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Abstract

Tobacco-specific nitrosamines (TSNAs) are a group of toxic substances specific to tobacco.

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) is a tobacco-specific nitrosamine

measurable in urine with a much longer half-life than cotinine. We aimed to examine the

association between urinary tobacco-specific NNAL and HPV infection among American

women. We used cross-sectional data from the National Health and Nutrition Examination

Survey (NHANES) between 2007 and 2014 to collect details on their urinary NNAL, HPV

infection status, and other essential variables. The association between dietary urinary

NNAL and HPV infection status was analyzed by using a weighted multivariate logistic

regression model, and stratified subgroup analysis. In total, 5197 participants aged 18–59

years were identified, with overall prevalence of high-risk and low-risk HPV infection of

22.0% and 19.1%, respectively. The highest quartile of NNAL(Q4) was more positively

associated with low-risk HPV infection than the lowest quartile of NNAL(Q1) (OR = 1.83

(1.35,2.50), p<0.001). the highest quartile of NNAL(Q4) was more positively associated with

high-risk HPV infection than the lowest quartile of NNAL(Q1) (OR = 2.20 (1.57,3.08), p <
0.001). In subgroup analyses, the positive correlation between urinary NNAL levels and low-

risk HPV infection status was inconsistent in marital status and BMI (interaction p < 0.05).

The positive association of urinary NNAL levels with high-risk HPV infection status was

inconsistent in smoking and BMI. (interaction p < 0.05). Tobacco-specific NNAL levels posi-

tively correlate with high- and low-risk HPV. Future well-designed longitudinal studies are

still needed to validate the effect of tobacco exposure on HPV infection by NNAL.

Introduction

Human papillomavirus (HPV) is one of the most prevalent sexually transmitted diseases in the

world, and it is also recognized as the cause of 5% of cancers globally [1]. Most HPV infections
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are asymptomatic and can be cleared within 12 to 24 months of infection. A small percentage

of persistent infections may progress to precancerous lesions. While environmental, host, viral

and other factors may affect the various stages of HPV infection, exploring these elements

enables us to identify early HPV infection management, prevention, and therapy [2].

In the US, tobacco usage is the main preventable cause of death [3]. There is evidence of a

causal relationship between tobacco use and cancers of the lung, larynx, oral cavity, pharynx,

esophagus, pancreas, bladder, kidney, cervix, stomach, and acute myeloid leukemia [4]. Mean-

while, several studies have shown that tobacco use and exposure to secondhand smoke are

associated with an increased chance of high-risk HPV infection [5–8]. However, some of them

have reached the opposite conclusions. HPV16 as the cause of most cervical cancers and one

study found no association between its serologic markers and smoking [9]. Therefore, this

issue deserves further exploration. Meanwhile most of the available studies used participants’

serum cotinine levels as biomarkers of tobacco exposure. Cotinine is the main metabolite of

nicotine, with a half-life of about 16 hours. Tobacco-specific nitrosamines (TSNAs) are a

group of toxic substances that, unlike other carcinogens found in cigarettes (e.g., heavy met-

als), are considered to be specific to tobacco. They are formed in tobacco through the nitrosa-

tion of nicotine alkaloids during roasting and fermentation. Among these, nicotine nitrosation

produces 4- (methylnitrosamino)1-(3-pyridyl)-1- butanol (NNAL) [10]. Previous studies have

found that tobacco-specific NNAL (10–16 days) has a longer half-life compared to cotinine,

which is particularly useful when there is a delay between tobacco exposure and the time of

biomarker measurement, and therefore may be a better biomarker of tobacco exposure [11].

Currently, there are no studies that use urinary NNAL to detect the association between ciga-

rette exposure and HPV infection in women.

In our study, we utilized data from NHANES to select women aged 18–59 years to study

the association between urinary NNAL and HPV infection. The results of this study help to

further elucidate the relationship between tobacco exposure and HPV infection.

Materials and methods

Data sources and study population

NHANES is a cross-sectional study conducted every two years to assess the health and nutri-

tional status of non-institutionalized individuals in the United States. The NHANES study

protocol had NCHS Ethics Review Board approval and all subjects signed a written informed

consent form at enrollment. The details of NHANES are available on the official Website.

