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Bromoform exposure is
associated with non-melanoma
skin cancer: evidence from
NHANES 2011–2020
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Zimao Wang, Zheng Yang and Qiying Wang*

Department of Plastic Surgery, First A�liated Hospital of Zhengzhou University, Zhengzhou University,

Zhengzhou, China

Background: Non-melanoma skin cancer (NMSC) is a prevalent skin malignancy.

It has been indicated in many studies that trihalomethanes (THMs) exposure has

a strong association with tumors but has not been associated with NMSC. Our

investigation aims to explore the association between THMs exposure and NMSC.

Methods: Cross-sectional data from the 2011 to 2020 National Health and

Nutrition Examination Survey (NHANES) was collected. Poisson regression and

subgroup analyses were performed to evaluate the association between individual

THMs components and NMSC. Fitted smoothing curves and generalized additive

models were also used.

Results: This study involved 5,715 individuals, 98 (1.7%) of whom self-reported

NMSC. After adjusting for covariates, Poisson regression showed that higher blood

TBM levels were associated with an increased likelihood of NMSC (OR = 1.03;

95% CI: 1.01–1.05, p = 0.002). However, the correlation between the blood levels

of TCM, DBCM, and BDCM and the likelihood of NMSC was not statistically

significant (all p > 0.05). Subgroup analysis and interaction tests showed no

significant di�erences between blood TBM concentration and the likelihood of

NMSC, indicating that age, gender, and race were significantly independent of this

positive association (all p < 0.05).

Conclusions: Our results implied that among adults older than 65 years old in the

U.S., elevated blood TBM concentrations were positively associated with NMSC.

More prospective investigations are required to validate this relationship with the

early prevention of NMSC.

KEYWORDS

trihalomethanes, bromoform, non-melanoma skin cancer, water, swimming, cancer

prevention

Introduction

Non-melanoma skin cancer (NMSC) is a prevalent kind of skinmalignancy that includes

squamous and basal cell carcinoma of the skin (1). In recent years, the incidence of NMSC

is increasing (2, 3). The high prevalence and rising incidence of treatment place a huge cost

burden on patients and healthcare systems (4–7). By being more aware of the risk factors, it

is possible to avoid NMSC and recognize it early, reducing its impact.

When chlorine used for disinfection interacts with organic or inorganic materials

in water, disinfection by-products (DBPs) are produced, and trihalomethanes (THMs)

are one of the significant DBPs produced. THMs contain chloroform (TCM),

dibromochloromethane (DBCM), bromodichloromethane (BDCM), and bromoform
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(TBM). Even in minimal concentrations, these chemicals are

detrimental to human health. Different cancers, reproductive

issues, birth defects, and miscarriages are just a few examples of

these health risks (8–11). THMs are thought to have a chance of

causing cancer, according to studies (12). THMs were found to

be present in drinking water after chlorination in 1972, and since

then, research has been done to determine how they originate, how

hazardous they are, how common they are, and how to reduce

them (13, 14). TTHMs’ maximum contaminant limit (MCL) was

established at 100µg/L (15). TheMCL for TTHMST was decreased

by The Stage 1 D-DBP Rule to 80 µg/L (16).

Tap water, also known as drinking water, is used for washing,

cleaning, cooking, bathing, and other activities. As a result, THMs

can be consumed and absorbed not only orally but also by

inhalation exposure and absorption as well as through contact

with the skin. Studies from various regions have produced varying

conclusions regarding whether the exposure pathway carries the

most risk of developing cancer (17–20). Lifetime carcinogenic

risk assessment of different components of THMs under various

exposure routes is mainly achieved by calculating chronic daily

intake (CDI) and potency factor (PF) (8), and the product of these

indicators is the lifetime carcinogenic risk of a THMs component

under a certain exposure route. CDI is the mass of a substance

per unit of body weight per unit of exposure time. A drug’s PF

calculates the lifetime cancer risk associated with exposure to that

medicine. It is typically given as the percentage of the population

affected per kilogram of body weight per day per milligram

of substance. According to specific research that evaluated the

carcinogenic risk of various THMs components (17, 18, 21, 22),

TCM was the primary constituent of all THMs and the primary

contributor to overall cancer risk. Other research found that BDCM

had the highest percentage contribution (8, 23). A recent study

in India showed that TBM had the most significant levels and

concentrations and an enormous percentage contribution to overall

cancer risk (20).

