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Abstract

Environmental tobacco smoke (ETS) exposure has been proven to induce digestive diseases such as hepatic steatosis, cir-
rhosis, and gastrointestinal cancer, yet little is known about the link between ETS exposure and constipation. This study
aimed to investigate the impact of ETS exposure on the risk of chronic constipation in adults aged 20 years or older. This
is a cross-sectional study based on population. A total number of 7705 participants from the National Health and Nutrition
Examination Survey (NHANES) 2005-2010 were included. Cotinine, an alkaloid found in tobacco, serves as a reliable and
precise biomarker for measuring exposure to ETS. Hence, the categorization of exposure to ETS was conducted based on
serum cotinine levels, resulting in four distinct categories. The association between ETS exposure and the risk of constipation
was assessed using multivariable restricted cubic spline and logistic regression with odds ratio (OR) and 95% confidence
interval (CI). The weighted prevalence of constipation in this study was estimated to be 7.51% based on stool consistency,
or 3.11% based on stool frequency. The fully adjusted models indicated a positive correlation between exposure to ETS and
constipation as measured by stool frequency, among adults with poor dietary quality (OR (95% CI): moderate exposure: 2.49
(1.05, 5.94); high exposure: 2.36(1.13, 4.95), P for trend =0.03), while no significant difference was observed in the subgroup
with a higher healthy eating index. Furthermore, the log10-transformed serum cotinine level exhibited a non-linear inverted
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Highlights

o NHANES data were used to investigate the association
between environmental tobacco smoke (ETS) exposure and
chronic constipation.

e Serum cotinine levels were used to more objectively assess the
extent of ETS exposure.

e ETS exposure is positively associated with a higher risk of
chronic constipation in US adults with poor dietary quality.

o The log10-transformed serum cotinine level exhibited a
non-linear inverted U-shaped association with constipation in
individuals with poor dietary quality. Conversely, a J-shaped
non-linear relationship was observed in the subgroup with a higher
healthy eating index.

Recommendations.

o Environmental tobacco smoke (ETS) exposure and dietary
modification should be considered in medical interventions to
prevent chronic constipation.

e Larger sample size studies are needed to verify the association
between ETS exposure and the risk of chronic constipation.

o Further prospective studies are needed to determine the
causal relationship between serum cotinine levels and chronic
constipation.
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U-shaped association with constipation in individuals with poor dietary quality (P overall=0.0207, P non-linear =0.0427).
Conversely, a J-shaped non-linear relationship was observed in the subgroup with a higher healthy eating index (P over-
all=0.0028, P non-linear =0.0036). Our results show that ETS exposure appears to be positively associated with stool
frequency-related chronic constipation in adults with poor dietary quality.

Keywords Environmental tobacco smoke - Air pollution - Cotinine as a biomarker - Chronic constipation - NHANES -

Cross-sectional study

Abbreviations

BMI Body mass index

BSFS Bristol Stool Form Scale

CI Confidence interval

ETS Environmental tobacco smoke
HEI-2015 Healthy Eating Index-2015
IBD Inflammatory bowel disease

ID HPLC-APCI MS/MS  Isotope dilution high-perfor-
mance liquid chromatography/
atmospheric pressure chemi-

cal ionization tandem mass

spectrometry

IQR Interquartile range

LOD Limit of detection

MEC Mobile Examination Center

NET Neutrophil extracellular trap

NHANES National Health and Nutrition
Examination Survey

OR QOdds ratio

PIR Ratio of family income to
poverty

RCS Restricted cubic spline

S.E Standard error

SHS Secondhand smoke

THS Thirdhand smoke

Introduction

Environmental tobacco smoke (ETS), which can also be
considered passive smoking, includes secondhand smoke
(SHS) and thirdhand smoke (THS) (Protano and Vitali 2011,
Marques et al. 2021). Currently, more than 7000 chemicals
have been identified in tobacco smoke, which include hun-
dreds of toxic compounds and about 70 carcinogens (CDC
2022). Compared with active smoking, ETS contains simi-
lar toxins but with potentially higher concentrations (Liu
et al. 2021; Pratt et al. 2023) due to the formation of toxic
substances under different reducing conditions and at dif-
ferent temperatures (Marques et al. 2021). As the popula-
tion grows, the number of nonsmokers at risk from ETS

continues to increase, and approximately 1.2 million deaths
per year are attributed to ETS (WHO 2023).