Since this study was a secondary review of data that was made available to the public, it was

not subject to ethical declarations, and informed consent was not required. The study included

NHANES participants from 2007 to 2014, participants under the age of 18 or over the age of

59 were excluded as the age range for detecting genital infections is 18–59 years. Participants

with missing urinary NNAL data, missing HPV data, and missing covariates(age, race, marital

status, family income, smoking, sleep hours, first sexual intercourse age, number of sexual

intercourses past year, number of sex partners during the lifetime, illegal substance use, drink

alcohol consumption, body mass index (BMI), urinary creatinine) were not included in this

study.

Detection and classification of HPV infections

The Linear Array HPV Genotyping Assay (Roche Diagnostic) was used in NHANES to iden-

tify 37 HPV genotypes in total (6, 11, 16, 18, 26, 31, 33, 35, 39, 40, 42, 45, 51, 52, 53, 54, 55, 56,

58, 59, 61, 62, 64, 66, 67, 68, 69, 70, 71, 72, 73, 81, 82, 83, 84, 89, and IS39). More details of the

testing procedures can be found in the Laboratory Data section of the NHANES website. The
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outcome variable of the study was the overall status of HPV infection, which was categorized

into three groups: negative (negative for all 37 HPV types); high-risk HPV infection positive

for at least one of the 14 oncogenic HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66,

and 68); and low-risk HPV infection (positive for at least one of the remaining 23 non-onco-

genic HPV types and no oncogenic HPV infection) [12].

Assessment of urine NNAL and covariates

The tobacco-specific nitrosamine NNK (4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone) is

a significant component of tobacco and tobacco smoke. In the smoker’s body, NNK is rapidly

reduced to its metabolite, NNAL. A significant portion of NNAL may also exist in the glucuro-

nide form NNAL-Gluc (NNAL-N-Gluc and NNAL-O-Gluc) in the urine. Participants’ urine

samples are collected during the physical examination and vials are stored under frozen

(-30˚C) conditions before being shipped to the National Center for Environmental Health for

testing. NNAL is measured by using liquid chromatography linked to tandem mass spectrome-

try (LC/MS/MS). See NHANES website for detailed steps. In cases, where the result was below

the limit of detection, the value for that variable is the detection limit divided by the square

root of two, reducing bias due to missing data on the left side [13].

According to previous literature [12, 14, 15], our study considered potential confounders

such as age, race, marital status, family income, smoking, sleep hours, first sexual intercourse

age, number of sexual partners past year, number of sex partners during the lifetime, illegal

substance use, drink alcohol consumption, body mass index (BMI), urinary creatinine. Family

income was divided into three groups based on the poverty income ratio (PIR): low

(PIR� 1.3), medium (1.3< PIR� 3.5), and high (PIR > 3.5). Smoking status was determined

by the question, “Have you smoked at least 100 cigarettes in your entire life”.Alcohol use was

determined by the question, “In any 1 year, have you had at least 12 drinks of any type of alco-

holic beverage?”. BMI was divided into three groups: normal (BMI<25), overweight (25�BMI

<30), and obese (BMI�30).

Statistical analyses

We included weight, class, and PSU variables in all analyses. In the baseline characterization,

continuous variables are expressed as weighted means(standard deviations) and categorical

variables are expressed as sample numbers(weighted percentages). Participants were catego-

rized into four groups (Q1, Q2, Q3, and Q4) based on quartiles of urinary NNAL levels For

continuous variables, differences in baseline characteristics between the four groups were

examined using one-way ANOVA (normal distribution) or kruskal-wallis test (skewed distri-

bution), and for categorical variables, chi-square tests were used.

To assess the association between urinary NNAL levels and HPV infection status, we used a

weighted logistic regression model, calculating odds ratios (ORs) and 95% confidence intervals

(CIs). We made three model sets: The crude model did not adjust for any confounders; Model

I adjusted for socio-demographic factors such as age, race, marital status, and household

income; and Model II was a fully adjusted model that included adjustments for all factors

shown in Table 1. To test for a linear relationship between NNAL and HPV infection status,

we used the median of the NNAL quartiles as a continuous variable to calculate p for trend.To

test for differences in race, marital status, alcohol consumption, smoking, drugs, and BMI

between urinary NNAL levels and HPV infection status, we performed subgroup analyses. All

statistical analyses were conducted using the EmpowerStats (www.empowerstats.com) and R

studio (4.3.1).
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Table 1. Characteristics of 5197 participants by categories of urinary NNAL.