According to several research, THMs exposure is strongly

associated with malignancies, including bladder, colorectal, and

breast cancers (24–27). However, the association between NMSC

and THMs has not been examined. Moreover, exposure evaluations

relied on total THMs concentrations measured or calculated

in THMs mixes, particularly in drinking water, rather than

exposure levels of individual THMs components, in most research

investigating the link between exposure to THMs and a specific

tumor. In these circumstances, studies investigating the association

of individual THMs components with the likelihood of NMSC

would be valuable.

Therefore, we investigated general and representative U.S.

populations using National Health and Nutrition Examination

Survey (NHANES) data from 2011 to 2020 to investigate the

association between total blood THMs levels and individual THMs

components and NMSC.

Subject and methods

Data and sample sources

Sample sources and techniques data were acquired from

NHANES, a cross-sectional nationwide population-based survey

carried out by the National Center for Health Statistics (NCHS) to

collect details on potential health risk factors and the nutritional

status of citizens in the United States. To gather a representative

sample of the total American population, a sophisticated stratified,

multistage probability whole-group sampling design was used in

its creation (28). The NCHS Research Ethics Review Committee

clarified to the study’s protocol for the NHANES. All participants

in the poll who were under the age of 16 provided their

parents’ or guardians’ written informed consent. The detailed

NHANES research design and data are accessible at https://www.

cdc.gov/nchs/nhanes/. Participants completed standardized home

interviews, health exams at mobile screening facilities, and lab

tests to collect laboratory data to assess their physical and medical

conditions. To examine the relationship between the elevated

likelihood of NMSC and blood concentrations of THMs, we chose

five NHANES cycles from 2011 to 2020. In our analysis, exclusion

criteria for participants were (1) aged <20 years, (2) lack of data

on cancer prevalence, (3) having cancer other than non-melanoma

skin cancer, and (4) lack of data on blood concentrations of

THMs. A total of 45,462 participants were initially recruited. After

excluding participants age <20 years (n = 18,538), with missing

cancer data (n = 3,409), with other cancers (n = 1,995), and with

missing data on THMs (n = 15,805), in our final analysis, 5,715

eligible subjects with a minimum age of 20 were included. The

specific patient screening flowchart is shown in Figure 1.

Exposure variable

Throughout the test, venous blood samples were collected to

assess the blood THMs levels. No additional conditions, such as

fasting or specific diets, were necessary to collect blood samples.

Whole blood samples were taken in clean 10 or 7 ml blood

collection glass tubes, including anticoagulants with potassium

oxalate and sodium fluoride. Those blood samples were prepared,

kept, and sent to the National Center for Environmental Health,

Centers for Disease Control and Prevention’s Environmental

Health Laboratory Sciences Division for analysis. Using headspace

solid phase microextraction/gas chromatography/isotope dilution

mass spectrometry (SPME/GC/isotope dilution MS), a similar

method described by Blount (29), blood concentrations of TCM,

DBCM, BDCM, and TBM were measured. This approach offers

higher throughput, improved ruggedness, and lower costs for large-

scale studies (29). With this method, levels of each component of

THMs in the blood can be measured down to low parts per trillion.

