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Abstract
Aim To assess if a healthy diet might attenuate the positive sedentary–inflammation relation, whereas an unhealthy diet may 
increase the effect of sedentary behaviors on inflammatory biomarkers.
Methods In 618 adolescents (13–17 years) of the European HELENA study, data were available on body composition, a 
set of inflammation markers, and food intake assessed by a self-administered computerized 24 h dietary recall for 2 days. A 
9-point Mediterranean diet score and an antioxidant-rich diet z-score were used as dietary indices and tested as moderators. A 
set of low-grade inflammatory characteristics was used as outcome: several cytokines in an inflammatory ratio (IL-6, IL-10, 
TNF-α, TGFβ-1), C-reactive protein, three cell-adhesion molecules (sVCAM-1, sICAM-1, sE-selectin), three cardiovascular 
risk markers (GGT, ALT, homocysteine) and three immune cell types (white blood cells, lymphocytes, CD3). Sedentary 
behaviors were self-reported and analyzed as total screen time. Multiple linear regression analyses tested moderation by diet 
in the sedentary behaviors–inflammation association adjusted for age, sex, country, adiposity (sum of six skinfolds), parental 
education, and socio-economic status.
Results Both diet scores, Mediterranean and antioxidant-rich diet, were significant protective moderators in the effect of 
sedentary behaviors on alanine-transaminase enzyme (P = 0.014; P = 0.027), and on the pro/anti-inflammatory cytokine ratio 
(P = 0.001; P = 0.004), but not on other inflammatory parameters.
Conclusion A higher adherence to the Mediterranean diet or an antioxidant-rich diet may attenuate the onset of oxidative 
stress signs associated by sedentary behaviors, whereas a poor diet seems to increase inflammation.

Keywords Sedentary behavior · Mediterranean diet · Low-grade inflammation · Moderation · Adolescents · HELENA 
study

Introduction

Sedentary behaviors were identified as the fourth leading 
risk factor for cardiovascular disease and all-cause mortal-
ity in 2010 [1–3], and it has been defined as “activities that 
do not increase energy expenditure substantially above the 

resting level”. These are activities such as sleeping, sitting, 
lying down and screen-based time (e.g., computer or watch-
ing television), which involve energy expenditure of < 1.5 
metabolic equivalents units (MET) [4, 5]; in fact, any waking 
sitting activity with a low energy expenditure is considered 
a sedentary behavior [6]. The Pediatric Recommendations 
and Public Health guidelines in many countries currently 
recommend limiting screen time for children and adolescents 
to less than 2 h per day [7–11].

Sedentary behaviors are highly prevalent in current soci-
ety. During the past 20 years, total screen time (i.e., using 
computers, watching TV, playing video games) has increased 
dramatically [2] across developed and developing countries 
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[12]. Moreover, there has recently been a shift in screen-
viewing behaviours: mobile devices (smartphones and tab-
lets) are becoming more prominent in young children and 
adolescent’s lives [13, 14]: approximately 20% of 24 800 US 
high school students used these mobile screen devices for 
≥ 5 h daily [14]. A 5-year longitudinal study in 2516 adoles-
cents indicated decreases in moderate to vigorous physical 
activity coupled with increases in leisure-time computer use 
[15]. The prevalence of these sedentary behaviors increases 
even through adolescence, and once installed in this phase, 
there is a strong tendency it remains into adulthood [16]. 
As the motivation to be sedentary is a behavioral phenotype 
[17], this behavior should be targeted for prevention during 
childhood/adolescence.

Sedentary behaviors may lead to the onset of systemic 
low-grade inflammation [18, 19] as a result of metabolic 
dysfunction, such as a high triglycerides/low high-density 
lipoprotein cholesterol concentrations, insulin resistance and 
impaired glycemic control [20–22]. Although this dysfunc-
tion may also contribute to the increase of adipose tissue 
and therefore, influence certain inflammatory biomarkers 
associated with adiposity, independently of BMI or central 
adiposity, sedentary behaviors have a positive correlation 
with inflammation markers [23, 24].

Screen-based sedentary time have been showing a posi-
tive association with inflammation and several health con-
sequences in studies conducted in youth populations [25]. 
A study in primary school children showed that each addi-
tional hour of TV viewing per week was associated with 
an increase of 4.2% C-reactive protein (CRP) and 0.6% 
soluble vascular adhesion molecule 1 (sVCAM-1) [8]. One 
study showed that reallocating 60 min per day of sitting 
time for standing posture resulted in a 4% reduction in IL-6, 
while transitioning from sitting to light stepping resulted in 
improvements in IL-6 (− 28%), CRP (− 41%), and leptin 
(− 24%), in a population at high risk of type 2 diabetes; 
these results suggested that decreasing sedentary behaviors 
provide sufficient stimulus to elicit benefits upon markers of 
low-grade inflammation [6]. Other studies found relations 
with IL-6, IL-1ra, TNF-α and soluble intercellular adhesion 
molecule 1 (sICAM1) [23, 26].

