrated that the GDF-15 level inde-
pendently predicted mortality in the entire cohort and
in never smokers, and that this prognostic impact was
attenuated in current smokers and in former smokers.
To the best of our knowledge, this is the first large-
scale, multicenter study to examine the independent
prognostic value of GDF-15 on mortality over potential
clinical confounders and established cardiovascular
biomarkers in Asian high-risk patients. The strengths
of our investigation include the large sample size, mul-
ticenter prospective design, and high follow-up rate
(99.3%).

At baseline, independent determinants of the
GDF-15 level were age, diabetes mellitus, current
smoking, former smoking, eGFR, anemia, no use
of statins, NT-proBNP, and hs-CRP. These findings
are mostly consistent with previous reports, except
with respect to former smoking.8'® There was no
significant association between GDF-15 and former
smoking in the previous study involving the 2 com-
munity-based cohorts.’? This discrepancy merits
consideration.

The ages of participants at enrollment in the 2 co-
hort studies were 70 years old (PIVUS [Prospective
Study of the Vasculature in Uppsala Seniors ULSAM,
Uppsala Longitudinal Study of Adult Men]: n=969;
male, 50%) and 77 years old (ULSAM [Uppsala
Longitudinal Study of Adult Men]: n=717; male,
100%), respectively. Thus, the mean age of partici-
pants in the present study at enrollment (70.6 years
old) was similar to that of PIVUS and younger than
that of ULSAM, and ranged from 19 to 94 years old.
In general, the prevalence of current smokers was
lower in those aged 65 or more than in those aged
18 to 64."° Accordingly, the prevalence of former
smokers who had stopped smoking <5 years ago
could have been lower in the 2 community-based
cohorts compared with the present study. In other
words, the present study could have included “rela-
tively new” former smokers who had shorter duration
since smoking cessation compared with the former
smokers in the 2 community-based cohort studies. A
previous meta-analysis demonstrated that compared
with never smokers, the excess risk in former smok-
ers decreased continuously with time since smok-
ing cessation.?® Thus, the relatively higher levels of
GDF-15 in former smokers in the present study may
reflect higher excess risk compared with those in the
2 community-based cohort studies.

The median GDF-15 level was higher in former
smokers than in current smokers (Table 1). However,
the GDF-15 level was affected not only by smoking
status, but also by age, diabetes mellitus, low eGFR,
anemia, and so on. In the present study, former smok-
ers exhibited higher age, lower eGFR, and higher rate
of anemia than current smokers (Table 1). In addition,
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although the independent determinants of the GDF-15
level included both current smoking and former smok-
ing, the standardized partial regression coefficient of
current smoking was higher than that of former smok-
ing (0.166 versus 0.091, Table 2). Thus, the impact of
current smoking on GDF-15 was stronger than that of
former smoking.

After smoking cessation, considerable weight gain
may occur,?! and this is associated with an increased
short-term risk of type 2 diabetes mellitus.?* Since
the GDF-15 level is elevated in patients with diabetes
mellitus or metabolic syndrome,® the GDF-15 level
may—at least in part—depend on the weight gain after
cessation.

Paradoxically, previous studies showed that active
smokers who smoke more intensively tend to weigh
more than light smokers.23-2% In addition, higher levels
of general and abdominal adiposity influence smok-
ing status and smoking intensity (humber of cigarettes
smoked per day).?® Unfortunately, we did not col-
lect data on the smoking—pack years in this cohort.
Therefore, further studies will be needed to clarify the
relationships among smoking status, duration and
intensity of smoking, body mass index, GDF-15, and
mortality/cardiovascular events.

Previous experimental studies have shown that
GDF-15 expression can increase in response to di-
verse cellular stress signals, such as oxidative stress,
hypoxia/anoxia, inflammation, acute tissue injuries,
and the tumor process.®® GDF-15 thus appears to
be a general marker of diseases, and a wide range of
(cardiovascular or noncardiovascular) cell types could
be its sources. Nonetheless, the direct impact of ciga-
rette smoking exposure on the excessive production of
GDF-15 should be considered.