This method is useful for figuring out these amounts and looking

into sustained or recent low-level exposure cases because non-

occupationally exposed people have blood THMs concentrations

in this range. Blood concentrations of TCM, DBCM, BDCM, and

TBM, which were measured, were used to calculate the total THMs

(sum of individual THMs concentrations) and total brominated

THMs (sum of TBM, DBCM, and BDCM concentrations) in the

blood (30). Laboratory analyses were subject to stringent quality

control measures. Quality assurance and quality control procedures

followed standard practices (31). Daily, the stability of the analytical

system was tested experimentally. Each day’s run sequence was

supplemented with standards and quality control materials. In each

run, the water blank and two QC samples at various concentrations
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FIGURE 1

Flowchart of the participants’ selection from NHANES 2011–2020.

were among the minimum three quality assessment sample types

examined. These samples had all been created using unidentified

blood samples. A water blank was prepared using the standards

in addition to these samples. To confirm the effectiveness of

the procedure and the instrument, absolute responses and their

retention times from the lowest calibrator were analyzed from the

previous run. Data that fell below the detection threshold was

padded with an interpolated value. This value is the lower limit of

detection divided by the square root of 2 (LLOD/sqrt [2]).

Covariates

Demographic baseline data were obtained from 2011 to 2020

NHANES interview data and included: age, gender (male or

female), race, education level, the ratio of family income to

poverty (PIR), body mass index (BMI), and smoking status. We

categorized race as white or non-white, with the latter category

including Mexican American, other Hispanic, non-Hispanic black,

and other races (32). For income, we used PIR, defined in NHANES

as total household income divided by the federal poverty level.

Based on the Supplemental Nutrition Assistance Program (SNAP)

eligibility criteria cited in the NHANES Analysis Guide 1999–

2010, we used the following income categories: 0–1.30 (the lowest

income), 1.31–3.50 (the middle income), or 3.51–5.00 (the highest

income) (33). We used the following education categories: ≤ high

school graduation, some college or associate’s degree, or ≥ college

graduation (32). According to the question “Have you smoked at

least 100 cigarettes in your lifetime?” smoking status was divided

into two categories, never smoked or ever smoked.
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Statistical analyses

Using the proper NHANES sampling weights and considering

intricate multistage whole-group surveys, all statistical analyses

were carried out by the Centers for Disease Control and Prevention

(CDC) recommendations. Continuous data were presented as

means with standard errors (SE), while categorical variables were

given as proportions. A t-test (for continuous variables) or chi-

square test (for categorical variables) was used to assess differences

between participants with NMSC and those without cancer.

Three different models of the likelihood of NMSC were each

subjected to Poisson regression analysis to examine the relationship

between blood THMs levels and their various constituents. In

model 1, no adjustment for covariates was made. In model

2, gender, age, and race were adjusted. Model 3 was adjusted

for gender, age, race, education level, PIR, and smoking status.

Age (20-34/35-49/50-64/≥65 years), gender (male/female), and

race (white/non-white) stratified variables were used in subgroup

analyses of the connection between blood THMs concentrations

and the likelihood of NMSC. These stratification criteria were

also considered as predetermined potential impact modifiers.

An interaction term was included to check for heterogeneity of

connections between subgroups. A t-test (for continuous variables)

was also used to assess differences in the distribution of blood

THMs concentrations between subgroups. NMSC and blood

TBM concentrations were evaluated for nonlinear relationships

using generalized additive models and smoothed curve fitting. All

analyses were performed using PackageR (http://www.R-project.

org), EmpowerStats (www.empowerstats.com), and Stata/MP

V.17.0 (StataCorp). The statistically significant level was set

as p < 0.05.

Results

Baseline characteristics of participants

Subject baseline characteristics included 5,715 subjects, 49.10%

male and 50.90% female, with a mean age of 49.00 ± 17.05

years; 1.7% of participants were classified as NMSC patients. The

distribution of age, gender, race, education level, PIR, smoking

status, and blood TBM concentrations between those without

cancer and those with NMSC showed statistically significant

disparities (all p < 0.05). Subjects who were more likely to have

NMSC were older age, men, white, lower education level, lower

PIR, smokers, and higher blood TBM levels in our study (all p

< 0.05). Table 1 displays the participants’ clinical and biochemical

characteristics based on NMSC.