As shown above, previous studies have examined the 
effects of sedentary behavior on low-grade inflammation. 
However, there are still no investigations that take into 
account interactions between lifestyle factors by testing 
moderation. A moderator is a third variable affecting the 
direction and/or strength of the relationship between a pre-
dictor and outcome variable, i.e., the relation might only be 
present in case of low values of the moderator [27, 28]. This 
moderator can thus act as a vulnerability (stimulates seden-
tary induced inflammation) or protective (prevents seden-
tary induced inflammation) factor. This allows to target the 
moderator in prevention and to identify at-risk populations. 

An interesting lifestyle factor that might act as moderator 
towards inflammation is diet.

Certain foods may exacerbate or attenuate the transcrip-
tion process of pro- or anti-inflammatory factors [29]. An 
overall healthy diet consumption, that is, a diet rich in essen-
tial nutrients, antioxidant vitamins, polyunsaturated (omega 
3) and monounsaturated fatty acids, can attenuate low-grade 
inflammation [29–31]. A healthy diet can be found in high-
fiber, and plant-based foods such as vegetables and fruits, 
whole grains, legumes, and nuts (as the Mediterranean diet 
is characterized); these features can improve post-prandial 
dysmetabolism, and blunt the post-meal increase in glucose, 
triglycerides, oxidative stress, and therefore, inflammation. 
Instead, an energy-dense, and nutrient-depleted diet, are 
features of an unhealthy diet, which can induce immedi-
ately oxidative stress after a meal. This transient increase in 
free radicals acutely triggers atherogenic changes including 
endothelial dysfunction, hypercoagulability, sympathetic 
hyperactivity, contributing to the low-grade inflammation 
and future cardiovascular event [32].

A better understanding of these interactive physiological 
phenomena would be useful in forming the policy initiatives 
on lifestyle with greater precision. Therefore, the current 
paper intends to analyze the moderating effect of diet on the 
association between sedentary behaviors and inflammation. 
The hypothesis is that the sedentary behaviors–inflammation 
association would become less or not significant in adoles-
cents with a high adherence to a healthy diet.

Methods

Study design and participants

Details on sampling procedures and study design of the 
Healthy Lifestyle in Europe by Nutrition in Adolescence 
(HELENA) study have been reported elsewhere [33]. Data 
were derived from the HELENA-Cross Sectional Study, 
which was conducted in 10 European cities from 2006 to 
2007. The main objective of the HELENA-CSS study was 
to obtain reliable and comparable data of a large sample of 
European adolescents on a variety of nutrition and health-
related parameters by standardized procedures. The study 
was performed following the ethical guidelines of the Dec-
laration of Helsinki 1961 (revision of Edinburgh 2000), the 
Good Clinical Practice, and the legislation about clinical 
research in humans in each of the participating countries. All 
participants and their parents signed an informed consent.

In the HELENA study, the total sample was 3528 ado-
lescents with a subset of 1089 in which a blood sample was 
obtained. For the present analysis, data from Heraklion and 
Pecs (n = 211 adolescents which had blood test) could not be 
included due to incomplete dietary intake data. Furthermore, 
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specific inclusion criteria such as data availability from the 
24-h dietary recall (in two non-consecutive days), anthro-
pometry (measurement of six skinfold thickness) and a 
particular set of biomarkers in blood (interleukins 1, 2, 
4, 5, 6 and 10; transforming growth factor beta 1; tumor 
necrosis factor alpha; C-reactive protein; white blood cells; 
lymphocytes; CD3 T-cell; soluble cell adhesion molecules: 
sVCAM-1, sICAM-1, and sE-selectin; gamma-glutamyl 
transferase, and alanine transaminase), were defined for 
the present study. Finally, 618 adolescents (281 male, 337 
female), aged 13.0–16.99 years were included (Fig. 1).

Dietary intake assessment

Food intake was assessed using the HELENA-Dietary 
Assessment Tool (HELENA-DIAT) as described in detail 
by Diethelm et al. [34]. HELENA-DIAT, a self-administered 
computerized 24-h dietary recall (24HDR), was based on 
the Young Adolescents’ Nutrition Assessment on Computer 
(YANA-C) [35], a tool validated in Flemish adolescents, 
which showed strong correlations with all investigated 
nutrients (r 0.86–0.91) between the methods when vali-
dated against 24 h recall interviews. Participants completed 
the HELENA-DIAT twice on non-consecutive days within 
a time span of 2 weeks, to achieve information closer to 
habitual food intake. Based on these data, two dietary indi-
ces were calculated: the Mediterranean diet score calculates 

a balance of generally healthy food versus unhealthy food, 
while the antioxidant-rich diet score only takes into account 
food components which are rich in antioxidants—and thus 
have potential anti-inflammatory capacity.

