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Objective: This study aimed to evaluate the relationship between daily dietary intake of fiber (DDIF) and short sleep duration (SSD) in the presence of di(2-ethylhexyl) phthalate.

Methods: Data of 13,634 participants in this study were collected from the National Health and Nutrition Examination Survey (NHANES). The sum of urinary mono-2-ethyl-5-carboxypentyl phthalate, mono-(2-ethyl-5-hydroxyhexyl) phthalate, mono-(2-ethyl)-hexyl phthalate, and mono-(2-ethyl-5-oxohexyl) phthalate was used to evaluate the level of di(2-ethylhexyl) phthalate (DEHP) exposure. The ln-transformed urinary creatinine-corrected DEHP [ln(DEHP/UCr)] level was used in the statistical models. DDIF was divided into tertiles (<5.77 g/1,000 kcal, 5.77–9.04 g/1,000 kcal, and ≥9.04 g/1,000 kcal).

Results: The 13,634 participants included in this study were classified into two groups according to sleep duration. The dose response analysis showed that higher ln(DEHP/UCr) was related to a higher risk of SSD (<7 h and <6 h). Participants in the highest vs. the lowest quartile of DEHP were found to be at increased risk of SSD (<7 h, <6 h, and <5 h). The result of risk of SSD <7 h was OR 1.57, 95% CI, 1.40–1.76; Ptrend <0.001, of SSD <6 h was OR 1.38, 95% CI, 1.18–1.61; Ptrend <0.001, and of SSD <5 h was OR 1.45, 95% CI, 1.13–1.86; Ptrend <0.001. DEHP exposure was found to be associated with SSD <7 h in a sex-specific manner (Pinteraction = 0.033). A significant interaction between ln(DEHP/UCr) and DDIF(tertiles1 vs. tertiles2) (Pinteraction = 0.02) was detected for SSD <7 h.

Conclusion: Our results showed that there was a harmful association between DEHP exposure and SSD (<7 h, <6 h, and <5 h). The ameliorative effects of median level of DDIF on SSD <7 h in the presence of DEHP exposure were observed in this study.
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INTRODUCTION

Di(2-ethylhexyl) phthalate (DEHP), one of the phthalates family, is used as the most common plasticizer in many products, including medical tubes and bags, food, and beverage packaging (1). Due to the high exposure to DEHP in daily life, eight of its metabolites have been detected in human biospecimens (2). The concentration of DEHP metabolites in urine was the most commonly used way to assess the level of DEHP exposure, because urine excretes DEHP metabolites (3). As a kind of endocrine disruptor, it was reported that DEHP exposure was related to endocrine, reproductive, and neural diseases (4–6). DEHP was thought to be associated with sleep disorder by changing the levels of reproductive hormones (7, 8). One study suggested that the higher concentration of DEHP in urine and higher levels of estradiol: progesterone were observed in women with insomnia (9). Sleep is essential for mental health and wellbeing. However, a large number of people have sleep difficulties and suffer from short sleep duration (SSD) (10). In the United States, approximately 29.2% of adults do not get the recommended duration of sleep (11). However, there is no research with a large sample size to comprehensively explore the effects of DEHP exposure on sleep duration in the US population.

Dietary fiber is an essential nutrient, found in fruits, vegetables, and whole grains. It is widely recognized that dietary fiber intake helps with the reduction of diseases (12). Previous studies showed that Americans with normal sleep duration have the highest level of daily dietary intake of fiber (DDIF) (13). However, the role of DDIF on the effects of SSD in the presence of DEHP is unknown.

Considering the need for data from large-population studies on this topic in the US population, we performed a population-based study to evaluate the relationship between DEHP exposure and SSD. Meanwhile, this study also explored the role of DDIF on SSD in the presence of DEHP exposure in the US population.



METHODS


Study Population

In this study, we used publicly available data from the National Health and Nutrition Examination Survey (NHANES), which is a national population-based survey designed to collect information on the health and nutrition status of the US population conducted by the CDC (14). Seven consecutive NHANES cycles (2005–2006, 2007–2008, 2009–2010, 2011–2012, 2013–2014, 2015–2016, 2017–2018) from the NHANES database were included in this study. Data on dietary fiber intake, alternatives of phthalates, and sleep duration were retrieved from the database. Finally, 13,634 participants were included in our study.