The association between blood TBM
concentrations and NMSC

Our results suggested that, based on current data, elevated

blood TBM concentrations were correlated with the likelihood of

NMSC. This correlation was significant in our crude model (OR

= 1.02; 95% CI: 1.00–1.04, p = 0.027) and the minimally adjusted

model (OR = 1.03; 95% CI: 1.01–1.05, p = 0.006). The positive

correlation between blood TBM concentrations and the likelihood

of NMSC persisted in the fully adjusted model (OR = 1.03; 95% CI:

1.01–1.05, p = 0.002). However, the correlation between the blood

levels of TCM,DBCM, and BDCMand the likelihood of NMSCwas

not statistically significant in either the crude model, the minimally

adjusted model, or the fully adjusted model (all p > 0.05). So, it

could not be inferred that the blood levels of TCM, BDCM, and

DBCM were related to the likelihood of NMSC (Table 2).

Subgroup analysis

Our subgroup analysis’s findings revealed a significant

relationship between blood TBM concentrations and the likelihood

of NMSC in the population age ≥ 65 (OR = 1.04; 95% CI: 1.01–

1.08, p = 0.0055) in subgroups stratified by age. For subgroups

stratified by gender, blood TBM concentrations and the likelihood

of developing NMSC were shown to be significantly correlated in

the male population (OR = 1.04; 95% CI: 1.01–1.07, p = 0.0204).

In subgroups stratified by race, a significant association between

blood TBM concentrations and the likelihood of NMSC was

detected in the white racial population (non-Hispanic white; OR

= 1.06; 95% CI: 1.02–1.09, p = 0.0007). Interaction tests revealed

that the correlation between blood TBM concentrations and the

likelihood of NMSC was not statistically different across each

stratum, indicating that age, gender, and race did not substantially

depend on this beneficial link (p > 0.05 for all interaction tests). At

the same time, our findings suggest a stronger positive association

between blood TBM concentrations and the likelihood of NMSC

in older (≥65 years), male, and white individuals, although the

interaction tests were insignificant (Figure 2). It was shown in

Table 3 that there were statistically significant differences in age

and race across the spectrum of blood TBM, DBCM, and TCM

concentrations (all p< 0.05). Only the distribution of blood BDCM

concentrations in the various age subgroups showed statistically

significant differences (p < 0.001).

Smooth curve fitting

We fitted the smoothed curve and used the generalized

additive model to define the nonlinear association between blood

TBM concentrations and the likelihood of NMSC. We excluded

significant outliers with blood TBM concentrations >50 pg/mL.

The results showed an increasing trend of smoothed fitted curves

for the association of blood TBM concentrations in the range of

5.7–48 pg/mL with the likelihood of NMSC (Figure 3).

Discussion

Our cross-sectional study that included 5,715 participants

showed that blood TBM levels were significantly connected with

the likelihood of NMSC in adults aged 65 and over. The results of

interaction tests and subgroup analyses indicated that age, gender,

and race did not substantially depend on this link. According to

our research, increased blood TBM levels were an independent risk

factor for NMSC.
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TABLE 1 Characteristics of the study population based on NMSCa in the NHANESb 2011–2020.