Mediterranean diet score

The Mediterranean diet score consists of nine single com-
ponents, namely monounsaturated/saturated fatty acids, 
legumes, fruits and nuts, vegetables, meat, cereals, alcohol, 
dairy and fish. A scale indicating the degree of adhesion 
to the traditional Mediterranean diet was first constructed 
[36], and later revised to include fish intake [37]. The adher-
ence to the traditional Mediterranean diet was assessed by a 
9-point Mediterranean diet score that incorporated the sali-
ent characteristics of this diet (range of scores 0–9, with 
higher scores indicating greater adherence) [38]. In this 
study, six component characteristics in the Mediterranean 
diet score were considered as positive: (1) high ratio of 
monounsaturated to saturated dietary lipids (mainly olive 
oil), (2) high consumption of vegetables, (3) high consump-
tion of fruits and nuts, (4) high consumption of fish, (5) high 
consumption of cereals, and (6) high consumption of pulses; 
while three components were considered as negative: (7) 
high consumption of meat and meat products, (8) high con-
sumption of milk and dairy products, and (9) any consump-
tion of alcohol. The consumption of alcohol was considered 

Fig. 1  Sampling procedure schemes
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negative in this study because of our focus on an adolescent 
population. The mean of alcohol consumption in milliliters 
(from alcoholic beverages) among the adolescents (27 boys 
and 80 girls) was 1.42 (SD 3.10) and 0.40 (SD 0.99) for boys 
and girls, respectively.

Antioxidant‑rich diet Score

The score was based on the sum of six food components, 
which reflected the intake (absolute quantity) reported by 
adolescents through 24-h dietary recalls. Food components 
were vegetables, fruits, nuts, pulses, fish and a monoun-
saturated–saturated fat ratio, to represent a high content of 
essential nutrients, antioxidant vitamins, monounsaturated 
and polyunsaturated fatty acids. To have a normal distri-
bution and equal weight, each food component was rank 
transformed before summing up, and the score ranges from 
− 7.50 to 10.34.

Adiposity assessment

Skinfold thickness was measured to the nearest 0.2 mm 
in triplicate in the left side at biceps, triceps, subscapular, 
suprailiac, thigh, and medial calf with a Holtain Caliper 
(Crymmych, UK). The sum of these six measures was used 
as marker of overall adiposity. All centers followed the same 
manual and fieldworkers followed a central training. Intrao-
bserver reliability values were greater than 95% for skinfold 
thicknesses, while interobserver reliability was greater than 
90% [39]. The IOTF cut-offs were used for Body Mass Index 
(BMI) [40]. The anthropometric methods in the HELENA 
study has been reported in detail elsewhere [39, 41].

Blood samples and markers associated 
to inflammation‑related biomarkers

Blood samples were collected from fasting state in a ran-
domly selected one-third subset of the total HELENA 
study population. The methodology for blood collection, 
transport and analysis was standardized among all partici-
pating centers and has been reported elsewhere [42]. The 
quality control for all parameters was in the range of the 
recommended levels reported in the literature and trans-
port had no influence. As all analyses were executed cen-
trally by certified laboratories, blinded quality controls 
were implemented, e.g., for homocysteine, a high and low 
control concentration was tested following the test instruc-
tions. Detection limits (sensitivity) were 0.007 mg/L for 
CRP, 0.05 pg/mL for TNF-α, 2.5U/l for GGT, 0.079 ng/
mL for sE-Selectin, 0.016 ng/mL for sVCAM-1, 0.009 ng/
mL for sICAM-1, and 0.5micromol/L for homocysteine. 
The intra-assay CVs were 1.9% for CRP, 3.5% for TNF-α, 
6.7% for TGFβ-1, < 2.5% for blood cell counts, 1.3% for 

GGT, 11.2% for sE-Selectin, 4.5% for sVCAM-1, 7.9% for 
sICAM-1 and 3.4% for homocysteine. CRP was measured 
in serum by immunoturbidimetry (AU2700 biochemistry 
analyzer, Olympus, Watford, UK). Serum cytokines were 
determined using the High Sensitivity Human Cytokine 
MILLIPLEXTM MAP kit (Millipore Corp., Billerica, MA, 
USA) and collected by flow cytometry (Luminex-100 v.2.3, 
Luminex Corporation, Austin, TX, USA). WBC counts were 
determined with automated blood cell counters. Lympho-
cytes were measured in the Immunonutrition laboratory 
at the Spanish National Research Council after incubated 
with monoclonal antibodies (BD Biosciences, San José, CA, 
USA). The serum adhesion molecules was analyzed through 
commercial ELISA kit (Diaclone, France). ALT and GGT 
levels were measured in serum using standard protocols with 
the clinical chemistry system RxL (Dade Behring, Schawal-
bach, Germany) at the Central Laboratory of the Univer-
sity of Bonn. Homocysteine was measured by competitive 
immunoassay (Immulite 2000, DPC Biermann GmbH, Bad 
Nauheim, Germany) at the IEL laboratory of the University 
of Bonn. Although there is no real consensus regarding the 
selection of biomarkers to access inflammation [43], there 
are some cytokines, adhesion molecules, immune cells and 
acute-phase proteins that have been previously used. These 
include: cytokines (IL-1, IL-2, IL-4, IL-5, IL-6, IL-10, 
TGFβ-1 and TNF-α) [44], adhesion molecules which are 
stimulated by cytokines (soluble vascular adhesion mol-
ecule 1 (sVCAM1), soluble intercellular adhesion molecule 
1 (sICAM1), soluble E-selectin), immune cells (white blood 
cell count, lymphocyte count and T-cell count by CD3-rec-
ognition), the acute-phase protein CRP, cardiovascular risk 
factors (gamma-glutamyltransferase enzyme (GGT) [45], 
and homocysteine), and alanine transaminase enzyme (ALT) 
as a marker of non-alcoholic fatty liver disease (NAFLD) 
[46]. To represent the interleukins, a ratio of pro versus 
anti-inflammatory interleukins was calculated after z-score 
transformation of the individual interleukins, to give them 
equal weight in the equation: pro/anti-inflammatory ratio 
= (IL-1 + IL-2 + IL-6)/(IL-4 + IL-5 + IL-10). None of the 
adolescents took nonsteroidal anti-inflammatory drugs, and 
or had an active inflammatory disease. The recruited girls in 
the study were not in the menstrual period, as well as they 
did not have Polycystic Ovarian Syndrome. Smoking habits 
was reported as follows: 8.6% smoked every day; 4.9% at 
least once a week; 4.9% less than once a week; and 81.6% 
were not smokers (0.4% missing data).

