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Background: The existing evidence regarding the protective effect of polyunsaturated fatty acids (PUFAs) on pulmonary function remains a subject of considerable controversy. Based on this, we further investigated the correlation of PUFAs intake in diet with pulmonary function in healthy American children.

Methods: A cross-sectional survey was conducted using the National Health and Nutrition Examination Survey (NHANES) database of children aged 6–17 in the United States from 2007 to 2012. The correlation of PUFAs intake in diet with pulmonary function was investigated through weighted multivariate linear regression and restricted cubic spline (RCS) curve visualization analysis. Subgroup analysis was carried out to further investigate the robustness of the results and potential interactions in terms of gender, race, age of child, age of mother at birth, and poverty-income ratio (PIR).

Results: Altogether 2,508 participants were enrolled in this research. After adjusting for confounders, PUFAs intake was positively correlated with forced expiratory volume in 1 s (FEV1) (β = 7.525; 95%CI: 2.935–12.12; p = 0.002) and FVC (β = 9.138; 95%CI: 4.389, 13.89; P < 0.001). The modeling of PUFAs subtypes revealed that FEV1 and FVC increased with increasing intake of omega-3 and omega-6 (p < 0.01). The RCS results showed a non-linear relationship (p < 0.001) of PUFAs and omega-6 with FEV1 and FVC. A subgroup analysis in this research revealed an interaction of PUFAs intake with the gender of children, with PUFAs having a better protective effect on pulmonary function in males than in females (FEV1: p = 0.017; FVC: p = 0.022).

Conclusion: The total intake of PUFAs in the diet was positively correlated with pulmonary function in children in the United States, and this correlation was more significant in the male population. The results of this study further confirmed that dietary supplementation of PUFAs was beneficial for improving pulmonary function in children.
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1 Introduction

With the increasing severity of air pollution, respiratory health has gradually becoming a research hotspot. Pulmonary function is an important indicator to assess the health of the respiratory system, and also a predictive index for the incidence and mortality of cardiopulmonary diseases, especially in children (1). The growth and development of lungs during childhood plays a vital role in determining pulmonary function during adulthood (2). Increasing evidence has suggested that pulmonary dysfunction formed in childhood may persist into adulthood (1, 3), and early life pulmonary dysfunction is correlated with premature onset of chronic obstructive pulmonary disease (COPD) and other chronic diseases in adulthood (4, 5). Furthermore, pulmonary dysfunction is also an important cause of childhood mortality, and low level of FEV1 is a sign of premature death in children from all causes (6).

Children’s pulmonary function development is influenced by multiple factors, including their living environment, lifestyle, and genetics (7). Dietary factor, as an important factor in lifestyle, can regulate the impact of adverse environmental exposure or genetic susceptibility on the lungs, playing an important role in pulmonary function protection and respiratory health (8). Polyunsaturated fatty acids (PUFAs) are fatty acids that contain two or more double bonds and can be further classified into two groups, omega-3 and omega-6. Most of them cannot be synthesized in the body and must be obtained from the diet. They are essential fatty acids that are crucial for maintaining normal physiological functions (9, 10).

Omega-3 polyunsaturated fatty acids (PUFAs) include α-linolenic acid (ALA) and its long-chain derivatives stearidonic acid (SDA), eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA) (11). Based on previous research findings, omega-3 has anti-inflammatory properties that can regulate human immune function to reduce inflammation and improve pulmonary function (12–16). In addition, it can also reduce lung damage caused by air pollution (17, 18). However, there is still significant controversy regarding the effectiveness of omega-3 fatty acids in improving pulmonary function, with some studies yielding contradictory results, which suggests no correlation between pulmonary function and the intake of omega-3 fatty acid (19–25). The differences in research findings have led to significant uncertainty in the correlation between the intake of omega-3 and pulmonary function. In addition, existing studies on the correlation between the intake of omega-3 and pulmonary function mainly focus on adults, which leads to greater uncertainty in the correlation between the intake of omega-3 fatty acid and pulmonary function in children compared to adults.

Omega-6 fatty acids include linoleic acid (LA), gamma linolenic acid (GLA), conjugated linoleic acid (CLA), and arachidonic acid (AA) (26). Unlike the pro-inflammatory properties of omega-3, excessive intake of omega-6 fatty acids may lead to an increased inflammatory response, while appropriate intake of omega-6 fatty acids is necessary for maintaining physical health (26). Omega-6 fatty acids are one of the sources of bioactive molecules in the lungs, providing a biological basis for respiration (27). Although these correlations have been observed, no studies directly exploring the impact of omega-6 on pulmonary function have been conducted.