ETS has been reported to be associated with an increased
risk of digestive diseases, such as hepatic steatosis (Tom-
masi et al. 2020), cirrhosis (Tommasi et al. 2020; Fouda
et al. 2021), and gastrointestinal cancers (Li et al. 2020).
Chronic constipation is one of the most common gastrointes-
tinal symptoms (Bharucha and Lacy 2020), affecting about
6.6 to 10.1% of adults worldwide (Barberio et al. 2021;
Sperber et al. 2021) and imposing a heavy burden on the
healthcare resources. The effects of ETS exposure on con-
stipation in children have been studied (Ludvigsson 2006),
but the evidence is reliant on self-reported smoke exposure
and thus susceptible to bias and subjectivity. Cotinine, a
significant nicotine metabolite, is regarded as an objective
biomarker that reflects exposure to tobacco smoke (Marques
et al. 2021). Nevertheless, estimates of exposure to passive
smoking determined by biomarkers are much higher than
those determined by self-report (Max et al. 2012).

Evaluation, treatment, and management of chronic con-
stipation have been progressing over time in adults, but
remain suboptimal. Limited studies have revealed cor-
relations between ETS exposure biomarkers and chronic
constipation in adults. Therefore, this study will evaluate
the impact of ETS exposure on chronic constipation based
on the National Health and Nutrition Examination Survey
(NHANES), which will have important clinical implications
for the prevention and management of chronic constipation
in adults.

Methods
Study population

NHANES is a cross-sectional survey based on the popula-
tion and conducted continuously in 2-year cycles (CDC/
NCHS 2023). This investigation is unique in using a com-
plex, multi-stage sampling design that focuses on various
health and nutrition measures, including biomonitoring
of environmental chemicals. The research protocol for
NHANES underwent ethical review and approval by the
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National Center for Health Statistics (approved by Proto-
col #2005-06). Furthermore, all participants were given
informed consent during recruitment process.

NHANES data from three consecutive cycles
(2005-2006, 2007-2008, and 2009-2010) were used in
this study (Fig. 1). NHANES study participants who had
1) incomplete information on stool consistency or fre-
quency (N=16,443), 2) chronic diarrhea (N=1268), 3)
missing information on serum cotinine (N =574), 4) active
smokers (N=3438), and 5) pregnancy (N=321), self-
reported colorectal cancer (N=60), extreme total energy
intakes of <500 or > 3500 kcal/day for women and < 800
or > 4200 kcal/day for men (Banna et al. 2017) (N=435),
and incomplete information on other variables (N =790)
were excluded from the analysis. Active smoking was
defined as: current smoking (smoked more than 100 ciga-
rettes in their lifetime and currently smoke some days or
every day) (Hou et al. 2023) or serum cotinine > 10 ng/
ml (CDC 2017). Ultimately, the analyses included a total
number of 7705 adult participants aged 20 years and older

(Fig. 1).

Participants from NHANES 2005-2010
(N=31034)

Exposures

Cotinine, one of the major metabolites of nicotine, is a
biomarker for the assessment of active or passive smoking
exposure (Marques et al. 2021). An isotope dilution high-
performance liquid chromatography/atmospheric pressure
chemical ionization tandem mass spectrometry (ID HPLC-
APCI MS/MS) was used to measure serum cotinine. The
limit of detection (LOD) of serum cotinine is 0.015 ng/ml.
Samples below the LOD were classified as “no exposure”
(Moore et al. 2016), while samples at or above the LOD
were divided into “low exposure,” “moderate exposure,” and
“high exposure” according to weighted quantiles. In case a
variable’s value is established to be lower than the detection
limit, it will be allocated a value equal to the LOD divided
by the square root of two.

Outcomes

According to the Rome IV criteria (Bharucha and Lacy
2020) and prior NHANES-based studies (Markland et al.

Excluded: Missing data on stool consistency/stool frequency (n=16443)

A 4

NHANES 2005-2010
(N=14591)

Excluded: Chronic diarrhea data(n=1268)

A4
NHANES 2005-2010
(N=13323)

Excluded: Incomplete serum cotinine data(n=574)

A 4

NHANES 2005-2010
(N=12749)

Excluded: Active smoking data(n=3438)

A 4
NHANES 2005-2010
(N=9311)

Participants who had extreme total energy intakes(n=435),

Excluded: Pregnancy data(n=321),
Colorectal cancer(n=60),

Incomplete covariates data(n=790)

A4
NHANES 2005-2010
(N=7705)

Fig. 1 Participant flow chart of the association between ETS exposure and chronic constipation in adults in the 2005-2010 NHANES population
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2013; Ballou et al. 2019; Sommers et al. 2019; Wilson
2020; Li et al. 2021), stool consistency and frequency were
considered important evidence for the diagnosis of consti-
pation. However, differences in the prevalence of constipa-
tion defined by stool consistency or frequency have been
reported (Markland et al. 2013). Therefore, we identified
chronic constipation based on stool consistency (BHQ060)
or stool frequency (BHDO050) in the NHANES Intestinal
Health Questionnaire in this study.

