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A B S T R A C T   

Background: Growth Differentiation Factor 15 (GDF-15) is a marker of inflammation and oxidative stress that has 
been associated with multiple age-related chronic diseases. Since lifestyle is key for preventing these adverse 
health outcomes, we examined the association between a Mediterranean lifestyle and GDF-15 serum concen
trations in Spanish older adults. 
Methods: We used cross-sectional data from 2502 older adults participating in the Seniors ENRICA-2 cohort. 
Adherence to the Mediterranean lifestyle was assessed with the 27-item MEDLIFE index, divided into three 
blocks: 1) “Mediterranean food consumption, 2) Mediterranean dietary habits, 3) Physical activity, rest, social 
habits, and conviviality”. Analyses of the association between the MEFLIFE index and GDF-15 concentrations 
were performed using multivariable linear regression models adjusting for the main potential confounders. 
Results: The MEDLIFE index was inversely associated with GDF-15. Compared with participants in the lowest 
quartile of the MEDLIFE score, GDF-15 mean percentage differences (95% CI) were − 3.0% (− 8.0, 2.3) for the 
second quartile, − 8.7% (− 13.0, − 4.1) for the third quartile, and − 10.1% (− 15.0, − 4.9) for the fourth quartile (p- 
trend<0.001). Block 3 of MEDLIFE, and particularly doing sufficient physical activity, adequate sleep duration, 
and participating in collective sports, was individually linked to lower concentrations of GDF-15. Results 
remained similar after excluding participants with cardiovascular disease, type 2 diabetes, or obesity. 
Conclusions: A Mediterranean lifestyle was associated with reduced levels of GDF-15, suggesting that a combi
nation of multiple lifestyles may be an integral approach to reduce chronic inflammation and disease burden in 
older adults.   

1. Introduction 

Healthy aging is a process defined as the maintenance of the func
tional ability that enables well-being in older age [1]. However, it is 
frequently altered by chronic diseases, injuries, or reduced physiological 
reserves that lead to geriatric syndromes such as frailty. One important 
mechanism underlying unhealthy aging is low-grade, age-associated, 
systemic chronic inflammation (also known as inflammaging) due to an 

imbalance between pro- and anti-inflammatory factors [2]. 
Growth Differentiation Factor 15 (GDF-15) is a member of the 

Transforming Growth Factor-β (TGF-β) cytokine superfamily that is 
secreted in response to oxidative stress and inflammation, being a good 
biomarker of chronic disease burden [3]. Indeed, due to its pleiotropic 
effects, GDF-15 has been associated to age-related disorders and multi
ple adverse outcomes such as mitochondrial dysfunction [4], cardio
vascular disease (CVD) [5], diabetes [6], metabolic syndrome [7], liver 
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and kidney disease [8], or all-cause mortality [9]. Also, GDF-15 is 
gaining attention as a new diagnostic and prognostic biomarker of CVD 
and could represent a potential therapeutic target against it [10,11], 
although further research is needed to understand its exact biological 
functions and determinants. 

Lifestyle is a key determinant of low-grade inflammation, oxidative 
stress and chronic disease [12]. Interestingly, some studies have found a 
mediating role of GDF-15 in the association between diet quality and 
all-cause mortality [13], probably due to its anti-inflammatory and 
anti-oxidant properties. In addition, previous research has shown indi
vidual associations between physical activity [14], alcohol consumption 
[15], diet quality [16] or smoking [17] and GDF-15. However, no study 
has yet examined the joint role of multiple lifestyle behaviors in GDF-15 
concentrations. Since there is evidence of the synergistic influence of 
each lifestyle component on a number of health outcomes including CVD 
[18], diabetes [19], metabolic syndrome [20], and frailty [21] -condi
tions that involve chronic inflammation and oxidative stress-, an asso
ciation between a set of combined lifestyles and concentrations of 
GDF-15 in older adults seems plausible. Therefore, this study aimed to 
examine if a Mediterranean lifestyle, characterized by adherence to the 
Mediterranean diet and other healthy food habits, appropriate physical 
activity, low sedentary behavior, regular napping, sociability, and 
conviviality is associated with lower concentrations of GDF-15 in older 
adults. 

