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Abstract

Methylcarbamoyl mercapturic acid (MCAMA, N-acetyl-S-(N-methylcarbamoyl)-L-cysteine) is a
urinary metabolite of N, A-dimethylformamide and methyl isocyanate, which are volatile organic
compounds that are harmful to humans. N, A~dimethylformamide exposure causes liver damage,
and methyl isocyanate inhalation damages the lining of the respiratory tract, which can increase
risk of chronic obstructive pulmonary disease and asthma. This study characterizes urinary
MCAMA levels in the US population and explores associations of MCAMA concentrations with
select demographic and environmental factors. We used liquid chromatography tandem mass
spectrometry to measure MCAMA in urine collected from study participants > 12 years old (V=
8272) as part of the National Health and Nutrition Examination Survey 2005-2006 and 2011-
2016. We produced multiple regression models with MCAMA concentrations as the dependent
variable and sex, age, fasting time, race/ethnicity, diet, and cigarette smoking as independent
variables. Cigarette smokers and nonsmokers had median urinary MCAMA concentrations of 517
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ug/g creatinine and 127 pg/g creatinine, respectively. Sample-weighted multiple regression
analysis showed that MCAMA was positively associated with serum cotinine (p < 0.0001).
Compared to non-exposed participants (serum cotinine < 0.015 ng/mL), presumptive exposure to
second-hand tobacco smoke (serum cotinine > 0.015—< 10 ng/mL and 0 cigarettes smoked per
day) was associated with 20% higher MCAMA (0 < 0.0001). Additionally, smoking 1-10
cigarettes per day was associated with 261% higher MCAMA (p < 0.0001), smoking 11-20
cigarettes per day was associated with 357% higher MCAMA (p < 0.0001), and smoking > 20
cigarettes per day was associated with 416% higher MCAMA (p < 0.0001). These findings
underscore the strong association of tobacco smoke exposure with urinary MCAMA biomarker
levels.
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Introduction

Methylcarbamoyl mercapturic acid (MCAMA, N-acetyl-S-(A-methylcarbamoyl)-L-
cysteine) is a nonspecific common urinary metabolite of methyl isocyanate (MIC) and N, N-
dimethylformamide (DMF), which are volatile organic compounds that are harmful to
humans. MIC is highly reactive and acutely toxic via inhalation (Singh and Ghosh 1987;
Varma and Mulay 1993), and can cause pulmonary disease by damaging the cell lining of
the respiratory tract resulting in fibrosis, degeneration, and obstruction of the respiratory
airways (Mehta et al. 1990; Varma and Mulay 1993). Acute human MIC exposure occurred
in 1984 due to a release of MIC from pesticide plant in Bhopal, India, which caused an
estimated 15,000-20,000 premature deaths over the next two decades (Lucchini et al. 2017),
and 200,000 cases of acute or chronic disease (Mehta et al. 1990) such as pulmonary
fibrosis, bronchial asthma, chronic obstructive pulmonary disease (COPD), and emphysema
(Mishra et al. 2009). Despite the dangers of isocyanates, they are still used in a variety of
industrial applications, making them one of the most common causes of occupational asthma
(Tan and Bernstein 2014). Additionally, MIC is believed to be present in tobacco smoke
(Philippe and Honeycutt 1964), but MIC exposure from environmental sources such as
tobacco smoke has yet to be fully characterized.

Similarly, DMF is present in trace amounts in tobacco leaves (Peng et al. 2004), but
occupational exposure to DMF from other sources has been characterized more extensively
than tobacco smoke. DMF has widespread industrial applications, and the USA produced or
imported approximately 25,000 tons of DMF in 2000 (Li and Zeng 2019). Following
exposure, DMF can be absorbed through the skin and/or lungs (Miyauchi et al. 2001; Mraz
and Nohova 1992) and cause liver injury (He et al. 2010, 2015; Li and Zeng 2019; Luo et al.
2005; Qi et al. 2017; Wu et al. 2017), which may be due to metabolism of DMF to MIC.
Biotransformation of DMF to MIC is thought to be hepatic (Gescher 1993; Hyland et al.
1992; Kafferlein and Angerer 2001); however, human metabolism of DMF to MIC has yet to
be fully characterized, and other metabolic routes may exist. Once MIC is directly absorbed
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or presumably made from DMF, it can form a glutathione conjugate which is further
metabolized to MCAMA (Mraz et al. 2004; Slatter et al. 1991). While MCAMA
concentrations immediately following occupational DMF exposure can vary with respect to
environmental DMF (He et al. 2010; Kim et al. 2004; Miyauchi et al. 2014; Seitz et al.
2018), urinary MCAMA is correlated to repeated DMF exposure (Imbriani et al. 2002;
Kéfferlein et al. 2000; Seitz et al. 2018), which may be due to MCAMA'’s half-life of 16-23
hours (Casal Lareo and Perbellini 1995; Kéfferlein et al. 2000; Mraz and Nohova 1992;
Sakai et al. 1995), in comparison to DMF which has a half-life of only 5.1 h (Kafferlein et
al. 2000). Thus, MCAMA may be advantageous for biomonitoring studies because it may
detect human exposure to MIC or DMF over a larger timespan compared to their native
compounds.