Given the controversy and uncertainty regarding the relationship between dietary intake of PUFAs and pulmonary function in children, we have evaluated the association between dietary intake of PUFAs and pulmonary function in a sample of American children aged 6–17 years by integrating the NHANES database from 2007 to 2012 from three aspects: PUFAs, omega-3, and omega-6.



2 Methods


2.1 Study population

A complex stratified, multistage sampling strategy was applied in NHANES database, which is a population-based nationwide cross-sectional survey. The main target population was non-institutional civilians living in the United States, who underwent laboratory evaluations related to nutrition and health, physical examinations, and questionnaire surveys. The Ethics Review Committee of the National Center for Health Statistics approved actions in NHANES, and each participant provided written informed consent.

The data from NHANES database from 2007 to 2012 were included in this study, and only participants aged 6 and above underwent lung capacity testing. Therefore, children aged 6–17 years were included in this study, with exclusion criteria including children beyond the age range, articles with missing data, and data with quality levels of C, D, and F.



2.2 Evaluation of PUFAs intake in diet

PUFAs intake data was based on NHANES dietary questionnaire. The total PUFAs intake in diet was evaluated through two 24-h dietary recall interviews. The intake of PUFAs was represented by the average of two interviews. The first interview was performed face-to-face at a mobile examination center (MEC), and the second interview was carried out through follow-up calls approximately 3–10 days later. A detailed description of the interview procedure could be found in the Diet Interview Section on the website of NHANES1. In this study, PUFAs included omega-3 PUFAs and omega-6 PUFAs. Among them, omega-3 PUFAs included α-linolenic acid (gm, ALA), stearidonic acid (gm, SDA), eicosapentaenoic acid (gm, EPA), docosapentaenoic acid (gm, DPA), docosahexaenoic acid (gm, DHA). Omega−6 PUFAs included linoleic acid (gm, LA) and arachidonic acid (gm, AA).



2.3 Measurement of pulmonary function outcome

Participants aged 6–17 years underwent spirometry, but those who had chest pain, difficulty breathing, were currently undergoing thoracic, abdominal, or eye surgery, have recently suffered a stroke or heart attack, had a history of tuberculosis or hemoptysis were not tested. The predicted lung function (FEV1, FVC) was tested based on the NHANES III equation (28). To ensure the accuracy of the data, only pulmonary function test data with quality levels A (exceeding the Data Collection Standards of the American Thoracic Society) and B (complying with the Data Collection Standards of the American Thoracic Society) were adopted.



2.4 Covariates

Based on previous research, the following potential confounders that may affect children’s pulmonary function outcomes were selected (29–36). Categorical variables included gender, race, family income to poverty ratio, and whether the mother smoked during pregnancy. Continuous variables included age, serum cotinine, body Mass Index (BMI), age of mother at birth, child’s birth weight. Race was classified as Mexican American, non-Hispanic White, non-Hispanic Black, and other races. PIR standard involved low-income (PIR less than or equal to 1.3), middle-income (PIR more than 1.31 and less than or equal to 3.5), and high-income (PIR more than 3.5), whether the mother smoked during pregnancy (yes or no).



2.5 Statistical analysis

Continuous variables conforming to a normal distribution were represented as mean ± standard deviation (SD), while variables with a skewed distribution were represented as median and interquartile range (IQR). Categorical variables were presented as frequencies and percentages. One-way ANOVA, Kruskal–Wallis test, and Chi-square test were adopted to compare between-group differences in continuous and categorical variables. Furthermore, three weighted linear regression models were constructed to explore the correlation of PUFAs and its subtypes omega-3 and omega-6 with pediatric pulmonary function in multivariate regression analysis. Model 1 was not adjusted, Model 2 was adjusted based on gender, age, race and BMI. Model 3 was adjusted for PIR, cotinine, whether the mother smoked during pregnancy, age of mother at birth, child’s birth weight based on Model 2. Finally, the non-linear correlation of dietary PUFAs, omega-3, and omega-6 exposure with pulmonary function was estimated using the RCS. The interaction of PUFAs, omega-3, and omega-6 in diet with stratified covariates was explored using a likelihood ratio test. Meanwhile, subgroup analysis was carried out to estimate whether gender, race, PIR, and BMI altered the impact of omega-3 on pulmonary function in children. R software (version 4.1.2) was adopted to perform statistical analyses. Differences achieving p < 0.05 were considered statistically significant.