Characteristic Urinary NNAL (ng/ml) p-Value

Total Q1 Q2 Q3 Q4

�0.0004 0.0005–0.0013 0.0013–0.0323 >0.0323

No. 5197 2063 572 1263 1299

Age(years), mean (SD) 39.8 (11.5) 41.9(10.9) 39.0 (11.3) 36.9 (12.1) 39.2 (11.4) <0.001

Race, n (%) <0.001

Mexican American 795 (8.3) 424 (9.9) 108 (11.5) 182 (8.7) 81 (3.7)

Non-Hispanic Black 1111 (12.4) 308 (8.4) 109 (10.8) 363 (17.7) 331 (15.4)

Non-Hispanic White 2241 (66.8) 824 (67.7) 201 (61.6) 479 (61.6) 737 (72.6)

Others 1050 (12.4) 507 (14.1) 154 (16.0) 239 (12.0) 150 (8.3)

Marital status, n (%) <0.001

Living alone 2148 (36.5) 618 (27.3) 209 (28.6) 634 (44.9) 687 (48.5)

Living in a couple 3049 (63.5) 1445 (72.7) 363 (71.4) 629 (55.1) 612 (51.5)

PIR, n (%) <0.001

Low 1622 (23.7) 407 (11.6) 193 (23.6) 502 (29.2) 701 (40.0)

Medium 1803 (33.2) 703 (29.3) 197 (34.4) 466 (37.9) 406 (35.1)

High 1772 (43.2) 953 (59.2) 182 (42.0) 295 (32.9) 192 (24.9)

Smoke, n (%) <0.001

No 3204 (59.6) 1713 (80.0) 481 (80.0) 896 (67.3) 114 (6.7)

Yes 1993 (40.4) 350 (20.0) 91 (20.0) 367 (32.7) 1185 (93.3)

Sleep hours, n (%) <0.001

<8 3457 (65.2) 1324 (63.0) 377 (64.7) 831 (65.4) 925 (69.2)

8–9 1628 (32.9) 710 (35.7) 184 (33.1) 408 (33.1) 326 (27.5)

>9 112 (1.9) 29 (1.3) 11 (2.3) 24 (1.5) 48 (3.3)

Age at first sexual intercourse(years), n (%) <0.001

<16 1367 (24.4) 329 (15.4) 123 (18.4) 336 (26.1) 579 (41.5)

16–18 2351 (48.5) 868 (45.6) 260 (53.0) 628 (51.2) 595 (48.9)

>18 1479 (27.2) 866 (39.0) 189 (28.7) 299 (22.6) 125 (9.6)

No. of sex partners during life, n (%) <0.001

�1 863 (15.3) 519 (22.4) 127 (19.4) 172 (12.8) 45 (3.1)

2–5 2063 (39.2) 866 (40.9) 256 (44.1) 519 (41.3) 422 (32.1)

6–10 1234 (24.3) 435 (22.8) 125 (23.6) 302 (23.6) 372 (27.8)

11–50 960 (19.9) 232 (13.5) 62 (12.5) 255 (21.3) 411 (33.5)

>50 77 (1.3) 11 (0.4) 2 (0.4) 15 (1.0) 49 (3.5)

No. of sex partners past year, n(%) <0.001

0 751 (13.6) 327 (14.6) 68 (10.0) 178 (14.5) 178 (12.5)

1–5 4374 (85.3) 1724 (84.9) 501 (89.1) 1065 (84.3) 1084 (85.1)

>5 72 (1.2) 12 (0.5) 3 (0.9) 20 (1.2) 37 (2.4)

Illegal substance use, n(%) <0.001

No 2559 (43.2) 1302 (53.9) 376 (58.7) 599 (41.6) 282 (18.5)

Yes 2638 (56.8) 761 (46.1) 196 (41.3) 664 (58.4) 1017 (81.5)

Alcohol, n (%) <0.001

No 1569 (24.2) 754 (28.4) 203 (28.5) 368 (23.3) 244 (15.5)

Yes 3628 (75.8) 1309 (71.6) 369 (71.5) 895 (76.7) 1055 (84.5)

BMI, n (%) <0.001

Normal 1688 (35.5) 762 (40.4) 180 (31.6) 333 (27.8) 413 (35.9)