Population-based assessments of urinary MCAMA concentrations have shown that
MCAMA is associated with race, demographics, and tobacco smoking. For example,
characterization of MCAMA levels using the National Health and Nutrition Examination
Survey (NHANES) has demonstrated that MCAMA is elevated among non-Hispanic whites
compared to other racial groups, among females compared to males (Jain 2015), and among
smokers compared to non-users (Jain 2015; Wei et al. 2016). Additionally, MCAMA
concentrations are correlated with urinary cotinine, a tobacco-specific biomarker (Schettgen
et al. 2008). However, despite these findings, a comprehensive multiple regression analysis
that considers demographics, diet, tobacco smoke exposure, and body mass index (BMI)
with respect to MCAMA levels in the US population using multiple NHANES cycles has
yet to be completed.

In this report, we used multiple regression models to determine the association between
urinary MCAMA concentrations and age, sex, race, tobacco smoke exposure, diet, and BMI
in the US population. We measured MCAMA concentrations in urine samples provided by
participants in the 2005-2006, 2011-2012, 2013-2014, and 2015-2016 cycles of NHANES
(National Center for Health Statistics 2020), and found statistically significant (o < 0.05)
associations of MCAMA with respect to age, demographics, diet, BMI, and tobacco smoke,
controlling for other variables.

Materials and methods

Study design

NHANES is a population-based survey designed to assess health and nutritional status
through a cross-sectional observation of a complex, multistage probability sample
representative of the civilian, non-institutionalized US population. The survey collects
questionnaire data, physical examination data, and biological samples. NHANES is
conducted by the National Center for Health Statistics, US Centers for Disease Control and
Prevention (CDC). Use of NHANES data constitutes secondary data analysis and therefore
exempts this protocol from CDC IRB approval.
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Measurement of urinary MCAMA

We stored urine samples at — 70 °C. Urine specimens from NHANES 2005-2006, 2011-
2012, 2013-2014, and 2015-2016 were analyzed in 2014, 2013, 2018, and 2018,
respectively (National Center for Health Statistics 2020). Prior to analysis, we thawed
samples on a rack thawing station (BioMicroLab, Concord, CA) at room temperature and
mixed using a rugged rotator (Glas-Col, Terre Haute, IN) for 15 min. We then prepared and
analyzed the samples by high-performance liquid chromatography tandem mass
spectrometry (LC-MS/MS), and quantified MCAMA using a stable isotope internal standard
and standard curve as previously described (Alwis et al. 2012; Bagchi et al. 2018; Biren et
al. 2020; Capella et al. 2019). We monitored mass-to-charge (m/z) transitions using
scheduled multiple reaction monitoring at 219—162 for MCAMA and 223—166 for the
internal standard 13C3-15N-MCAMA (Alwis et al. 2012). We made standard and internal
standard solutions from neat MCAMA and 13C3-1°N-MCAMA (Toronto Research
Chemicals, North York, ON, Canada, cat. nos. A186625 and A186622, respectively) with
water by 02si smart solutions® (Charleston, SC). We stored standards and internal standards
in glass vials with screwcaps at — 70 °C. The LOD of MCAMA was 6.26 pg/L (Alwis et al.
2012).

Reported analytical results met the accuracy and precision specifications of the quality
control/quality assurance program of the CDC National Center for Environmental Health,
Division of Laboratory Sciences (Caudill et al. 2008). We imputed measurements below the
limit-of-detection (LOD) by dividing the LOD by the square root of two (Hornung et al.
1990).

Statistical analysis

We evaluated statistical reliability to ensure all proportions follow the NCHS Data
Presentation Standard. Our analysis considered the complex sampling of NHANES (i.e., we
applied survey sample weights and used Taylor series linearization for variance estimation
which respected strata and primary sampling units). We focused on study participants that
were exclusive users of cigarette products (termed “exclusive cigarette smokers” in this
report) and limited the source of tobacco smoke exposure to cigarette smoke. We excluded
poly-users and smokers of cigars, cigarillos, hookahs, and pipes to standardize the quantity
of tobacco smoke exposure among study participants. We also excluded non-combustible
tobacco users to reduce the risk of biasing our estimations of the association between
tobacco smoke exposure and MCAMA, as users of non-combustible tobacco products were
expected to have elevated levels of cotinine but little change in MCAMA concentrations.