Characteristics Overall
(N = 5,715)

Non-NMSC
(N = 5,617)

NMSC
(N = 98)

p-valuec

Age, mean± SDd (years) 49.00± 17.05 48.66± 16.93 68.09± 12.53 <0.001

Gender, n (%) 0.044

Male 2,806 (49.10) 2,748 (48.92) 58 (59.18)

Female 2,909 (50.90) 2,869 (51.08) 40 (40.82)

Race, n (%) <0.001

White 2,089 (36.55) 1,998 (35.57) 91 (92.86)

Non-whitee 3626 (63.45) 3,619 (64.43) 7 (7.14)

Education level, n (%) <0.001

≤High school graduate 2,506 (43.85) 2,482 (44.19) 24 (24.49)

Some college or associate’s degree 1,782 (31.18) 1,747 (31.10) 35 (35.71)

≥College graduate 1,425 (24.93) 1,386 (24.68) 39 (39.80)

Missing 2 (0.03) 2 (0.04) 0 (0.00)

PIRf , n (%) <0.001

0–1.30 1,553 (27.17) 1,542 (27.45) 11 (11.22)

1.31–3.50 1,874 (32.79) 1,840 (32.76) 34 (34.69)

3.51–5.00 1,618 (28.31) 1,575 (28.04) 43 (43.88)

Missing 670 (11.72) 660 (11.75) 10 (10.20)

BMIg , mean± SD (kg/m2) 29.54± 7.19 29.54± 7.21 29.00± 6.25 0.460

Smoking status, n (%) 0.010

Ever 2,367 (41.42) 2314 (41.20) 53 (54.08)

Never 3,348 (58.58) 3303 (58.80) 45 (45.92)

Bromoform, mean± SD (pg/mL) 14.00± 21.02 6.48± 4.33 7.56± 6.77 0.016

Bromodichloromethane, mean± SD (pg/mL) 5.03± 3.22 5.03± 3.21 5.26± 3.88 0.484

Dibromochloromethane, mean± SD (pg/mL) 4.22± 2.59 4.42± 2.58 4.63± 52.86 0.420

Chloroform, mean± SD (pg/mL) 6.50± 4.39 14.00± 21.14 13.81± 13.11 0.928

Total THMs, mean± SD (pg/mL) 29.95± 23.56 29.93± 23.64 31.26± 18.82 0.580

Total brominated THMs, mean± SD (pg/mL) 15.96± 7.61 15.93± 7.56 17.45± 10.28 0.050

aNMSC, non-melanoma skin cancer.
bNHANES, National Health and Nutrition Examination Survey.
cp-values were calculated using the t-test for binomial groups and the Chi-square test for categorical groups.
dMean± SD for continuous variables.
eIncludes Mexican American, other Hispanic, non-Hispanic Black, and other races.
fPIR, the ratio of family income to poverty. On the basis of the Supplemental Nutrition Assistance Program eligibility criteria cited in NHANES analytic guidelines 1999–2010, 0–1.30 indicates

lowest income, 1.31–3.50 indicates middle income, and 3.51–5.00 indicates highest income (33).
gBMI, body mass index.

Our results supported earlier research suggesting that exposure

to THMs may impact NMSC development (34). For those with

THMs levels >40 g/L, Karagas claimed that the OR for basal

cell carcinoma was 2.4 (95% CI: 0.9–6.7). For squamous cell

carcinoma, it was 2.1 (95%CI: 0.7–7.0) among people who reported

using a public water supply system. There are presently just a

few epidemiologic studies that show a connection between THMs

exposure and nonmelanoma skin malignancies. However, there is

some evidence for the link between THMs exposure and other

malignancies. According to several epidemiological studies, THMs

levels in water have been linked to several cancers, including

bladder and colon cancers (35–38). Unfortunately, not all of these

research have provided experimental proof that THMs induction

causes cancer (35–37). Bladder cancer incidence andmortality were

significantly positively correlated with exposure to THMs in tap

water or swimming pools, according to multicenter case-control

studies (39, 40). In addition, people with high levels of THMs

had higher odds of developing colon cancer than people with low

levels of THMs (41, 42). Jones et al. (43) published in 2019 the

risk of rectal cancer with ingested total THMs (HR Q5 vs. Q1 =

1.71; 95% CI: 1.00–2.92), bromodichloromethane (HR Q4 vs. Q1 =

1.89; 95% CI: 1.17–3.00), and trichloroacetic acid (HR Q4 vs. Q1
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TABLE 2 The association between blood concentrations of individual THMs components and NMSCa.

