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Abstract

Maternal Smoking During Pregnancy (MSDP) remains a major source of fetal toxicant ex-
posure. We applied adductomics to profile reactive adducts at the human serum albumin
cysteine-34 (HSA-Cys®*) locus, which integrates longer-term exposures. HSA-Cys* adducts
formed by acrylonitrile and ethylene oxide, two tobacco-related toxicants previously linked
to smoking in adults, were quantified and compared with cotinine and MSDP status. Their
relationships with other reactive adducts were also examined. Neonatal dried blood spots
(DBS) from 110 children were analyzed. Cotinine and 55 Cys** adducts were measured by
Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS). Associations were eval-
uated using linear regression, chi-square tests, and principal component analysis. Eighteen
adducts differed significantly by MSDP status after Bonferroni correction (p < 9.1 x 107%).
S-acrylonitrile was markedly elevated in exposed newborns, including those whose mothers
reported smoking cessation after early pregnancy (p < 0.001). S-acrylonitrile correlated with
31 adducts related to oxidative stress and thiol metabolism, whereas cotinine correlated with
eight. S-ethylene oxide, though detectable in DBS, showed no consistent association with
MSDP. Adductomics analysis of newborn DBS sensitively captures molecular signatures of
prenatal tobacco exposure and related oxidative stress. Acrylonitrile adducts appear to better
reflect cumulative MSDP exposure than cotinine, highlighting the utility of adductomics for
improved exposure assessment and mechanistic insight.

Keywords: human serum albumin (HSA) adduct; cysteine 34 (Cys34); smoking; cotinine;
prenatal; acrylonitrile; cyanide

1. Introduction

Intrauterine exposure to adverse conditions, such as malnutrition or environmental tox-
ins, can significantly impair fetal development and lead to long-term health consequences
for children. For example, maternal smoking during pregnancy (MSDP) is consistently

Antioxidants 2026, 15, 411

https:/ /doi.org/10.3390/antiox15040411


https://crossmark.crossref.org/dialog?doi=10.3390/antiox15040411&domain=pdf&date_stamp=2026-03-25
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0009-0009-6228-7012
https://orcid.org/0000-0001-5580-9008
https://orcid.org/0000-0002-5837-9231
https://orcid.org/0000-0001-9663-2907
https://orcid.org/0000-0002-5637-666X
https://doi.org/10.3390/antiox15040411

Antioxidants 2026, 15, 411

2 of 14

identified as a risk factor for several pediatric conditions, including low birthweight and
vision disorders such as strabismus, refractive errors, and retinopathy [1,2]. However,
many epidemiological and public health studies have relied on self-reported data and
maternal biomarker measurements that may not accurately reflect fetal exposure levels. For
instance, self-reported smoking by pregnant women often underestimates the true extent
of MSDP [3]. Cotinine, a metabolite of nicotine, has been studied as the primary biomarker
for smoking exposure [4], but its short half-life of approximately 24 h limits its utility in
capturing cumulative smoking exposure [5].

Recent advances in high-resolution and high-throughput technologies have enabled the
development of methodology to systematically measure protein adducts to human serum
albumin (HSA) in biospecimens [6]. With a half-life of around 20 days, HSA allows a longer
window for the measurement of protein adducts during chronic exposures [7]. Most studies
on HSA adducts have focused on adducts to the Cys>* loci, the primary scavenger of reactive
electrophiles in circulating blood. This approach has contributed to disentangling the complex
exposure profiles associated with smoking and air pollution [8]. For example, Grigoryan
et al. characterized 43 Cys* adducts using archived plasma from healthy volunteers aged
18-35 years. They reported that adducts of the ethylene oxide and acrylonitrile—two sus-
pected human carcinogens found in cigarette smoking, marijuana, and e-cigarettes—were
significantly higher in smokers, making them potential biomarkers for distinguishing smokers
from nonsmokers [8]. Conversely, S-Sulfinic acid and S-Cys (a biomarker of antioxidant
defense) adducts were lower in smokers compared to nonsmokers.

A few studies have also applied adductomics to newborn dried blood spots (DBS),
which have emerged as a cost-effective resource for biomarkers of intrauterine exposure in
large-scale public health and epidemiological research. Despite the limited blood volume
from DBS, Funk et al. [9] reliably detected a targeted panel of 15 adducts in newborn DBS.
They found that exposure to air pollution in the last 30 days of pregnancy was associated
with lower levels of S-sulfinic acid and S-y-GluCys and a higher level of S-crotonaldehyde,
all indicative of increased oxidative stress. Yano et al. [10] measured 26 untargeted Cys3*
adducts in 46 newborn DBS and found that Cys* adducts of cyanide were significantly
higher among newborns of smoking mothers compared to those of nonsmoking mothers.
However, contrary to observations from the study of plasma samples from young healthy
adults [8], this study did not detect Cys** adducts of ethylene oxide and acrylonitrile in
newborn DBS from smoking mothers. It is suspected that these mothers might have ceased
smoking during the third trimester or before the last month of pregnancy. Additionally,
the study found that an adduct with m/z of 830.43, suspected to represent addition of
acrolein to Cys®*, was lower in newborns of smoking mothers. This finding contradicts
prior reports of higher levels of acrolein metabolites in the urine of users of conventional
cigarette and e-cigarette-only users [11,12]. Further investigations are needed to validate
these observations and explore the conflicting findings.