We summarized descriptive statistics and performed multiple regression analysis using two
separate statistical models as previously described (Biren et al. 2020) using the
SURVEYREG and SURVEYMEANS subroutines of SAS 9.4 (SAS Institutes, Cary, NC)
with MCAMA as the dependent variable. One model was a sample-weighted regression
model in which the samples were stratified by tobacco user group (exclusive cigarette
smokers and nonsmokers, referred to as the “cotinine regression model”), and the other was
an unstratified, weighted regression model with the self-reported average number of
cigarettes smoked per day (CPD) over the 5 days preceding the NHANES physical exam
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(referred to as the “CPD regression model™). We categorized age into the following ranges:
12-19, 20-39, 40-59, and = 60 years. We included food intake at 24 h, and considered food
intake as a continuous covariate; therefore, the association between food intake and
MCAMA varies as the amount of food varies. In the cotinine regression model, exclusive
cigarette smokers indicated “yes” to NHANES summary variable SMDANY (tobacco use
within 5 days prior to NHANES physical examination based on responses from NHANES
questions SMQ681, SMQ851, or SMQ863), “yes” to SMQ690A (cigarette use), “no” to
SMQ690B-SMQ690J (use of pipes, cigars, chewing tobacco, snuff, patch/gum, hookah/
water pipes, e-cigarettes, snus, and dissolvables), according to NHANES questionnaire data
on recent tobacco use (NHANES dataset, SMQRTU), and had serum cotinine > 10 ng/mL.
We identified participants as nonsmokers if they answered “no” to SMDANY and had serum
cotinine < 10 ng/mL. The serum cotinine threshold of > 10 ng/mL is consistent with active
use of combusted cigarette products (Pirkle et al. 1996), and we combined this threshold
with the self-report measure to create exclusive cigarette smokers and nonsmoker categories.
We fit the cotinine regression model using the independent variables (e.g., cotinine, age, sex,
race) for both exclusive cigarette smokers and nonsmokers. We retrieved a total of 10,961
samples from NHANES cycles 2005-2006, 2011-2012, 2013-2014, and 2015-2016, and
excluded participants without sample weights (A= 238), participants with missing values
for biomarker concentration and regression variables (/= 1658), and ineligible participants
who did not belong to either the exclusive cigarette smoker or nonsmoker group (V= 793).
After attrition, the final sample size for the statistical analysis was 8272 participants.

We used the CPD regression model to determine the association of urinary MCAMA
concentrations with the frequency of cigarette smoking. In addition, we used serum cotinine
to categorize non-smoking (0 CPD) participants as exposed to second-hand smoke. The
CPD regression model was a sample-weighted regression model that used the variables
common to our cotinine regression model. We classified cigarette smoke exposure as non-
exposed to tobacco smoke (< 0.015 ng/mL serum cotinine, 0 CPD), presumptively exposed
to second-hand tobacco smoke (> 0.015-< 10 ng/mL serum cotinine, 0 CPD), 1-10 CPD,
11-20 CPD, and > 20. The reference category was non-exposed participants. The CPD
regression model comprised the same sample size as the cotinine regression model, but we
excluded participants who could not be assigned to a CPD category, leaving 8197
participants.

We calculated the percent change in MCAMA associated with an independent categorical
variable as previously described by using Eq. (1):

% (AMCAMA) = (exponentiated coefficient — 1) x 100 )

We also calculated the % change in MCAMA associated with an increase of an independent
continuous variable from zero to a percentile (median) by exponentiating the product of the
estimated percentile value and coefficient, and treating the estimated percentile value as
fixed, known values, not as estimates with quantified variability. This calculation can be
expressed as Eq. (2):
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% (AMCAMA) = (epercentile value X coefficient __ 1) x 100 v

Finally, we performed pairwise comparisons of least-square means using Bonferroni
adjustment for subgroups of age and race/ethnicity separately in CPD regression model.

Urinary MCAMA concentrations were above the limit of detection in 98.4, 99.9, 99.8, and
99.8% of all urine samples analyzed in the underlying target population from NHANES
2005-2006, 2011-2012, 2013-2014, and 2015-2016 cycles, respectively. Table 1 shows the
distributions of participants by age, sex, race/ethnic group, BMI, and NHANES cycle for
8272 participants. Table 2 shows the sample-weighted summary statistics for urinary
MCAMA concentrations in this study. The median MCAMA concentrations in exclusive
cigarette smokers and non-users were 517 pg/g and 127 pg/g creatinine, respectively.