ORb (95%CI)c, p-value

Crude model
(model 1)d

Minimally adjusted mode
(model 2)e

Fully adjusted model

(model 3)f

Bromoform, pg/mL 1.02 (1.00, 1.04) 1.03 (1.01, 1.05) 1.03 (1.01, 1.05)

0.027 0.006 0.002

Bromodichloromethane, pg/mL 1.02 (0.97, 1.07) 1.02 (0.99, 1.06) 1.02 (0.98, 1.05)

0.487 0.250 0.470

Dibromochloromethane, pg/mL 1.03 (0.97, 1.09) 1.05 (0.99, 1.11) 1.05 (0.99, 1.11)

0.425 0.089 0.079

Chloroform, pg/mL 1.00 (0.99, 1.01) 1.00 (0.00, 1.01) 1.00 (0.99, 1.01)

0.929 0.883 0.945

aTHMs, trihalomethanes; NMSC, non-melanoma skin cancer.
bOR: odds ratio.
c95% CI: 95% confidence interval.
dModel 1: no covariates were adjusted.
eModel 2: adjusted for gender, age, and race.
fModel 3: adjusted for gender, age, race, education level, PIR.

FIGURE 2

Subgroup analysis for the association between blood TBM concentrations and NMSC.

= 1.92; 95% CI: 1.20–3.09) positive correlation between exposure

estimates, but not for colon cancer. Most research concentrated

on the association between total THMs exposure and cancer. Still,

others, like ours, also paid attention to the associations between

certain THMs components and cancer on their own. Instead of

analyzing blood THMs levels, Bove et al. (44, 45) attempted to

demonstrate the cancer risk linked to specific THMs exposure from

drinking water. In these studies, TBM levels derived from water

drinking strongly correlated with the risk of bladder cancer (OR =

3.05; 95 % CI: 1.51–5.69) and rectal cancer (OR = 1.85; 95 % CI:

1.25–2.74) in adult men. This is in line with the findings of our

investigation. According to the results of our investigation, blood

TBM levels were positively correlated with the likelihood of NMSC.

The main influencing factors explored in this study were

THMs and their different components (TCM, DBCM, BDCM,

and TBM), which are components of disinfection by-products

(DBPs) produced during water treatment and linked to a higher

risk of cancer in people (41, 46). THMs are the most prevalent
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TABLE 3 The distribution of individual blood THMsa concentrations in subgroups.

Bromoform
(pg/mL)

Bromodichloromethane
(pg/mL)

Dibromochloromethane
(pg/mL)

Chloroform
(pg/mL)

Age

20–34 6.73± 6.20 5.00± 2.90 4.42± 2.67 13.66± 18.99

35–49 6.43± 3.27 5.27± 3.75 4.56± 3.06 14.35± 22.96

50–64 6.35± 2.99 4.97± 3.05 4.38± 2.27 14.78± 24.68

≥65 6.51± 4.54 4.86± 3.08 4.32± 2.22 12.94± 14.58

p-value 0.039 <0.001 0.043 0.049

Gender

Male 6.59± 5.10 5.10± 3.44 4.48± 2.71 13.70± 21.23

Female 6.41± 3.56 4.97± 3.00 4.37± 2.46 14.29± 20.82

p-value 0.486 0.811 0.681 0.08

Race

White 6.47± 3.79 4.94± 3.39 4.32± 2.57 14.27± 25.95

Non-white 6.51± 4.70 5.09± 3.12 4.48± 2.60 13.84± 17.58

p-value <0.001 0.113 <0.001 <0.001

aTHMs, trihalomethanes.

