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Abstract
Background
Asthma is an airway inflammatory disease driven by multiple factors with a high incidence in children and adolescents. Environmental tobacco smoke exposure (TSE) and diet are inducing factors for asthma. The potential of omega-3 polyunsaturated fatty acids (PUFAs) to alleviate asthma symptoms by their anti-inflammatory effects has been explored. However, to date, no studies have explored the effect of dietary PUFAs intake on the asthma in children and adolescents exposed to tobacco smoke.

Objective
We aimed to examine the effect of dietary PUFAs intake on the current asthma in children and adolescents exposed to tobacco smoke.

Methods
Data of this cross-sectional were extracted from the National Health and Nutrition Examination Survey (NHANES) 2007–2018. Children and adolescents with serum cotinine concentration ≥ 0.05 ng/mL were defined to exposed to tobacco smoke. Dietary PUFAs intake information were obtained from 24 h recall interview. The weighted univariate and multivariate were utilized to explore the effect of PUFAs on the association of asthma and TSE, with adjusted odds ratios (AORs) and 95% confidence intervals (CIs). These moderating effects were further explored based on the age, gender and body mass index (BMI) and sedentary time.

Results
Totally, 7981 eligible children and adolescents were included, with the mean age of 11.96 ± 0.06 years old. Of whom, 1.024 (12.83%) had current asthma. After adjusted all covariates, we found children and adolescents with TSE had high occurrence of current asthma (AOR = 1.2, 95% CI 1.03–1.63); We also found omega-3 PUFAs intake (P for interaction = 0.010), not omega-6 PUFAs (P for interaction = 0.546), has a moderating effect on the association of TSE and current asthma. Moreover, we further observed that children and adolescents with TSE and low omega-3 PUFAs intake had high occurrence of current asthma (AOR = 1.58, 95% CI 1.19–2.10), while no significant association was found in children and adolescents with high omega-3 PUFAs intake (all P > 0.05). This moderating effect was more prominent in children and adolescents aged ≤ 12 years old (AOR = 1.62, 95% CI 1.06–2.47), girls (AOR = 2.14, 95% CI 1.15–3.98), overweight (AOR = 1.87, 95% CI 1.01–3.47) and sedentary time > 6 h (AOR = 1.96, 95% CI 1.00–3.86).

Conclusion
We found dietary omega-3 PUFAs plays a moderating effect on the association of asthma and TSE in children and adolescents, especially in children and adolescents aged ≤ 12 years, girls, overweight or sedentary time > 6 h. This moderating effect suggested higher omega-3 intake has potential benefits in decreasing the occurrence of asthma in children and adolescents who exposed to tobacco smoke.
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The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s41043-024-00663-8.
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Introduction
Asthma, a condition featured by airway hyper-responsiveness and increased mucus secretion leading to airway obstruction, constitutes a significant disease burden on children and young individuals [1]. Globally, the prevalence of asthma in children have increased significantly in the past 40 years, with a prevalence of 9.6% and 10.5% in children aged 5–11 and 12–17 years, respectively [2, 3]. Inhaled glucocorticoids are the most commonly used treatment persistent asthma in clinical practice [4], but some of children still experience frequent and severe relapses, causing deterioration of lung function [5]. Exploring modifiable factors contributing to asthma and good health management of asthma are important to reduce the burden of asthma in the children and adolescents.
Asthma is an inflammatory disease driven by environment exposure. Tobacco smoke exposure (TSE) is a vital factor of environment pollution [6]. There is an abundance of evidence to suggest that children and adolescents exposed to environmental tobacco smoke may suffer adverse health consequences including reduced lung growth, increased susceptibility to respiratory infection and onset of childhood asthma [7].
In addition to TSE, dietary is an important wellness factor associated with asthma [8]. Polyunsaturated fatty acids (PUFAs) are essential fatty acids acquired mainly via fish and vegetable oils, consisting of two subtypes, omega-3 PUFAs and omega-6 PUFAs [9]. These fatty acids are a source of biologically active molecules, in the lung and provide biologic rationale for respiratory effects [10]. Among these fatty acids, omega-3 has been demonstrated to exhibit anti-inflammatory effects on airway and may modify the influence of TSE on the onset of asthma in children [11]. Brigham et al. [12] reported that high omega-3 PUFAs intake was associated with reduced effect of indoor particulate matter (PM) ≤ 2.5 μm in aerodynamic diameter on asthma symptoms. To date, there are no relevant reports on the association of dietary PUFAs intake and the risk of asthma among children and adolescents exposed to tobacco smoke. We speculate that high dietary PUFAs intake, especially omega-3 PUFAs, may play a moderating effect on the risk of asthma in these populations.
This study aims to explore the effect of dietary PUFAs intake on the risk of asthma in children and adolescents exposed to tobacco smoke, and further discuss this effect in age, gender, body mass index (BMI) and sedentary time subgroups.