We also determined that MCAMA was associated with cigarette smoking and second-hand
smoke exposure (serum cotinine > 0.015 to < 10 ng/mL) compared to hon-exposed
participants (serum cotinine < 0.015 ng/mL) using a CPD regression model, which controls
for urinary creatinine, age, sex, race/ethnic group, BMI, NHANES cycle, and diet (see the
“Statistical analysis” section). Figure 1 shows the sample-weighted least-square means for
each tobacco smoke exposure group, and Table 3 shows the exponentiated coefficient for
each group in the CPD model, which we used to calculate the percent change in MCAMA
associated with each variable, controlling for other variables in the model. As shown in
Table 3, participants exposed to second-hand smoke had 21% higher MCAMA (p < 0.0001)
compared to non-exposed participants. Furthermore, compared to non-exposed participants,
smoking 1-10 CPD was associated with a 261% higher MCAMA (p < 0.0001), smoking
11-20 CPD was associated with a 357% higher MCAMA (p < 0.0001), and smoking > 20
CPD was associated with a 416% higher MCAMA (p < 0.0001). We also performed
additional multiple regression analyses and calculated the percent change associated
between each variable and MCAMA among exclusive cigarette smokers (Table 4) and
nonsmokers (Table 5) using a cotinine regression model, which controls for the same
variables as the CPD model, but adjusts for serum cotinine instead of CPD. We observed
positive associations between MCAMA and serum cotinine among exclusive cigarette
smokers (0.2% higher MCAMA per ng/mL cotinine, p < 0.0001) and nonsmokers (4%
higher MCAMA per ng/mL cotinine, p= 0.0002).

We assessed the association between diet and MCAMA by modeling summed dietary
consumption variables from the 24-h dietary recall questionnaire and calculating the
association between MCAMA and the median consumption of each food group (Table S3)
using Eq. (2). Coffee was the only dietary variable predictive of higher urinary MCAMA
across all models, ranging from 1 to 8% higher at median consumption (~ 4 0z). Median
fruit consumption was associated with lower MCAMA, but this association was not
consistent across all models.
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We also examined the relation between additional categorical variables (sex, race, age, BMI,
and NHANES cycle) and urinary MCAMA in the three regression models, and the
magnitude of these associations ranged from 41% lower to 31% higher MCAMA. Females
had higher urinary MCAMA compared to males across all models. Whites had higher
urinary MCAMA compared with most other race ethnicities across all models, and most of
the least-square means of MCAMA concentrations across racial/ethnic groups in the CPD
model (Table S1) were statistically significant when compared with one another (Table S2).
Urinary MCAMA was also higher in higher age categories across all models. Furthermore,
compared to the 2011-2020, urinary MCAMA was higher in the 2011-2012 NHANES
cycle compared with most other cycles across all models.

Discussion

This report characterizes urinary MCAMA concentrations in a representative sample of the
US population across four NHANES cycles. We detected MCAMA in more than 98% of
samples analyzed, which is comparable to previous studies (De Jesus et al. 2020; Kafferlein
and Angerer 1999; Wei et al. 2016). We found that higher urinary MCAMA was strongly
associated with active smoking (CPD and serum cotinine), and, to a lesser degree, second-
hand smoke exposure (serum cotinine). These findings underscore the importance of tobacco
smoke as an exposure source that is associated with higher urinary MCAMA in the US
population, and builds upon other analyses (Jain 2015; Lorkiewicz et al. 2018; Pluym et al.
2015; Schettgen et al. 2008; Wei et al. 2016). While previous studies found an association
between MCAMA and tobacco smoking, our analyses better explore that relationship,
including identifying an effect from secondhand smoke exposure and documenting the
relation across four NHANES cycles.

The creatinine-adjusted urinary MCAMA concentrations in this study were approximately
fourfold higher among exclusive cigarette smokers compared to non-users (517 ug/g and
127 pg/g creatinine, respectively), which is comparable to a recent analysis of data from the
Population Assessment of Tobacco and Health study by our laboratory (De JesUs et al. 2020)
and studies by other laboratories (Pluym et al. 2015; Wei et al. 2016). Two additional
analyses have shown more modest differences in MCAMA concentrations between smokers
and nonsmokers; however, these analyses may underestimate the association between
cigarette smoke exposure and urinary MCAMA. Specifically, an analysis of MCAMA
concentrations among NHANES 2011-2012 participants identified smokers using serum
cotinine concentrations (= 10 ng/mL) (Jain 2015). In contrast, we categorized smokers using
serum cotinine, smoking status, and cigarettes smoked per day, which allowed us to separate
participants that were nonsmokers exposed to second-hand smoke and to exclude users of
non-combustible tobacco products. In another study, participants did not smoke in the 48 h
prior to specimen collection (Lorkiewicz et al. 2018), which may have decreased MCAMA
concentrations among smokers.