Data Extraction

Demographic information [age (years old), gender (man, woman), body mass index (BMI, kg/m2), race (other Hispanic, non-Hispanic White, non-Hispanic Black, other race, Mexican American), level of education (below high school, high school, above high school)], underlying disease (history of hypertension, history of diabetes), concentration of DEHP in urine (see the following definition), sleep duration, and DDIF were included in this study. We excluded those participants who did not complete the questionnaire on sleep, who did not undergo urinary DEHP detection, and of whom the results of urinary DEHP detection or the results of urinary creatinine were missing. We used the is.na function in R software to verify the integrity of the data.



Exposure of DEHP

In this study, four kinds of DEHP metabolites in urine were detected during the seven consecutive NHANES cycles: mono-2-ethyl-5-carboxypentyl phthalate (MECPP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono-(2-ethyl)-hexyl phthalate (MEHP), mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP). For the values of these metabolites below the lower limit of detection (LLOD), the values would be divided by the square root of 2 [LLOD/sqrt (2)]. The level of DEHP exposure was calculated as the sum of MECPP, MEHHP, MEHP, and MEOHP in this study. The metabolite concentrations were adjusted using urinary creatinine (UCr) levels. ln-transformed creatinine-adjusted DEHP [ln(DEHP/UCr)] was used in all analyses to convert the data distribution into normal distribution.



Short Sleep Duration

Sleep duration in the NHANES was measured by a self-report questionnaire: “How much sleep do you usually get at night on weekdays or workdays?” In five consecutive NHANES cycles (2005–2006, 2007–2008, 2009–2010, 2011–2012, 2013–2014), participants reported the hours of sleep duration with the integers ranging from 2 to 12 (>12 h is considered as 12 h). In two consecutive NHANES cycles (2015–2016, 2017–2018), participants reported the hours of sleep duration ranging from 2 to 14 (>14 h is considered as 14 h). We classified sleep time into three kinds of SSD (<7 h, <6 h, or <5 h).



Daily Dietary Intake of Fiber

The 24-h detailed dietary intake information was collected in the dietary interview. The US Department of Agriculture's Food and Nutrient Database for Dietary Studies (FNDDS) was used for evaluating the nutrient intakes (http://www.ars.usda.gov/ba/bhnrc/fsrg). The FNDDS includes comprehensive information that can be used to code individual foods reported by participants and also includes nutrient values for calculating nutrient intakes. Foods/beverages or portions that could not be matched to items in the database were resolved by scientists. Finally, DDIF in grams (g) was calculated from the total food and beverages consumption, and DDIF was adjusted by total dietary energy (kcal) levels. The DDIF of 90% of the population was lower than the recommended intake of daily fiber intake (14 g/1,000 kcal) for healthy adults; therefore, we divided DDIR into three groups by its tertiles (T1: <5.77 g/1,000 kcal, T2: 5.77–9.04 g/1,000 kcal, T3: ≥9.04 g/1,000 kcal).



Statistical Analysis

Baseline variables were presented as the mean ± SD. Participants were classified into four groups according to quartiles of ln(DEHP/UCr). Logistic regression was applied to estimate odds ratio (ORs) and 95% confidence intervals (CIs) for the association between the level of DEHP exposure and the risk of SSD. The model was adjusted by gender (man or woman), age (years old), race (Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Black, and other race), education (below high school, high school, above high school), history of diabetes (yes or no), and hypertension (yes or no). Prespecified subgroup analyses were conducted to assess whether the observed association of level of DEHP exposure and the risk of SSD was modified by gender (man or woman), age (years old), race (other Hispanic, non-Hispanic White, non-Hispanic Black, other race, Mexican American), education (high school, above high school, below high school), history of diabetes, and history of hypertension. A Pinteraction was obtained through a likelihood ratio test, which compares the models with and without interaction terms. Restricted cubic spline regression with three knots at the 10th, 50th, and 90th percentiles was used to explore the potential dose–response relationship between DEHP and SSD (15). The reference level was set at 5.03 (ng/L)/(g/dL). A Pnonlinearity was obtained by testing the null hypothesis that regression coefficients of the second splines are equal to zero. A value of P < 0.05 was considered to indicate statistical significance. All statistical analyses were performed using SPSS 25.0 software and R 4.1 software.