2. Methods 

2.1. Study design and participants 

We used data from the baseline wave of the Seniors-ENRICA-2 
cohort, whose methods are similar to those used in the Seniors 
ENRICA-1 study [22]. Briefly, 3273 individuals were selected between 
2015 and 2017 by stratified random sampling of community-dwelling 
individuals aged 65 or older holding a national healthcare card and 
living in the metropolitan area of Madrid, Spain. Information on socio
demographic data, morbidity and lifestyle was obtained through a 
telephone interview. Two home visits were subsequently conducted to 
collect biological samples, to perform a physical examination and to 
assess food consumption through a diet history. All participants pro
vided written informed consent. The study was approved by the Clinical 
Research Ethics Committee of [blinded for review]. 

2.2. Study variables 

2.2.1. Mediterranean lifestyle assessment 
Food consumption was obtained through a computer-assisted face- 

to-face validated diet history, developed from the diet history used in the 
EPIC Spanish cohort [23]. Data from physical activity and sedentary 
behavior were collected, respectively, with the Spanish-validated ver
sions of the EPIC-cohort study [24] and the Nurses’ Health Study [25] 
questionnaires. Participants also reported data about sleep, napping, 
conviviality, and meal habits. 

The MEDLIFE index was built according to a published modified 
version [20] of the original score [26]. The modified MEDLIFE index 
comprised 27 items arranged in three thematic blocks: a) “Mediterra
nean food consumption”, with 15 items referring to food groups con
sumption (i.e., vegetables, fruits, legumes, olive oil, processed meat); b) 
“Mediterranean dietary habits”, with 6 items referring to habits and 
practices around meals (i.e., limiting sweetened beverages, minimal 
snacking, limiting salt with meals); c) “Physical activity, rest, social 
habits and conviviality”, with 6 items referring to resting and collective 
activities (i.e., regular naps, watching TV, sports, socializing). Each item 
scores as 0 (non-adherent) or 1 point (adherent) (Supplementary Ta
ble S1); thus, the final index ranged from 0 to 27. We modelled MEDLIFE 
index and blocks as quartiles and as continuous variables (per 2-point 
increment); additionally, each MEDLIFE item was modelled as a 

categorical variable according to their description (Supplementary 
Table S1) in order to evaluate its independent association. 

2.2.2. GDF-15 assessment 
Data on serum GDF-15 concentrations were obtained from fasting 

blood samples collected from each participant at the first home visit. 
Samples were collected in rapid serum tubes with thrombin-based clot 
activator and polymer gel (Becton Dickinson). One hour after the 
collection, tubes were centrifuged at 2520 g and room temperature 
(20–23 ◦C) for 10 min. Serum was then aliquoted and frozen at − 80 ◦C 
and stored up to 3.6 years at the Department of [blinded for review] at 
the [blinded for review]. 

Serum GDF-15 was measured between July 2019 and June 2020 at 
the Department of [blinded for review] of [blinded for review] by 
electrochemiluminescence Elecsys® immunoassay method using a 
Cobas® 6000 analyzer (Roche Diagnostics). For a mean concentration of 
7343 pg/mL, the interassay CV was 5.4%; and for a mean concentration 
of 1428 pg/mL, it was 7.7%. 

