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Abstract
Background
Asthma is a chronic inflammatory condition, and choline may alleviate airway inflammation and oxidative stress but studies on the association between dietary choline and asthma remain limited. The purpose of this study is to investigate the associations between dietary choline intake and asthma, as well as pulmonary inflammation and lung function in children and adults.

Methods
In our research, we employed the data of the National Health and Nutrition Examination Survey (NHANES) from 2009 to 2018, including 7,104 children and 16,580 adults. We used fractional exhaled nitric oxide (FENO) to assess pulmonary inflammation and forced expiratory volume in one second (FEV1), forced vital capacity (FVC), the FEV1/FVC ratio, peak expiratory flow rate (PEF), predicted FEV1% and predicted FVC% to assess lung function. Binary logistic regression, linear regression, and the restricted cubic splines were used to analyze the associations between dietary choline intake and asthma and pulmonary inflammation and lung function.

Results
In children, we observed the positive associations between the natural logarithmic transformation of choline (ln-choline) and ln-FEV1 [ β:0.011; 95%CI: (0.004,0.018)] and ln-FVC [ β:0.009; 95%CI: (0.002,0.016)]. In adult males, the ln-choline was positively associated with ln-FEV1[ β:0.018; 95%CI: (0.011,0.024)], ln-FVC [ β:0.020; 95%CI: (0.014,0.026)], ln-PEF [ β:0.014; 95%CI: (0.007,0.022)], ln-predicted FEV1% [ β: 0.007; 95%CI: (0.001, 0.013)] and ln-predicted FVC%[ β: 0.010; 95%CI: (0.005, 0.015)] and negatively associated with FENO [ β: -0.029; 95%CI: (-0.049, -0.009)]. In unadjusted and partially adjusted models, adult females with ln-choline in the highest quartile had 25.2% (95%CI:9.4-38.3%) and 23.8% (95%CI:7.6-37.1%) decreased odds of asthma compared to those with the lowest quartile group. In the dose-response relationships of dietary choline and pulmonary inflammation and lung function indicators in adults, there existed threshold and saturation effects.

Conclusion
The associations between dietary choline and lung function indicators such as FEV1 and FVC are positive in children and adults. The association between dietary choline and pulmonary inflammation is negative only in adults.
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Introduction
Asthma is a chronic condition characterized primarily by episodic wheezing, coughing and breathlessness resulting from airway hyperresponsiveness and inflammation [1, 2]. Asthma ranks among the mainly prevalent chronic lung diseases in the United States and about 7.9% of adults and 8.1% of children in the country endure the burdens [3]. Additionally, disparities in asthma prevalence are observed based on age and gender. In the United States, a higher incidence of asthma is observed among boys (9.0%) than among girls (7.1%) within individuals under the age of 18. However, after the age of 18, the incidence is higher in women (10.0%) compared to men (5.7%) [4, 5].
A substantial amount of natural choline is found in foods such as beef, chicken, fish, milk, eggs, soybeans, peanuts, and so on [6, 7]. DNA methylation is a mechanism involved in the epigenetics of asthma, recognized as the interaction between genes and the environment [8–10]. Essential to the one-carbon metabolic pathway, choline is crucial for the synthesis of S-adenosylmethionine (SAM), a versatile methyl donor for DNA methylation processes [11–13]. Choline may influence the expression of susceptibility genes, thereby affecting the pathogenesis of asthma. Additionally, choline may reduce airway inflammation and oxidative stress. A recent animal study reported that choline chloride may attenuate allergic airway disease by inhibiting airway hyperresponsiveness, inflammation, and oxidative stress [14]. In addition, some clinical studies have documented that choline supplementation significantly reduces markers of inflammation, suggesting its potential utility as an adjunctive therapeutic approach for asthma [15, 16].
However, research on the correlation between dietary choline and asthma remains limited. To better learn about the relationship, a large-scale, population-based study was conducted. This study focused on participants, including both children (6–19 years) and adults (20–79 years), who were involved in the National Health and Nutrition Examination Survey (NHANES) from 2009 to 2018. The primary aim was to explore the relationship between dietary choline intake and asthma, as well as its impact on pulmonary inflammation and lung function.

Methods
Study population
The data for this research were obtained from NHANES. All NHANES procedures were approved by ethical scrutiny and all participants provided informed consents. Additional information is available at https://​www.​cdc.​gov/​nchs/​nhanes/​.
Our research utilized data from NHANES spanning the years 2009–2010,2011–2012, 2013–2014, 2015–2016, 2017–2018. From 2009 to 2018, a total of 49,693 samples were involved in the NHANES. Individuals were excluded based on the following criteria: (1) aged < 6 years old and aged > 79 years old (n = 9,844) (2) missing two 24-hour dietary recall data (n = 9,532) (3) lacking self-reported asthma status and two reproducible fractional exhaled nitric oxide (FENO) and complete spirometry data (n = 96) (4) missing covariates data (n = 5,964) (5) individuals with extreme total energy consumption (less than 600 or more than 6000 kcal/d for women and less than 800 or more than 8000 kcal/d for men) and women who were pregnant or lactating were excluded from the study (n = 573). Finally, this research included 23,684 participants, comprising 7,104 children and 16,580 adults. Among them, participants from 2009 to 2012 had FENO and spirometry data and were included in the pulmonary inflammation and lung function analysis. The flow chart of the screening process is shown in Fig. 1.
[image: ]
Fig. 1Flowchart of participants selection from NHANES 2009–2018



Dietary choline intake
To assess dietary choline intake, a rigorous methodology was employed involving two 24-hour dietary recall interviews, in accordance with the Food and Nutrient Database for Dietary Studies provided by the United States Department of Agriculture [17, 18]. Following the 24-hour dietary recall, 24-hour supplement usage was recorded. The actual dietary choline intake in this study was determined by taking the average of the two days’ total choline intake, which includes both dietary and supplementary intake.