Participants were presented with a vividly colored card
featuring seven types of Bristol Stool Form Scale (BSFS)
and were requested to indicate the number that corresponds
to their typical or most frequent stool type after viewing the
card. Those who designated their usual or most common
stool type as BSFS type 1 (separate hard lumps, like nuts)
or BSFS type 2 (sausage-like but lumpy) were categorized
as suffering from chronic constipation. Chronic diarrhea
was composed of type 6 (fluffy pieces with ragged edges,
a mushy stool) and type 7 (watery, no solid pieces), and the
remaining participants were considered to have normal stool
consistency (Li et al. 2021).

The frequency of bowel movements was determined by
asking: “How many times per week do you usually have a
bowel movement?.” The results were classified as consti-
pation (< 3 stools/week), diarrhea (>21 stools/week), and
normal (Ren et al. 2022).

Covariates

Sociodemographic characteristics (gender, age, ethnicity,
education level, marital status, ratio of family income to
poverty level, and body mass index), self-reported behav-
ioral factors (vigorous physical activity and drinking sta-
tus), and dietary factors (healthy eating index and total
energy intake) were the main covariates measured in our
study. Gender was divided into male and female, and age
was divided into young (20 to 39 years old), middle-aged
(40 to 64 years old), and elderly (65 and older) (Yu et al.
2020). The self-reported race or ethnicity was divided into
four categories: Mexican—American, non-Hispanic White,
non-Hispanic Black, and other races. Adult education level
includes less than high school, high school, and above high
school. Marital status was divided into two groups, married/
living with a partner and living alone. By dividing family
income by poverty guidelines for the survey year, the ratio
of family income to poverty (PIR) was calculated. Then, PIR
was divided into three levels: < 1.3, 1.3-3.5, and > 3.5 (John-
son et al. 2013). According to body mass index (BMI), the
study population was classified as normal/lean (< 25 kg/m?),
overweight (25-30 kg/m?), and obesity (> 30 kg/m?) (Wang
et al. 2021). Vigorous physical activity was defined by doing
any vigorous activities that caused heavy sweating or large
increases in breathing or heart rate for at least 10 min over

the past 30 days (Markland et al. 2013). Defines “at least 12
alcoholic beverages per year” as drinking alcohol (Wang
et al. 2021). The healthy eating index-2015 (HEI-2015) is
an index to evaluate dietary quality (Liu et al. 2022). The
HEI-2015 scores range from 0 to 100, with higher scores
indicating a higher quality diet. In order to categorize par-
ticipants, a threshold of 50 points was established, distin-
guishing between those with poor diet quality and those in
need of improvement or already maintaining a good diet
(Al-Ibrahim and Jackson 2019, Bigman and Ryan 2021).

Statistical analysis

All analyses incorporate sampling weights, strata, and pri-
mary sampling units to explain NHANES complex sampling
designs and provide nationally representative estimates
(CDC/NCHS 2023). By using Student’s ¢ test, continuous
variables with a normal distribution were reported as mean
(standard error) (S.E), but continuous variables with a non-
normal distribution were displayed as median (interquartile
range) (IQR) (Hou et al. 2023). The chi-square test was used
to express categorical variables as number () and weighted
percentage (%) (Li et al. 2021; Hou et al. 2023). As con-
tinuous variables, cotinine levels are log10-transformed to
achieve a normal distribution.

The relationship between exposure to ETS and chronic
constipation was evaluated using multivariate logistic regres-
sion (Ballou et al. 2019; Li et al. 2021; Hou et al. 2023) with
odds ratio (OR) and 95% confidence interval (CI). The unad-
justed model is Modell. Model2 was adjusted for gender,
age, ethnicity, and BMI. Model3 adjusted for marital status,
education level, PIR, vigorous physical activity, drinking
status, and HEI-2015 scores, total energy intake on the basis
of Model2. Logistic regression analysis was used to evaluate
the multiplicative interaction between HEI-2015 scores and
ETS exposure on the probability of constipation. In addition,
we used restricted cubic spline analysis (RCS) to model the
non-linear correlation between serum cotinine and consti-
pation (Hou et al. 2023). The R statistical software version
4.2.2 was employed to conduct all statistical analyses, and
findings with a P value <0.05 (bilateral) were regarded as
statistically significant.