In this study, we present new findings from a high-throughput, targeted triple-
quadrupole (QqQ) assay with enhanced sensitivity and specificity for detecting low-
abundance HSA adducts. By utilizing a targeted approach rather than previous untar-
geted methods, we were able to quantify 55 specific Cys** adducts in newborn DBS from
110 children. This same panel of adducts has also been successfully detected in cord
blood [13]. We evaluated their associations with detailed parent-reported MSDP data and
cotinine levels quantified in DBS samples. DBS has several practical advantages: low cost,
minimal invasiveness, easy collection, and high storage efficiency. Because DBS collection is
standard practice among newborns in the U.S., it is a readily available matrix for large-scale
biomonitoring and research [14]. Despite challenges such as variable blood volume, higher
sample complexity, and biomarker stability issues, Liquid Chromatography-Tandem Mass
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Spectrometry (LC-MS/MS)-based assays for DBS have been shown to be highly specific and
multiplexable. Our investigation into highly sensitive and high-throughput adductomics
offers new insights into the impact of MSDP.

2. Materials and Methods
2.1. Study Population and Samples

The study protocol was reviewed and approved by the Institutional Review Board
(IRB)/Ethics Committee of the Los Angeles County/University of Southern California
Medical Center and the California Health and Human Services Agency. The study complied
with the Health Insurance Portability and Accountability Act (HIPAA) regulations. A parent
or guardian of each study participant gave written informed consent for participating in
the Multiethnic Pediatric Eye Disease Study (MEPEDS).

Subjects were selected from the MEPEDS, a population-based study of vision disorders
in children between the ages of 672 months from Los Angeles County, CA, USA. The
study obtained informed consent from the parents or guardians of each eligible participant.
A study interviewer administered a questionnaire to each child’s parent at the time of the
clinical examination or by telephone if the child was accompanied to the exam by someone
other than a parent. The questionnaire included sociodemographic, maternal factors during
pregnancy, and children’s factors during early childhood questions. Specifically, questions
about maternal smoking during pregnancy were only asked if the biological mother of the
child was answering the questionnaire. Mothers were asked whether they smoked at any
time during the pregnancy of the participating child, and if yes, during which months of
the pregnancy and how many cigarettes per day on average. Based on the information,
status of maternal smoking during pregnancy was coded as nonsmokers, smoking in the
1st or 2nd trimester pregnancy only, and smoking persisting into the 3rd trimester.

Neonatal blood specimens (as dried blood spots) from MEPEDS children were ob-
tained from California’s Biobank Program (SIS request # 1422) with a waiver of consent from
the Committee for the Protection of Human Subjects of the State of California. The program
archives biospecimens from the California Genetic Disease Screening Program (GDSP).
GDSP screens newborns in California for genetic and congenital disorders. Newborn
blood was stored as DBS collected on cards known as Guthrie cards. Newborn DBS were
retrieved from 1456 children who participated in the MEPEDS, including equal numbers
with common ocular diseases (e.g., hyperopia, astigmatism, strabismus) and with normal
vision, individually matched on age, sex, and race/ethnicity. Out of these children, 46 had
parent-reported maternal smoking throughout all three trimesters of pregnancy, 44 had
maternal smoking during the first and /or second trimester only. DBS from these children
were selected for the adductomics analyses. Additionally, we randomly selected DBS from
20 children without parent-reported maternal smoking during pregnancy for comparison.

2.2. HSA Isolation from Newborn DBS

HSA was isolated from DBS samples using the methods described previously [9].
Briefly, 3.2 mm DBS punches were extracted in a 45% methanol solution to precipitate
hemoglobin and other interfering proteins. Samples were then agitated at room temperature
for 30 min and centrifuged for 15 min at 4 °C to remove precipitates and cellulose fibers.
The supernatant was diluted with digestion buffer, filtered, and then trypsin digested.
Protein digestion was performed using a Barozyme HT48 (Pressure Biosciences™, Canton,
MA, USA). After digestion, 10% formic acid was added to denature the trypsin and samples
were centrifuged for 15 min at 14,000x g. A 100 uL aliquot of the digest was used for
targeted adductomics analyses.
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2.3. Targeted Adductomics

Adduct quantification and data processing have been described in detail previously [9,13].
A panel of 55 adducts (Table S1) was chosen based on previous associations with tobacco
smoking and oxidative stress-related processes [9,13]. Our panel included adducts of toxicants
found in tobacco smoke (acrylonitrile and ethylene oxide), direct oxidation products (e.g.,
S-sulfinic acid and S-sulfonic acid) that are directly formed through reactions with reactive
oxygen species (ROS), reactive aldehydes (e.g., acrolein, crotonaldehyde) generated when
ROS interact with polyunsaturated fatty acids, and small thiol compounds (e.g., Cys, GSH,
v-GluCys, and CysGly) that can serve as biomarkers of antioxidant defense.