Methods
Study design and population
Data of present cross-sectional study were extracted from the National Health and Nutrition Examination Surveys (NHANES) database 2007–2018. In NHANES, data of approximately 5000 representative and non-institutionalized samples were collected annually through a multistage sampling design since 1999 to assess the health and nutrition of the U.S. household population. The interview of NHANES includes demographic, socioeconomic, dietary, and health-related questions and the examination of NHANES consists of medical, dental, physiological measurements, and laboratory tests [13]. All examinations were administered by highly trained medical personnel to ensure the stability and completeness of the data. The detailed information of the NHANES survey can be found on the website (NHANES—National Health and Nutrition Examination Survey Homepage (cdc.gov). The requirement of ethical approval for this was waived by the Institutional Review Board of Changzhi Maternal and Child Health Care Hospital, because the data was accessed from NHANES (a publicly available database). All methods were performed in accordance with the relevant guidelines and regulations.
In current study, 10,902 children and adolescents aged 6–17 years old were initially included. Among them, 2131 without the complete intake data of omega-3 PUFAs or omega-6 PUFAs, 37 without the BMI data and 753 without the assessment information of current asthma were exclude. Current asthma of children and adolescents was defined by self-reported questionnaire responses. If subjects responded to the question “Has a doctor or other health professional ever told you that you have asthma?” and “Do you still have asthma?” both “yes”, then they were diagnosed as having current asthma. Subjects only answered “yes” to the former question while answered “no” to latter question were diagnosed as not having current asthma, and these subjects were excluded from our study [13].
Finally, 7981 eligible children and adolescents were included for further analysis. The entire process of study subjects was shown in Fig. 1.[image: ]
Fig. 1The flow chart of population screening



Assessment of dietary PUFAs intake
Dietary PUFAs intake data were obtained from two 24-h dietary recall interviews. The first 24-h recall interview was performed in-person by experienced interviewers at the Mobile Examination Center (MEC). The second interview was conducted via telephone or mail between 3 and 10 days after the MEC interview. Participants were required to recall all the type and quantity of food and beverages consumed in the 24 h prior to the interviews. This data was utilized to calculate the consumption of energy, nutrients, and other food components [14]. Then, these consumption data were converted to United States Department of Agriculture (USDA) standard reference codes, and the dietary intake was linked to the USDA’S Food and Nutrient Database for Dietary Studies (FNDDS). The PUFAs intake information of subjects aged 6–11 years old were accompanied by their guardian to assist in responding, while subjects aged 12–17 years old were responded by themselves. In this study, the average value of the two 24-h dietary intake data of omega-3 PUFAs or omega-6 PUFAs was used, and dichotomized these PUFAs according to the upper tertiles of intake in the study children and adolescents. Thus, the cut-off values for omega-3 PUFAs and omega-6 PUFAs intake were 1.57 and 16.03, respectively.

Assessment of tobacco smoke exposure
As a primary nicotine metabolite, serum cotinine concentration was used as a predictor to represent recent TSE levels for both exclusive consumed tobacco users and non-users of tobacco products [15, 16]. For laboratory measures, serum samples were stored at appropriate frozen conditions (below − 20 °C), and were transported to test at National Center for Environmental Health. Serum cotinine concentration was testing by isotope-dilution high-performance liquid chromatography/atmospheric pressure chemical ionization tandem mass spectrometric (ID HPLC-APCI MS/MS) method [17]. This method has good accuracy, with mean values within 9% of theoretical values at all levels expect the lower limit of quantification, where it was within 14% of the theoretical values. In present study, serum cotinine concentration ≥ 0.05 ng/mL were considered as TSE, while < 0.05 ng/mL were considered as non-TSE [18].