Results

Clinical characteristics of study participants

A total number of 7705 non-smoking participants from
the 2005-2010 NHANES database were included in this
analysis. The mean age of participants was 48.84 +0.46,

55.03% were female, and 73.76% were non-Hispanic Whites
(Table 1). The prevalence of constipation in U.S. adults was
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Table 1 Study participants’ characteristics

Characteristic Total No exposure Low exposure ~ Moderate exposure High exposure P value
N 7705 2061 1917 1800 1927

Gender, n (%) <0.0001
Male 3608 (44.97) 796 (35.16) 890 (45.28) 916 (49.51) 1006 (51.56)

Female 4097 (55.03) 1265 (64.84) 1027 (54.72) 884 (50.49) 921 (48.44)

Age (yr), mean (S.E) 48.84 (0.46) 51.30 (0.66) 50.10 (0.72) 48.48 (0.71) 45.06 (0.66) <0.0001
Age (yr), n (%) <0.0001
20~39 (young) 2304 (32.48) 493 (26.59) 507 (29.78) 564 (32.86) 740 (41.70)

40~ 64 (middle-aged) 3208 (47.04) 890 (49.63) 827 (47.66) 741 (47.86) 750 (42.62)

> 65 (elderly) 2193 (20.48) 678 (23.78) 583 (22.55) 495 (19.27) 437 (15.68)

Ethnicity, n (%) <0.0001
Mexican American 1461 (8.02) 481 (8.97) 376 (7.98) 314 (7.40) 290 (7.57)

Non-Hispanic Black 1360 (9.10) 187 (4.15) 292 (7.89) 365 (9.86) 516 (15.31)

Non-Hispanic White 3939 (73.76) 1146(79.70) 961 (72.48) 893 (72.62) 939 (69.34)

Other race 945 (9.12) 247 (7.19) 288 (11.64) 228 (10.12) 182 (7.78)

Education, n (%) <0.0001
Less than high school 1772 (13.43) 414 (10.32) 399 (11.44) 441 (14.56) 518 (17.97)

High school 1673 (21.31) 350 (15.60) 397 (19.47) 406 (22.04) 520 (29.09)

Above high school 4260 (65.26) 1297 (74.08) 1121 (69.09) 953 (63.40) 889 (52.94)

Marital status, n (%) <0.0001
Living alone 2738 (32.92) 593 (26.68) 625 (29.16) 665 (34.00) 855 (42.96)

Married/living with partner 4967 (67.08) 1468 (73.32) 1292 (70.84) 1135 (66.00) 1072 (57.04)

PIR, mean (S.E) 3.31(0.04) 3.65 (0.06) 3.43 (0.06) 3.19 (0.07) 2.90 (0.06) <0.0001
PIR, n (%) <0.0001
<13 1812 (14.54) 335 (8.43) 422 (13.41) 460 (15.86) 595 (21.47)

1.3-3.5 3056 (35.20) 817 (32.03) 750 (33.35) 711 (37.45) 778 (38.57)

>3.5 2837 (50.26) 909 (59.54) 745 (53.23) 629 (46.69) 554 (39.96)

BMI (kg.m?), mean (S.E) 28.87 (0.15) 28.16 (0.23) 28.49 (0.22) 29.04 (0.25) 29.92 (0.26) <0.0001
BMI, n (%) <0.0001
<25 (normal/lean) 2055 (29.56) 631 (33.82) 516 (31.37) 446 (26.95) 462 (25.29)

25-30 (overweight) 2740 (34.59) 733 (33.34) 722 (36.60) 667 (35.49) 618 (33.06)

>30 (obese) 2910 (35.86) 697 (32.84) 679 (32.03) 687 (37.56) 847 (41.65)

Vigorous physical activity, n (%) 0.6

No 5142 (60.97) 1408 (62.45) 1283 (61.66) 1196 (59.66) 1255 (59.82)

Yes 2563 (39.03) 653 (37.55) 634 (38.34) 604 (40.34) 672 (40.18)

Drinking status, n (%) 0.04

No 2469 (26.69) 717 (29.30) 621 (26.04) 585 (26.98) 546 (24.08)

Yes 5236 (73.31) 1344 (70.70) 1296 (73.96) 1215 (73.02) 1381 (75.92)

HEI-2015, mean (S.E) 52.81(0.32) 55.75 (0.46) 53.29 (0.47) 52.79 (0.54) 48.93 (0.50) <0.0001
HEI-2015, n (%) <0.0001
Needing dietary improvement/good 4276 (56.25) 1311 (64.89) 1122 (57.58) 988 (56.51) 855 (44.65)

Poor 3429 (43.75) 750 (35.11) 795 (42.42) 812 (43.49) 1072 (55.35)

Total energy intake, mean (S.E) 2017.54 (15.73) 1932.61 (23.37) 2020.57 (24.49) 2049.56 (30.15) 2081.31 (25.14) <0.001
Constipation (stool consistency), n (%) 0.27
Non-constipation 7066 (92.49) 1904 (92.89) 1769 (93.43) 1629 (91.27) 1764 (92.22)