RESULTS


Characteristics of the Included Population

In general, 70,190 subjects were invited to participate in the NHANES cross-sectional study between 2005–2018. Participants without results of DEHP metabolites and sleep duration were excluded; finally, 13,634 participants were included in this study. The detailed information of the screening process is shown in Supplementary Figure S1. The mean age of all participants was 45.34 ± 20.32 years old. A total of 9,005 cases (4,365 men and 4,640 women) were divided into group 1 (sleep duration ≥7 h) and 4,629 cases (2,345 men and 2,284 women) were divided into group 2 (sleep duration <7 h) (Table 1). There were significant differences in BMI, race, education, history of diabetes, and history of hypertension between the two groups. The four kinds of DEHP metabolites (MECPP, MEHHP, MEHP, MEOHP) and their sum were significantly different between the two groups with all of them higher in the group of SSD <7 h.


Table 1. The characteristics and concentration of urinary DEHP metabolites in the included population.

[image: Table 1]



Subjects With Different DEHP Exposure

All participants were divided by quartiles of ln(DEHP/UCr). The clinical characteristics of the four groups are shown in Table 2. Participants in the highest vs. the lowest quartiles of DEHP were older and more likely to be women, non-Hispanic White, or Mexican American, more likely to have a lower education, a history of hypertension and diabetes, and more likely to suffer from SSD (<7 h, <6 h, and <5 h) (all Ptrend<0.05) (Table 2).


Table 2. The clinical characteristics of the study population according to the concentration of DHEP metabolites in urine.
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Effects of DEHP Exposure on Short Sleep Duration

We performed dose-response analysis of the relationship between ln(DEHP/UCr) and SSD. It was observed that the higher urinary DEHP was related with a higher risk of SSD (<7 h and <6 h) with P-values.001 and.005, respectively. However, the P-value for the non-linear dose–response manner between ln(DEHP/UCr) and SSD (<7 h and <6 h) was insignificant (Pnonlinearity = 0.095 and.106, respectively) (Figure 1).


[image: Figure 1]
FIGURE 1. Non-linear dose–response analysis on urinary di(2-ethylhexyl) phthalate (DEHP) concentration and short sleep duration (SSD). Restricted cubic spline regression with three knots at the 10th, 50th, and 90th percentiles was used to explore the potential dose–response relationship between DEHP and SSD. The reference level was set at 5.03. A Pnon−linearity was obtained by testing the null hypothesis that the regression coefficient of the second spline was equal to zero. CI, confidence interval; (A) Non-linear dose–response analysis on ln(DEHP/UCr) and SSD <7 h; (B) Non-linear dose–response analysis on ln(DEHP/UCr) and SSD <6 h; (C) Non-linear dose–response analysis on ln(DEHP/UCr) and SSD <5 h.


The associations of DEHP and SSD among the four groups are shown in Table 3. Participants in the highest quartile of ln(DEHP/UCr) were associated with higher risks of SSD compared with participants in the lowest quartile. After the full adjustment for confounders (gender, age, race, education, history of diabetes and hypertension), the result of risk in SSD <7 h was OR quartiles4 vs.1 1.59, 95% CI, 1.43–1.76; Ptrend<0.001, in SSD <6 h was OR quartiles4 vs.1 1.39, 95% CI, 1.208–1.60; Ptrend<0.001, and in SSD <5 h was OR quartiles4 vs.1 1.42, 95% CI, 1.13–1.80; Ptrend<0.001 (Table 3).