3 Results


3.1 Baseline characteristics of participants

After excluding individuals with age not meeting the requirements (n = 23,651), missing data (n = 3,548), and baseline FVC quality attributes classified as C, D, and F (n = 735), a total of 2,508 subjects were included (Figure 1). According to the tertiles of total PUFAs intake, the children subjects were divided into three groups, Q1, Q2, and Q3 to describe the baseline characteristics, with a total of 894 individuals in Q1, 816 in Q2, and 798 in Q3. Among the 2,508 participants, 49% were male, the majority of mothers did not smoke during pregnancy (88%), and 60% of the participants had children aged ≤11 years. The low-income group accounted for 42%, and the high-income group accounted for 22%. The total FEV1 and FVC of the subjects were 2,367 (1,789, 3,064; p = 0.057) and 2,786 (2,092, 3,518; p = 0.032), respectively. The grouping results based on tertiles showed that the FVC value of the Q3 group was significantly higher than that of the Q1 and Q2 groups (p < 0.05) (Table 1).
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FIGURE 1
 Flowchart for data screening.




TABLE 1 Characteristics of participants included in the study from NHANES 2007–2012.
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3.2 Association of PUFAs dietary intake with pulmonary function

Weighted linear regression and RCS were applied to determine the correlation of dietary PUFAs with pulmonary function in children. When the outcome was FEV1, Model 1 was not adjusted for confounders, and PUFAs was positively correlated with pulmonary function in children (β = 12.57; 95%CI: 3.919–21.23; p = 0.005). After modifying potential confounders gender, age, race and BMI in Model 2, dietary PUFAs intake still showed a positive correlation with pulmonary function in children (β = 7.436; 95%CI: 2.827–12.05; p = 0.002). Based on Model 2, Model 3 was adjusted for PIR, cotinine, whether the mother smoked during pregnancy, age of mother at birth, child’s birth weight, and it was found that dietary PUFAs was positively correlated with pulmonary function in children (β = 7.525; 95%CI: 2.935–12.12; p = 0.002). When the outcome was FVC, Model 1 was not adjusted for confounders, and total PUFAs intake was positively correlated with pulmonary function in children (β = 15.88; 95%CI: 6.089, 25.66; p = 0.002). After modifying potential confounders in Model 2 (β = 9.09; 95%CI: 4.321, 13.86; P < 0.001) and Model 3 (β = 9.138; 95%CI: 4.389, 13.89; P < 0.001), PUFAs intake in diet showed a correlation with pulmonary function in children (Table 2). In addition, we further adopted RCS to analyze the linear correlation of PUFAs intake in diet with pulmonary function in children. The results showed that after adjusting for all confounders, there was a non-linear correlation of PUFAs intake in diet with pulmonary function in children (p < 0.001) (Figure 2).



TABLE 2 Relationship between polyunsaturated fatty acids (PUFAs) and pulmonary function.
[image: Table2]
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FIGURE 2
 Restricted cubic spline (RCS) analysis showed a non-linear correlation of dietary PUFAs intake with forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC). FEV1 and FVC increased with increasing PUFA intake. (A) FEV1, (B) FVC.




3.3 The correlation of omega-3 and omega-6 with pulmonary function

Furthermore, weighted linear regression and RCS were applied to explore the relationship of omega-3 and omega-6 in PUFAs with children’s pulmonary function. The linear regression results showed that after adjusting for all confounders, when the result showed FVC, it increased with the increase of total omega-3 PUFAs (β = 95.61; 95%CI: 39.18, 152.0; p = 0.002) and total omega-6 PUFAs (β = 9.736; 95%CI: 4.588, 14.88; p < 0.001) intake. When the result showed FEV1, it increased with the increase of total omega-3 PUFAs (β = 80.58; 95%CI: 28.39, 132.8; p = 0.003) and total omega-6 PUFAs (β = 7.997; 95%CI: 2.998, 12.99; p = 0.003) intake. In addition, it was found that the correlation of omega-3 and omega-6 intake with FVC and FEV1 also existed in linear regression models 1 and 2 (p < 0.01) (Table 2). We further used RCS analysis to investigate the linear correlation of the intake of omega-3 and omega-6 in children’s diets with pulmonary function (Figure 3). The results showed that after adjusting for all confounders, a non-linear correlation (p < 0.05) was observed between omega-6 intake and children’s pulmonary function, as shown in Figure 3.