Constipation 639 (7.51) 157 (7.11) 148 (6.57) 171 (8.73) 163 (7.78)

Constipation (stool frequency), n (%) 0.15
Non-constipation 7454 (96.89) 2003 (97.45) 1864 (97.41) 1750 (96.95) 1837 (95.64)

Constipation 251 (3.11) 58 (2.55) 53 (2.59) 50 (3.05) 90 (4.36)

n (%) number (weighted percentage), S.E standard error, PIR the ratio of family income to poverty, BMI body mass index, HEI-2015 healthy eat-
ing index-2015
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estimated at 7.51% (95% CI: 6.58%, 8.45%) and 3.11% (95%
CI: 2.51%, 3.71%) as determined by stool consistency and
bowel frequency, respectively. Regarding ETS exposure, the
study found that 27.74% of participants were reported no
exposure, 24.89% were low exposure, 23.32% were moder-
ate exposure, and 24.05% were high exposure (Supplemen-
tary Table (1)).

In comparison to individuals without ETS exposure,
those with higher ETS exposure were more likely to be male,
young, living alone, obesity, consuming alcohol and with
lower levels of PIR, HEI-2015 scores, or total energy intake,
whereas vigorous physical activity and constipation showed
no significant differences (all P> 0.05). In relation to race
and education, the proportion of non-Hispanic Whites and
those with above high school education level is higher in the
crowd of participants, and this proportion decreases as the
exposure to ETS increases. However, the situation for non-
Hispanic Blacks and with a high school education level or
less is the opposite (Table 1).

In addition, Supplementary Table (1) shows the
clinical characteristics of the population with consti-
pation defined by stool consistency. Compared to the
non-constipated group, individuals with chronic con-
stipation were often female (P <0.0001), non-Hispanic
Blacks (P =0.002), living alone (P =0.01), non-drinkers

Table 2 Relationship between ETS exposure and chronic constipation

(P<0.001), and with lower levels of education, PIR, BMI,
or total energy intake (all P <0.001) (Supplementary
Table (1)). However, using stool frequency to define con-
stipation caused these results to change. Education level
and marital status were no longer significantly associated
with constipation (all P> 0.05), while age, HEI-2015
scores, and even serum cotinine levels became significant
differences between the constipated and non-constipated
groups, as shown in Supplementary Table (2).

Associations between ETS exposure and chronic
constipation

Multivariate logistic regression analysis was used to illus-
trate the independent association between ETS exposure
and chronic constipation (Table 2). Contrary to our previous
assumptions, we found no significant difference between
ETS exposure and chronic constipation after adjusting for
covariates. Similarly, the RCS model was determined that
there was no statistically significant nonlinear association
(P non-linear > 0.05) between Logl0-transformed serum
cotinine levels and the risk of constipation (both for stool
consistency and stool frequency-related constipation) after
adjusting for all confounding factors, as shown in Fig. 2.

Modell P value Model2 P value Model3 P value
OR (95%CI) OR (95%CI) OR (95%CI)
Serum cotinine *
Log10-transformed cotinine (ng/ml) 1.12 (0.95,1.31) 0.17 1.22 (1.04,1.44) 0.02 1.06 (0.90,1.26) 0.46
Cotinine categories
No exposure ref ref ref
Low exposure 0.92 (0.67,1.26) 0.59 0.98 (0.71,1.37) 0.92 0.94 (0.68,1.29) 0.67
Moderate exposure 1.25 (0.88,1.77) 0.2 1.42 (1.01,2.01) 0.05 1.29 (0.90,1.83) 0.16
High exposure 1.10 (0.82,1.49) 0.51 1.27 (0.94,1.72) 0.12 1.00 (0.75,1.34) 1
P for trend 0.23 0.03 0.49
Serum cotinine °
Log10-transformed cotinine (ng/ml) 1.43 (1.09,1.87) 0.01 1.51 (1.13,2.04) 0.01 1.29 (0.96,1.73) 0.09
Cotinine categories
No exposure ref ref ref
Low exposure 1.01 (0.53,1.94) 0.97 1.07 (0.56,2.05) 0.84 0.99 (0.51,1.90) 0.96
Moderate exposure 1.20 (0.62,2.32) 0.58 1.33 (0.66,2.65) 0.42 1.19 (0.61,2.32) 0.61
High exposure 1.74 (1.08,2.81) 0.02 1.89 (1.12,3.19) 0.02 1.44 (0.88,2.35) 0.14
P for trend 0.03 0.02 0.14