Overweight 2121 (27.3) 583 (27.7) 160 (29.3) 300 (25.0) 345 (27.7)

Obese 1388 (37.2) 718 (31.9) 232 (39.0) 630 (47.2) 541 (36.4)

(Continued)
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Results

Basic characteristics

Out of the 40,617 participants in the interview, 20,437 were female. Of these, 11,809 were

excluded because they were under 18 or over 59 years old. Additionally, 787 women had miss-

ing NNAL data, 739 had missing HPV data, and 1,905 had missing covariates. Ultimately,

5197 women were included in the study. The specific selection process and details are shown

in Fig 1. A table of baseline characteristics of individuals grouped by NNAL quartiles is shown

in Table 1, The mean age of the 4197 participants in this study was 39.8 (11.5) years, the major-

ity of subjects were Non-Hispanic White(66.8%). Compared to the lowest NNAL quartile(Q1),

participants in the highest NNAL quartile(Q4) tended to have low PIR scores, drink alcohol,

smoke cigarettes, use illegal substance and be infected the HPV.

Relationship between urinary NNAL levels and HPV infection

As shown in Table 2, we examined the relationship between urinary NNAL levels and HPV

infection status by weighted logistic regression in three models. In the fully adjusted model

(Model II), the highest quartile of NNAL(Q4) was more positively associated with low-risk

HPV infection than the lowest quartile of NNAL(Q1) (OR = 1.83 (1.35,2.50), p<0.001). the

highest quartile of NNAL(Q4) was more positively associated with high-risk HPV infection

than the lowest quartile of NNAL(Q1) (OR = 2.20 (1.57,3.08), p< 0.001). Also by trend test,

we found a linear correlation between urinary NNAL levels and HPV infection status.

Stratified analysis based on additional variables

Subgroup analyses and interaction tests were used to test the consistency and stability of the

positive association between urinary NNAL levels and HPV infection status. As show in the

Fig 2, in the fully adjusted model, the positive correlation between urinary NNAL levels and

low-risk HPV infection status was inconsistent in marital status and BMI (interaction

p< 0.05). The positive association of urinary NNAL levels with high-risk HPV infection status

was inconsistent in smoking and BMI (interaction p< 0.05).

Discussion

In this study, we found a significant association between urinary NNAL levels and HPV infec-

tion status, which remained significant after adjusting for all covariates. This results suggests

that tobacco exposure is associated with HPV infection status.

The current literature on the relationship between tobacco exposure and HPV infection

shows a correlation between the two, such as the study by Sadate-Ngatchou P, which found a

positive correlation between current smoking and high-risk HPV DNA [6]. Vaccarella S et al.

Table 1. (Continued)

Characteristic Urinary NNAL (ng/ml) p-Value

Total Q1 Q2 Q3 Q4

�0.0004 0.0005–0.0013 0.0013–0.0323 >0.0323

Urinary creatinine(mg/dL), mean (SD) 106.2 (74.1) 85.3(63.0) 103.4(64.2) 133.67(77.7) 119.15(81.48) <0.001

HPV infection status, n (%)

High risk 1261 (22.0) 329 (14.2) 113 (18.9) 388 (28.6) 431 (31.0)

Low risk 1087 (19.1) 341 (15.1) 105 (17.0) 264 (18.7) 377 (27.7)

Negative 2849 (58.9) 1393 (70.7) 354 (64.1) 611 (52.7) 491 (41.3)

https://doi.org/10.1371/journal.pone.0304499.t001
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showed that the prevalence of HPV among current smokers increased with smoking intensity

[16]. Two cross-sectional studies of serum cotinine that have found an association between

tobacco exposure and HPV infection [7, 8]. However, there are also studies that deny this cor-

relation, HPV16 is the cause of most cervical cancers, accounting for about 90% of all virus-

positive head and neck cancers [17]. Kelsey KT’s study showing no overall association between

HPV16 serologic markers and smoking [9]. However, cotinine has a short half-life, so we

chose a longer half-life NNAL for our study. The average half-life of cotinine is 16 hours and

the average half-life of NNAL is 10–16 days. Therefore the use of NNAL is expected to be more

useful than the use of cotinine in epidemiologic studies with prolonged intermittent exposure

to secondhand smoke (SHS) or in studies where biomarker measurements can no longer be

made during the time of exposure [11]. In addition to cross-sectional studies, there are also

epidemiologic studies and basic mechanistic studies that support our present results.