Outcomes
The outcomes of this research included asthma, pulmonary inflammation and lung function. Asthma was diagnosed using a validated medical condition questionnaire during the personal interview. Participants who still had asthma during the interview were considered as asthma patients and those who did not have current asthma served as control subjects. For the assessment of pulmonary inflammation, the average of two reproducible fractional exhaled nitric oxide (FENO) measurements was computed. For the evaluation of lung function, pre-bronchodilator spirometry data were employed, encompassing forced expiratory volume in one second (FEV1), forced vital capacity (FVC), the FEV1/FVC ratio, peak expiratory flow rate (PEF), predicted FEV1%, and predicted FVC%. To ensure data accuracy, only spirometry data with quality grades A and B were considered during the testing process. Raw FEV1 and FVC values were transformed into predicted percentages using the Hankinson equation, based on age, gender, height, and race (White, Black or Mexican, Hispanic, or other).

Covariates
Covariates in this study included age, gender, race, marital status, education level, poverty/income ratio (PIR), obesity status, physical activity, blood cotinine(ng/mL), family history of asthma, female menopausal status, average intake of dietary folate equivalents [(DFEs), µg/d], vitamin B6 (mg/d) and vitamin B12 (µg/d), history of diabetes and hypertension.
Marital status was classified into three categories: married/living with a partner, widowed/divorced/separated, and never married. The educational level was categorized as below high school, high school, and above high school. For children aged 6–19 years, the educational level was defined as that of the family member who owns or rents the domicile. The PIR was divided into two groups of PIR < 1.3 and PIR ≥ 1.3, based on eligibility for benefits through the Supplemental Nutrition Assistance Program (SNAP) [19]. Participants were categorized as non-obese or obese according to their BMI. ln children, BMI < 85th percentile was non-obese and BMI ≥ 85th percentile was obese; ln adults, BMI < 25 kg/m2 was considered non-obese and ≥ 25 kg/m2 was considered obese. In the physical activity category, children and adults who followed the recommendations of the physical activity guidelines were considered active, while those failed to do so were considered inactive [20]. Menopause status was determined using a self-reported reproductive health questionnaire, adult females who had not menstruated in the last 12 months due to hysterectomy or menopause/life changes were classified as postmenopausal. The intake of DFE, vitamin B6, and vitamin B12 involved the mean from two 24-hour periods, encompassing both dietary and supplementary usages. The standards for defining diabetes and hypertension followed the guidelines of the American Diabetes Association Professional Practice Committee and 2018 ESC/ESH Guidelines [21, 22].

Statistical analysis
The continuous variables were presented as medians (interquartile ranges) and compared using the Mann-Whitney U test. The categorical variables were expressed as numbers (percentages), compared with the chi-square test. The data of dietary choline and pulmonary inflammation, and lung function were transformed into the natural logarithm to improve the skewed distribution. The natural logarithmic conversion of choline (named ln-choline) was divided into quartiles and we analyzed their associations with asthma through binary logistic regression. Additionally, for the linear regression analysis of the relationships between dietary choline and pulmonary inflammation and lung function, the quartiles of ln-choline were treated as continuous variables. Three types of models were constructed. In Model 1, no adjustment for any covariates. Model 2 adjusted for age, gender, and race. Model 3 adjusted for all covariates. To investigate the dose-response relationships between dietary choline intake, asthma, pulmonary inflammation, and lung function, restricted cubic spline models were employed. When non-linearity was detected, we employed piecewise regression models to ascertain both the threshold and saturation effects.
All of these analyses were performed by the statistical software SPSS (Version 24.0 for Windows; SPSS Inc.) and R program (Version 3.4.2), the p-value < 0.05 was considered of statistical significance.


Results
Baseline characteristics of the participants
The characteristics of the study population are depicted in Tables 1 and 2. Among the 7,104 children and 16,158 adults, 843 children and 1,455 adults had asthma. Compared to children without asthma, those with asthma were more likely to be non-Hispanic black, have a PIR < 1.3, obese, have higher blood cotinine and a family history of asthma, higher FENO, lower FEV1, FEV1/FVC, predicted FEV1%, and predicted FVC%. In adults, those with asthma were more likely to be female and non-Hispanic white or black, with a PIR < 1.3, obese and inactive in physical activity, have higher blood cotinine and a family history of asthma, higher FENO and lower lung function indicators.
Table 1Characteristics of NHANES participants by asthma status in children


	Characteristics
	Controls
	Asthma
	P-value

	n = 6261
	n = 843
	 
	Age (years)
	12.00 (9.00,16.00)
	12.00 (9.00,16.00)
	0.726

	Gender:
	 	 	0.108

	Male
	3146 (50.25)
	449 (53.26)
	 