Model 1 did not adjust for any potential confounding factors

Model 2 adjusts for gender, age, race, and BMI

Model 3 adjusted for marriage status, education, PIR, vigorous physical activity, drinking status, and HEI-2015 scores, total energy intake on the

basis of Model 2

Constipation is defined by stool consistency 2 and stool frequency °, respectively
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Fig.2 The dose-response relationship between ETS exposure and
risk of chronic constipation. A Stool consistency. B Stool frequency.
Adjustments were made in the model for gender, age, race, marriage,
education level, PIR, BMI, vigorous physical activity, drinking status,

Interaction effect between healthy diet and ETS

exposure on stool frequency-related constipation

Interestingly, we found that the effect of ETS exposure on stool
frequency-related constipation varied according to HEI-2015
scores (P for interaction < 0.05). Subsequently, a stratified
analysis of the HEI-2015 scores was conducted to explore the

-1.0

05

Log10-transformed Serum Cotinine,(ng/mL)

and HEI-2015 scores, total energy intake. The OR of chronic con-
stipation was presented by a solid black line, and the corresponding
95% CI was represented short black dashed lines

potential differences in the association between ETS exposure
and constipation (Table 3). However, a positive association
between ETS exposure and constipation was observed only in
participants with poor diet quality in the adjusted model. Spe-
cifically, among participants with poor diet quality, unadjusted
model results showed that moderate and high ETS exposure
levels were positively associated with constipation compared

Table 3 Univariate and multivariate analyses by the HEI-2015 score-stratified logistic regression model, weighted

Modell P value Model2 P value Model3 P value
OR (95%CTI) OR (95%CTI) OR (95%CTI)
HEI-2015 =needing dietary
improvement/good
Cotinine categories
No exposure ref ref ref
Low exposure 0.54 (0.19,1.51) 0.23 0.55 (0.19,1.61) 0.27 0.52 (0.18, 1.55) 0.23
Moderate exposure 0.61 (0.25,1.52) 0.28 0.67 (0.29,1.57) 0.35 0.60 (0.27, 1.34) 0.2
High exposure 1.19 (0.66,2.16) 0.55 1.28 (0.64,2.55) 0.48 1.02 (0.50, 2.07) 0.96
P for trend 0.79 0.66 0.88
HEI-2015 =poor
Cotinine categories
No exposure ref ref ref
Low exposure 1.87 (0.791, 4.44) 0.15 2.09 (0.86, 5.09) 0.1 1.95 (0.76, 5.04) 0.16
Moderate exposure 2.23 (1.04, 4.81) 0.04 2.62 (1.12,6.14) 0.03 2.49 (1.05, 5.94) 0.04
High exposure 2.45 (1.26,4.77) 0.01 2.78 (1.34,5.79) 0.01 2.36 (1.13, 4.95) 0.02
P for trend 0.02 0.01 0.03

Model 1 did not adjust for any potential confounding factors

Model 2 adjusts for gender, age, race, and BMI
Model 3 adjusted for marriage status, education, PIR, vigorous physical activity, drinking status, and total energy intake on the basis of Model 2
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to unexposed participants, and that the risk gradually increased
with increasing exposure (OR (95% CI): moderate exposure:
2.23 (1.04, 4.81); high exposure: 2.45 (1.26, 4.77), P for
trend =0.02). Similar results were observed in Model2 (OR
(95% CI): moderate exposure: 2.62 (1.12, 6.14); high exposure:
2.78 (1.34, 5.79), P for trend=0.01). In the further adjusted
Model3, the positive association between moderate and high
ETS exposure and constipation remained statistically signifi-
cant, although the odds ratio did not increase with increasing
exposure (OR (95% CI): moderate exposure: 2.49 (1.05, 5.94);
high exposure: 2.36 (1.13, 4.95), P for trend=0.03) (Table 3).

After adjusting for multiple covariates, a dose-response
correlation between ETS exposure and stool frequency-
related constipation was observed in both dietary subgroups
(Fig. 3). Specifically, in participants with poor diet quality,
the dose—response relationship between serum cotinine lev-
els after log10 conversion and constipation was non-linear
inverted U-shaped (P overall=0.0207, P non-linear=0.0427)
(Fig. 3A). In participants with higher HEI-2015 scores, there
was a J-type nonlinear relationship between serum cotinine
levels after logl0 conversion and constipation (P over-
all=0.0028, P non-linear=0.0036) (Fig. 3B).

