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ABSTRACT: Analytical methods and tools for the characterization of the
human exposome by untargeted mass spectrometry approaches are
advancing rapidly. Adductomics methods have been developed for
untargeted screening of short-lived electrophiles, in the form of adducts
to proteins or DNA, in vivo. The identification of an adduct and its
precursor electrophile in the blood is more complex than that of stable
chemicals. The present work aims to illustrate procedures for the
identification of an adduct to N-terminal valine in hemoglobin detected
with adductomics, and pathways for the tracing of its precursor and
possible exposure sources. Identification of the adduct proceeded via
preparation and characterization of standards of adduct analytes. Possible
precursor(s) and exposure sources were investigated by measurements in
blood of adduct formation by precursors in vitro and adduct levels in vivo.
The adduct was identified as hydroxypropanoic acid valine (HPA-Val) by verification with a synthesized reference. The HPA-Val
was measured together with other adducts (from acrylamide, glycidamide, glycidol, and acrylic acid) in human blood (n = 51,
schoolchildren). The HPA-Val levels ranged between 6 and 76 pmol/g hemoglobin. The analysis of reference samples from humans
and rodents showed that the HPA-Val adduct was observed in all studied samples. No correlation of the HPA-Val level with the
other studied adducts was observed in humans, nor was an increase in tobacco smokers observed. A small increase was observed in
rodents exposed to glycidol. The formation of the HPA-Val adduct upon incubation of blood with glycidic acid (an epoxide) was
shown. The relatively high adduct levels observed in vivo in relation to the measured reactivity of the epoxide, and the fact that the
epoxide is not described as naturally occurring, suggest that glycidic acid is not the only precursor of the HPA-Val adduct identified
in vivo. Another endogenous electrophile is suspected to contribute to the in vivo HPA-Val adduct level.

1. INTRODUCTION
Increasing evidence supports that environmental exposures are
major contributors to the development of cancer and other
chronic diseases.1−3 The importance of environmental factors
in cancer etiology was highlighted already in the 1970s by J.
Higginson, who considered the environment in a broad view,
including lifestyle factors, as diet and cultural habits, as well as
chemical exposure.4,5 In 2005, the concept of the exposome
was proposed by C. Wild and described as the “life-course
environmental exposures (including lifestyle factors), from the
prenatal period onwards”,6 which was later redefined to include
exposure from endogenous processes.7 The concept was
introduced to emphasize the significance of environmental
exposures as contributors of common chronic diseases, to
balance the focus placed on the genome, and to highlight the
need for more holistic methods for exposure assessment.
The exposome concept has stimulated the development and

application of advanced analytical methods to characterize
environmental chemical exposures in epidemiological stud-

ies.8,9 In particular, approaches to detect and identify exposures
by untargeted analysis with mass spectrometry (MS) of
biological samples are rapidly being developed.10 The recent
decades of MS developments have resulted in improved
sensitivity, higher mass resolution, and established software
tools and databases that have facilitated the discovery of
unknown human exposures to chemicals through MS analysis
of biological samples.11 Analysis of blood provides the
possibility to characterize exposure from external and
endogenous sources at concentrations in the blood that
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could vary at least 10 orders of magnitude between
chemicals.12

Electrophilic compounds are reactive chemical species
characterized by electron deficiency and are of health concern
due to their reactivity. Electrophiles react in vivo with
nucleophilic sites in proteins, DNA, and other biomolecules,
and form adducts (reaction products).13,14 Analysis of the
reactive and short-lived electrophiles in vivo is facilitated by
analysis of their stable reaction products with biomolecules.
Methods to determine adducts to DNA15 or blood
proteins16−18 by MS have been further developed for screening
of unknown internal exposure to chemicals, with so-called
adductomics approaches. DNA adductomics has been applied
in studies of cancer19−21 and ecotoxicology.22 For the

detection of unknown DNA adducts, a method based on the
neutral loss of 2′-deoxyribose from digested DNA samples has
been used.22,23 Recently, algorithms for the detection of such
adducts in liquid chromatography−mass spectrometry (LC-
MS) analysis have been created.24,25 For protein adducts,
adductomic approaches have been developed for serum
albumin and hemoglobin (Hb).26 Rappaport and collaborators
have developed a method for the analysis of Cys34 adducts in
serum albumin as 21-mer peptides after tryptic digestion.27