Potential covariates
Data of study children and adolescents’ demographic information, family background, physical examination, laboratory values and dietary intake were extracted from the NHANES database. Age, gender, race and educational level were self-reported demographic information. Sedentary time was assessed by the NHANES through the daily hours of watching TV or videos and computer for subjects aged 6–11 years old while subjects aged 12–17 years old were assessed by the time of sedentary time. Sedentary time was divided into two categories: > 6 h and ≤ 6 h [19]. Children and adolescents’ overweight were defined as BMI at or above the 85th and below 95th gender-specific percentile of the BMI-for-age growth chart from the Centers for Disease Control and Prevention (CDC) [20]. Close relative asthma history was defined by a positive response to the question “Including living and deceased, were any of your close biological ever told by a health professional that they had asthma?”. Hey fever was defined by the question “During the past 12 months, have you had an episode of hay fever?”. Household smoke was defined by the question “Does anyone smoke in the home?” in NHANES 2007–2012 while “How many people who live here smoke cigarettes, cigars or any other tobacco product?” and “Not counting decks, porches or detached garages, how many people who live here smoke cigarettes, cigars or any other tobacco product inside this home?” in NHANES 2013–2018. For children aged 6–11 years old, physical activity (PA) levels were assessed by the question “During the past 7 days, how many days was physical active for a total of least 60 min per day?” and PA on every day was considered as ideal PA. For adolescents aged 12–17 years old, PA was expressed as the metabolic equivalent task (MET) and calculate as follows: PA (met·min) = recommended MET × exercise time for corresponding activities (min/day) the number of exercise days per week day (day) [21]. Ideal PA for adolescents was ≥ 180 met·min/day. Then, all children and adolescents were divided into three categories: non-ideal PA, ideal PA and unknown.

Statistical analysis
Quantitative data were represented as mean and standard error (S.E.), and categorical data were represented as the number and percentage [N (%)]. We compared quantitative data and categorical data among different groups using the weighted t-test and chi-square test, respectively. Rank sum test was used for ranked data. Sensitivity analyses were performed to compare whether the results were different before and after imputation of missing covariates (Table S1). The weighted univariate logistic regression model was used to screen for covariates related to children and adolescents’ asthma (Table S2). The collinearity test was used to explore whether there was collinearity between each variable with the evaluation index of variance inflation factor (VIF) (Table S3). The weighted multivariate logistic regression models were utilized to evaluate the association of serum cotinine concentration, omega-3 PUFAs, omega-6 PUFAs and their moderating effect on the odds of asthma among children and adolescents, with adjusted odds ratios (AORs) and 95% confidence intervals (CIs). Subgroup analyses were performed to further evaluate whether these moderating effects remain robust based on age, gender, overweight, and sedentary time. All analyzes were performed using R (version 4.20, Foundation for Statistical Computing, Vienna, Austria) and SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Two-sided P < 0.05 was considered statistically significant.


Results
Characteristics of study children and adolescents
Finally, 7981 eligible children and adolescents were included for analysis, with the weighted frequency of 185,390,379. Among them, 1024 (12.83%) had current asthma. The baseline characteristics of study children and adolescents were depicted in Table 1. The proportion of children and adolescents with high serum cotinine concentration in current asthma group was significantly high than in non-current asthma group (48.19% vs. 37.04%). The differences were found in age, race, household smokers, the level of poverty-to-income ratio (PIR), sedentary time, BMI and education, and the history of hay fever and asthma in close relative between current asthma group and non-current asthma group (all P < 0.05).
Table 1Characteristics of study children and adolescents


	Variables
	Total (n = 7981)
	Non-current asthma (n = 6957)
	Current asthma (n = 1024)
	Statistics
	P

	Age, years, Mean (S.E)
	11.96 (0.06)
	11.92 (0.06)
	12.19 (0.12)
	t = − 2.12
	0.037

	Age, years, n (%)
	 	 	 	χ2 = 3.17
	0.075

	 ≤ 12
	4700 (52.42)
	4114 (52.86)
	586 (49.24)
	 	 
	 > 12
	3281 (47.58)
	2843 (47.14)
	438 (50.76)
	 	 
	Gender, n (%)
	 	 	 	χ2 = 0.66
	0.416

	 Male
	4022 (50.87)
	3458 (50.65)
	564 (52.44)
	 	 
	 Female
	3959 (49.13)
	3499 (49.35)
	460 (47.56)
	 	 
	Race, n (%)
	 	 	 	χ2 = 58.09
	 < 0.001

	 Non-hispanic White
	2239 (54.43)
	1985 (55.19)
	254 (48.96)
	 	 
	 Non-hispanic Black
	1937 (13.87)
	1562 (12.66)
	375 (22.64)
	 	 