2.2.3. Potential confounders 
Participants reported sociodemographic and other lifestyle data 

including sex, age, educational level (primary, secondary, university) 
and tobacco status (current, former, never). Body mass index (BMI) was 
calculated as weight (kg) divided by square height (m), both measured 
in standardized conditions [22]. Energy intake was estimated from the 
diet history [23]. CVD was assessed by self-reporting a medical diagnosis 
of myocardial infarction, stroke, or congestive heart failure; type 2 
diabetes by self-reporting a medical diagnosis of diabetes, being under 
antidiabetic medication or having a fasting blood glucose of ≥126 
mg/dL. Systolic blood pressure was measured under standardized con
ditions at least 3 times [27]; the average of the second and third mea
surements were used for analyses. Blood glucose, HDL-cholesterol and 
tryglycerides were measured with colorimetric enzymatic methods with 
Atellica® solution (Siemens Healthineers). LDL-cholesterol levels were 
calculated with the Friedewald formula (LDL = total cholesterol – try
glycerides/5 – HDL) except for those with tryglycerides >250 that the 
measure of LDL-cholesterol was assessed directed from blood samples 
[28]. Only LDL-cholesterol was used for analyses. 

2.3. Statistical analyses 

From the initial 3273 participants, we excluded 684 individuals with 
missing data on GDF-15 and 85 with missing information on the cova
riates. Therefore, our final analytical sample comprised 2504 partici
pants (Supplementary Fig. S1). Participant’s characteristics were 
summarized with mean and standard deviation for continuous variables 
and proportions for categorical variables. 

The association between the MEDLIFE index and GDF-15 was 
assessed with multivariable linear regression models where the depen
dent variable was the log-transformed GDF-15 and used as continuous 
variable. Associations were summarized using mean percentage differ
ences, with 95% confidence intervals (CI). Mean percentages differences 
were calculated by subtracting 1 from the exponentiated β-coefficients 
resulting from the regression models and multiplying the result by 100. 
We built several models with incremental adjustment for potential 
confounders: Model 1, adjusted for sex, age, and educational level; 
Model 2, further adjusted for tobacco status, BMI, energy intake, CVD, 
and diabetes; and Model 3, further adjusted for systolic blood pressure, 
glucose, and LDL levels. We replicated the analyses for each MEDLIFE 
block (with further adjustment for the remaining block) and each 
MEDLIFE item (with further adjustment for the MEDLIFE index 
excluding the corresponding item). P values for linear trend were 
calculated using quartiles of MEDLIFE as continuous variable. Deviation 
from linearity was evaluated using a restricted cubic spline regression 
model, adjusted as in Model 3. 

Robustness of the results was checked with several sensitivity 
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analyses: 1) stratifying the analyses by the main covariates (sex, age 
groups, educational level, BMI, CVD, and type 2 diabetes) to assess 
whether there were differences between groups. Interaction terms, 
defined as the product of MEDLIFE categories and each variable, were 
tested. 2) Given that GDF-15 is a biomarker of inflammation and chronic 
disease burden [4] we replicated the main analysis excluding partici
pants with CVD, diabetes, or obesity and with all of the three conditions. 
3) We excluded consumption of legumes and low-fat dairy items from 
the MEDLIFE score, due to unexpected results, to check the magnitude of 
the association without those items. And finally, 4) we conducted the 
main analysis using quintiles of the MEDLIFE to account for the expected 
irregular distribution of the discrete nature of the MEDLIFE index where 
the mode and the mean are rather close. 

Analyses were performed using Stata version 16.0 (StataCorp LLC, 
College Station, TX). Statistical significance was established at p < 0.05 
level, two-sided. 

3. Results 

Participants had a mean (SD) age of 71.56 (4.38) and 52.96% were 
women. The mean (SD) score for the MEDLIFE index was 13.16 (2.63) 
points. Participants with higher MEDLIFE score were more likely to have 
higher educational level, higher energy intake, lower frequency of 
chronic diseases and to smoke less (Table 1). Compared to the analytical 
sample, excluded participants were more likely to have lower education, 
higher frequency of BMI, more chronic diseases, and lower MEDLIFE 
score (Supplementary Table S2). 