Unlike previously published MCAMA studies, we also evaluated diet as a potential exposure
source that would contribute to urinary MCAMA concentrations; however, the magnitudes
of these associations between the median consumption of each dietary variable and
MCAMA were relatively minor, and ranged from 1 to 8%. Coffee consumption was the only
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dietary variable associated with higher urinary MCAMA across all models, perhaps because
roasted coffee contains VOC that can be metabolized to MCAMA. Fruit consumption was a
significant predictor of lower urinary MCAMA, but only in two of the three models. The
association between MCAMA and fruit consumption may be due to fruit-induced metabolic
changes such as altered expression cytochrome P450 enzyme 2E1 (Cyp2E1), the primary
enzyme responsible for MCAMA formation from DMF (Hyland et al. 1992), and thus could
impact the urinary concentrations MCAMA following DMF exposure.

We also observed associations between MCAMA and demographics in all statistical models,
and these findings were consistent with previous studies (De JesUs et al. 2020; Jain 2015).
Specifically, White participants had significantly higher urinary MCAMA compared to most
other races/ethnicities, females had higher urinary MCAMA compared with males, and older
participants had higher MCAMA concentrations compared to younger participants. These
differences may be due to unassessed exposure sources, but may also be due to metabolic
differences between demographics, such as Cyp2E1 activity being influenced by genetic
polymorphisms (Nomiyama et al. 2001) and sex steroid hormones (Konstandi et al. 2013;
Penaloza et al. 2014). However, no conclusive metabolic studies have characterized
DMF/MIC metabolism with respect to age, sex, racial background, diet, tobacco smoke
exposure, or Cyp2E1 activity. Additional variation between racial groups may occur due to a
potential unknown endogenous source of MCAMA, which may explain the relatively high
MCAMA detection rate among nonsmokers (Kafferlein and Angerer 1999). Finally, we used
urinary creatinine concentrations to adjust for hydration; however, urinary creatinine
excretion rate among males tends to be higher compared to females (James et al. 1988), and
thus, the use of creatinine to adjust for variable hydration state may contribute to females
appearing to have higher exposure.

We also observed that MCAMA was higher among participants in the 2011-2012 NHANES
cycle compared to other NHANES cycles, which is consistent with observations of other
VVOC metabolites (Bagchi et al. 2018; Capella et al. 2019). However, the associations
between MCAMA and NHANES cycle were not consistent across all regression models.
Specifically, the association of MCAMA between NHANES 2011-2012 and the other
NHANES cycles among nonsmokers was relatively minor (10%), and unlike the other
regression models, MCAMA concentrations were not associated with all NHANES cycles.
NHANES 2011-2012 cycle was the only NHANES cycle in which the urine specimens
were analyzed within a year of specimen collection, and thus, the higher levels in this cycle
might indicate instability of MCAMA in urines stored at — 70 °C for multiple years;
however, our unpublished stability experiments indicate that MCAMA levels are stable in
urine frozen at — 70 °C. Finally, the associations between MCAMA and NHANES cycle are
unlikely to be due to analytical drift; our laboratory has an active QA/QC program, which
includes internal and external proficiency testing across the time frame of these analyses.

This study has several limitations. Urinary MCAMA is a nonselective exposure biomarker
because it is a metabolite of multiple exogenous chemicals, including DMF and MIC.
MCAMA was measured in a single spot urine that integrated exposure over a relatively short
period of time, and thus, the association between MCAMA and different exposure sources
was also blurred by varying time of last exposure. Lastly, we adjusted for variable hydration

Environ Sci Pollut Res Int. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kenwood et al.

Page 9

through urinary creatinine; however, creatinine excretion rate can also be influenced by other
factors such as diet and creatine supplementation. Despite these weaknesses, this report
provides the most comprehensive analysis of MCAMA concentrations in the US population
to date and will serve as a reference for future biomonitoring studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Least-square means of urinary MCAMA concentrations for different cigarettes per day
(CPD) categories, adjusted for all other regression variables (e.g., age, sex, and race/
ethnicity)
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