	 Others
	3805 (31.69)
	3410 (32.15)
	395 (28.40)
	 	 
	Education level, n (%)
	 	 	 	χ2 = 1.27
	0.260

	 Less than 9th grade
	6243 (74.57)
	5445 (74.83)
	798 (72.69)
	 	 
	 9th grade and above
	1738 (25.43)
	1512 (25.17)
	226 (27.31)
	 	 
	PIR, n (%)
	 	 	 	χ2 = 12.99
	0.002

	 ≤ 1.3
	3413 (31.53)
	2930 (30.84)
	483 (36.50)
	 	 
	 1.3–3.5
	2919 (38.61)
	2541 (38.31)
	378 (40.79)
	 	 
	 > 3.5
	1649 (29.86)
	1486 (30.84)
	163 (22.72)
	 	 
	Sedentary time, hours, n (%)
	 	 	 	χ2 = 13.38
	 < 0.001

	 ≤ 6
	4902 (57.62)
	4320 (58.50)
	582 (51.30)
	 	 
	 > 6
	3079 (42.38)
	2637 (41.50)
	442 (48.70)
	 	 
	Physical activity level, n (%)
	 	 	 	χ2 = 2.05
	0.359

	 Not ideal physical activity
	2434 (28.69)
	2134 (29.06)
	300 (26.01)
	 	 
	 Ideal physical activity
	4510 (57.01)
	3921 (56.73)
	589 (59.01)
	 	 
	 Unknown
	1037 (14.30)
	902 (14.20)
	135 (14.98)
	 	 
	Hay fever, n (%)
	 	 	 	χ2 = 596.06
	 < 0.001

	 No
	4069 (49.45)
	3289 (46.47)
	780 (71.02)
	 	 
	 Yes
	615 (8.87)
	376 (6.15)
	239 (28.51)
	 	 
	 Unknown
	3297 (41.68)
	3292 (47.38)
	5 (0.48)
	 	 
	BMI, kg/m2, Mean (S.E)
	21.42 (0.09)
	21.23 (0.10)
	22.78 (0.24)
	t = − 6.40
	 < 0.001

	Overweight, n (%)
	 	 	 	χ2 = 20.29
	 < 0.001

	 No
	4687 (60.72)
	4173 (61.81)
	514 (52.84)
	 	 
	 Yes
	3294 (39.28)
	2784 (38.19)
	510 (47.16)
	 	 
	Family education, n (%)
	 	 	 	χ2 = 9.81
	0.002

	 High school and below
	6328 (72.13)
	5476 (71.25)
	852 (78.48)
	 	 
	 College graduate or above
	1653 (27.87)
	1481 (28.75)
	172 (21.52)
	 	 
	Household smokers, n (%)
	 	 	 	χ2 = 16.92
	 < 0.001

	 No
	7036 (88.90)
	6175 (89.51)
	861 (84.49)
	 	 
	 Yes
	945 (11.10)
	782 (10.49)
	163 (15.51)
	 	 
	Asthma in close relative, n (%)
	 	 	 	χ2 = 175.36
	 < 0.001

	 No
	5483 (69.46)
	5137 (74.02)
	346 (36.52)
	 	 
	 Yes
	2498 (30.54)
	1820 (25.98)
	678 (63.48)
	 	 
	Total energy, kcal, Mean (S.E)
	1950.74 (11.54)
	1945.15 (11.67)
	1991.05 (32.45)
	t = − 1.40
	0.164

	Total 25-Hydroxyvitamin D, nmol/L, Mean (S.E)
	66.54 (0.80)
	66.75 (0.80)
	65.06 (1.21)
	t = 1.86
	0.066

	Vitamin D, mcg, Mean (S.E)
	7.96 (0.33)
	7.76 (0.31)
	9.37 (1.58)
	t = − 1.00
	0.321

	Calcium, mg, Mean (S.E)
	1042.46 (10.06)
	1042.79 (10.30)
	1040.05 (19.93)
	t = 0.14
	0.888

	Cotinine, ng/mL, Mean (S.E)
	3.42 (0.43)
	3.18 (0.42)
	5.17 (1.47)
	t = − 1.34
	0.182

	Cotinine, ng/mL, n (%)
	 	 	 	χ2 = 23.06
	 < 0.001

	 < 0.05
	4724 (61.61)
	4240 (62.96)
	484 (51.81)
	 	 
	 ≥ 0.05
	3257 (38.39)
	2717 (37.04)
	540 (48.19)
	 	 