LC-MS/MS analyses were performed on an Agilent 1260 Infinity HPLC system
coupled to an Agilent 6490 triple-quadrupole mass spectrometer, following the method
described by Funk et al. (2021) [9]. Chromatographic separations were achieved on
Agilent Poroshell 120 column (3 x 50 mm, 2.7 um) with a 10-min gradient at a flow rate of
0.7 mL/min. The mobile phase consisted of solvent A (0.1% v/v formic acid in water) and
solvent B (100% acetonitrile). The column was maintained at 37 °C and the injection volume
was 10 uL. The mass spectrometer operated with an iFunnel electrospray ionization source
and JetStream technology using dynamic Multiple Reaction Monitoring mode (dAMRM).
dMRM transitions, collision energies, and all other mass spectrometric parameters were
applied as described by Funk et al. [9]. Adduct levels were derived based on the summed
peak areas of three transitions per adduct species and normalized to the combined peak
areas of the three transition peaks of the housekeeping peptide, which is an HSA peptide
adjacent to the T3 peptide where the adducts are formed.

The limit of quantification for each adduct was calculated as 10 times the standard
deviation of ion intensities from multiple blank samples. Blank samples were analyzed within
each sample batch. Levels below the limit of detection (3 times the noise) were retained for
statistical analyses. These values represent meaningful biological signals rather than random
noise, as they are supported by consistent detection across three specific ion transitions.

Adduct stability has been rigorously evaluated, and adductomics has been successfully
applied to DBS samples stored for up to 20 years. During analytical runs, following
extraction and preparation, adducts remained highly stable for at least 24 h, corresponding
to the maximum runtime required for a batch of 30 samples. Nonetheless, to account for
variability related to storage conditions and batch effects, pooled quality control samples
were included and monitored in each analytical batch.

2.4. Cotinine Extraction from Dried Blood Spots

DBS samples were processed following the extraction and LC-MS/MS conditions
described in Ladror et al. (2017) [15]. Briefly, 3.2 mm DBS punches were extracted in
100 pL of methanol with 25 ng/mL of d3-cotinine added as an internal standard. Extrac-
tion was performed using a Barozyme HT48 cycled between atmospheric pressure and
20 kpsi. Chromatographic separation was carried out on an Agilent Poroshell 120 col-
umn (EC-C!8,3 x 50 mm, 2.7 pm, Agilent Technologies, Santa Clara, CA, USA) using
the mobile-phase gradient reported previously, and cotinine was quantified on an Agi-
lent 6490 triple-quadrupole mass spectrometer coupled to an Agilent 1260 Infinity HPLC
(Agilent Technologies, Santa Clara, CA, USA). Mass-spectrometric parameters, including
MRM transitions and collision energies, followed those described in Ladror et al. [15]. This
method has been shown to reliably classify smoking status, demonstrating 100% sensitivity
and 94% specificity for distinguishing smokers from nonsmokers in adult DBS samples.
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2.5. Statistical Analysis

Quantitation of adducts is achieved by calculating the Peak Area Ratio (PAR), which
is the ratio of the adduct peak area to that of a housekeeping (HK) peptide. The PAR
provides a reliable measure of adduct concentration across a wide dynamic range [8]. Data
on adducts were log-transformed before analyses. Parent-reported MSDP was analyzed
based on (1) the timing of smoking—nonsmoker, smoked during 1st/2nd trimester only,
and smoked through three trimesters—and (2) based on the dose of smoking—no maternal
smoking, mother smoked less than 5 cigarettes /day during pregnancy, and mother smoked
greater than 5 cigarettes/day.

Differences in adducts between two groups (e.g., with and without MSDP, MSDP in
1st/2nd vs. 3rd trimester) were compared using t-tests. Volcano plots were generated based
on t-test results. We also applied Wilcoxon rank sum tests for between-group differences,
and results were similar to those from generalized linear regression. Generalized linear
regression tests were used to evaluate the individual associations of Cys** adducts with
MSDP, cotinine level in DBS, and gestational age of the children.

To reduce the dimensionality of the Cys®** adduct data (excluding acrylonitrile, co-
tinine, and ethylene oxide), we applied principal component (PC) analysis to identify
patterns in the correlations between adducts. We extracted linear composites (i.e., factors)
of the adducts that explain the largest proportion of total variance in the adducts. Factors
with Eigenvalues greater than or equal to 2.0 were further analyzed for their associations
with MSDP, cotinine, and acrylonitrile.

All statistical analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC,
USA). Bonferroni correction was applied for tests across all HSA adducts. Statistical
significance was defined as p-values less than 0.05 for all other tests.