2.5 Sedentary behaviors assessment

A validated self-reported questionnaire was used. Adoles-
cents had to report their habitual time devoted to several 
sedentary behaviors during both week and weekend days: 
(1) TV viewing, (2) computer games, (3) video games, (4) 



2055European Journal of Nutrition (2019) 58:2051–2065 

1 3

Internet for non-study reasons (hobbies), (5) Internet for 
study reasons and (6) study time (out of scholar schedule); 
e.g., during weekdays: how many hours do you usually 
watch TV? Adolescents had to tick one of the following 
categories: (1) 0 min, (2) > 0–30 min, (3) > 30–60 min, 
(4) > 60– 120 min, (5) > 120–180 min, (6) > 180–240 min 
and (7) > 240 min. Sedentary minutes per day were esti-
mated as follows: category 1 = 0 min, 2 = 15 min, 3 = 45 min, 
4 = 90 min, 5 = 150 min, 6 = 210 min and 7 = 241 min, 
respectively. Weekly time was calculated taking the mean 
time in the selected category and applying this formula: 
[(week-days × 5) + (weekend × 2)]/7. Moreover, a total 
sedentary score was obtained by summing up the time 
reported in each category. The test–retest reliability of the 
HELENA screen time-based sedentary behaviors question-
naire was assessed using the weighted Cohen’s κ-coefficients 
(quadratic). The strength of the agreement for the κ values 
was interpreted as follows: 0–0.20, slight; 0.21–0.40, fair; 
0.41–0.60, moderate; 0.61–0.80, substantial; and 0.81–1.00, 
almost perfect. For the majority of sedentary behaviors, κ 
values showed a moderate, substantial or almost perfect 
agreement (> 0.7), except for Internet for study reasons 
(0.46 weekdays, 0.33 weekend). A detailed description of 
the HELENA screen-based sedentary behaviors question-
naire has been reported elsewhere [47].

Socioeconomic status (SES)

The family affluence scale was based on family car owner-
ship, having an own bedroom, internet availability and com-
puter ownership, which was assessed via questionnaire and 
used as an indicator of the adolescents’ material affluence 
and a predictor of their health outcomes [41]. A re-catego-
rization into three levels was performed: low (from 0 to 2), 
medium (from 3 to 5) and high (from 6 to 8). A detailed 
description of the socioeconomic status has been reported 
elsewhere [34].

Parental education

The participants reported their parents’ educational level as 
primary education, lower secondary education, higher sec-
ondary education or higher education/university degree [34].

Data analyses

Statistics were performed using SPSS (IBM SPSS Statistics, 
version 23.0), and moderating effects were obtained using 
interaction [27, 28]. The statistical significance was set at 
two-sided p < 0.05. The regression analyses were adjusted 
for age, sex, center, adiposity, socio-economic status, mater-
nal and paternal educational status. To get a normal distribu-
tion of the variables, some biological parameters had to be 

log-transformed when used as outcome variable: sVCAM-1, 
sICAM-1, sE-selectin, CRP, GGT, ALT, WBC and homo-
cysteine. Diet and sedentary behaviors parameters were not 
transformed. The z-scores for inflammation scores are based 
on the HELENA population data. The effect of sedentary 
behaviors on inflammatory parameters was first tested with 
linear regression. The moderating effect (i.e. attenuation) of 
the diet in the sedentary behaviors–inflammation relation 
was tested by adding the interaction term “diet*sedentary 
behavior” as predictor of the markers associated with low-
grade inflammation, after centering the diet and sedentary 
behaviors parameters. In the case of a significant interaction, 
the sedentary behaviors–inflammation relation was tested 
for three representative groups: those at the mean, at 1 SD 
below the mean and 1 SD above the mean of the dietary 
index.