	Female
	3115 (49.75)
	394 (46.74)
	 
	Race:
	 	 	< 0.001

	Mexican American
	1514 (24.18)
	127 (15.07)
	 
	Other Hispanic
	630 (10.06)
	86 (10.20)
	 
	Non-Hispanic white
	1849 (29.53)
	220 (26.10)
	 
	Non-Hispanic black
	1397 (22.31)
	308 (36.54)
	 
	Others
	871 (13.91)
	102 (12.10)
	 
	Education level:
	 	 	0.009

	Less than high school
	1632 (26.07)
	181 (21.47)
	 
	High school
	1746 (27.89)
	264 (31.32)
	 
	More than high school
	2883 (46.05)
	398 (47.21)
	 
	PIR:
	 	 	< 0.001

	< 1.3
	2715 (43.36)
	421 (49.94)
	 
	≥ 1.3
	3546 (56.64)
	422 (50.06)
	 
	Obesity status:
	 	 	< 0.001

	Non-obese
	5366 (85.71)
	672 (79.72)
	 
	Obese
	895 (14.29)
	171 (20.28)
	 
	Physical activity category:
	 	 	0.599

	inactive
	3077 (49.15)
	423 (50.18)
	 
	active
	3184 (50.85)
	420 (49.82)
	 
	Blood cotinine (ng/mL)
	0.03 (0.01,0.17)
	0.06 (0.01,0.43)
	< 0.001

	Family history of asthma:
	 	 	< 0.001

	No
	4515 (72.11)
	274 (32.50)
	 
	Yes
	1746 (27.89)
	569 (67.50)
	 
	DFEs (µg/d)
	513.50
(357.50,748.00)
	522.50
(364.75,803.00)
	0.150

	Vitamin B6 (mg/d)
	1.77 (1.26,2.50)
	1.82 (1.29,2.59)
	0.115

	Vitamin B12 (µg/d)
	5.54 (3.38,8.87)
	5.78 (3.20,9.51)
	0.439

	History of diabetes:
	 	 	0.985

	No
	6221 (99.36)
	837 (99.29)
	 
	Yes
	40 (0.64)
	6 (0.71)
	 
	History of hypertension:
	 	 	0.195

	No
	6193 (98.91)
	829 (98.34)
	 
	Yes
	68 (1.09)
	14 (1.66)
	 
	Choline (mg/d)
	240.10
(178.40,324.60)
	242.35
(175.80,323.21)
	0.694

	FENO (ppb)
	11.00 (7.00,17.50)
	15.00 (8.50,33.00)
	< 0.001

	FEV1 (mL)
	2582.00 (1785.00,3393.50)
	2494.00 (1734.00,3240.00)
	0.028

	FVC (mL)
	2969.00 (2090.75,3908.25)
	2983.00 (2087.00,3831.00)
	0.598

	FEV1/FVC
	0.87 (0.83,0.91)
	0.84 (0.79,0.88)
	< 0.001

	PEF (mL/s)
	5943.50
(4223.00,7719.50)
	5945.00
(4075.00,7628.00)
	0.299
	 
	Predicted FEV1%
	101.03
(91.92,109.86)
	95.58 (86.61,106.26)
	< 0.001
	 
	Predicted FVC%
	98.81 (89.48,107.75)
	94.59 (84.96,104.96)
	< 0.001
	 

Notes PIR: poverty/income ratio; DFEs: dietary folate equivalents; FENO: fractional exhaled nitric oxide; FEV1: forced expiratory volume in one second; FVC: forced vital capacity; PEF: peak expiratory flow rate



Table 2Characteristics of NHANES participants by asthma status in adults


	Characteristics
	Controls
n = 15,125
	Asthma
n = 1455
	P-value

	Age (years)
	48.00 (34.00,62.00)
	50.00 (35.00,62.00)
	0.259

	Gender:
	 	 	< 0.001

	Male
	7803 (51.59)
	492 (33.81)
	 
	Female
	7322 (48.41)
	963 (66.19)
	 
	Race:
	 	 	< 0.001

	Mexican American
	2232 (14.76)
	141 (9.69)
	 
	Other Hispanic
	1540 (10.18)
	127 (8.73)
	 
	Non-Hispanic white
	6241(41.26)
	672 (46.19)
	 
	Non-Hispanic black
	3150 (20.83)
	372 (25.57)
	 
	Others
	1962 (12.97)
	143 (9.83)
	 
	Marital status:
	 	 	< 0.001

	Married/Living with partner
	9326 (61.66)
	751 (51.62)
	 
	Widowed/Divorced/Separated
	2954 (19.53)
	390 (26.80)
	 
	Never married
	2845 (18.81)
	314 (21.58)
	 
	Education level:
	 	 	0.440

	Less than high school
	2973 (19.66)
	293 (20.14)
	 
	High school
	3385 (22.38)
	343 (23.57)
	 
	More than high school
	8767 (57.96)
	819 (56.29)
	 
	PIR:
	 	 	< 0.001

	< 1.3
	4534 (29.98)
	607 (41.72)
	 
	≥ 1.3
	10,591 (70.02)
	848 (58.28)
	 