3. Results

The study cohort consisted of 110 children (Table S2). Sixty-two were male, approxi-
mately 85% were African American, and 82% were born at full term (defined as gestational
age of 37 weeks or longer).

3.1. Cotinine and HSA Cys** Adducts by Parent-Reported MSDP

We compared the levels of Cys** adducts in newborn blood between children ever
exposed to MSDP and those who were not (Figure 1). Eighteen adducts exhibited signifi-
cant differences with MSDP exposure after Bonferroni correction (red points in Figure 1,
p <9.1 x 107%). Four (S-Cys(+CHj3), acrylonitrile, S-tiglic aldehyde, and S-cyanide)
showed more than a two-fold increase, and eleven showed more than a 50% decrease
between exposed and unexposed groups (red points with fold change < 0.5 in Figure 1).
An additional 12 adducts exhibited significant differences with MSDP exposure at the
nominal level (orange points in Figure 1, p < 0.050). Three adducts varied significantly with
trimester-specific MSDP exposure (p = 0.007, 0.010, 0.031): the dehydrated form of Cys3*
sulfinic acid plus methylation (not on Cys>?), sulfinic acid plus methylation (not Cys3?),
and oxoalanine/formylglycine.

Table 1 presents the level of cotinine and Cys3* adducts previously associated with
smoking and other environmental exposures, categorized by trimester-specific exposure
to MSDP. Cotinine levels were highly elevated in newborns exposed to MSDP during
the 3rd trimester (p < 0.0001) and slightly elevated among those exposed during the
1st/2nd trimester only (p = 0.037), compared to unexposed newborns. Cotinine level also
differed significantly between the two exposure groups (p < 0.0001). Acrylonitrile levels
were similarly elevated in newborns exposed to MSDP during the 3rd trimester (p < 0.0001)
and those exposed during the 1st/2nd trimester only (p = 0.0009). However, acrylonitrile
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levels did not differ significantly between these two exposure groups (p = 0.33). Also,
among newborns with 3rd trimester exposure, acrylonitrile level did not vary significantly
with the number of cigarettes mothers smoked per day (Figure S1, p = 0.16). A similar
pattern of association was observed for S-cyanide and S-(N-acetyl) Cys (Table 1).

~Log(p value)
e
Cys34
16.0 —Oxoalanine/formylglycine
14.0
12.0
S-benzene diolepoxides
100 K adduct of T3 ° -Lys from C-terminus
‘e K Adduct of S-CysGly
- itri S-Cys(+CH3
Cys34—Dehy B S-Acrylonitrile ys( )
8.0 dfoalanine Unmodified T3 o
°® S-hCys, plus methylation (not °
S-Cys (possibly NH2 Cys34) S-Tiglic aldehyde
6.0 — OH, -H20) Cys34 sulfinic acid (dioxidation) S-Cyanide
o o S-Glutathione
5-(0)-O-CH3 ©
S- Cys(-H20) ¢
Na adduct of S-CysGly
4.0 S-Acrolein_— S-CysGly (-H20)
Oxindole ” d S-hCys
S-Sulfur Dioxide
S-Acetylation e Cys34—Gly °
e S-hCys (NH2—OH) !
2.0 dehydArate(Ai for@ qf C¥534 e o S-GluCys
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. . o
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0.0 o o
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Figure 1. Volcano plot of adducts in newborn blood by presence of any maternal smoking during
pregnancy. Orange points represent adducts that were significantly different between newborns
unexposed to any MSDP and those exposed at the nominal level (0.001 < p < 0.050); Red points
represent adducts significant after Bonferroni correction for multiple testing (p < 9.1 x 107%).

Table 1. Levels of Cotinine and Cys34 Adducts in Newborn Blood by Parent-reported Maternal
Smoking During Different Trimesters of Pregnancy (MSDP).

Geometric Mean (Standard Deviation) !

No MSDP 1st/2nd Trimester 3rd Trimester

(N =20) MSDP (N = 44) MSDP (N = 46)

Cotinine, ng/mL 3.14 (3.18) 6.92 (4.33) *? 29.07 (4.07) **2
Cys3* adducts, PAR:

S-Acrylonitrile 0.209 (1.98) 0.675 (4.05) ** 0.878 (3.85) **
S-Ethylene oxide 1.036 (2.01) 0.548 (2.63) * 0.789 (2.56)
S-Cyanide 0.129 (3.01) 0.652 (8.88) * 0.552 (7.41) *
S-Acrolein 0.547 (1.88) 0.257 (4.44) * 0.298 (3.23)
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Table 1. Cont.
Geometric Mean (Standard Deviation) !
No MSDP 1st/2nd Trimester 3rd Trimester
(N =20) MSDP (N = 44) MSDP (N = 46)