Results

Characteristics of study participants

The present data analysis included 618 adolescents (281 
male, 337 female). Characteristics for age, anthropometry, 
socio-economic status, diet-related characteristics, sedentary 
behavior and markers related to inflammation, are presented 
in Table 1. Based on BMI, 14.1% adolescents (41 male, 46 
female) were overweight, while 5% (17 male, 14 female) 
were obese. The Pediatric Recommendations to limit screen 
viewing time for less than 120 min [7] were exceeded by 
approximately 69 min (57.45%) by 198 boys and 174 girls.

The association between sedentary behavior 
and markers related to low‑grade inflammation

Table 2 shows the association between sedentary behavior 
(total screen time i.e., using computers, watching TV, play-
ing video games) and markers related to inflammation for 
all subjects. A lower concentration of ALT was found when 
more time was spent on sedentary behavior (P = 0.027).

Moderating effect of diet (higher 
adherence to the Mediterranean diet Score 
and the antioxidant‑rich diet) on the relation 
between sedentary behavior and low‑grade 
inflammation markers

The association of sedentary–diet interaction terms with 
inflammation markers can be found in Table 3. The die-
tary indices were significantly related to inflammation [48] 
but not with sedentary behavior (correlation − 0.059 for 
Mediterranean and − 0.087 for antioxidant-rich diet). Fig-
ures 2a, b and 3a, b show the moderating effect of the higher 
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adherence to the Mediterranean and antioxidant rich-diet, 
respectively, on the relation between sedentary behavior 
and inflammation for ALT (B = − 7.003 × 10−5, P = 0.014; 
B = − 3.561 × 10−5, P = 0.027; Mediterranean and antioxi-
dant-rich diet, respectively); and the pro/anti-inflammatory 

cytokines ratio (B = − 0.0082, P = 0.001; B = − 0.0043, 
P = 0.004; Mediterranean and antioxidant-rich diet, respec-
tively). The same significant results remained without adjust-
ing for adiposity, and also after adjusting for waist circum-
ference instead of using the sum of skinfold thickness. The 

Table 2  The association between sedentary behavior and markers related to low-grade inflammation in 618 adolescents from the HELENA study

Linear regression analyses for sedentary behavior as predictor of inflammation markers adjusted for age, sex, center, adiposity, socioeconomic 
status, maternal and paternal educational status. Pro/anti-inflammatory cytokines ratio [(TNF-α + IL-6)/(TGFβ-1 + IL-10)]
Bold: statistical significance when P < 0.05
CRP C-reactive protein, WBC white blood cells, CD cluster of differentiation expressed as percentage of total lymphocytes, sVCAM-1 sICAM-1, 
sE-selectin soluble cell adhesion molecules, GGT  gamma-glutamyl transferase, ALT alanine transaminase, B unstandardized coefficient, β stand-
ardized coefficient
a As the outcome value was log-transformed, the coefficient should be interpreted as 1 point change in the predictor results in % change in the 
outcome, based on the formula “[(10coefficient) − 1] × 100”

Inflammation markers (as outcome 
of sedentary behavior)

B 95% CI As %  changea β P

Pro/anti ratio (z-score) 6.00 × 10−3 [− 1.0 × 10−3 to 0.01] 1.391 0.08 0.122
CRP (log mg/L) 1.14 × 10−4 [− 5.0 × 10−4 to 2.8 × 10−4] − 0.026 − 0.02 0.570
WBC (log  103/µL) 2.04 × 10−5 [− 4.6 × 10−5 to 8.7 × 10−5] 0.004 0.02 0.548
Lymphocytes  (103/µL) − 3.00 × 10−3 [− 8.0 × 10−3 to 2.0 × 10−3] − 0.05 0.229
CD3 (T-cells) (%) 3.96 × 10−6 [− 2.5 × 10−5 to 3.3 × 10−5] 0.01 0.793
sVCAM-1 (log ng/mL) − 2.12 × 10−5 [− 1.1 × 10−4 to 6.7 × 10−4] − 0.004 − 0.02 0.637
sICAM-1 (log ng/mL) 1.61 × 10−5 [− 1.3 × 10−4 to 1.6 × 10−4] − 0.003 0.01 0.829
sE-selectin (log ng/mL) 1.06 × 10−4 [− 2.5 × −  10−4 to 3.5 × 10−4] − 0.024 − 0.07 0.141
GGT (log U/L) − 1.42 × 10−5 [− 8.9 × 10−5 to 6.0 × 10−5] − 0.003 − 0.01 0.706
ALT (log U/L) − 9.97 × 10−5 [− 1.9 × 10−4 to − 1.1 × 10−5] − 0.022 − 0.10 0.027
Homocysteine (log µmol/L) 2.00 × 10−5 [− 8.8 × 10−5 to 1.3 × 10−4] 0.004 0.01 0.716

Table 3  Moderating effect of Mediterranean and antioxidant-rich diet adherence on the relation between sedentary behavior and low-grade 
inflammation markers in 618 adolescents from the HELENA study