FIGURE 3

The correlation between blood TBM concentrations and NMSC

(using penalized spline method). Age, gender, race, education level,

PIR, and smoking status were adjusted.

category of DBPs (47, 48), and they have recently been the focus

of epidemiological investigations. Several epidemiological studies

showed that exposure to THMs had been linked to an increased

risk of breast, colon, leukemia, gastric, and rectal cancers (24–

27). The U.S. Environmental Protection Agency (EPA) has placed

TCM in category B1 (probable human carcinogens with limited

human data), BDCM and TBM in category B2 (probable human

carcinogens with sufficient animal data), and DBCM in category

C (probable human carcinogens). In addition to THMs, haloacetic

acids (HAAs), and halo ketones (HKs) were also the most common

forms of DBPs (47, 49–51). These include dichloroacetic acid

(DCA), categorized as a B2 carcinogen, and trichloroacetic acid

(TCA), categorized as a C carcinogen. TCA had been proven to

cause chromosomal abnormalities in cells in several studies (52),

and 1,1-Dichloropropanone had been shown to lower glutathione

levels in cells (53). The permeability of THMs was around ten

times greater than that of HKs, whereas the permeability of HAAs

through the skin was extremely low. THMs are thus the most

crucial risk factor when considering the danger of cutaneous

exposure to DBPs (54). This evidence was another aspect that led

us to choose THMs and the various parts that make them up

as influencing factors for the study. Our results in the present

study were comparable. Following the discovery that blood TBM

concentrations were substantially related to the likelihood of

NMSC in persons older than 20 years old by Poisson regression

analysis: every 3% increase in the likelihood of NMSC was linked

to every 1 pg/mL increase in blood TBM levels.

We hypothesized that direct dermal contact was a significant

exposure mechanism for THMs connected to NMSC in terms of

THMs exposure pathways. THMs can be exposed through various

means, such as oral ingestion, inhalation, and direct skin contact.

According to certain reports, inhalation was the primary exposure

route (18), while the oral route was the most frequent (55–57).

Given that THMs could enter the body through swimming, doing

dishes, and coming into direct touch with chlorine-treated water

while handling water (58), as well as the fact that there was

direct contact dermatitis, we hypothesized that dermal exposure

should also play a significant role in the exposure mechanism of

NMSC. Several studies indicated that inhalation and cutaneous

contact during swimming resulted in higher levels of THMs in

the blood compared with oral exposure from drinking (59–61);

some investigations revealed that cutaneous contact consumption
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of TCM was comparable to that caused by breathing (62).

These studies provided evidence supporting our hypothesis that

direct cutaneous contact was a significant exposure mechanism.

Experiments by Xu et al. (54) regarding the skin’s permeability

to various THMs components revealed that TBM was the most

permeable in the same state, which was also compatible with

our findings.

Regarding the biological rationale for the interaction of THMs

with NMSC, it had been pointed out that several genes that

convert DBPs into reactive intermediates (CYP2E1 and GSTT1)

were expressed in the skin and had a role in hereditary skin cancer

susceptibility (63). Testing of TBM, DBCM, and BDCM revealed

cytotoxic, genotoxic, and mutagenic effects in various experimental

settings (including human cells) (64–79). The genotoxic and

mutagenic properties of TBM, DBCM, and BDCM had been linked

to the glutathione transferase family’s genes, specifically GSTT1-

1 (64, 80, 81). TBM, DBCM, and BDCM were converted by

glutathione S-transferases (GST), which could then interact with

DNA through the shift of the base pairs from GC to AT to

produce mutations. Owing to their biological action, brominated

THMs intermediates increased the likelihood of tumor growth

by causing cellular dysregulation (64, 82–84). Several metabolic

pathways were also implicated. Due to metabolic heterogeneity in

their detoxification pathway, a family of cytochrome P450 (CYP)