	Obesity status:
	 	 	< 0.001

	Non-obese
	4280 (28.30)
	296 (20.34)
	 
	Obese
	10,845 (71.70)
	1159 (79.66)
	 
	Physical activity category:
	 	 	0.001

	inactive
	5720 (37.82)
	613 (42.13)
	 
	active
	9405 (62.18)
	842 (57.87)
	 
	Blood cotinine(ng/mL)
	0.04 (0.01,5.78)
	0.07 (0.01,98.70)
	< 0.001

	Family history of asthma:
	 	 	< 0.001

	No
	12,243 (80.95)
	764 (52.51)
	 
	Yes
	2882 (19.05)
	691 (47.49)
	 
	Menopausal status*
	 	 	0.004

	Premenopausal
	3602 (49.19)
	426 (44.24)
	 
	Postmenopausal
	3720 (50.81)
	537 (55.76)
	 
	DFE (µg/d)
	569.50
(369.50,951.50)
	538.50
(329.00,918.75)
	0.003

	Vitamin B6 (mg/d)
	2.26 (1.50,3.77)
	2.13 (1.33,3.64)
	0.001

	Vitamin B12 (µg/d)
	6.14 (3.18,13.59)
	6.11 (3.07,13.62)
	0.604

	History of diabetes:
	 	 	< 0.001

	No
	12,677 (83.81)
	1111 (76.36)
	 
	Yes
	2448 (16.19)
	344 (23.64)
	 
	History of hypertension:
	 	 	< 0.001

	No
	9046 (59.81)
	710 (48.80)
	 
	Yes
	6079 (40.19)
	745 (51.20)
	 
	Choline(mg/d)
	307.95
(223.15,418.25)
	277.15
(201.88,388.67)
	< 0.001

	FENO (ppb)
	13.00 (8.50,20.00)
	15.00 (8.50,24.50)
	0.002

	FEV1 (mL)
	3047.00 (2461.25,3716.00)
	2611.00 (2048.00,3240.50)
	< 0.001

	FVC (mL)
	3854.00 (3165.25,4707.50)
	3473.00 (2819.50,4238.50)
	< 0.001

	FEV1/FVC
	0.80 (0.74,0.84)
	0.76 (0.69,0.82)
	< 0.001

	PEF (mL/s)
	8064.50
(6641.50,9805.00)
	7025.00
(5583.50,8620.00)
	< 0.001

	Predicted FEV1%
	97.64 (88.15,106.97)
	89.01 (75.90,99.68)
	< 0.001

	Predicted FVC%
	98.83 (89.54,107.76)
	94.25 (84.41,104.83)
	< 0.001


Notes “*” means the descriptions of the menopausal status included only adult females (N = 8,285)
PIR: poverty/income ratio; DFEs: dietary folate equivalents; FENO: fractional exhaled nitric oxide; FEV1: forced expiratory volume in one second; FVC: forced vital capacity; PEF: peak expiratory flow rate




The associations between dietary choline and asthma in children and adults
The results of logistic regression were shown in Tables 3, 4, 5 for children, adult males, and adult females respectively. In children and adult males, we did not observe the association between dietary choline and asthma. In adult females, the negative relationship between dietary choline and asthma was observed in Model 1 and Model 2 but eliminated in Model 3. Adult females with ln-choline levels in the highest quartile had 25.2% (95%CI:9.4-38.3%) and 23.8% (95%CI:7.6-37.1%) decreased odds of asthma compared to those with the lowest quartile group in Model 1 and Model 2 respectively.
Table 3Logistic regression analysis of the association between dietary choline and asthma in children


	Ln-Choline (mg/d)
	Model 1
	Model 2
	Model 3

	OR (95% CI)
	P-value
	OR (95%CI)
	P-value
	OR (95%CI)
	P-value

	Quartile1
(3.41–5.18)
	1.0 (reference)
	1.0 (reference)
	1.0 (reference)

	Quartile2
(5.19–5.49)
	0.888
(0.723,1.090)
	0.255
	0.917
(0.745,1.128)
	0.413
	0.922
(0.742,1.144)
	0.460

	Quartile3
(5.50–5.79)
	1.047
(0.859,1.277)
	0.649
	1.078
(0.881,1.319)
	0.468
	1.109
(0.895,1.375)
	0.343

	Quartile4
(5.80–7.65)
	0.928
(0.756,1.138)
	0.471
	0.965
(0.781,1.192)
	0.739
	0.979
(0.778,1.230)
	0.853


Notes OR: odds ratio. Model 1: unadjusted; Model 2: adjusted for age, gender and race. Model 3: adjusted for age, gender, race, education level, PIR, obesity status, physical activity, blood cotinine, family history of asthma, folate DFE, vitamin B6, vitamin B12, history of diabetes and hypertension



Table 4Logistic regression analysis of the association between dietary choline and asthma in adult males


	Ln-Choline (mg/d)
	Model 1
	Model 2
	Model 3

	OR (95%CI)
	P-value
	OR (95%CI)
	P-value
	OR (95%CI)
	P-value

	Quartile1
(3.88–5.58)
	1.0 (reference)
	1.0 (reference)
	1.0 (reference)