Moderation was tested using interaction (by Process macro for SPSS) based on including the diet × sedentary behavior predictor, next to diet, 
overall adiposity (sum of six skinfold thickness), age, center, socioeconomic status, maternal and paternal educational status in the prediction of 
inflammatory parameters. Pro/anti-inflammatory cytokines ratio [(TNF-α + IL-6)/(TGFβ-1 + IL-10)]
Bold: statistical significance when P < 0.05
CRP C-reactive protein, WBC white blood cells, CD cluster of differentiation expressed as percentage of total lymphocytes, sVCAM-1 sICAM-1, 
sE-selectin soluble cell adhesion molecules, GGT  gamma-glutamyl transferase, ALT alanine transaminase, B unstandardized coefficient, β stand-
ardized coefficient

Inflammation markers (outcome) Interaction term with Mediterranean diet Interaction term with Antioxidant-rich diet

B 95% CI P B 95% CI P

Pro/anti ratio (z-score) − 8.00 × 10−3 [− 0.01 × 10−3 to − 3.0 × 10−3] 0.001 − 4.00 × 10−3 [− 7.0 × 10−3 to − 1.0 × 10−3] 0.004
CRP (log mg/L) − 3.15 × 10−5 [− 2.8 × 10−4 to 2.1 × 10−4] 0.803 − 4.93 × 10−6 [− 1.5 × 10−4 to 1.4 × 10−4] 0.945
WBC (log  103/µL) 1.04 × 10−5 [− 3.2 × 10−5 to 5.3 × 10−5] 0.632 7.86 × 10−6 [− 1.6 × 10−5 to 3.2 × 10−5] 0.527
Lymphocytes  (103/µL) − 2.00 × 10−3 [− 5.0 × 10−3 to 9.0 × 10−4] 0.158 − 1.00 × 10−3 [− 3.0 × 10−3 to 5.0 × 10−4] 0.162
CD3 (T-cells) (%) − 1.34 × 10−5 [− 3.2 × 10−5 to 5.5 × 10−6] 0.164 − 2.40 × 10−6 [− 1.3 × 10−5 to 8.4 × 10−6] 0.664
sVCAM-1 (log ng/mL) 1.46 × 10−6 [− 5.2 × 10−5 to 5.5 × 10−5] 0.957 9.30 × 10−6 [− 2.1 × 10−5 to 4.0 × 10−5] 0.552
sICAM-1 (log ng/mL) 7.09 × 10−6 [− 8.3 × 10−5 to 9.7 × 10−5] 0.877 1.39 × 10−5 [− 3.7 × 10−5 to 6.5 × 10−5] 0.530
sE-selectin (log ng/mL) − 4.93 × 10−5 [− 1.3 × 10−4 to 3.5 × 10−5] 0.254 5.43 × 10−6 [− 4.3 × 10−5 to 5.4 × 10−5] 0.826
GGT (log U/L) − 3.53 × 10−5 [− 8.3 × 10−5 to 1.2 × 10−5] 0.145 − 9.65 × 10−6 [− 3.6 × 10−5 to 1.7 × 10−5] 0.482
ALT (log U/L) − 7.00 × 10−5 [− 1.2 × 10−4 to − 1.4 × 10−5] 0.014 − 3.56 × 10−5 [− 6.7 × 10−5 to − 3.9 × 10−6] 0.027
Homocysteine (log µmol/L) 8.50 × 10−7 [− 6.7 × 10−5 to 6.9 × 10−5] 0.980 1.57 × 10−5 [− 2.2 × 10−5 to 5.4 × 10−5] 0.420
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R2 without interaction term was around 5% and increased 
by 2% when the diet × sedentary behavior parameter was 
included.

Discussion

Previous studies found a relationship between diet and 
inflammatory markers [48–52]. Our results add evidence to 
the capacity of the diet in attenuating or increasing inflam-
mation in adolescents’ sedentary behaviors: in the presence 
of higher sedentary behaviors, the highest adherence to the 
Mediterranean or antioxidant-rich diet was able to decrease 
the pro/anti-inflammatory cytokines ratio and ALT enzyme. 
Indeed, an R2 change of 2% is a rather small effect, but the 
moderation on the pro-anti inflammatory cytokines ratio 

(Fig. 3b) seems substantial as the outcome points between 
low and high adherence to diet are an interquartile range dif-
ferent, depending on one standard deviation above (+ 1 SD) 
and one below (− 1 SD) of the mean. There is a high proba-
bility that this attenuating effect of the diet was mostly due to 
specific food groups present in both dietary indices such as 
vegetables, fruits, nuts, pulses, fish and a high monounsatu-
rated–saturated fat ratio, which represent a high content of 
essential nutrients, monounsaturated or polyunsaturated fatty 
acids, and antioxidant vitamins. Other studies also assessed 
the moderating effect of the diet on inflammatory response 
through pro- and anti-inflammatory pathways [53]. As an 
example, a study examined the interaction of polymorphism 
in the heat shock protein gene (HSP70) with energy intake 
on the risk of high serum concentrations of CRP in coronary 
artery disease (CAD) patients: compared to control subjects, 

Fig. 2  Moderating effect of the Mediterranean diet on the relation 
between inflammation-related biomarkers and sedentary behavior (a, 
b). a Moderating effect of the adherence to the Mediterranean diet on 
alanine transaminase enzyme in sedentary behavior in all subjects. 
Dotted lines low adherence, dashed lines average adherence, straight 
line high adherence. Sedentary behavior is based on total screen time 
(i.e., using computers, watching TV, playing video games). In the 
case of a significant moderation, the sedentary behavior-inflammation 
relation was tested for 3 representative groups: those at the mean 
(average adherence), at 1 SD below the mean (lower adherence), and 