	Omega-3 PUFAs, g, Mean (S.E)
	1.44 (0.01)
	1.43 (0.01)
	1.47 (0.04)
	t = − 1.24
	0.218

	Omega-3 PUFAs, g, n (%)
	 	 	 	χ2 = 1.71
	0.191

	 > 1.57
	2630 (33.42)
	2274 (33.06)
	356 (36.07)
	 	 
	 ≤ 1.57
	5351 (66.58)
	4683 (66.94)
	668 (63.93)
	 	 
	Omega-6 PUFAs, g, Mean (S.E)
	14.53 (0.12)
	14.48 (0.12)
	14.90 (0.36)
	t = − 1.15
	0.254

	Omega-6 PUFAs, g, n (%)
	 	 	 	χ2 = 1.70
	0.192

	 ≤ 16.03
	5377 (66.72)
	4709 (67.07)
	668 (64.17)
	 	 
	 > 16.03
	2604 (33.28)
	2248 (32.93)
	356 (35.83)
	 	 

t t-test; χ2 chi-square test, S.E standard error, BMI body mass index, PUFAs polyunsaturated fatty acids




Association of TSE, omega-3 PUFAs or omega-6 PUFAs with current asthma
The association of single TSE, omega-3 PUFAs or omega-6 PUFAs with current asthma in children and adolescents were evaluated by three logistics regression models, as depicted in Table 2. Model 3 adjusted age, gender, race, sedentary time, overweight, asthma in close relative and hay fever and the collinearity test shown that there is no collinearity between each covariates (VIF < 10) (Table S3). We observed that children and adolescents with TSE (serum cotinine concentration ≥ 0.05 ng/mL) had a 29% increased occurrence of current asthma (AOR = 1.29, 95% CI 1.03–1.63, P = 0.030). However, no significant statistically association between omega-3 PUFAs and omega-6 PUFAs with current asthma were observed (all P > 0.05).
Table 2Association of TSE, dietary PUFAs intake and current asthma


	Variables
	Crude model
	Model 1
	Model 2

	AOR (95% CI)
	P
	AOR (95% CI)
	P
	AOR (95% CI)
	P

	TSE,

	 No
	Ref
	 	Ref
	 	Ref
	 
	 Yes
	1.58 (1.30–1.92)
	 < 0.001
	1.45 (1.20–1.76)
	 < 0.001
	1.29 (1.03–1.63)
	0.030

	Omega-3 PUFAs, g

	 > 1.57
	Ref
	 	Ref
	 	Ref
	 
	 ≤ 1.57
	0.88 (0.71–1.07)
	0.195
	0.91 (0.73–1.12)
	0.352
	0.81 (0.64–1.03)
	0.082

	Omega-6 PUFAs, g

	 ≤ 16.03
	Ref
	 	Ref
	 	Ref
	 
	 > 16.03
	1.14 (0.93–1.38)
	0.196
	1.09 (0.89–1.33)
	0.425
	1.17 (0.94–1.45)
	0.157


AOR adjusted odds ratio, CI confidence interval, Ref reference; PUFAs polyunsaturated fatty acids, TSE: tobacco smoke exposure
Model 1: adjusted age, gender and race
Model 2: adjusted age, gender, race, sedentary time, overweight, relative asthma and hay fever




Moderating effects of dietary PUFAs intake on the association of TSE and current asthma
Moderating effects of dietary omge-3 PUFAs or omega-6 PUFAs intake on the association of serum cotinine concentration and current asthma were validated by three logistic regression models. In fully adjusted model, we observed that omega-3 PUFAs intake may have a moderating effect on the association of TSE and current asthma (P-value for interaction = 0.01) (Table 3), while no significant moderating effect were observed on the omega-6 PUFAs on the association of TSE and current asthma (P-value for interaction = 0.546) (Table 4).
Table 3Moderating effect of omega-3 PUFAs on the association of TSE and current asthma


	Variables
	Crude model*
	Model 3
	Model 4

	AOR (95% CI)
	P
	AOR (95% CI)
	P
	AOR (95% CI)
	P

	TSE
	1.22 (0.92–1.63)
	0.172
	1.12 (0.84–1.48)
	0.441
	0.91 (0.66–1.26)
	0.577

	Omega-3 PUFAs
	0.71 (0.54–0.94)
	0.018
	0.74 (0.55–0.98)
	0.038
	0.63 (0.46–0.87)
	0.005