[image: Figure 3]

FIGURE 3
 (A,B) Restricted cubic spline (RCS) analysis showed a linear relationship of dietary omega-3 intake with forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC). FEV1 and FVC increased with increasing omega-3 intake. (C,D) RCS analysis showed a non-linear correlation between dietary omega-6 intake and FEV1, FVC, with FEV1 and FVC increasing as omega-6 intake increases.




3.4 Subgroup analysis of the correlation of PUFAs intake with pulmonary function

Subgroup analysis was carried out based on gender, race, PIR, age of child, and age of mother at birth to estimate the correlation of PUFAs in diet and pulmonary function in children. Subgroup analysis indicated that dietary PUFAs intake showed an interaction in gender factor (p < 0.05) (Figure 4). When the outcome was FEV1, the impact of dietary PUFAs intake on pulmonary function was more significant in males than in females (β = 10.190; 95%CI: 3.815–16.650) vs. (β = 2.248; 95%CI: −3.187–7.682) (p = 0.022). The FVC results showed the same trend with FEV1, with PUFAs having a more significant impact on pulmonary function in males (β = 12.510; 95%CI: 5.374–19.650) vs. (β = 2.532; 95%CI: −3.193–8.257) (p = 0.017). No interaction was found in other subgroup variables.
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FIGURE 4
 Subgroup analysis of the effect of total PUFAs on forced vital capacity (FVC) and forced expiratory volume in 1 s (FEV1) showed gender differences in the impact of total PUFA intake on pulmonary function, with a more significant impact on pulmonary function in males than in females.




3.5 Subgroup analysis of the correlation of omega-3 and omega-6 intake with pulmonary function

We further conducted subgroup analysis on the correlation of omega-3 and omega-6 with pulmonary function in children in terms of variables such as gender, race, PIR, age of child, and age of mother at birth (Figure 5). Consistent results with subgroup analysis of total PUFAs were obtained in omega-6, indicating that dietary intake of omega-6 had a more significant impact on pulmonary function in males than in females [FVC: (β = 13.440; 95%CI: 5.810–20.940) vs. (β = 2.578; 95%CI: −3.741-8.898) (p = 0.014); FEV1: (β = 11.010; 95%CI: 4.186–17.840) vs. (β = 2.143; 95%CI: −3.906–8.193) (p = 0.018)].

[image: Figure 5]

FIGURE 5
 The forest plot of subgroup analysis of forced vital capacity (FVC) and forced expiratory volume in 1 s (FEV1) with omega-6 showed gender differences in the impact of omega-6 on pulmonary function in children in the United States, with a more significant impact on pulmonary function in males than in females. No subgroup differences were found in the subgroup analysis of omega-3. (A) Omega-6; (B) omega-3.





4 Discussion

Our research findings indicate a positive association of the total dietary intake of PUFAs with the pulmonary function of children in the United States. This association was also observed in the subtypes omega-3 and omega-6. In addition, it was also found a gender difference in this correlation, with a more significant correlation in males than in females. To our knowledge, this is the first study to explore the correlation between the intake of PUFAs and pulmonary function in a large and complex cohort of children in the United States.

The correlation of PUFAs with pulmonary function has become a research hotspot in recent years. Previous studies on this correlation mainly focused on the effects of polyunsaturated fatty acid intake on pulmonary diseases, and the research population was mostly adults, with few studies conducted on children. Research on pulmonary diseases mainly involved the relationship of omega-3 with pulmonary inflammation, cancer, and lung infections. Research on the relationship between PUFAs and pulmonary inflammation has found that omega-3 fatty acids can alleviate pulmonary inflammation by inhibiting the release of inflammatory mediators. The specific mechanism involves regulating the expression of cytokines, chemokines, and other inflammatory mediators (37–40). In terms of cancer, recent epidemiological studies have found that high intake of omega-3 fatty acids is associated with a reduced risk of lung cancer, but the specific mechanism still needs further exploration (41–43). In terms of pulmonary infections, some clinical and animal studies have shown that a diet rich in omega-3 fatty acids may enhance the body’s immune function to prevent respiratory infections (27, 44–46). Compared to omega-3, the research on the relationship between omega-6 and pulmonary function is limited and highly controversial. Although omega-6 PUFAs theoretically have pro-inflammatory and pro-thrombotic properties, there is currently no quality data in human studies to support this pro-inflammatory effect, and existing research is highly controversial (14, 47–49). In this context, we selected children in the United States and explored the impact on pulmonary function from three aspects: total PUFAs and their subtypes omega-3 and omega-6.