About 40 modifications to Cys34, such as oxidative
modifications and other putative adducts, have been detected
with this method. The adduct annotation is aided by software
interrogation of tandem mass spectra based on retention time,
accurate mass, elemental composition, and using comparison

Figure 1. General structure of the fluorescein hydantoin (FTH) derivative formed from the reaction of fluorescein isothiocyanate (FITC) with
adducted Hb that detaches the N-terminal valine adduct from the rest of Hb. The adduct is composed of the N-terminal valine from Hb and the
added moiety (here represented as the R-group) from the electrophile (e-phile).

Figure 2. Precursor electrophiles and plausible adducts formed with Val as a model of the N-terminal Val in Hb. Numbers 1−4 denote the
potential precursors. The prime symbol denotes reaction product with Val without distinction if multiple products are possible. Reaction of
precursors 1−3 with Val will form five different reaction products that are constitutional isomers (1′−3′). BrBdiol (1) is 4-bromobutane-1,2-diol;
EB3ol (2) is 2-epoxy-3-butanol; EB4ol (3) is 1,2-epoxy-4-butanol; GLA (4) is glycidic acid.
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with databases.28 This method has been applied in a number of
studies including a study on urban ambient air pollution that
reported association of adducts with air pollutants, as well as of
adducts with health outcome measures.29 In another study of
occupational exposure to benzene, a positive association was
found for putative benzene metabolite adducts.30 Furthermore,
the Cys34 method has been applied in studies of lung cancer31

and childhood leukemia.32

Adducts to the N-terminal amino acid valine in Hb can be
analyzed after detachment with a modified Edman degrada-
tion.16 In the present study, the FIRE procedure was applied,
which is an acronym that stands for the fluorescein
isothiocyanate (FITC) reagent that is used for the detachment
of the adduct (R) as a fluorescein thiohydantoin (FTH) of N-
substituted valine with a modified Edman procedure (Figure
1).33,34 The FIRE procedure has previously been applied by us
for targeted measurement of Hb adduct levels from acrylamide
(AA), ethylene oxide, etc. in blood from pregnant women and
placental umbilical cords.35 FTHs of the N-terminal valine
adducts exhibit characteristic fragmentation patterns because
their structure is partially common (Figure 1). The specific
fragmentation pattern was strategically exploited by us in
adductomics screening of N-terminal adducts in blood samples
from adults.36 More than 20 different Hb adducts were
detected, of which about half are still unidentified.37 The
adductomics work for untargeted screening with the FIRE
procedure has mainly focused on the detection and
identification of unknown Hb adducts and their precursor
electrophile(s) that are present in humans, and not the
association with health effects.38

One of the unidentified in vivo adducts observed in human
blood by LC-MS/MS was the FTH analyte with m/z 577,
which was observed36 at somewhat higher levels than the well-
studied AA adduct.39 In the present work, our aim was to
identify this adduct to N-terminal valine in Hb giving the FTH
derivative with m/z 577. We formulated hypotheses on the
identity of this adduct and tested these by studying the adduct
formation of suggested precursor electrophiles in human
blood. For the identification and confirmation of the adduct,
we performed analysis with high-resolution mass spectrometry
(HRMS) and compared the spectra and chromatogram to
those of synthesized and characterized reference substances.
Finally, to trace the origin of the precursor electrophile, we
determined the Hb adduct levels by HRMS in the blood
available from studies of schoolchildren, reference samples
from smoking/nonsmoking adults, and exposed rodents. The
secondary aim of this work was to explore pathways and
demonstrate an approach to reach unequivocal identification of
an adduct detected to N-terminal valine in Hb in human blood
and for tracing the source of the corresponding in vivo
precursor electrophile(s).