polymorphic variations, for instance, influenced the toxicity of

brominated THMs. Furthermore, according to Ross and Pegram

(71), the cell types implicated (liver and kidney cells) and the

presence of the polymorphic variant CYP2E1 impacted how

genotoxicity was assessed in an experimental rat model. This

observation supported the hypothesis that the relative toxicity

of these chemicals might be affected by polymorphic variations

of enzymes engaged in detoxification processes. Moreover,

sister chromatid exchanges, chromosomal abnormalities, and the

development of micronuclei had all been linked to the mutagenic

effects of DBCM and TBM in both animal and human cells (65,

66, 80, 85–87). According to current scientific research, the toxicity

of THMs might be significantly influenced by brominated THMs

(TBM, DBCM, and BDCM). Several investigations demonstrated

that brominated THMs species had more potential for harm than

TCM (64–67). TBM was one of the substances with the highest

potential for mutagenesis and cytotoxicity (64, 87, 88). The strong

mutagenic and cytotoxic potential of TBM further supported the

findings of our investigation.

We made the following hypotheses regarding the finding

that only TBM was connected with NMSC in this study. The

permeability coefficients of THMs ranged from 0.16 to 0.21 cm/h

when the donor solution was at 25◦C, the ideal temperature

for the human body, with TBM having the highest Kp value

(54). Comparatively to the other THMs components, TBM was

absorbed primarily through the skin. Second, numerous studies

have revealed that brominated THM species had a higher potential

for harm regarding cytotoxicity (74–77). One of the chemicals with

the highest potential for mutagenicity and cytotoxicity was TBM

(74, 85, 89).

There are a few restrictions on our study. First, we started

by using NMSC’s self-reported history. Because pathology or

medical records didn’t support it, misclassifying the results could

produce bias. Although NHANES did not have an option for

outcome validation, a validation study of a hospital cohort of

almost 300 patients revealed that 92% of NMSC diagnoses were

supported by patients’ self-reported histories of skin cancer (90).

Second, exposure frequency and duration significantly influence

the correlation between TBM exposure and cancer. Nevertheless,

because of the cross-sectional study design, we were unable to

determine the frequency and duration of TBM exposure and the

environmental TBM concentrations needed to calculate a chronic

daily intake (CDI). As a result, we could not demonstrate a

relationship between the likelihood of TBM exposure to NMSC

over time. Due to the cross-sectional study design, we could not

establish a direct causal link between TBM exposure and NMSC.

Third, the relationship between lower exposure levels and the

likelihood of NMSC could not be further investigated because

the testing methods for determining the level of THMs and their

components in blood have specific detection limits that are not

sensitive to lower exposure levels. Additionally, the smoothed fit

curve of blood TBM concentrations in the range of 5.7–48 pg/mL

with the likelihood of NMSC showed an increasing trend after

excluding the outliers in this study, making it impossible for us to

determine the minimum pathogenic concentration to determine a

specific optimal concentration control range. Nor can we speculate

whether the effect of this risk factor on the likelihood of NMSC

would plateau at higher levels of TBM exposure. That is to say,

when all other factors are controlled for, the likelihood of NMSC

does not rise once again when the blood TBM concentration

reaches a specific higher value, and the concentration rises once

more. They are crucial for furthering our understanding of the

association between TBM exposure and the likelihood of NMSC.

Therefore, future studies still need more participants and precise

measurements to determine the causal relationship.

Notwithstanding these drawbacks, our study has several

advantages. First and foremost, because we used a nationally

representative group, our results can be broadly generalized.

Secondly, our cohort’s size allowed us to undertake subgroup

analyses of blood TBM concentrations and the likelihood of

NMSC by age, gender, and race. Third, we measured blood TBM

concentrations rather than industry or occupation as a proxy for

TBM exposure.

Conclusion

Our study found that elevated blood TBM concentrations were

positively associated with the likelihood of NMSC among adults

aged 65 years and older. This may have preventive and diagnostic

implications in clinical practice. Further, in-depth prospective

studies are still needed to support our findings.
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