Table 3. Association between DEHP exposure and SSD.
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Subgroup Analyses

The subgroup analyses on the associations of ln(DEHP/UCr) (highest vs. lowest quartiles of DEHP) and all of SSD are shown in Table 4 and Supplementary Tables S1, S2. Significant interactions were detected between DEHP and DDIF (T2 vs. T1) or sex (woman vs. man) for SSD <7 h (Pinteraction = 0.020 and 0.033, respectively), but not for SSD <6 h and <5 h. Specifically, women was found to be associated with higher risks of SSD <7 h in the presence of DEHP (OR quartiles4vs.1, 1.78; 95% CI, 1.50–2.10) than men (OR quartiles4vs.1, 1.39; 95% CI, 1.68–1.63), with a Ptrend of 0.033. T1 of DDIF was found to be associated with higher risks of SSD <7 h in the presence of DEHP (OR quartiles4vs.1, 1.82; 95% CI, 1.52–2.19) than T2 of DDIF (OR quartiles4vs.1, 1.47; 95% CI, 1.21–1.79), with a Ptrend of 0.02. However, no significant interaction was found for the remaining predefined factors.


Table 4. Subgroup analyses on the association between DEHP in urine and SSD <7 h.
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Appropriate Level of DDIF Protects Against the SSD in the Presence of DEHP

A total of 885 participants were excluded due to missing data of DDIF in this analysis. First of all, 12,749 participants were divided into three groups according to the tertiles of DDIF (T1, T2, and T3); furthermore, participants in each group were divided into four groups according to the quartiles of ln(DEHP/UCr). Detailed information is shown in Table 5 and Supplementary Tables S3, S4. In general, after the full adjustment for confounders, participants in the higher ln(DEHP/UCr) groups were still associated with higher risks of SSD (<7 h and <6 h) in each group of DDIF (T1, T2, and T3) (all Ptrend<0.05) (Table 5 and Supplementary Table S3). Participants in T2 or T3 of DDIF were associated with lower risks of SSD (<7 h and <6 h) in the presence of DEHP compared with T1. However, the risks of SSD <7 h in T2 and T3 groups of DDIF were still significantly higher in the highest quartile of ln(DEHP/UCr) compared with the lowest quartile of ln(DEHP/UCr).


Table 5. Association between DEHP exposure and short sleep duration <7 h in different levels of DDIF.
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DISCUSSION

In this large cross-sectional study, we revealed significant associations of DEHP exposure and the risk of SSD. The higher concentration of DEHP metabolites in urine was found to be associated with a higher risk of SSD (<7 h, <6 h, and <5 h). Subgroup analyses further showed that the harmful association of DEHP and SSD <7 h were more pronounced in the lowest DDIF group than in the median DDIF group.

Although, a large number of studies have shown that DEHP exposure is harmful for human health, there are few studies on the effect of DEHP on sleep. Our results showed that the level of DEHP in urine was related with the risk of SSD in the whole population. Compared with one previous study with only a small sample of women (9), our study showed that DEHP affected a wide range of the US population. The results of our subgroup analyses showed a significant interaction between DEHP and gender (man vs. woman), which indicated that the results of studies with only one gender need to be interpreted carefully. The opposite outcomes of SSD <5 h of participants in DEHPgroups might be related to the small sample size; therefore, the results of studies with limited sample size on this topic should be interpreted carefully.

In this study, the results of our dose-response analysis suggested that the increasing ln(DEHP/UCr) significantly increased the risk of SSD (<7 h and <6 h) without a non-linear dose–response trend. However, the urinary concentration of DEHP was ln-transformed in analysis, and the true relationship between urinary DEHP and risk of SSD (<7 h and <6 h) is likely to be a dose relationship. Note that Figure 1 shows that the trend of OR in the group of <6 h and the group of <5 h is different from the group of <7 h. Previous studies showed that people with more severe SSD were related with higher risk of cardiovascular diseases, depression, and abuse of tobacco and alcohol products (16, 17). These factors may mask the effect of DEHP on SSD. However, the kind of relationship that exists between DEHP and SSD is insignificant because the higher DEHP should be related to a higher risk of SSD (<7 h and <6 h). At present, few studies focused on the mechanism of SSD occurrence associated with DEHP exposure. Previous studies showed that an imbalance of reproductive hormones may contribute to poor sleep duration (18, 19). DEHP is a class of environmentally pervasive endocrine disruptors to humans and mice, and it was reported that DEHP exposure was related to increased serum estradiol concentrations and decreased serum testosterone and follicle stimulating hormone (20). The reduction of progesterone secretion caused by DEHP exposure might lead to SSD; therefore, the sleep quality of women may be more likely to be affected by DEHP exposure. This is similar to the results of our subgroup analysis. However, higher DEHP exposure was also related to a significantly higher risk of SSD (<7 h and <6 h) of men in our subgroup analysis, which indicated that the mechanism will be more complex.