	Quartile2
(5.59–5.89)
	0.793
(0.612,1.026)
	0.078
	0.798
(0.616,1.034)
	0.088
	0.862
(0.660,1.124)
	0.273

	Quartile3
(5.90–6.19)
	0.785
(0.606,1.016)
	0.066
	0.806
(0.622,1.045)
	0.104
	0.868
(0.665,1.133)
	0.297

	Quartile4
(6.19–7.70)
	0.999
(0.781,1.279)
	0.996
	1.042
(0.813,1.335)
	0.748
	1.114
(0.860,1.441)
	0.413


Notes OR: odds ratio. Model 1: unadjusted; Model 2: adjusted for age and race. Model 3: adjusted for age, race, marital status, education level, PIR, obesity status, physical activity, blood cotinine, family history of asthma, folate DFE, vitamin B6, vitamin B12, history of diabetes and hypertension



Table 5Logistic regression analysis of the association between dietary choline and asthma in adult females


	Ln-Choline (mg/d)
	Model 1
	Model 2
	Model 3

	OR (95%CI)
	P-value
	OR (95%CI)
	P-value
	OR (95%CI)
	P-value

	Quartile1
(3.12–5.26)
	1.0 (reference)
	1.0 (reference)
	1.0 (reference)

	Quartile2
(5.27–5.57)
	0.841
(0.699,1.012)
	0.067
	0.845
(0.702,1.018)
	0.076
	0.901
(0.743,1.094)
	0.292

	Quartile3
(5.58–5.85)
	0.851
(0.708,1.024)
	0.088
	0.857
(0.712,1.032)
	0.103
	0.942
(0.775,1.145)
	0.549

	Quartile4
(5.86–7.38)
	0.748
(0.617,0.906)
	0.003
	0.762
(0.629,0.924)
	0.006
	0.827
(0.676,1.013)
	0.067


Notes OR: odds ratio. Model 1: unadjusted; Model 2: adjusted for age and race. Model 3: adjusted for age, race, marital status, education level, PIR, obesity status, physical activity, blood cotinine, family history of asthma, menopausal status, folate DFE, vitamin B6, vitamin B12, history of diabetes and hypertension




The associations between dietary choline and pulmonary inflammation and lung function in children and adults
The results of linear regression were shown in Tables 6, 7 and 8 for children, adult males and adult females respectively. In all models of children, ln-choline was found to be significantly positively correlated with ln-FEV1 and ln-FVC. In Model 3, each quartile increment of ln-choline was associated with increased ln-FEV1 [β:0.011; 95%CI: (0.004,0.018)] and ln-FVC [β:0.009; 95%CI: (0.002,0.016)]. Similarly, the positive associations between dietary choline and FEV1 and FVC were presented in adult males. In Model 3, each quartile increment of ln-choline was positively associated with ln-FEV1[β:0.018; 95%CI: (0.011,0.024)], ln-FVC [β:0.020; 95%CI: (0.014,0.026)]. In addition, the associations between ln-choline and ln-PEF [β:0.014; 95%CI: (0.007,0.022)], ln-predicted FEV1% [β: 0.007; 95%CI: (0.001, 0.013)] and ln-predicted FVC% [β: 0.010; 95%CI: (0.005, 0.015)] were positive. We also observed the negative association between ln-choline and ln-FENO [β: -0.029; 95%CI: (-0.049, -0.009)]. In all models of adult females, the association between ln-choline and ln-FVC was positive while the relationship between ln-choline and ln-(FEV1/FVC) was negative.
Table 6Linear regression analysis of the association between dietary choline and pulmonary inflammation and lung function indicators in children


	Ln-Choline
(mg/d)
	Model 1
	Model 2
	Model 3

	β (95%CI)
	P-value
	β (95%CI)
	P-value
	β (95%CI)
	P-value

	Ln-FENO
	0.023
(-0.003,0.049)
	0.085
	0.003
(-0.023,0.029)
	0.835
	-0.010
(-0.037,0.016)
	0.446

	Ln-FEV1
	0.043
(0.029,0.056)
	< 0.001
	0.013
(0.006,0.020)
	< 0.001
	0.011
(0.004,0.018)
	0.002

	Ln-FVC
	0.043
(0.029,0.056)
	< 0.001
	0.010
(0.004,0.017)
	0.003
	0.009
(0.002,0.016)
	0.009

	Ln-(FEV1/
FVC)
	-0.0002
(-0.0028,0.0025)
	0.910
	0.0025
(-0.0002,0.0051)
	0.069
	0.002
(-0.001,0.005)
	0.125

	Ln-PEF
	0.037
(0.023,0.050)
	< 0.001
	0.011
(0.003,0.018)
	0.007
	0.00776
(-0.00007,0.01559)
	0.052

	Ln-Predicted
FEV1%
	0.004
(-0.001,0.008)
	0.102
	0.002
(-0.002,0.007)
	0.340
	0.002
(-0.003,0.007)
	0.423

	Ln-Predicted
FVC%
	-0.0003
(-0.0045,0.0040)
	0.897
	-0.001
(-0.006,0.003)
	0.515
	-0.001
(-0.006,0.003)
	0.542