3.1. MEDLIFE and GDF-15 

Higher score in the MEDLIFE index was associated with lower levels 
of GDF-15, in a dose-response manner (Table 2). Compared to the first 
quartile of the MEDLIFE index, the mean percentage differences (95% 
CI) in the most adjusted model were − 3.0% (− 8.0, 2.3) for the second 
quartile, − 8.7% (− 13.0, − 4.1) for the third quartile, and − 10.1% 
(− 15.0, − 4.9) for the fourth quartile (p-trend<0.001). The mean 

Table 1 
Baseline characteristics of older adults participating in Seniors ENRICA-2 cohort by quartiles of adherence to the MEDLIFE index.   

Quartile 1 
4–11 p 

Quartile 2 
12–13 p 

Quartile 3 
14–15 p 

Quartile 4 
16–21 p 

Total 

n 405 605 1004 490 2504 

Sex, women, n (%) 237 (58.52) 326 (53.88) 515 (51.29) 248 (50.46) 1326 (52.96) 
Age, years, mean (SD) 72.63 (5.15) 71.91 (4.11) 71.34 (4.30) 70.68 (3.95) 71.56 (4.38) 
Education, n (%) 

Primary or lower 281 (69.38) 385 (63.64) 616 (61.35) 308 (62.86) 1590 (63.50) 
Secondary 69 (17.04) 108 (17.85) 207 (20.62) 85 (17.35) 469 (18.73) 
University 55 (13.58) 112 (18.51) 181 (18.03) 97 (19.80) 445 (17.77) 

Smoking status, n (%) 
Current 56 (13.83) 67 (11.07) 82 (7.17) 28 (5.71) 233 (9.31) 
Former 139 (34.32) 191 (31.57) 413 (41.14) 208 (42.45) 951 (37.98) 
Never 210 (51.85) 347 (57.36) 509 (50.70) 254 (51.84) 1320 (52.72) 

BMI, kg/m2, mean (SD) 27.91 (4.96) 27.97 (4.54) 27.63 (4.32) 27.64 (4.25) 27.76 (4.47) 
Energy intake, kcal/day, mean (SD) 1882.66 (392.15) 1915.90 (344.07) 1964.88 

(342.74) 
2009.76 
(329.72) 

1948.53 (351.43) 

CVDa, n (%) 21 (5.19) 22 (3.64) 27 (2.69) 15 (3.06) 85 (3.39) 
Type 2 diabetes, n (%) 83 (20.49) 121 (20.00) 177 (17.63) 77 (15.71) 458 (18.29) 
SBe (mmHg), mean (SD) 135.88 (19.98) 134.86 (17.92) 133.87 (17.60) 134.44 (17.61) 134.54 (18.09) 
Serum biomarkers, mean (SD) 

Glucose, mg/dl 101.72 (24.79) 100.88 (28.17) 98.58 (21.22) 99.59 (21.44) 99.84 (23.72) 
LDL-cholesterol, mg/dl 113.43 (30.04) 113.43 (28.55) 113.00 (29.18) 115.82 (29.00) 113.73 (29.04) 
GDF-15, pg/ml 1684.13 

(1465.13) 
1540.84 
(1040.07) 

1373.38 
(941.42) 

1280.95 
(792.29) 

1446.02 
(1050.76) 

MEDLIFE index, 0–27 p, mean (SD) 9.14 (1.08) 11.57 (0.50) 13.90 (0.79) 16.90 (1.07) 13.16 (2.63) 
Block 1: Mediterranean food consumption, 0–15 p, mean (SD) 3.89 (1.12) 5.07 (1.08) 6.34 (1.23) 7.99 (1.22) 5.96 (1.77) 
Block 2: Mediterranean eating habits, 0–6 p, mean (SD) 3.21 (0.76) 3.65 (0.72) 3.87 (0.72) 4.24 (0.73) 3.78 (0.80) 
Block 3: Physical activity, rest, social habits, and conviviality, 0–6 p, mean 

(SD) 
2.04 (1.05) 2.84 (1.11) 3.70 (1.14) 4.68 (0.96) 3.42 (1.38) 

Abbreviations: p, points; SD, standard deviation; BMI, body mass index; CVD, cardiovascular disease; SBP, systolic blood pressure; GDF-15, Growth Differentiation 
Factor 15. 
a Including myocardial infarction, stroke, and congestive heart failure. 