	TSE * Omega-3 PUFAs
	1.51 (1.03–2.20)
	0.034
	1.51 (1.04–2.21)
	0.032
	1.71 (1.14–2.58)
	0.010


AOR adjusted odds ratio, CI confidence interval, Ref reference, PUFAs polyunsaturated fatty acids, TSE tobacco smoke exposure
Crude Model*: only adjusted serum cotinine, omega-3 and serum cotinine*omega-3
Model 3: adjusted serum cotinine, omega-3 PUFAs, serum cotinine*omega-3 PUFAs, age, gender and race
Model 4: adjusted serum cotinine, omega-3 PUFAs, serum cotinine*omega-3 PUFAs, age, gender, race, sedentary time, overweight, relative asthma and hay fever


Table 4Moderating effect of omega-6 PUFAs on the association of TSE and current asthma


	Variables
	Crude model**
	Model 5
	Model 6

	AOR (95% CI)
	P
	AOR (95% CI)
	P
	AOR (95% CI)
	P

	Cotinine
	1.66 (1.29–2.12)
	 < 0.001
	1.53 (1.19–1.97)
	0.001
	1.35 (1.01–1.83)
	0.048

	Omega-6 PUFAs
	1.21 (0.91–1.62)
	0.193
	1.16 (0.86–1.57)
	0.314
	1.24 (0.92–1.69)
	0.161

	Cotinine * Omega-6 PUFAs
	0.88 (0.59–1.31)
	0.523
	0.87 (0.58–1.31)
	0.505
	0.88 (0.58–1.34)
	0.546


AOR adjusted odds ratio, CI confidence interval, Ref reference, PUFAs polyunsaturated fatty acids, TSE tobacco smoke exposure;
Crude Model**: only adjusted serum cotinine, omega-6 PUFAs and serum cotinine*omega-6
Model 5: adjusted serum cotinine, omega-6 PUFAs, serum cotinine*omega-6 PUFAs, age, gender and race
Model 6: adjusted serum cotinine, omega-6 PUFAs, serum cotinine*omega-6 PUFAs, age, gender, race, sedentary time, overweight, relative asthma and hay fever




The association of different omega-3 PUFAs intake, TSE and current asthma
Since the moderating effect on the association of TSE and current asthma was observed in omega-3 PUFAs, but not omega-6 PUFAs, then, the moderating effects of different levels of omega-3 PUFAs intake on the association of TSE and current asthma were further explored, as depicted in Table 5 and Fig. 2. In low omega-3 PUFAs intake group (≤ 1.57 g), children and adolescents with TSE were associated with high occurrence of current asthma (AOR = 1.58, 95% CI 1.19–2.10, P = 0.002), however, this association was not observed in high omega-3 intake group (P = 0.394). That was, omega-3 PUFAs may have a moderating effect on the association of TSE and current asthma in children and adolescents.
Table 5Association of TSE and current asthma based on different omega-3 PUFAs intake


	Variables
	Crude model***
	Model 7
	Model 8

	AOR (95% CI)
	P
	AOR (95% CI)
	P
	AOR (95% CI)
	P

	Omega-3 PUFAs > 1.57 g (n = 2630)

	 Non-TSE
	Ref
	 	Ref
	 	Ref
	 
	 TSE
	1.22 (0.92–1.63)
	0.172
	1.11 (0.83–1.48)
	0.483
	0.86 (0.60–1.22)
	0.394

	Omega-3 PUFAs ≤ 1.57 g (n = 5351)

	 Non-TSE
	Ref
	 	Ref
	 	Ref
	 
	 TSE
	1.84 (1.44–2.34)
	 < 0.001
	1.69 (1.32–2.16)
	 < 0.001
	1.58 (1.19–2.10)
	0.002


AOR adjusted odds ratio, CI confidence interval, Ref reference, PUFAs polyunsaturated fatty acids, TSE tobacco smoke exposure
Crude Model***: adjusted none of variables
Model 7: adjusted age, gender and race
Model 8: adjusted age, gender, race, sedentary time, overweight, relative asthma and hay fever


[image: ]
Fig. 2The moderating effect of dietary omega-3 PUFAs on the association of asthma and serum cotinine concentration