Notes FENO: fractional exhaled nitric oxide; FEV1: forced expiratory volume in one second; FVC: forced vital capacity; PEF: peak expiratory flow rate. Model 1: unadjusted; Model 2: adjusted for age, gender and race; Model 3: adjusted for age, gender, race, education level, PIR, obesity status, physical activity, blood cotinine, family history of asthma, folate DFE, vitamin B6, vitamin B12, history of diabetes and hypertension



Table 7Linear regression analysis of the association between dietary choline and pulmonary inflammation and lung function indicators in adult males


	Ln-Choline
(mg/d)
	Model 1
	Model 2
	Model 3

	β (95%CI)
	P-value
	β (95%CI)
	P-value
	β (95%CI)
	P-value

	Ln-FENO
	-0.027
(-0.048, -0.006)
	0.012
	-0.023
(-0.044, -0.002)
	0.036
	-0.029
(-0.049, -0.009)
	0.005

	Ln-FEV1
	0.035
(0.027,0.044)
	< 0.001
	0.023
(0.017,0.029)
	< 0.001
	0.018
(0.011,0.024)
	< 0.001

	Ln-FVC
	0.035
(0.028,0.042)
	< 0.001
	0.025
(0.019,0.031)
	< 0.001
	0.020
(0.014,0.026)
	< 0.001

	Ln-(FEV1/
FVC)
	0.001
(-0.003,0.004)
	0.794
	-0.002
(-0.005,0.001)
	0.219
	-0.002
(-0.006,0.001)
	0.185

	Ln-PEF
	0.028
(0.020,0.036)
	< 0.001
	0.021
(0.014,0.029)
	< 0.001
	0.014
(0.007,0.022)
	< 0.001

	Ln-Predicted
FEV1%
	0.012
(0.006,0.018)
	< 0.001
	0.011
(0.005,0.016)
	< 0.001
	0.007
(0.001,0.013)
	0.014

	Ln-Predicted
FVC%
	0.014
(0.009,0.018)
	< 0.001
	0.013
(0.008,0.018)
	< 0.001
	0.010
(0.005,0.015)
	< 0.001


Notes FENO: fractional exhaled nitric oxide; FEV1: forced expiratory volume in one second; FVC: forced vital capacity; PEF: peak expiratory flow rate. Model 1: unadjusted; Model 2: adjusted for age and race. Model 3: adjusted for age, race, marital status, education level, PIR, obesity status, physical activity, blood cotinine, family history of asthma, folate DFE, vitamin B6, vitamin B12, history of diabetes and hypertension



Table 8Linear regression analysis of the association between dietary choline and pulmonary inflammation and lung function indicators in adult females


	Ln-Choline
(mg/d)
	Model 1
	Model 2
	Model 3

	β (95%CI)
	P-value
	β (95%CI)
	P-value
	β (95%CI)
	P-value

	Ln-FENO
	0.004
(-0.017,0.025)
	0.708
	0.0004
(-0.0199,0.0207)
	0.927
	-0.0191
(-0.0388,0.0005)
	0.056

	Ln-FEV1
	0.007
(-0.002,0.016)
	0.143
	0.011
(0.004,0.017)
	0.001
	0.005
(-0.002,0.011)
	0.156

	Ln-FVC
	0.013
(0.005,0.020)
	0.002
	0.015
(0.009,0.021)
	< 0.001
	0.010
(0.004,0.016)
	0.001

	Ln-(FEV1/
FVC)
	-0.006
(-0.009, -0.002)
	0.001
	-0.004
(-0.007, -0.001)
	0.009
	-0.005
(-0.008, -0.002)
	0.001

	Ln-PEF
	0.012
(0.004,0.021)
	0.005
	0.015
(0.007,0.023)
	< 0.001
	0.006
(-0.002,0.014)
	0.116

	Ln-Predicted
FEV1%
	-0.002
(-0.008,0.004)
	0.537
	-0.001
(-0.007,0.005)
	0.711
	-0.005
(-0.011,0.001)
	0.077

	Ln-Predicted
FVC%
	0.002
(-0.003,0.007)
	0.426
	0.003
(-0.002,0.008)
	0.294
	-0.0004
(-0.0053,0.0046)
	0.885


Notes FENO: fractional exhaled nitric oxide; FEV1: forced expiratory volume in one second; FVC: forced vital capacity; PEF: peak expiratory flow rate. Model 1: unadjusted; Model 2: adjusted for age and race. Model 3: adjusted for age, race, marital status, education level, PIR, obesity status, physical activity, blood cotinine, family history of asthma, menopausal status, folate DFE, vitamin B6, vitamin B12, history of diabetes and hypertension