Table 2 
Mean (95% CI) percentage differences for the association of MEDLIFE index quartiles and GDF-15 (N = 2504).   

Quartile 1 
4–11 p 

Quartile 2 
12–13 p 

Quartile 3 
14–15 p 

Quartile 4 
16–21 p 

p-trend Per 2-point increase 

n 405 605 1004 490   

Model 1a Ref. − 4.1 (− 9.6, 1.7) − 11.1 (− 15.8, − 6.1)*** − 14.1 (− 19.2, − 8.5)*** <0.001 − 3.9 (− 5.3, − 2.6)*** 
Model 2b Ref. − 2.9 (− 8.0, 2.5) − 8.4 (− 12.9, − 3.7)** − 10.2 (− 15.2, − 4.9)*** <0.001 − 2.7 (− 4.0, − 1.5)*** 
Model 3c Ref. − 3.0 (− 8.0, 2.3) − 8.7 (− 13.0, − 4.1)*** − 10.1 (− 15.0, − 4.9)*** <0.001 − 2.8 (− 4.0, − 1.5)*** 

Abbreviations: p, points; Ref., reference; GDF-15, Growth Differentiation Factor 15; * p < 0.05, ** p < 0.01, *** p < 0.001. 
a Model 1: Adjusted for sex (male, female), age, educational level (primary, secondary, university). 
b Model 2: As Model 1 + for tobacco status (current, former, never), body mass index (kg/m2), energy intake (kcal/day), type 2 diabetes mellitus, cardiovascular 

disease [myocardial infarction, stroke, or heart failure]. 
c Model 3: As Model 2 + for systolic blood pressure (mmHg), blood glucose (mg/dL), and blood LDL-cholesterol (mg/dL). 
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percentage difference per each 2-point increase was − 2.8% (− 4.0, 
− 1.5). In restricted cubic spline regression analyses, there was an in
verse dose-response association until a plateau seemed to appear at 
highest MEDLIFE adherence (Fig. 1). 

The results were robust in sensitivity analysis (using quintiles of the 
MEDLIFE Supplementary Table S3) and did not vary by sex, educational 
level, smoking status, BMI, CVD or diabetes status; although the asso
ciations appeared to be stronger in men, never smokers, and participants 
with lower education, normal weight or CVD; nevertheless, an interac
tion with age was found (p = 0.016), the association being stronger in 
older individuals (Supplementary Table S4). When we replicated ana
lyses excluding those with CVD and type 2 diabetes, BMI≥30, or all three 
conditions, the results were in the same direction. (Supplementary 
Table S5). 

3.2. MEDLIFE blocks and items and GDF-15 

Block 3 (“Physical activity, rest, social habits and conviviality”) was 
independently associated with GDF-15 concentrations; compared with 
participants in the lowest quartile of MEDLIFE index, mean percentages 
differences of GDF-15 (95% CI) were − 6.4% (− 10.6, − 2.0) for the 

second quartile, − 9.3% (− 13.6, − 4.9) for the third quartile and − 10.3% 
(− 14.4, − 5.9) for the fourth quartile (p-trend<0.001) (Table 3). We did 
not find significant associations for the first and second MEDLIFE blocks; 
however, for most of the individual items GDF-15 levels showed a ten
dency in the expected direction, except for legumes and low-fat milk 
(Fig. 2). After removing those two items from Block 1, the association 
became stronger (4th vs 1st quartile: − 3.9% [− 8.1, 0.6]); per 2-point 
increase: − 2.1% [− 4.1, − 0.0]) (Supplementary Table S6). White 
meat, doing sufficient physical activity, adequate sleep duration, and 
participating in collective sports were independently associated with 
lower levels of GDF-15 (Fig. 2). 