1 SD above the mean (higher adherence) of the dietary index. b Mod-
erating effect of the adherence to the Mediterranean diet on pro/anti-
inflammatory cytokines ratio in sedentary behavior in all subjects. 
Dotted lines low adherence, dashed lines average adherence, straight 
line high adherence. Sedentary behavior is based on total screen time 
(i.e., using computers, watching TV, playing video games). In the 
case of a significant moderation, the sedentary behavior-inflammation 
relation was tested for 3 representative groups: those at the mean 
(average adherence), at 1 SD below the mean (lower adherence), and 
1 SD above the mean (higher adherence) of the dietary index
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the high energy consumption was associated with a higher 
concentration of CRP, suggesting that the energy-dense diet 
may exacerbate the inflammation state in CAD patients who 
carry the genotype of risk [54]. In another study, the moder-
ating effect of a monounsaturated fatty acids (MUFA)-rich 
diet on polymorphisms of the adiponectin gene (adipoQ), 
which is associated with type 2 diabetes mellitus and insulin 
resistance, was shown: there was less insulin resistance in 
men carrying genetic variants who followed a MUFA-rich 
diet, compared to a saturated fatty acids (SFA)-rich diet 
[55]. Regarding the Mediterranean diet, studies show that 
a greater adherence has significant improvements in lipid 
profile [56], and a reduced risk of developing type 2 diabetes 
[57]; whereas at lower adherence, it leads to a worse profile 
of plasmatic inflammation markers in adults and adolescents 
[58].

Concerning the relationship between sedentary behaviors 
and inflammatory markers, several studies have shown posi-
tive associations, with CRP as the most investigated inflam-
matory biomarker [18, 19, 25, 59]. In our study, this was not 
confirmed; even a lower concentration of ALT was found in 
the highest sedentary behaviors. Depending on adherence to 
diets, the relation between sedentary behaviors and inflam-
mation parameters was positive, non-significant or negative. 
For a better understanding, inflammatory parameter specific 
findings will be properly discussed.

Alanine transaminase (ALT)

A higher adherence to the Mediterranean or Antioxidant-rich 
diet was able to attenuate significantly the concentrations of 
ALT in highly sedentary adolescents (Figs. 2a, 3a). ALT is 

Fig. 3  Moderating effect of the Antioxidant-rich diet on the relation 
between inflammation-related biomarkers and sedentary behavior (a, 
b). a Moderating effect of the adherence to the Antioxidant-rich diet 
on alanine transaminase enzyme in sedentary behavior in all subjects. 
Dotted lines low adherence, dashed lines average adherence, straight 
line high adherence. Sedentary behavior is based on total screen 
time (i.e., using computers, watching TV, playing video games). In 
the case of a significant moderation, the sedentary behavior-inflam-
mation relation was tested for 3 representative groups: those at the 
mean (average adherence), at 1 SD below the mean (lower adher-
ence), and 1 SD above the mean (higher adherence) of the dietary 

index. b Moderating effect of the adherence to the Antioxidant-rich 
diet on pro/anti-inflammatory cytokines ratio in sedentary behavior in 
all subjects. Dotted lines low adherence, dashed lines average adher-
ence, straight line high adherence. Sedentary behavior is based on 
total screen time (i.e., using computers, watching TV, playing video 
games). In the case of a significant moderation, the sedentary behav-
ior-inflammation relation was tested for 3 representative groups: those 
at the mean (average adherence), at 1 SD below the mean (lower 
adherence), and 1 SD above the mean (higher adherence) of the die-
tary index
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associated to metabolic syndrome, overweight, total body 
fat, and also considered a marker of oxidative stress [60]. 
ALT when used along with other techniques, can predict 
NAFLD liver dysfunction [46, 61]. NAFLD is defined by 
hepatic fat infiltration involving > 5% hepatocytes in the 
absence of excessive alcohol intake or other liver diseases, 
and it has become the most common form of liver disease in 
childhood. While the prevalence of NAFLD in the pediatric 
population can range from 3 to 11%, it may reach 20–53% 
among those who are overweight or have high adiposity [62, 
63]. It is proposed that elevated serum ALT is an independ-
ent marker of the activation of systemic inflammation (posi-
tive association with CRP) and increased oxidative stress, 
independent of its relationship to metabolic syndrome and 
NAFLD [60, 64].