Recent studies reported that human airway epi-
thelial cells produce excessive GDF-15 in response
to cigarette smoking exposure, which subsequently
activates the activin receptor-like kinase 1/Smadi
pathway to promote airway epithelial senescence.
Senescent airway epithelial cells can produce
high-mobility group box 1 and proinflammatory
cytokines (eg, |- 6) to augment cigarette smok-
ing—induced airway inflammation, which has been
implicated in chronic obstructive pulmonary disease
pathogenesis.?’?8 Interestingly, GDF-15 deficiency
in mice attenuated the cigarette smoking—-induced
pulmonary inflammation, suggesting that increased
GDF-15—as observed in the lungs of smokers and
patients with chronic obstructive pulmonary dis-
ease—contributes to cigarette smoking-induced
pulmonary inflammation.?® Thus, human airway ep-
ithelial cells could be one of the sources of excessive
GDF-15 in current and former smokers. Further stud-
ies are needed to elucidate the sources and signifi-
cance of excessive GDF-15 in ever smokers.
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In the present study, each of NT-proBNP, clnl, or
hs-CRP was independently associated with current
smoking but not with former smoking (data not shown).
The relationship between elevated CRP levels and
smoking is well established,3® whereas it is controver-
sial whether or not higher levels of NT-proBNP and cTnl
are associated with current smoking.®'-%® However,
previous studies demonstrated that NT-proBNP, cTnl,
and hs-CRP levels were not significantly affected by
the changes in smoking status.®%-3° To compare with
these results on NT-proBNP, cTnl, and hs-CRP, long-
term follow-up studies will be needed to clarify whether
GDF-15 levels are affected by the changes in smoking
status.

Notably, the combination of established cardiovas-
cular biomarkers did not add statistically significant
prognostic information to the model with potential clin-
ical confounders in never smokers (Table 3). However,
the addition of GDF-15 markedly improved the pre-
diction of all-cause mortality, suggesting that GDF-15
could be superior to established cardiovascular bio-
markers to predict mortality in never smokers. These
findings are consistent with a previous report.!" By
contrast, the combination of established cardiovas-
cular biomarkers remarkably improved the prediction
of mortality over the base model with potential clini-
cal confounders in former smokers, whereas further
addition of GDF-15 hardly improved the prediction of
mortality, suggesting the limited additional value of
GDF-15 in former smokers. Neither the established
cardiovascular biomarkers nor GDF-15 added statisti-
cally significant prognostic information on mortality in
current smokers. This may have been because of the
smaller sample size, younger mean age, lower mortal-
ity rate, and thus limited statistical power of the current
smokers compared with former smokers and never
smokers. Otherwise, a potential explanation for these
findings is that the harmful effects of cigarette smok-
iNng exposure may increase circulating levels of these
biomarkers, leading to an elevation of their optimal cut-
off values to discriminate the risk of mortality, and an
attenuation of their prognostic impact. Further investi-
gations are required to define the additive prognostic
impact of these biomarkers on mortality over potential
clinical confounders in current smokers. From a clinical
point of view, these findings also indicate the impor-
tance of verifying the smoking status in order to more
accurately predict each patient’s prognosis using car-
diovascular biomarkers.

The quartile analyses of GDF-15 for all-cause death
may indicate the presence of a nonlinear threshold at
around the 75th percentile in never and former smokers
(Table S3). Future studies including both development
and validation cohorts will be needed to determine the
optimal cut-off values of GDF-15 in never and former
smokers.
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Limitations

First, we did not collect data on smoking—pack years.
Future studies including the data on smoking—pack
years would clarify the effect of duration and inten-
sity of smoking on the GDF-15 level and its prognos-
tic value. Second, the patients’ blood samples were
drawn from the arterial sheath. It is possible that con-
centrations of GDF-15 in the arterial and venous circu-
lation differ. In our preliminary data (n=40), the GDF-15
levels in sera from the arterial sheath were closely cor-
related with those from the peripheral vein before car-
diac catheterization (3, 0.955; SEM, 0.031; P<0.001).
However, to validate the potential of GDF-15 to be used
more widely in risk prediction, other cohort studies
using peripheral venous blood samples are necessary,
such as our EXCEED-J (Establishment of the Method
to Extract a High-Risk Population Employing Novel
Biomarkers to Predict Cardiovascular Events in Japan)
study (UMINO00018807). Third, we used a contempo-
rary sensitive troponin | assay, but not a high-sensitivity
troponin | or T assay. Fourth, we had no collected data
of cardiovascular imaging, such as echocardiography,
cardiovascular magnetic resonance, computed to-
mography, intravascular ultrasound/optical coherence
tomography, or nuclear imaging. Fifth, we had no col-
lected data of a history of chronic obstructive pulmo-
nary disease. Sixth, this was an observational study,
and other unmeasured confounding factors may have
existed. Finally, because the ANOX study cohort con-
sists exclusively of Asian individuals with suspected or
known CAD, our results may not be generalizable to
general Asian populations, or to other ethnic groups.

CONCLUSIONS

Nevertheless, our results clearly demonstrate that not
only current smoking, but also former smoking was in-
dependently associated with higher levels of GDF-15.
An elevated serum GDF-15 value was independently
associated with all-cause mortality beyond the poten-
tial clinical confounders and cardiovascular biomarkers
(NT-proBNP, cTnl, and hs-CRP) in patients with sus-
pected or known CAD undergoing elective coronary
angiography. This association was most pronounced
in never smokers.
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