Dose-response relationship
Based on model 3, restricted cubic spline models were constructed to explore the dose-response relationships between dietary choline and asthma, pulmonary inflammation, and lung function. RCSs demonstrated non-linear relationships between ln-choline and ln-FENO, ln-FEV1, ln-FVC, ln-PEF, ln-predicted FEV1%, and ln-predicted FVC% in adult males (Fig. 2). A non-linear association between ln-choline and ln-(FEV1/FVC) in adult females was also observed (Fig. 3). Among children, no non-linear association was found (Fig. 4).
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Fig. 2The dose-response relationship between dietary choline intake and asthma, pulmonary inflammation and lung function indicators in adult males. The red line represented the estimated β or OR and the red shading around it represented its 95% confidence intervals. OR: odds ratio; FENO: fractional exhaled nitric oxide; FEV1: forced expiratory volume in one second; FVC: forced vital capacity; PEF: peak expiratory flow rate. (A)The relationship between ln-choline and asthma in adult males. (B) The relationship between ln-choline and ln-FENO in adult males. (C) The relationship between ln-choline and ln-FEV1 in adult males. (D) The relationship between ln-choline and ln-FVC in adult males. (E) The relationship between ln-choline and ln-(FEV1/FVC) in adult males. (F) The relationship between ln-choline and ln-PEF in adult males. (G) The relationship between ln-choline and ln-predicted FEV1% in adult males. (H) The relationship between ln-choline and ln-predicted FVC% in adult males. Adjusted for age, race, marital status, education level, PIR, obesity status, physical activity, blood cotinine, family history of asthma, folate DFE, vitamin B6, vitamin B12, history of diabetes and hypertension
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Fig. 3The dose-response relationship between dietary choline intake and asthma, pulmonary inflammation and lung function indicators in adult females. The red line represented the estimated β or OR and the red shading around it represented its 95% confidence intervals. OR: odds ratio; FENO: fractional exhaled nitric oxide; FEV1: forced expiratory volume in one second; FVC: forced vital capacity; PEF: peak expiratory flow rate. (A)The relationship between ln-choline and asthma in adult females. (B) The relationship between ln-choline and ln-FENO in adult females. (C) The relationship between ln-choline and ln-FEV1 in adult females. (D) The relationship between ln-choline and ln-FVC in adult females. (E) The relationship between ln-choline and ln-(FEV1/FVC) in adult females. (F) The relationship between ln-choline and ln-PEF in adult females. (G) The relationship between ln-choline and ln-predicted FEV1% in adult females. (H) The relationship between ln-choline and ln-predicted FVC% in adult females. Adjusted for age, race, marital status, education level, PIR, obesity status, physical activity, blood cotinine, family history of asthma, menopausal status, folate DFE, vitamin B6, vitamin B12, history of diabetes and hypertension
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Fig. 4The dose-response relationship between dietary choline intake and asthma, pulmonary inflammation and lung function indicators in children. The red line represented the estimated β or OR and the red shading around it represented its 95% confidence intervals. OR: odds ratio; FENO: fractional exhaled nitric oxide; FEV1: forced expiratory volume in one second; FVC: forced vital capacity; PEF: peak expiratory flow rate. (A)The relationship between ln-choline and asthma in children. (B) The relationship between ln-choline and ln-FENO in children. (C) The relationship between ln-choline and ln-FEV1 in children. (D) The relationship between ln-choline and ln-FVC in children. (E) The relationship between ln-choline and ln-(FEV1/FVC) in children. (F) The relationship between ln-choline and ln-PEF in children. (G) The relationship between ln-choline and ln-predicted FEV1% in children. (H) The relationship between ln-choline and ln-predicted FVC% in children. Adjusted for age, gender, race, education level, PIR, obesity status, physical activity, blood cotinine, family history of asthma, folate DFE, vitamin B6, vitamin B12, history of diabetes and hypertension


In adult males, the relationship between ln-choline and ln-FENO showed an inverted U-shaped curve, with 5.63 mg/d as the turning point (Table 9). When ln-choline was < 5.63 mg/d, the association was not significant, and a negative association was observed after ln-choline reached 5.63 mg/d [β: -0.161; 95%CI: (-0.247, -0.075)]. The association between ln-choline and ln-FVC showed a S-shaped curve with two turning points at 5.38 mg/d and 6.32 mg/d. When the ln-choline was < 5.38 mg/d, the association was insignificant. A threshold effect was observed beyond 5.38 mg/d, which was positively associated with ln-FVC [β:0.079; 95%CI: (0.051,0.106)]. After reaching 6.32 mg/d, the β value had a significant decline and became insignificant [β:0.024; 95%CI: (-0.060,0.107)]. The associations between ln-choline and ln-FEV1, ln- PEF, ln-predicted FEV1%, and ln-predicted FVC% in adult males showed similar S-shaped curve (Table 9). The turning points of the association between ln-choline and ln-(FEV1/FVC) in adult females were 5.18 mg/d and 5.96 mg/d. When ln-choline was between 5.18 mg/d and 5.96 mg/d (Table 10), ln-PEF decreased with the increment in ln-choline [ β: -0.011; 95%CI: (-0.019, -0.003)].
Table 9The threshold and saturation effects of ln-choline on pulmonary inflammation and lung function indicators in adult males