S-Crotonaldehyde 3.082 (3.11) 2.207 (2.10) 2.032 (1.90)
S-Sulfinic acid 21.59 (1.40) 11.59 (2.35) ** 13.56 (1.73) *
5-GluCys 0.496 (1.85) 0.358 (1.84) * 0.350 (1.54) *
Dehydrated form of "

S-Sulfonic Acid 0.596 (2.05) 0.322 (1.97) 0.426 (2.30)
S-(N-acetyl)Cys 0.045 (6.15) 0.081 (2.37) * 0.087 (2.04) *
5-CysGly-(H,0) 0.167 (1.89) 0.097 (1.89) * 0.103 (1.89) *
5-CysGly 2.639 (1.93) 1.934 (1.76) 1.985 (1.80)

1 Levels of Cys® adducts: Peak area ratio (PAR) x 1000. Geometric mean and standard deviation were estimated
from natural log-transformed data and then exponentially transformed for table presentation. 2 P for difference
compared with no MSDP was determined by t-test of log-transformed values. *: 0.001 < p < 0.050; **: p < 0.001.

Ethylene oxide adducts were detected in newborn DBS, but levels did not increase
with MSDP exposure during the 3rd trimester (p = 0.060). In fact, levels were lower in new-
borns exposed to MSDP during the 1st/2nd trimester compared to unexposed newborns
(p = 0.011). Similar pattern was also observed for the adduct at m/z 830.97 (acrolein).

On the other hand, MSDP exposure was associated with lower levels of several
adducts, including S-CysGly (-HpO), S-Sulfinic acid, and S-y-GluCys, and dehydrated
form of Cys3* Sulfonic Acid (p = 0.013, <0.0001, 0.0131, and 0.0133, respectively). However,
there were no significant differences in these adducts by trimester of MSDP exposure
(all Ps > 0.050). Similar patterns, though less statistically significant, were observed for
S-crotonaldehyde and S-CysGly.

3.2. Acrylonitrile Level in Relationship to Cotinine Level and Parent-Reported MSDP

Among children without parent-reported MSDP, those with MSDP reported for the 1st
and 2nd trimester only, and those with MSDP reported for the 3rd trimester, 5% (N = 1), 43%
(N =8), and 83% (N = 38), respectively, had cotinine levels >6ng/mL in newborn DBS, a level
indicative of active maternal smoking in the week prior to DBS collection (Table 2). Notably,
acrylonitrile level was elevated in some children whose mothers reported smoking only
during the 1st/2nd trimester and who did not have elevated cotinine level, with some levels
approaching those observed among infants with 3rd trimester MSDP and elevated cotinine.

Table 2. Levels of Acrylonitrile Adduct in Newborn Blood among Children with Different Parent-
reported Maternal Smoking During Pregnancy and Cotinine Level.

Acrylonitrile Adduct Level !

Parent-Reported MSDP inine Level N (%
P Cotinine Leve (%) Mean £ SD Range p
N <6 ng/mL 19 (95%) 0.203 £ 1.995 0.070-1.192 Reference
o
>6ng/mL 1 (5%) 0.361 £0 0.361-0.361 -
, i <6ng/mL 25 (57%) 0.463 £ 4.184 0.047-5.730 0.44
1st/2nd Trimester smoking only
>6 ng/mL 19 (43%) 1.110 + 3.375 0.048-10.606 0.019
i _ <6ng/mL 8 (17%) 0.573 £7.412 0.034-7.362 0.071
3rd trimester smoking
>6ng/mL 38 (83%) 0.960 £ 3.270 0.033-7.982 0.022

! Peak area ratio (PAR) x1000. Geometric mean and standard deviation (SD) were estimated from natural
log-transformed data and then exponentially transformed for table presentation.
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3.3. Correlations of HSA Cys®* Adducts with Acrylonitrile, Cotinine, Gestational Age, and
Parent-Reported MSDP

Given the differing patterns of association between acrylonitrile and cotinine with parent-
reported MSDP, we further examined how each relates to other Cys34 adducts (Figure 2). For
context, associations between Cys* adducts and gestational age are also presented.