Moderating effect of omega-3 PUIFAs intake on the association of TSE and current asthma based on age, gender, overweight and sedentary time
Subgroup analysis was performed to verify this moderating effect based on age, gender, overweight and sedentary time. We found the moderating of omega-3 PUFAs intake on the association of TSE and current asthma was more prominent in children and adolescents aged ≤ 12 years old (AOR = 1.62, 95% CI 1.06–2.47, P = 0.027), girls (AOR = 2.14, 95% CI 1.15–3.98, P = 0.017), overweight (AOR = 1.87, 95% CI 1.01–3.47, P = 0.047) and sedentary time > 6 h (AOR = 1.96, 95% CI 1.00–3.86, P = 0.050) (Table 6).
Table 6Subgroup analysis of the moderating effect of dietary omega-3 PUFAs intake on the association of TSE and current asthma


	Subgroup & variable
	Adjusted model

	AOR (95% CI)
	P
	AOR (95% CI)
	P

	Subgroup I: Age
	 ≤ 12 (n = 4700)
	 > 12 (n = 3281)

	 TSE
	0.93 (0.64–1.35)
	0.697
	0.94 (0.58–1.52)
	0.795

	 Omega-3 PUFAs
	0.61 (0.43–0.87)
	0.007
	0.66 (0.41–1.06)
	0.086

	 TSE * Omega-3 PUFAs
	1.62 (1.06–2.47)
	0.027
	1.78 (0.92–3.45)
	0.088

	Subgroup II: Gender
	Male (n = 4022)
	Female (n = 3959)

	 TSE
	0.94 (0.63–1.42)
	0.777
	0.89 (0.50–1.60)
	0.705

	 Omega-3 PUFAs
	0.85 (0.59–1.22)
	0.372
	0.45 (0.28–0.74)
	0.002

	 TSE * Omega-3 PUFAs
	1.37 (0.79–2.37)
	0.256
	2.14 (1.15–3.98)
	0.017

	Subgroup III: BMI Overweight
	No (n = 4687)
	Yes (n = 3294)

	 TSE
	0.99 (0.59–1.64)
	0.959
	0.86 (0.54–1.36)
	0.504

	 Omega-3 PUFAs
	0.68 (0.44–1.04)
	0.077
	0.58 (0.37–0.91)
	0.017

	 TSE * Omega-3 PUFAs
	1.60 (0.85–3.02)
	0.144
	1.87 (1.01–3.47)
	0.047

	Subgroup IV: Sedentary time
	 ≤ 6 h (n = 4902)
	 > 6 h (n = 3079)

	 TSE
	0.97 (0.61–1.54)
	0.885
	0.87 (0.56–1.36)
	0.543

	 Omega-3 PUFAs
	0.64 (0.41–0.99)
	0.050
	0.62 (0.39–0.97)
	0.038

	 TSE * Omega-3 PUFAs
	1.54 (0.84–2.81)
	0.157
	1.96 (1.00–3.86)
	0.050


AOR adjusted odds ratio, CI confidence interval, Ref Reference, PUFAs polyunsaturated fatty acids, TSE tobacco smoke exposure
Subgroup I: adjusted gender, race, sedentary time, overweight, asthma in close relative and hay fever
Subgroup II: adjusted age, race, sedentary time, overweight, asthma in close relative and hay fever
Subgroup III: adjusted age, gender, race, sedentary time, asthma in close relative and hay fever
Subgroup IV: adjusted age, gender, race, overweight, asthma in close relative, and hay fever