Discussion

Our results showed that no statistically significant associa-
tion was found between ETS exposure and adult constipation
(using two different definitions). However, we found that the
association between ETS exposure levels and constipation

HEI-2015 = Poor
P overall = 0.0207 -
P non—linear = 0.0427 "

o
13

o
o

|
o
o

Odds ratios (95% CI) of Constipation(stool frequency)

|
o

(based on stool frequency) was inconsistent across levels of
HEI-2015 scores. Specifically, ETS exposure levels were
positively associated with stool frequency-related constipa-
tion in participants with poor diet quality, while no such
association was found in the subgroup with higher HEI-2015
scores. In addition, the serum cotinine level after log10 con-
version showed a nonlinear inverted U shape with constipa-
tion in the unhealthy diet group, but there was a J-shaped
nonlinear relationship with constipation in the subgroup
with higher HEI-2015 scores.

Previous studies have shown no link between smoking
and bowel frequency, stool consistency, or constipation
(Shima et al. 2019; Talley et al. 2021). Studies on passive
smoking and constipation have also focused on children
(Ludvigsson 2006). Our study provides a new perspective
on the effects of ETS on constipation, and ETS’s promot-
ing effects on stool frequency-related constipation may not
occur in the population as a whole, but may be relevant in
people with unhealthy diets. This is of great interest, as the
management of constipation remains a serious challenge,
and dietary modification may be an effective way to mitigate
the effects of smoke exposure on constipation and to prevent
and treat constipation.

A multitude of compounds present in tobacco smoke,
such as nicotine, exert either anti-inflammatory or pro-
inflammatory influences on inflammatory bowel disease
(IBD) via intricate signaling pathways (Zhang et al. 2022).
And the level of cotinine is strongly associated with the
occurrence of IBD (Widbom et al. 2020). However, bowel
problems are common in patients with IBD; therefore, ETS

HEI-2015 = Needing dietary improvement/Good
P overall = 0.0028
P non—linear = 0.0036

Odds ratios (95% Cl) of Constipation(stool frequency)

-2.0 15 -1.0 05 00
Log10-transformed Serum Cotinine,(ng/mL)

Fig.3 Dose-response relationship between ETS exposure and stool
frequency-related constipation risk in dietary subgroups. A HEI-
2015=poor. B HEI-2015=needing dietary improvement/good.
Adjustments were made in the model for gender, age, race, marriage,

-2.0 -15 -1.0 05 0.0 05
Log10-transformed Serum Cotinine,(ng/mL)

education level, PIR, BMI, vigorous physical activity, drinking sta-
tus, and total energy intake. The OR of chronic constipation was pre-
sented by a solid black line, and the corresponding 95% CI was repre-
sented short black dashed lines
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exposure may be secondary to chronic constipation by influ-
encing the occurrence of IBD. In addition, other potential
pathways linking ETS exposure to constipation have also
been hypothesized.

ETS exposure may cause intestinal symptoms by regu-
lating intestinal flora. The study showed that intestinal
microbes in the smoke exposure group showed increased lev-
els of Bacteroidetes (Lee et al. 2018) and Clostridium (Wang
et al. 2012) and decreased levels of Bifidobacterium (North-
rup et al. 2021), Lactococcus (Wang et al. 2012), rumen
coccus (Wang et al. 2012), and Firmicutes and Proteus (Lee
et al. 2018), compared with those of never smokers. Second,
smoke exposure is strongly associated with damage to the
intestinal barrier. Studies have revealed that chronic expo-
sure to smoke can lead to systemic and intestinal ischemia,
resulting in angiogenesis and dysfunction of the gastrointes-
tinal tract epithelial barrier (Fricker et al. 2018). Exposure
to cigarette smoke condensate induced specific changes in
Paneth cells that led to the production of antimicrobial pep-
tides and decreased bactericidal capacity, thereby increasing
the susceptibility of mice to bacterial infection resulting in
ileal inflammation (Berkowitz et al. 2019). Finally, smoke
exposure induces oxidative stress by means of free radicals

Tobacco smoke

] r/ Environmental pollutant
| =

contained in smoke, resulting in diminished activity of anti-
oxidant enzymes and an imbalance between oxidants and
antioxidants; this disruption leads to the disruption of tight
junctions within the gastrointestinal tract (Bhattacharyya
et al. 2014; Li et al. 2015). However, intestinal microbiome
imbalance (Dimidi et al. 2017), intestinal barrier dysfunction
(Chang et al. 2017), and inflammation and oxidative stress
(McQuade et al. 2016) are closely related to the occurrence
of chronic constipation (Fig. 4).

After adjusting for confounders, ETS exposure had a posi-
tive association with fecal frequency-related constipation in
participants with poor diet quality, while no such association
was found in participants with a healthy diet. This discovery
is consistent with previous research, which have demonstrated
that smoke exposure exhibited a notable reduction in a diver-
sity within the gut microbiota of mice subjected to a high-fat
diet, while no discernible impact on o diversity was observed
in mice following a normal diet (Yang et al. 2021). Neverthe-
less, a high level of a diversity typically signifies a healthy host
pattern. Therefore, it is postulated that our findings may be
attributed to two distinct explanations. First, the inflammatory
and oxidative stress responses caused by ETS can be offset by
improving diet. Previous research has shown that higher overall

Mucus hypersecretion

Alveolar destruction and enlargement

Airway inflammation

Respiratory disease,
such as lung cancer,
COPD, etc.