2. MATERIALS AND METHODS
2.1. Chemicals. 4-Bromobutane-1,2-diol (BrBdiol; Figure 2,

precursor 1, CAS: 33835−83−5, 80%); 1,2-epoxy-3-butanol
(EB3ol; Figure 2, precursor 2, IUPAC: 1-(oxiran-2-yl)ethan-1-ol,
CAS: 765−44−6, 95%); 1,2-epoxy-4-butanol (EB4ol; Figure 2,
precursor 3, IUPAC: 2-(oxiran-2-yl)ethan-1-ol, CAS: 19098−31−8,
95%); and potassium oxirane-2-carboxylate (potassium salt of glycidic
acid, CAS: 51877−54−4, 85%; cf. glycidic acid (GLA) in Figure 2,
precursor 4) were purchased from CHEMSPACE (Riga, Latvia).
Ethyl 2,3-epoxypropanoate (CAS: 4660−80−4, 98%) was bought
from Combi-Blocks (San Diego, CA). Fluorescein isothiocyanate
isomer 5 (FITC) was obtained from Karl Industries (Aurora, OH).

Valine, N,N-dimethylformamide, ammonium hydroxide solution
(25%), cyanoacetic acid (99%), formic acid (≥96%), acrylic acid
(99%), and L-valine methyl ester hydrochloride (99%) were
purchased from Sigma-Aldrich (Steinheim, Germany). Trifluoroacetic
acid and sodium hydrogen carbonate were bought from Merck
(Darmstadt, Germany). HPLC-grade water, acetone, and acetonitrile
were purchased from VWR International S.A.S. (Fontenay sous Bois,
France).
2.2. Standards. Standard of the FTH of N-dihydroxypropylvaline

corresponding to the Hb adduct from glycidol (GL-Val-FTH) was
synthesized earlier,40 and the corresponding isotopically substituted
IS, GL-(13C5)Val-FTH (GL-IS), was synthesized by Aasa et al.41

Standards and corresponding isotope-substituted (d7) internal
standards of the FTHs of the valine Hb adducts from AA and
glycidamide (GA) were previously synthesized.34

2.3. Blood Samples. 2.3.1. Human Blood Samples. Human
blood samples from voluntary schoolchildren, approximately 12 years
old, were collected in Sweden in 2014 by the Swedish Food Agency.
This study was conducted according to the guidelines of the
Declaration of Helsinki. Before donating blood, written informed
consent for voluntary participation was given by the participants and
by both their parents/legal guardians. The study was approved by the
Regional Ethical Review Board, Uppsala, Sweden (Decision Dnr
2013/354; Project Dnr 2372/2013). In the present study, a subset of
these samples (as isolated erythrocytes) was used (n = 51; males = 35,
females = 15, unknown sex = 1). The data collection and biological
sampling in this human study are described in earlier studies of this
cohort.42,43

Blood samples from voluntary healthy adult smokers (n = 6) and
nonsmokers (n = 6) from Sweden were used as reference samples
(Ethical approval no. 96−312, Regional Ethical Review Board,
Stockholm, Sweden). Commercial whole blood of a nonsmoking
adult was obtained from Komponentlaboratoriet, Karolinska Uni-
versity Hospital (Stockholm, Sweden) for use in the in vitro studies.
2.3.2. Animal Blood Samples. A few blood samples from earlier

animal exposure studies were analyzed to investigate the possible
metabolic formation of glycidic acid (GLA) in rodents dosed with
glycidol (GL) or AA. GL samples were from three female rats
(Sprague Dawley) and three female mice (B6C3F1) from a dosing
experiment with GL by gavage, once daily for five consecutive days (0,
37.5, and 75 mg/kg bw/day for the rats and 0, 25 and 50 mg/kg bw/
day for the mice).44 (Ethical approval license number S7−15, Ethical
committee on animal experiments, Swedish Board of Agriculture.) AA
samples were from three female Fisher 344 rats from an experiment
with AA exposure via drinking water for 7 days (0, 0.1, and 0.5 mg/kg
bw/day).45 (Approved by the Ethical committee on animal
experiments, Stockholm North; no. N/56/02 and N/228/03.)
Bovine blood, used as control sample and for the generation of

calibration curves was bought from Håtunalab (Bro, Sweden).
2.4. Identification of Unknown Adduct�Generation and