Gestational
Acrylonitrile Cotinine Age
S-Cyanide - 0.é56 0.‘; 74 l 0 —— 0.6564
S-Sodiation | 0.653 0 0
S-Tiglic Aldehyde | 0597 0.301 0
Cys**>Gly - 0.559 0 0
§-Methanethiol | 0.55 0 0
Cys** Sulfonic Acid (Trioxidation) - 0.521 0 0
S-Methylisocyanate - 0.506 0.24 0
CH, crosslink - 0472 0 0
S-Pyruvate or Malonate Semialdehyde - 0463 0 0
S-Sulfur Dioxide - 0455 0 0
S-Methylethyl-Sulfonylation | 0419 0 0
Mercaptoacetic Acid - 0.389 0 0
S-Mercaptoacetamide | 0.37 0 0
S-Phenylation 0.369 0 0
S-Sulfonic Acid Trisulfide - 0.347 0 0
Cys**-Gln Cross-link (monooxidation) - 034 0 0
Unmodified T3 - 0.339 0 0 =
Dehydrated form of Cys®* Sulfinic Acid Plus Methylation (not Cys®*) | 0334 0 0.191 .'E
S-(N-acetyl)Cys - 0.33 0 0 g
T3-Methyl ation (not at Cys®*) - 0.312 0 0 8
§-hCys (-H,0) 0.307 0 0 o
S-Cys (+CH3) { 0266 0.209 0 £
Dehydrated form of Cys** Sulfonic Acid (Trioxidation) | 0224 0 0 Lo e
S-Benzaldehyde or Quinone Methide — 0219 0 0
Na Adduct of S-Cys - 0 0 0.203
S- Acetylation | 0 0 0.226
Na Adduct of S-CysGly | 0 0 0.275
5-CysGly - 0 0 0.236
5-(0)-0-CH, 0 -0.2 0
S-y-GluCys - 0 0 0.325
K Adduct of T34 =0.213 =-0.316 0
-Lys from C-terminus { =0.232 0 0
Cys>* Sulfinic Acid (Dioxidation) -{  =0.255 0 0
Oxindole -{  =0.288 0 0
K Adduct of S-CysGly | =0.344 -0.209 0
Cys** Sul finic Acid Plus Methylation (not Cys®?) ) 396 0 0 ||
S-Acrolein 0 0
Cys**>Dehydroalanine 0 0
-0459

Figure 2. Heatmap of Pearson Correlations Between Cys®* Adducts Significantly Associated with
Acrylonitrile, Cotinine, and Gestational Age. A value of “0” does not signify a lack of correlation;
rather, it indicates that the correlation coefficient did not reach statistical significance (p > 0.05).
Displayed correlation values are restricted to those with p < 0.05.

Distinct patterns of association were observed between Cys>* adducts and acrylonitrile
compared to cotinine. Acrylonitrile was positively correlated with 24 adducts (e.g., S-
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Cyanide, S-(N-acetyl) Cys, sulfonic acid) and negatively correlated with 8 adducts (e.g.,
sulfinic acid). In contrast, cotinine was positively correlated with only 7 adducts, 6 of
which overlapped with those linked to acrylonitrile. Six adducts demonstrated a positive
relationship with gestational age, only one of which overlapped with those associated with
acrylonitrile and none overlapped with those related to cotinine. Additionally, ethylene
oxide showed no association with either cotinine or acrylonitrile.

We performed PC analysis (Table S3) to reduce the dimensionality of Cys3* adduct data,
excluding acrylonitrile and ethylene oxide. Eight PCs had eigenvalues > 1.0, collectively
accounting for 65% of the total variance. Figure 3 shows the loading patterns of Cys3*
adducts on the top four PCs. PC1 captured variations primarily from direct oxidation
products and adducts formed with reactive aldehydes, while PC2 and PC4 were dominated
by adducts formed with small thiol compounds. PC1 was strongly and positively associated
with acrylonitrile and moderately negatively with ethylene oxide, but was not associated
with cotinine and parent-reported MSDP status (Table 3). PC2 showed negative associations
with both cotinine level and parent-reported MSDP status, but was not associated with
acrylonitrile levels. On the other hand, PC4 was positively associated with acrylonitrile
and ethylene oxide but showed no association with cotinine and parent-reported MSDP
status.

Path Diagram

Code FulTite

A001  -Lysfrom C-terminus.

A002  Cys34sGly

A003  Cys3asdehydroalanine

Cys34s

oxoalanine/formylglycine

A0S Unmodified T3

A006  CH2crosslink

A007  Cys34-Gln cross-link
(monooxidation)

A008  T3-Methylation (not at Cys34)

A009  S-Sodiation

A010  Cyanide

A011 Dehydrated form of Cys34
sulfinic acid plus methylation
(notCys34)

A012  Dehydrated form of Cys34
sulfonic acid (wioxidation)

A013  Cys34 sulfinic acid (dioxidation)

AO14 Kadductof T3

[ component2
A -

A015  S-Acetylation Class Color
A016  S-Ethylene oxide Truncation

K017 S-Methanethiol Others

A018  S{0)-0-CH3 Di =

A019  Cys34sulfinic acid plus.
methylation (not Cys34)

£020  Cys34sulfonicacid
(tioxidation)

£021 S-Acrylonitile

A2z Naadduct of Cys34 sulfinic acid

A0z3 Acrolein

Un
Reaciive Aldehydes
Small Thiols

A027  S-Phenylation

A028  S-tiglic aldehyde

A029  S-pyruvate or malonate
somialdehyde

A2 SCys

A033  S-Cys (possibly NH2 +OH, -
H20)

A034  S-Benzaldehyde or quinone
methide

A035  S:Methylethyl-sulfonylation

A036  S-Sulfonic acid tisullide

A037  S-hCys(H20)

A3 SCys

A039 S Cys(NH20H)

A040  S-benzene dioleporides

A041  Oxindole

A082  snCys

A043  S:Cys(+CH)