An ecological time-series modeling study reveals a significant direct association between

higher prevalence of smoking and sexually transmitted infections and the incidence of cervical

cancer [18]. A follow-up propensity score matching study found that tobacco use may increase

the risk of persistent HPV infection, and that this risk is higher for heavier smokers [19].

Tobacco users have higher rates of high-risk HPV infection than non-smokers. Cervical cancer

is strongly associated with tobacco use [20]. Epidemiological studies have shown that cigarette

smoke carcinogens are cofactors that act synergistically with HPV to increase the risk of cervi-

cal cancer progression [21]. A study by Alam et al. found that the presence of the carcinogen

benzo[α]pyrene (BaP) in tobacco smoke (TS), and the modulation of the HPV lifecycle by BaP

may potentially enhance viral persistence, host tissue carcinogenesis, and tolerance of cancer

Fig 1. The flow diagram of this study. Abbreviations: NHANES, National Health and Nutrition Examination Survey; HPV, human

papillomavirus.

https://doi.org/10.1371/journal.pone.0304499.g001

Table 2. Association between urinary NNAL and overall HPV infection.

Crude a Model I b Model II c

OR(95%CI) P-Value OR(95%CI) P-Value OR(95%CI) p-Value

Low-Risk HPVvs.No HPV

NNAL(ng/ml)

Q1 1(Reference) 1(Reference) 1(Reference) p

Q2 1.24(0.90, 1.70) 0.19 1.17(0.83, 1.65) 0.37 1.13(0.79, 1.63) 0.49

Q3 1.66(1.27, 2.16) <0.001 1.37(1.04, 1.82) 0.03 1.23(0.93, 1.63) 0.15

Q4 3.14(2.47, 3.98) <0.001 2.61(1.95, 3.49) <0.001 1.83(1.35, 2.50) <0.001

Trend test <0.001 <0.001 <0.001

High-Risk HPVvs.No HPV

NNAL(ng/ml)

Q1 1(Reference) 1(Reference) 1(Reference)

Q2 1.47(1.07, 2.02) 0.017 1.26(0.90, 1.76) 0.18 1.19(0.84, 1.70) 0.32

Q3 2.70(2.11, 3.46) <0.001 1.76(1.36, 2.30) <0.001 1.68(1.26, 2.23) <0.001

Q4 3.73(2.91, 4.78) <0.001 2.71(2.00, 3.65) <0.001 2.20(1.57,3.08) <0.001

Trend test <0.001 <0.001 <0.001

Abbreviations: HPV, human papillomavirus; OR, odds ratio; CI, confidence interval. a No covariates were adjusted in crude model. b Sociodemographic variables (age,

race, marital status, and household income) were adjusted in Model I. c All covariates presented in Table 1 (age, race, marital status, family income, smoking, sleep

hours, first sexual intercourse age, number of sexual intercourses past year, number of sex partners during the lifetime, illegal substance use,drink alcohol consumption,

body mass index (BMI), urinary creatinine) were adjusted in Model II

https://doi.org/10.1371/journal.pone.0304499.t002
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progression. TS affects both innate immunity and adaptive immune responses [22]. It is now

well established that TS is associated with decreased immune system-induced clearance of

intracervical HPV and early cervical cancer changes [23, 24]. There is also research supporting

the possibility that TS or his specific compounds (e.g., nicotine, BaP, and acrolein) may

increase susceptibility to HPV or impair the body’s ability to clear HPV. It was confirmed that

tobacco smoke affects HPV replication, while TS may also enhance the oncogenic effects of

HPV by promoting DNA damage and thereby enhancing the oncogenic effects of HPV. TS

alters gene expression in cells involved in HPV-mediated carcinogenesis [25].

Limitation

First, NHANES only collected urinary NNAL expression levels from 2007 to 2014, which pre-

vented us from further validating the conclusions of this paper using NHANES data from

other cycles. Second, due to the limitation of cross-sectional data, a causal relationship could

not be inferred, and longitudinal design studies are still needed to verify this in the future.

Conclusion

This study reveals an association between urinary NNAL levels and HPV infection status in

US women aged 18–59 years, which persists even after accounting for potential confounders.
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