4. Discussion 

In this cohort of Spanish older adults, adherence to a Mediterranean 
lifestyle was associated with reduced concentrations of GDF-15. This 
association remained after excluding individuals with CVD, type 2 dia
betes, and obesity, suggesting that even rather healthy individuals could 
also benefit from a Mediterranean lifestyle. 

GDF-15 has been previously associated with CVD, non-CVD and all- 
cause mortality [29], and a meta-analysis of 31 prospective studies 
found that per each log-unit increment in GDF-15, CVD and all-cause 
mortality was 2.11 and 2.70 times higher, respectively [30]. This is 
important because even modest decreases in GDF-15, through small 
improvements in a healthy lifestyle, may have public health relevance. 

Our findings were consistent across participant’s groups (sex, age, 
educational level, smoking status, BMI categories). The interaction 
found with age was not surprising since GDF-15 steeply increases with 
age, and it is associated to age-related disorders, such as mitochondrial 
dysfunction [4], cognitive impairment [31], CVD [3,13], other processes 
related to longevity, inflammaging, and mortality [32]. Nonetheless, the 
protective association between MEDLIFE and GDF-15 was significant for 
both, those <75 and those ≥75 years, although it was stronger in older 
age. 

To our knowledge, this is the first study evaluating the joint associ
ation of multiple lifestyle behaviors with serum GDF-15 concentrations 
in older adults. However, previous research has found associations be
tween separate behaviors and GDF-15. In this same cohort, a higher 
adherence to healthy dietary patterns was associated with lower con
centrations of GDF-15 [16], possibly due to the anti-inflammatory ef
fects of several food components of diet. Although in this analysis we did 
not find a significant association for Block 1 (“Mediterranean food 
consumption”), when we excluded the two items (legumes and low-fat 
dairy) that showed unexpected associations, a 2-point increment in 

Fig. 1. Association of MEDLIFE index with GDF-15 (pg/mL). 
Plotted values are mean percentage differences (95% CI) of GDF-15 obtained 
from restricted cubic spline linear regression models, adjusted as in Model 3 in 
Table 2. Histogram of frequencies of MEDLIFE (points) in the background. 

Table 3 
Mean (95% CI) percentage differences for the association of MEDLIFE blocks quartiles and GDF-15 (N = 2504).   

Quartile 1 Quartile 2 Quartile 3 Quartile 4 p-trend Per 2-point increase 

Block 1: Mediterranean food consumption 
Model 1a Ref. 0.2 (− 5.4, 6.2) − 2.9 (− 7.6, 2.0) − 3.9 (− 9.3, 1.8) 0.495 − 1.2 (− 3.2, 0.9) 
Model 2b Ref. − 0.5 (− 5.5, 4.9) − 0.7 (− 5.1, 3.9) − 0.8 (− 6.0, 4.6) 0.743 − 0.9 (− 2.8, 1.0) 
Model 3c Ref. − 1.3 (− 6.3, 3.9) − 1.0 (− 5.3, 3.5) − 1.0 (− 6.1, 4.4) 0.731 − 0.9 (− 2.8, 1.0) 

Block 2: Mediterranean dietary habits 
Model 1a Ref. − 0.8 (− 4.7, 3.4) − 2.4 (− 7.9, 3.4) − 14.8 (− 28.8, 1.9) 0.195 − 2.5 (− 6.9, 2.1) 
Model 2b Ref. − 1.4 (− 5.0, 2.4) − 1.8 (− 6.8, 3.5) − 14.1 (− 27.1, 1.2) 0.197 − 2.1 (− 6.1, 2.2) 
Model 3c Ref. − 2.4 (− 6.0, 1.2) − 3.0 (− 7.9, 2.2) − 14.4 (− 27.2, 0.6) 0.070 − 3.2 (− 7.2, 1.0) 