Discussion
In present study, the effect of dietary PUFAs intake on the association of serum cotinine concentration with current asthma in U.S. children and adolescents were explored. The results were as follows: (1) subjects with high serum cotinine concentration were associated with high risk of current asthma; (2) high dietary omega-3 PUFAs intake may have a moderating effect on the association of serum cotinine and current asthma, while no significant moderating effect was found in the omega-6 on the association of serum cotinine and current asthma; (3) subgroup analysis suggested that this moderating effect of omega-3 PUFAs was more prominent in the children and adolescents with aged ≤ 12 years old, girls, overweight and sedentary time > 6 h.
Although the driving factor of asthma have not yet been completely understood, a plenty of hazard factors deemed to trigger asthma have been elucidated. Cotinine, a major metabolite of nicotine, is a valuable marker of exposure to tobacco smoke due to its high specificity and sensitivity [22]. Cotinine has relatively prolonged half-life which ranges from 16 to 20 h in children. Cotinine collected from plasma or serum is not influenced by renal function and flow rate, and serum cotinine has become the most widely used biomarker of TSE among children and adolescents [23]. Several epidemiological studies have demonstrated the association of serum cotinine concentration and childhood asthma [24–27]. Our study found children with high serum cotinine concentration had a 29% increased risk of asthma, which adds new evidence to the association and TSE with childhood asthma. In a vitro study, cigarette smoking induces cytotoxicity, partly through Akt (a serine/threonine kinase, suppresses apoptosis and regulates the cell cycle) degradation via the ubiquitin–proteasome system [28]. Thus, TSE would impact the initiation of chronic lung disease in childhood.
Diet is another driving factor of childhood asthma [29]. In in western countries, the prevalence of asthma is increasing as the popularity of westernized diet featured by high intake of processed food in contrast to a healthy diet high in fruit, vegetable and fish intake [29]. This unhealthy dietary pattern may lead to a decrease in the intake of antioxidants and micronutrients, thereby increasing the risk of inflammatory diseases. Omega-3, as a type of PUFAs, is proven to be associated with asthma in different populations due to anti-inflammatory effects. The Ryukyus Child Health Study included 25,033 schoolchildren aged 6–15 years examined the association of fatty acid intake and asthma and reported that consumption of both omega-3 PUFAs and omega-6 PUFAs may be associated with the risk of asthma [30]. In our study, only the association of omega-3 PUFAs and the childhood asthma were found. The different between our study and that study may be that study using a self-administered brief dietary history to obtain dietary intake data, which can be explain the bias among two studies. A cross-sectional of Zhang et al. [31] to investigate the dietary omega-3 intake and asthma in subjects aged less than 20 years old. The study found that dietary omega-3 PUFAs intake exhibited an L-shaped relationship with childhood asthma. However, a systematic review and meta-analysis of Muley et al. [32] included several observational studies and multicenter randomized controlled trials reported the different results. In that study, they found there is no significant association between omega-3 PUFAs supplementation in infants and children and asthma, allergic exacerbations, or wheeze. It is important to consider differences in population, age distribution as well as study outcomes, which may explain the differences in that study and our study.
Omega-3 PUFAs are naturally present in fish oil, which are the vital components of cell membranes and have a significant effect on cell signaling and gene expression, thereby affecting immune cell activity. It can effectively reduce the synthesis of prostaglandins and leukotrienes, thus reducing the inflammatory response [33, 34]. D-series catabolites and E-series catabolites, the anti-inflammatory metabolites of omega-3 PUFAs, can exert powerful anti-inflammatory effects, which may improve asthma symptoms and promote bronchodilation [35]. In addition, omega-3 PUFAs can suppress the inflammatory response by enhancing antioxidative function and inhibiting the omega-3 PUFAs cascade involving NF-kB and pro-inflammatory cytokines [36]. All in all, adequate intake of omega-3 PUFAs in children and adolescents has a protective effect on the prevention and management of asthma.
Strengths
In the present study, utilizing data from six survey cycles to achieve a large sample size and adjusting as many as possible covariates that could affect asthma attacks, the moderating effects of dietary PUFAs intake on the association between TSE and asthma in children and adolescents were explored. The subgroup analysis of age, gender, BMI and sedentary time were conducted to further evaluate this moderating effect. We found this moderating effect was more prominent in the subjects were aged ≤ 12 yeas, female, overweight or sedentary time > 6 h. In such populations, high dietary omega-3 PUFAs and supplementation have the potential beneficial effects to reduce airway inflammation and asthma attack risk in children and adolescents exposed to tobacco smoke.

Limitations
However, several limitations need caution when interpreting our findings. First, the cross-sectional design of the study prevents establishing a causal relationship between dietary omega-3 PUFAs intake and asthma in children and adolescents exposed to tobacco smoke. Second, dietary PUFAs intake data were obtained from 24-h dietary interview, which has a certain recall bias. Moreover, the daily diet of individuals varies greatly, and the 24-h dietary recall interview can only represent the individual's short-term eating habits. Third, current asthma status was based on a patient’s recall and a physician’s diagnosis of asthma, which could also introduce recall bias. Further large-scale prospective studies employing more accurate methods of dietary intake assessment and asthma measurement are needed to validate and expand our results.


Conclusion
We included 7981 eligible children and adolescents from the NHANES 2007–2018 and found that dietary omega-3 PUFAs may play moderating effect on the association between current asthma and TSE. This result suggested that for children and adolescents exposed to tobacco smoke should pay more attention to the potential benefits of dietary and supplement of omega-3 PUFAs intake in reducing the occurrence of asthma, and more well-designed prospective studies are still needed.
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