Airflow obstruction \

constipation

Dysregulation of intestinal flora
Intestinal inflammation or oxidative stress

Intestinal barrier dysfunction

Gastrointestinal
diseases, such as
gastrointestinal
cancer, IBD, etc.

Tobacco smoke

Diet

Fig.4 Gut-lung axis. The gut and lungs engage in reciprocal com-
munication via both blood circulation and lymphatic circulation.
Exposure to smoke has been observed to induce dysfunction in both
the lungs and intestines, while maintaining a healthy diet can posi-
tively impact the well-being of the respiratory and intestinal systems.
Individuals diagnosed with chronic obstructive pulmonary disease
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(COPD) and lung cancer frequently experience symptoms of con-
stipation. Various factors such as imbalances in the intestinal flora,
inflammatory or oxidative stress, and impairment of the intestinal
barrier can contribute to the development of gastrointestinal disor-
ders, including inflammatory bowel disease (IBD), gastrointestinal
cancers, and constipation
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diet quality is protective against chronic constipation (Liu et al.
2022). At the same time, high dietary fiber (Ma et al. 2008),
Omega-3 polyunsaturated fatty acids (Jomova et al. 2023), sup-
plementation of antioxidants (vitamin C/vitamin E) (Jomova
et al. 2023), and dietary lycopene (Mustra Rakic et al. 2021;
Jomova et al. 2023) can prevent the oxidative stress response
caused by exposure to SHS by reducing inflammation, reducing
the production of reactive oxygen species, and preventing the
inhibition of antioxidant enzymes. Furthermore, unhealthy diet
can exacerbate the negative effects of ETS on the host, jointly
regulating the composition of gut microbiota and promoting
the occurrence and development of diseases (Martinez et al.
2021). High-fat diet interacts with cigarette smoke to regulate
the enzyme activity of cytochrome P450, which induces pro-
inflammatory cytokine storms (Sadler et al. 2018).

Curiously, we only observed an interaction between diet
and serum cotinine on stool frequency-related constipation,
whereas no such association was found for constipation based
on a stool consistency definition. Based on a meta-analysis that
examined 21 studies and included 2656 participants, ingest-
ing probiotics that contain Lactobacillus and Bifidobacterium
can help increase bowel frequency and reduce the transit time
for intestinal contents in adults with constipation (Miller et al.
2017). However, nicotine and cotinine levels were associ-
ated with a lower gut microbiome, particularly a lower rela-
tive abundance of Bifidobacterium (Northrup et al. 2021).
Therefore, diet and ETS exposure is more likely to affect
the occurrence of constipation by changing the frequency of
stool. In order to attain a more comprehensive understand-
ing of the interconnectedness between exposure to ETS, fecal
consistency, and fecal frequency, it is imperative to undertake
additional research on this association from both clinical and
experimental standpoints in forthcoming studies.

As far as we know, this study is the first to use biomark-
ers to quantify ETS exposure to assess its association with
chronic constipation in adults. Secondly, the study population
is from the NHANES database, which is representative of
the whole country, which makes the research results more
credible. Third, in order to more reasonably estimate the rela-
tionship between ETS exposure and chronic constipation, we
took into account a wide range of potential confounding fac-
tors. However, our study also has several limitations. First, as
a result of this study used is a cross-sectional design, causal
inference about the relationship between ETS exposure and
the risk of chronic constipation cannot be substantiated. Sec-
ond, according to the Rome IV standard, chronic constipation
is defined to include several other symptoms associated with
constipation in addition to the consistency and frequency of
stools. Therefore, the current study does not accurately rep-
resent the true prevalence of constipation. Third, the conclu-
sions from the U.S. may not be applicable to other popula-
tions because of differences in genetic background, metabolic
factors, dietary patterns, and ETS exposure levels.

Conclusion

In summary, this population-based cross-sectional study
found that exposure to ETS is a risk factor for fecal fre-
quency-related constipation in adults with unhealthy diets
in the United States. This suggests the potential role of ETS
exposure in predicting the risk of chronic constipation, and
we suggest that ETS exposure and dietary modification
should be considered in medical interventions to prevent
chronic constipation. However, to validate the present find-
ings and ascertain the causal link between ETS exposure
and the risk of chronic constipation, further prospective
studies with larger sample sizes and replicated measures
are required.
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