Block 3: Physical activity, rest, social habits and conviviality 
Model 1a Ref. − 8.6 (− 13.1, − 3.8)** − 12.9 (− 17.4, − 8.2)*** − 15.7 (− 20.0, − 11.2)*** <0.001 − 8.8 (− 11.3, − 6.3)*** 
Model 2b Ref. − 6.3 (− 10.6, − 1.9)** − 9.6 (− 13.9, − 5.1)*** − 10.6 (− 14.7, − 6.2)*** <0.001 − 5.9 (− 8.2, − 3.5)*** 
Model 3c Ref. − 6.4 (− 10.6, − 2.0)** − 9.3 (− 13.6, − 4.9)*** − 10.3 (− 14.4, − 5.9)*** <0.001 − 5.6 (− 7.9, − 3.2)*** 

Abbreviations: p, points; Ref., reference; GDF-15, Growth Differentiation Factor 15; ** p < 0.01, *** p < 0.001. 
Each block has been adjusted for the remaining blocks. 

a Model 1: Adjusted for sex (male, female), age, educational level (primary, secondary, university). 
b Model 2: Model 1 + tobacco status (current, former, never), BMI (kg/m2), energy intake (kcal/day), type 2 diabetes mellitus, cardiovascular disease [myocardial 

infarction, stroke, or heart failure]. 
c Model 3: Model 2 + systolic blood pressure (mmHg), blood glucose (mg/dL), and blood LDL-cholesterol (mg/dL). 
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Block 1 showed similar mean percentage difference in GDF-15 concen
trations as the previously reported [16]. Interestingly, legumes are a 
polyphenol-rich food group with potential anti-inflammatory and anti
oxidants effects [33,34] but, the fact that in Spain legumes are often 
consumed as part of stews (“fabada”, “cocido”) rich in processed red 
meat (sausages, bacon) and salt [35,36], may have contributed to an 
association with a higher GDF-15 level. Some reverse causation may also 
explain these results: legumes can cause gastrointestinal discomfort due 
to flatulence, so individuals with chronic bowel diseases or disorders like 
diabetes whose treatment (e.g., metformin) produce flatulence may 
reduce or avoid its consumption. Regarding dairy, there is still not 
enough evidence to suggest a pro- or anti-inflammatory effect. While 
some recent systematic reviews found no effect of milk and dairy con
sumption on chronic systemic inflammation [37], others suggest neutral 
to potential anti-inflammatory effects [38–40]. Similarly, as in a previ
ous study focusing on frailty [21], we did not find independent associ
ations concerning Block 2 of MEDLIFE (“Mediterranean dietary habits”) 
and GDF-15, probably because older adults are a subpopulation with 
high adherence to Block 2 components: 97% limited salt intake at meals, 
94% limited snacking and 80% limited sugar-sweetened beverages 
(Supplementary Table S1). 

We found that the Block 3 (“Physical activity, rest, social habits and 
conviviality”) was independently associated with lower concentrations 
of GDF-15 and was the main contributor to the overall MEDLIFE asso
ciation with GDF-15. Of note is that, in the SUN cohort, Block 3 also 
showed the strongest association among MEDLIFE blocks with other 
outcomes, such as mortality [41]. Within this block, the items physical 
activity, hours of sleep and collective and non-collective sports had the 
strongest association in the current analysis. There is robust evidence of 
the health benefits of even small amounts of physical activity on many 
chronic diseases [42]. Our findings are in line with a previous report in 
this cohort where accelerometer-measured moderate-to-vigorous phys
ical activity was associated with lower GDF-15; interestingly, an strong 
association was also observed for light-intensity physical activity, which 
was linked to lower GDF-15 in the less active individuals [43]. This is 
important because older adults reduce their physical activity resistance 
and intensity as they age, but light and small amounts of activity may 
still be beneficial for their health. Another previous study also found an 
inverse association between physical activity and GDF-15 at any age 