A044  S:nCys (NH250H)

A045  Naadductof S-Cys

A046  S-hCys, plus methylation (not

Cys34)
A047  S.CysGly (H20)
A8 S{N-acety)Cys
A4  S:S-hCys trisulfide
A0S0 S-CysGly
AOS1  S-CysGly, plus methylation (not
Cys34)
A0s2 Naadductof S-CysGly
A053  KAdductof S-CysGly
A58 S-GIUCys
A0S5  S-Glutathione

Figure 3. Path Diagram of the Correlation of Cys3* Adducts and the Top Four Principal Components.
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Table 3. Association of Top Principal Component Analysis Factors with Different Mea-
sures/biomarkers of Maternal Smoking During Pregnancy.

PC1 PC2 PC3 PC4

Cotinine, ng/mL

Correlation Coefficient ! 0.124 —0.253 0.202 0.013

p-Value ! 0.19 0.0076 0.034 0.89
S-Acrylonitrile

Correlation Coefficient ! 0.662 —0.164 0.372 0.289

p-Value ! <0.0001 0.086 <0.0001 0.0022
Parent-reported MSDP: yes vs. no

Regression Coefficient 2 0.380 —1.659 0.123 —0.183

p-Value ! 0.1244  <0.0001 0.62 0.46
Parent-reported MSDP: 3rd Trimester vs. no

Regression Coefficient 2 0.123 —0.883 0.133 —0.059

p-Value ! 0.30 <0.0001  0.284 0.65
Ethylene Oxide

Correlation Coefficient ! —0.350 —0.030 0.315 0.314

p-Value ! 0.0002 0.76  0.0008  0.0008

Abbreviations: MSDP = maternal smoking during pregnancy; PC = principal Component. ! Pearson correlation
coefficient and corresponding p values. 2 Regression coefficient and p values from logistic regression models of
smoking outcomes on the PCs.

4. Discussion

In this study, we detected a broad range of Cys* adducts in dried blood spots from
newborns using advanced mass spectrometry and analytical methods. While some of these
chemicals have been studied in blood and urinary samples from adults or adolescents [16],
our study contributes essential data on their presence in newborn blood, where the mother
serves as a metabolic intermediary for external exposures such as tobacco smoke. Our
findings indicate that measurement of acrylonitrile adducts may allow more precise quan-
tification of MSDP exposure, while oxidative stress-related Cys>* adducts reflect correlated
biological responses. Together, these complementary indicators offer a more comprehensive
understanding of the impact of MSDP on fetal metabolic profiles.

Using a targeted, high-sensitivity QqQ method, we detected two constituents of
cigarette smoke—ethylene oxide and acrylonitrile—in newborn blood. They were also
identified in the cord blood of both preterm and full-term infants in another study that
employed similar adductomics technologies [13]. The challenges of detecting these com-
pounds in newborn DBS may help explain why they were not observed in the earlier study
by Yano et al. [10] More importantly, we demonstrated that Cys®* adducts of acrylonitrile
were significantly more abundant in newborns of formerly and currently smoking mothers.
These elevated levels of acrylonitrile associated with MSDP are consistent with findings
from previous studies in adolescents and adults [8]. We also found that acrylonitrile
levels were elevated in some newborns of former smoking mothers, indicating possible
exposure to environmental smoke from secondary (other household smokers) or tertiary
(contaminated household furnishings) sources. Because of the addictiveness of nicotine,
the self-report of quitting smoking among our former smokers could be doubted, but the
low cotinine levels in the blood of these former smoking mothers compared to current
smokers support a lack of active smoking in these subjects. Unfortunately, information
regarding household smoking by individuals other than mothers was not available in our
study. Consequently, we could not account for the potential confounding effects of total
environmental tobacco smoke exposure.

Conversely, we found no association between ethylene oxide and parent-reported
MSDP exposure, a finding that contrasts with studies in older populations. Elevated levels
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of ethylene oxide adducts have been found in the blood of smokers [8], including both
adolescents and adults [17]. One possible explanation is that the placenta may act as a
barrier, filtering out elevated ethylene oxide present in smoking mothers. The lack of
association between ethylene oxide and acrylonitrile adducts, coupled with its association
with other Cys3* adducts in newborn blood, suggests that the ethylene oxide adducts
detected in newborns may instead result from endogenous production, potentially as a
byproduct of ethylene metabolism.

Consistent with Yano et al. [10], we found that the putative acrolein adduct
(m/z = 830.97) was lower among newborns with parent-reported MSDP. Furthermore,
we found that the putative acrolein adduct was negatively associated with acrylonitrile
levels and not associated with cotinine level. However, acrolein, a known component of
cigarette smoke, has been found at elevated levels in the urine of smokers [12,16,18]. These
discrepancies highlight the need for further research to better understand the behavior of
acrolein-related adducts in the fetal environment and their relationship to prenatal exposure
to tobacco smoke.