	Ln-choline
	β (95%CI)
	P-value

	Ln-FENO
	 	 
	< 5.63
	0.050(-0.119,0.220)
	0.559

	> 5.63
	-0.161(-0.247, -0.075)
	< 0.001

	Ln-FEV1
	 	 
	< 5.48
	-0.118(-0.195, -0.042)
	0.003

	5.48–6.27
	0.067(0.029,0.105)
	0.001

	> 6.27
	0.007(-0.074,0.088)
	0.868

	Ln-FVC
	 	 
	< 5.38
	-0.075(-0.162,0.012)
	0.092

	5.38–6.32
	0.079(0.051,0.106)
	< 0.001

	> 6.32
	0.024(-0.060,0.107)
	0.578

	Ln-PEF
	 	 
	< 5.40
	-0.066(-0.170,0.038)
	0.211

	5.40–6.17
	0.069(0.023,0.115)
	0.003

	> 6.17
	-0.065(-0.139,0.010)
	0.088

	Ln-Predicted FEV1%
	 	 
	< 5.55
	-0.085(-0.146, -0.025)
	0.006

	5.55–6.23
	0.025(-0.017,0.066)
	0.244

	> 6.23
	0.015(-0.052,0.082)
	0.656

	Ln-Predicted FVC%
	 	 
	< 5.41
	-0.033(-0.099,0.034)
	0.336

	5.41–6.27
	0.046(0.020,0.072)
	0.001

	> 6.27
	0.011(-0.050,0.073)
	0.716


Notes FENO: fractional exhaled nitric oxide; FEV1: forced expiratory volume in one second; FVC: forced vital capacity; PEF: peak expiratory flow rate



Table 10The threshold and saturation effect of ln-choline on ln-(FEV1/FVC) in adult females


	Ln-choline
	β (95%CI)
	P-value

	Ln-(FEV1/FVC)
	 	 
	< 5.18
	0.018(-0.013,0.049)
	0.264

	5.18–5.96
	-0.011(-0.019, -0.003)
	0.008

	> 5.96
	-0.004(-0.062,0.054)
	0.888


Notes FEV1: forced expiratory volume in one second; FVC: forced vital capacity





Discussion
As far as we know, there are few epidemiological studies examining the associations between dietary choline and asthma and pulmonary inflammation and lung function. Our results indicated positive associations between dietary choline intake and lung function indicators, such as FEV1 and FVC in children and adults. Additionally, a negative relationship was observed between dietary choline and pulmonary inflammation in adult males.
The restricted cubic spline analysis revealed a S-shaped curve of the association between ln-choline and ln-FVC in adult males, ln-FVC increased with the increment in ln-choline when ln-choline between 5.38 mg/d and 6.32 mg/d (equivalent to 217.02-555.57 mg/d of choline). Similarly, threshold and saturation effects were observed in the associations between ln-choline and ln-FENO, ln-FEV1, ln-(FEV1/FVC), ln-PEF, ln-predicted FEV1% and ln-predicted FVC% in adults. Moreover, according to the National Academies of Medicine, the recommended adequate intake (AI) of choline varies across different age groups [23]. It is advised to aim for 250 mg/d for children aged 4–8 years, 375 mg/d for those aged 9–13 years, 550 mg/d for boys aged 14–18 years and 400 mg/d for girls. In adults, the recommended AI stands at 550 mg/d for men and 425 mg/d for women. In our study, the actual dietary choline intake was below these established recommendations. Consequently, it is critical for children and adults to increase dietary choline intake, which may be associated with a reduced risk of asthma, lower levels of pulmonary inflammation, and improved lung function.
The results of several studies are similar to our study. A study involving 76 adults demonstrated that choline therapy could alleviate airway inflammation and improve lung function [15]. Another case-control study with 23 asthma adults found that the participants receiving choline treatment experienced improvements in lung function and reductions in airway responsiveness [24]. Additionally, a case-control study in the United States involving 1,345 preschoolers aged 2–5 years showed no significant correlation between dietary choline and childhood asthma [25].
Asthma is mediated by chronic airway inflammation and oxidative stress. Reactive oxygen species (ROS) released from inflammatory cells are a central factor in oxidative stress [26, 27]. Dietary choline supplementation may reduce ROS production and decrease the eosinophilic infiltration and reactive oxidant species [28]. Regrettably, the protective effect of dietary choline against asthma was observed only in unadjusted and partially adjusted models. However, we observed that dietary choline could relieve pulmonary inflammation and improve lung function. Choline is involved in the synthesis of the acetylcholine and the phosphatidylcholine. Phosphatidylcholine is crucial for maintaining homeostasis of active substance in the lungs and improving lung function [6, 29, 30]. A choline-deficiency diet can limit the mRNA expression of key genes encoding extracellular matrix, such as col1a1, col3a1, and elastin, which in turn affects extracellular matrix homeostasis and the regulation of lung function [31].
Our study has several strengths compared to previous studies. Firstly, a large and nationally representative sample was used, including individuals aged 6–79 years. Secondly, we employed the restricted cubic spline models to further explore the dose-response relationship. Finally, we observed the threshold and saturation effects in the models, providing the effective range of dietary choline. Nevertheless, there are still some limitations in this research. Due to the nature of the cross-sectional study, we can’t conclude the causal relationships between dietary choline and asthma and pulmonary inflammation and lung function. Additionally, we used data from interviews such as self-reported dietary intake, which may be biased by recalling and reporting. Finally, although numerous confounding variables had been adjusted in our research, there are still potential confounding variables that we hadn’t taken into account.

Conclusion
In conclusion, higher intake of dietary choline was associated with better lung function indicators such as FEV1 and FVC in children and adults. Only in adults, choline demonstrated protective effects on pulmonary inflammation. Choline can be a potential dietary strategy for preventing asthma, alleviating pulmonary inflammation and improving lung function, further mechanism and prospective studies are needed to confirm our results.
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