(18–83 years, in 228 participants) [14]. 
With regard to sleep, we found a significant decrease in GDF-15 

levels associated with sleeping 6–8 h a day; however, Ortolá et al. 
[43] did not find such association. Previous metanalyses showed a 
J-shaped association of short (<6 h) and long (>8 h) sleep duration with 
mortality [44,45], which may be mediated by inflammatory biomarkers 
and lifestyle factors [46]. Discrepancies between studies might be due to 
the way sleep has been analysed: using a single healthy category of sleep 
(6–8 h/day) in our study versus a continuous variable in others. None
theless, the components of the Mediterranean lifestyle most probably 
have a synergistic effect, because despite we found significant associa
tions for a few MEDLIFE items, none of them considered separately was 
sufficient to explain the overall beneficial association between MEDLIFE 
and GDF-15. In fact, the inverse association between the overall MED
LIFE index and GDF-15 doubles that previously found when only diet 
was evaluated; this highlights the importance of an integral lifestyle 
approach to reduce GDF-15 and its associated disease burden. 

4.1. Underlying mechanisms 

The plausible mechanisms of the association MEDLIFE to reduce 
circulating levels of GDF-15 may result from the synergy of its multiple 
components. First, the Mediterranean diet has recognized anti- 
inflammatory and antioxidant properties, mostly from consumption of 
fruits and vegetables [33], virgin olive oil and nuts [47] and fish, which 
are rich in polyphenols (e.g., quercetin, oleuropein, hydroxityrosol, 
resveratrol, etc.), mono and polyunsaturated fatty acids, and vitamins 
that play a pivotal role in the inflammation process through various 
mechanisms (including changes in the microbiota) [48]. Second, 
although during acute exercise many cytokines are secreted by several 
metabolically-active tissues such as the muscle during contraction, 
chronic exercise has been associated with lower levels of systemic in
flammatory markers [49,50]. In addition, social support-social integra
tion are significantly related to lower levels of inflammation, while the 
opposite may occur for loneliness and social isolation [51,52]. Similarly, 
short and long sleep duration may be associated with inflammatory 
burden [53]. 

Fig. 2. Mean (95% CI) percentage differences for the 
association of each MEDLIFE item and GDF-15 (N =
2504). 
Adjusted for sex (men, women), age, educational 
level (primary, secondary, university), tobacco status 
(current, former, never), body mass index, energy 
intake, type 2 diabetes mellitus, cardiovascular dis
ease [myocardial infarction, stroke, or heart failure], 
systolic blood pressure, blood glucose, blood LDL- 
cholesterol and the MEDLIFE index excluding each 
item in each case.   
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4.2. Strengths and limitations 

There are some limitations to our study. First, the cross-sectional 
design does not allow drawing causal inferences. Second, diet, phys
ical activity, and several chronic diseases were self-reported, which 
could lead to measurement error and underestimate the actual associ
ation between MEDLIFE and GDF-15. However, self-reported data on 
these traits have been widely used in epidemiological studies, showing 
good reliability and validity, and predicting many outcomes. Specif
ically, we used a diet history comprising a variety of foods and cooking 
methods with good correlation with seven 24-h recalls over 1 year [23]; 
and a validated physical activity questionnaire, and a validated MED
LIFE index that showed good validity and reproducibility [54]. Third, 
there may be some measurement error in GDF-15; nonetheless, mea
surement error bias tends to be non-differential and drives the associa
tion toward the null value. Fourth, although we adjusted for many 
potential confounders, residual confounding cannot be completely ruled 
out. Five, due to the discrete nature of the MEDLIFE index, categoriza
tion is sometimes difficult, and the distribution of the sample may be 
irregular, but results were robust in different sensitivity analyses and 
previous work have found strong associations with other health out
comes. Finally, these results cannot be generalized to other populations 
because our study was conducted in older adults of a Mediterranean 
country. 

5. Conclusions 

Higher adherence to the Mediterranean lifestyle was associated with 
lower circulating levels of GDF-15 in older adults, suggesting that a 
combination of multiple lifestyles may be an integral approach to reduce 
systemic inflammation and age-associated disease burden. Future pro
spective studies should examine and confirm the effects of an overall 
lifestyle on the circulating GDF-15 concentrations. 
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