The Cys®* adduct of cyanide, which results from exposure to maternal inhalation
of hydrogen cyanide in tobacco smoke, has been shown to be a reliable biomarker to
discriminate between newborns of smoking and nonsmoking mothers [10]. Consistent
with earlier findings, we also observed elevated Cys®* adducts of cyanide in newborns
with parent-reported MSDP. Furthermore, S-cyanide levels were strongly associated with
acrylonitrile levels and only mildly associated with cotinine levels, suggesting that this
adduct may reflect chronic rather than recent exposure to tobacco smoke during pregnancy.

The adducts detected in newborn DBS also reflected ROS responses correlated with
MSDP, consistent with previous studies. Specifically, we observed reduced levels of S-
Sulfinic acid, and S-yGluCys, and elevated levels of S-(N-acetyl) Cys in newborns with
MSDP exposure. These observations align with the findings of Grigoryan et al. [8], who
reported reduced S-Sulfinic acid and elevated S-(N-acetyl) Cys in adult smokers, as well as
with a previous report linking reduced levels S-sulfinic acid and S-y-GluCys in association
with prenatal air pollution exposure [9]. Interestingly, our data further demonstrated that S-
Sulfinic acid levels were negatively associated and sulfonic acid and S-(N-acetyl) Cys levels
positively associated with acrylonitrile levels, but were not associated with gestational age.
In contrast, S-y-GluCys was not associated with acrylonitrile but was positively associated
with gestational age. These findings suggest that alterations in S-Sulfinic acid, sulfonic
acid, and S-(N-acetyl) Cys may reflect biological responses to chronic MSDP exposure,
whereas changes in S-y-GluCys may be influenced by other MSDP-related factors, such
as preterm birth. Notably, we identified five additional adducts, including S-CysGly and
S-acetylation, that were also significantly associated with gestational age. This suggests
that these specific adducts may serve as biomarkers for the metabolic maturity of newborns.
However, further research is needed to better understand the dynamic relationships among
the various Cys adducts. Our analyses revealed distinct underlying structures in the
adduct profile, suggesting coordinated biological responses.

In assessing biological responses to MSDP, acrylonitrile adduct levels may serve
as a more comprehensive and supportable indicator than cotinine levels. In our study,
acrylonitrile exhibited a broader range of significant associations with Cys** adducts
compared to cotinine. Notably, the PCs of Cys** adducts associated with cotinine were
also associated with acrylonitrile and parent-reported MSDP. In other words, acrylonitrile,
in conjunction with parent-reported MSDP, was associated with the top four PCs of the
Cys3* adduct profile, which collectively accounted for over 50% of the total variance. This
difference between acrylonitrile and cotinine may reflect the longer biological half-life of
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acrylonitrile, allowing it to capture cumulative in utero exposure more effectively, whereas
cotinine, a short-lived metabolite, primarily reflects more recent exposure.

Our findings may also inform public health policies and future research on the impact
of emerging tobacco products. Although e-cigarettes are often marketed as safer alterna-
tives to combustible tobacco, they still lead to exposure to harmful compounds such as
acrylonitrile [11]. A study of urinary metabolites in adolescent users found that while
poly-users (those using both e-cigarettes and combustible cigarettes) had the highest levels
of toxic volatile compounds, exclusive e-cigarette users also showed significantly elevated
concentrations [19]. For example, metabolites of acrylonitrile, acrolein, and crotonaldehyde
were found to be 341%, 20%, and 20% higher, respectively, compared to nonsmoking
controls. Notably, fruit-flavored e-cigarettes—which are popular among teens—were asso-
ciated with even greater acrylonitrile levels [11]. As this demographic ages, the potential
for fetal exposure via maternal e-cigarette use may increase [20].

This study has several strengths, including measurement of a large panel of adducts
in newborn blood and the ability to compare these biomarkers with both self-reported
maternal smoking during pregnancy and cotinine levels in newborn blood. However,
several limitations should be considered. First, the analysis was based on a relatively small
sample (n = 110), drawn from a convenience sample of children with and without ocular
diseases. In addition, the majority of participants were African American. These factors
may limit generalizability and statistical power. In addition, although we adjusted for
gestational age when evaluating associations between adducts and maternal smoking, we
could not account for other potential confounders, including secondhand smoke exposure,
maternal diet, and ambient air pollution, all of which may influence adduct levels.

5. Conclusions

Our study provides new insights into Cys** adducts in newborn blood and their
associations with parent-reported MSDP and cotinine levels. The findings underscore
the potential of Cys* adducts as biomarkers of both environmental exposures—such as
MSDP—and related biological responses, supporting their utility in developmental research.
Further studies in larger and more diverse populations are warranted to validate these
findings, deepen our understanding of the temporal dynamics of adduct accumulation in
the developing fetus, assess risks associated with emerging exposures such as e-cigarette
use during pregnancy, and broaden the applications of newborn blood analysis in early-life
exposure assessment.
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