Interestingly, our subgroup analysis suggested that the risk of SSD <7 h of participants in tertile 2 of DDIF were less likely to be affected by DEHP than patients in tertile 1 of DDIF. The interaction between dietary fiber intake and phthalates exposure is still unknown. Some previous studies suggested that high DDIF was negatively associated with sleep trouble (21, 22). One previous study showed that high DDIF could regulate the hormone concentrations in women (23). Therefore, the regulation of hormones might be the underlying mechanism for the interaction between DDIF and DEHP exposure affecting SSD.

Our results showed that social determinants of health such as gender and race were related to the level of phthalate exposure. Similar results were shown in previous studies that men and non-Hispanic Black participants were related to lower levels of phthalate exposure (24–26). Food and beverages were usually held in a plastic container, and different eating habits may lead to the difference in phthalate exposure levels. It might be the reason why the non-Hispanic black population has lower levels of phthalate exposure. The fact that women use more plastic decorations and cosmetics containing PAE, such as nail polish may contribute to the higher level of phthalate exposure in women.

There were several strengths in this study. First, the sample size of our study is considerably large, which contributes to the stability of the result. Second, not only did we find a high correlation between DEHP exposure and SSD, but we also revealed a more detailed relationship between DEHP exposure and SSD. Third, to the best of our knowledge, this study is the first to emphasize the interaction between DEHP exposure and DDIF on SSD.

Limitations of this study should also be noted. First, as a part of participants who completed the screening of depression did not undergo urinary DEHP metabolites tests, selection bias might exist. Second, only four kinds of urinary DEHP metabolites were detected, while the other four kinds of urinary DEHP metabolites remained unknown, which might lead to the inaccuracy of the final DEHP concentration. Third, given that the level of urinary DEHP concentration at one time point cannot represent the long-term level of DEHP exposure, it is necessary to test the urinary DEHP concentration at different time points. In addition, a follow-up study on the progress of SSD needs to be supplemented in the future.



CONCLUSION

Our study suggests that a higher concentration of DEHP in urine was associated with a higher risk of SSD (<7 h, <6 h, and <5 h). DEHP exposure was found to be associated with SSD <7 h in a sex-specific manner. The ameliorative effects of the median level of DDIR on SSD <7 h in the presence of DEHP exposure was observed in this study. Overall, it is essential to prevent DEHP exposure in daily life.
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Model 1: Unadjusted model.

Model 2: Adjusted for gender (man or woman), age (years old), race (Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Black, and other race), education (below
high school, high school, above high school).

Model 3: Adjusted for gender (man or woman), age (years old), race (Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Bleck, and other race), education (below
high school, high school, above high schoo), BMI (kg/m2), history of diabetes (yes or o), and hypertension (yes or o).

Model 4: Adjusted for gender (man or woman), age (years old), race (Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Black, and other race), education (below
high school, high school, above high school), history of diabetes (ves or no), and hypertension (yes or o).
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SSD, shorter sleep duration; DEHP, i
Model 1: Unadusted model.

Model 2: Adjusted for gender (man or woman), age (years old), race (Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Black, and other race), education (below
high school, high school, above high schoo).

Model 3: Adjusted for gender (man or woman), age (years old), race (Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Bleck, and other race), education (below
high school, high school, above high schoo), BMI (kg/m2), history of diabetes (yes or o), and hypertension (yes or o).

Model 4: Adjusted for gender (man or woman), age (years old), race (Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Bleck, and other race), education (below
high school, high school, above high school), history of diabetes (ves or no), and hypertension (yes or o).

ethylhexyl phthalate, In(DEHP/UCY), Infci-2-ethylhexyl phthalate(ng/Lurinary creatinine(g/alL)J; BMI, body mess index.
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