Our research findings revealed a positive association between the total dietary intake of PUFAs and the pulmonary function of children in the United States. This positive association was also observed in the subtypes omega-3 and omega-6. A non-linear correlation was observed between Omega-6 and pediatric lung function. At low levels of intake, omega-6 did not exhibit a notable impact on enhancing lung function in children. Nevertheless, upon reaching a specific intake threshold, further increases in omega-6 intake were associated with significant improvements in lung function. Although we also assessed the association between PUFA intake and the FEV1/FVC ratio (FEV1%), no significant findings were observed. Thus, we focused on FEV1 and FVC and observed consistent associations, and it was concluded that the two indicators are both well-established measures of lung function. The regulatory mechanisms of the beneficial effects of PUFAs on pulmonary function in previous studies mainly involve the anti-inflammatory and immune regulatory effects of omega-3, as well as the interaction of omega-3 with omega-6. The immunomodulatory effects mainly include the ability of omega-3 to regulate the expression of cytokine genes, modify the membrane fatty acid and phospholipid composition, and displace arachidonic acid (AA, omega-6) in cell membrane phospholipids, thereby reducing inflammation and regulating immune function (13, 50–52). Current research on the interaction between omega-3 and omega-6 suggests that when omega-3 and omega-6 compete for the same metabolic pathway, omega-3 can reduce the production of inflammatory mediators derived from omega-6 (53–55). The impact of omega-6 fatty acids on pediatric pulmonary function is a subject of ongoing debate. For instance, Brigham et al. (27) suggested that the association between omega-6 consumption and asthma symptoms in pediatric populations may be modulated by environmental exposures, specifically air pollution, implying that the observed effects are not exclusively mediated by pro-inflammatory pathways. Additionally, research has indicated that the anti-inflammatory properties of omega-6 are conditional. Under balanced omega-6 to omega-3 ratios, lipid mediators derived from omega-6, such as lipoxins, may exert anti-inflammatory effects by modulating pathways involved in the resolution of inflammation (56). Our findings indicated a positive correlation between omega-6 and pulmonary function in children, potentially reflecting the biological effects of such a balanced state rather than traditionally understood pro-inflammatory pathways. Moreover, our research found a gender difference in the positive relationship between total PUFAs and pulmonary function, which is more significant in males than in females. This finding is consistent with Patchen et al.’s (57) in adult studies. Although studies have reported variations in PUFA metabolism related to sex, race, and ethnicity, McNamara et al. (58) found a sex-related difference in docosahexaenoic acid (DHA) composition in rats, with females exhibiting higher levels than males. Alpha-linolenic acid (ALA) is crucial for maintaining DHA levels in rats, and males are more sensitive to ALA deficiency (58). Ghasemifard et al. (59) reported that sex plays a crucial role in the absorption of fatty acids. Female rats exhibited markedly higher levels of fatty acid absorption than male rats. However, future research still needs to explore the mechanisms of its environment-dependent effects (60).

Overall, the beneficial effects of PUFAs, especially omega-6, on pulmonary function have been highly controversial and uncertain in previous studies, and there is a lack of research on children. This study explored the impact of polyunsaturated fatty acid intake on pulmonary function in a large scale population of children in the United States, providing strong evidence for the future application of PUFAs in the protection of pulmonary function and the prevention of respiratory diseases.


4.1 Limitations

There are some limitations in this study. Firstly, the participants of this study are children from the United States, and further confirmation is needed in the future to determine whether the results can be applied to other ethnic groups in other countries. Secondly, the intake of PUFAs in a 24-h diet was determined through recall interviews, which may lead to information bias and measurement errors. Future studies should consider employing more reliable methods such as food diaries or biomarkers. Finally, although efforts were made to adjust for the influencing factors during data analysis, confounding effects of excluded or unknown factors on study findings could not be ruled out.




5 Conclusion

The results have shown a positive correlation of the total intake of PUFAs, omega-3 and omega-6, in the diet with pulmonary function in children in the United States, with more obvious correlation found in males. In the future, it is necessary to conduct research on the specific regulatory mechanisms of gender dependence. The study results provide favorable evidence for the protective effect of PUFAs on pulmonary function, and attention should be paid to the intake of PUFAs in children’s daily diet, so as to improve pulmonary function and avoid the occurrence of chronic lung diseases.
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Footnotes
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Model 1: unadjusted.
Model 2: adjusted for Gender, Age, BMI, Race.
Model 3: adjusted for gender, age, BMI, race, PIR, cotinine, whether the mother smoked during pregnancy, age of mother at birth, and childs birth weight
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