Some studies conducted in adults have found a positive 
association between longer sitting time and prevalence of 
NAFLD by showing increased ALT [65, 66], although also 
non-significant findings exist [67]. However, in the current 
adolescent sample, ALT was negatively associated with 
sedentary behaviors, especially in the case of high Mediter-
ranean or antioxidant-rich diet adherence. It is likely that 
the low prevalence of obesity in our study (5%, n = 31) and 
therefore, the limited available cases of obesity-damaging 
effects in the liver enzyme levels of the study may explain 
this association. Most important is, however, the observed 
attenuating effect of the ‘healthy’ diet. An increased fat 
intake rich in saturated fat, omega-6 fatty acids and choles-
terol, as well as simple carbohydrates as fructose, is strongly 
associated with NAFLD [63, 68]. Presumably, the moderat-
ing effect of the Mediterranean and antioxidant-rich diets on 
ALT may be due to the presence of omega-3 polyunsaturated 
fatty acids, especially eicosapentaenoic acid and docosahex-
aenoic acid, since they regulate gene transcription factors 
that control key pathways involved in hepatic lipid metabo-
lism, resulting in increased fat oxidation and improvement 
of insulin sensitivity. Some studies have already shown the 
benefits of omega-3 polyunsaturated fatty acids on blood 
ALT concentrations, systolic blood pressure, fasting insulin, 
triglyceride levels and also in normalizing the ultrasono-
graphic findings [68–70].

Pro/anti‑inflammatory cytokines ratio

A pro/anti-inflammatory cytokines ratio [(TNF-α + IL-6)/
(TGFβ-1 + IL-10)] was created to consider the net result 
from pro-inflammatory and anti-inflammatory cytokines. 
Herein, IL- 6 and TNF-α are associated with inflamma-
tory, autoimmune, or infectious disease; on the other hand, 
TGFβ-1 correlates with protection and/or recovery from 
autoimmune diseases [71], while IL-10 can be considered 
an anti-inflammatory interleukin by exerting important 
roles such as inhibition of macrophage activation and T-cell 

proliferation, and inhibition of pro-inflammatory cytokine 
production [44, 72].

Using this pro/anti-inflammatory cytokines ratio as out-
come, a clear inflammation-attenuating effect by diet was 
seen. A positive relation between sedentary behaviors and 
the pro/anti-inflammatory cytokines ratio was found in 
case of low Mediterranean or antioxidant-rich diet adher-
ence, while this relation was attenuated (thus became non-
significant) in high Mediterranean or antioxidant-rich diet 
adherence (Figs. 2b, 3b). During the metabolism of food, 
produced oxidants such as superoxide radicals or hydrogen 
peroxide may activate the NF-kB pathway, contributing to 
cytokine production. However, antioxidants from vegetables 
and fruits may limit these pro-inflammatory responses [73, 
74], and omega-3 polyunsaturated fatty acids can suppress 
the production of arachidonic-acid-derived eicosanoids thus 
decreasing the cytokine production [75, 76].

Strengths and limitations

A first strength is the multi-country design, necessary to 
capture the diversity in dietary patterns. A second asset is 
the wide spectrum of inflammatory markers to detect spe-
cific inflammatory effects with a better interpretation on 
health risk, including some markers for chronic disease risk. 
Another strength is that the sum of six skinfold thickness 
was used to reflect overall adiposity and used as confounder. 
The sum has been shown as a more reliable marker than 
body fat percentage equations based on the sum, when com-
paring to the reference method dual-energy X-ray absorp-
tiometry [77]. The skinfold measurement is considered a 
better predictor of body fat than other simple anthropometric 
variables or ratios as BMI, since subcutaneous fat (40–60% 
of total body fat) can be directly measured with a caliper 
[78]. All countries used the same self-administered comput-
erized 24-h dietary recall (HELENA-DIAT). Self-adminis-
tered computer tools have many advantages: standardization 
of the questions and questioning sequence, fast and easy 
data processing, immediate results, and it is considered a 
valid instrument for the assessment of energy and nutrients. 
The use of two dietary indices allowed us to test the replica-
bility of the moderating effect: the Mediterranean diet and 
Antioxidant-rich diet showed the same findings.

The present study has some limitations. The HELENA-
DIAT relies on the respondents’ memory and their capabili-
ties to interpret those questions on frequency and quantity of 
consumption in the last 24 h. Despite of 2 days of assessment 
in non-consecutive days, this may not reflect their eating 
habits on weekends or holidays. In addition, the cross-sec-
tional nature of our study does not permit causality state-
ments. Other limitations include: two cities did not assess 
data on dietary intake, and therefore, could not be added in 
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the analyses; and adiponectin, an important anti-inflamma-
tory adipokine, was not assessed in the study.

Conclusion

The results of the present study are consistent with the 
hypothesis of diet as an attenuating moderator in the associa-
tion between sedentary behaviors (which is reflected by the 
total screen time in this study) and inflammation: sedentary 
behaviors together with a nutrient-poor diet increased the 
inflammatory cytokines ratio, while a healthy diet decreased 
the concentrations of ALT enzyme. Nevertheless, other 
inflammatory parameters did not undergo this moderation. 
This study brings light to the research community, health-
care, professionals, and public policy makers, on how diet 
can attenuate the negative health effects of current society 
exposure such as sedentary behaviors. Consequently, a diet 
rich in anti-oxidants and polyunsaturated fatty acids (omega 
3) should be adopted to help in the prevention of the devel-
opment and progression of inflammatory diseases. Undoubt-
edly, other lifestyle factors should be considered.
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