Characterization of Reference Adducts. 2.4.1. Adduct For-
mation in Blood In Vitro from Potential Precursors 1−3
(Experiment 1). The adduct formation to N-terminal valine in Hb
was studied with the first hypothesized precursor electrophiles,
BrBdiol, EB3ol, and EB4ol (Figure 2, precursors 1−3). Stock
solutions of the electrophiles were prepared in water and 30 μL
were added to hemolyzed erythrocytes from human blood to obtain
the final concentrations of 100−1000 μM in 1 mL, and incubated for
1 h (37 °C and 750 rpm). To halt the reaction, the samples were put
on ice and were later prepared for adduct analysis (see Section 2.5).
2.4.2. Adduct Formation in Blood In Vitro from Potential

Precursor 4 (Experiments 2 and 3). Experiment 2 was performed to
confirm whether Hb N-terminal valine in a reaction with GLA
(precursor 4) would form the unknown adduct with m/z 577
observed in vivo. A stock solution was prepared by dissolving 0.8 mg
of GLA potassium salt (5.4 μmol GLA) in 155 μL of water (35 mM).
An aliquot of 30 or 15 μL, respectively, was added to 1 mL samples of
lysed whole human blood. The incubations were carried out for 1 h
(37 °C and 750 rpm), and then the samples were put on ice to stop
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the reaction. The samples were further derivatized and analyzed
according to the procedure described in Section 2.5.
Experiment 3 was performed to measure the rate constant for the

formation of the adduct of GLA with N-terminal valine in Hb. A
single concentration of GLA potassium salt (85 μM GLA) was
incubated in lysed whole human blood (1.9 mL, 75 mg Hb/mL; N-
terminal valine:GLA, 53:1 molar ratio) at 37 °C and 750 rpm.
Samples (250 μL) were collected at different time points (up to 24 h;
7 samples) and put in the freezer to stop the reaction until
preparation for adduct measurement (see Section 2.5). The reaction
rate constant was estimated from the formed adduct levels.
2.4.3. Synthesis and NMR Characterization of Hydroxypropa-

noic Acid−Valine−FTH (HPA-Val-FTH). To confirm the identity of
the in vivo adduct, a reference compound of 4′ (see Figure 2) was
synthesized and characterized. Approximately 200 mg (∼1.7 mmol)
of valine and 750 mg of sodium hydrogen carbonate were dissolved in
30 mL of water. The solution was heated to 50 °C and a slight excess
amount (∼2 mmol) of ethyl 2,3-epoxypropanoate was added. The
progress of the reaction was followed by LC-MS (Instrument 1,
Qtrap) until approximately 75% of the valine was consumed. One mL
of trifluoroacetic acid was added to hydrolyze the ester bond in the
formed adduct and the solution was evaporated to dryness in a rotary
evaporator. Acetone (30 mL) was added to the crude product and was
left for 1 h under stirring. The sample solution was then filtered, and
the acetone was evaporated under a stream of nitrogen. Thereafter,
the solid sample was redissolved in 2 mL of acetonitrile/water (1:1)
acidified with formic acid. The various substances were then separated
on a C18 flash column with acetonitrile/water (1:1) acidified with
formic acid as mobile phase, and fractions were collected. The
synthetic product expected to contain the hydroxypropanoic acid N-
substituted valine (HPA-Val; cf. Figure 2, compound 4′) was
evaporated to dryness in a rotary evaporator. The solid product was
redissolved in 20 mL of water containing 1.0 g of sodium hydrogen
carbonate. The solution was heated to 40 °C and an excess of FITC
(∼2 mmol) was added under stirring. The progress of the reaction
was followed using the LC-MS (Instrument 1) until approximately
80% of the valine adduct had reacted. The HPA-Val-FTH (cf. the
general FTH structure in Figure 1) was then isolated by semi-
preparative LC using a reversed-phase C18-amide column (ACE 5
C18-Amide 100 × 21.2 mm, 5 μm) and isocratic elution (40%
methanol in water with 0.2% formic acid) at a flow rate of 7.5 mL/
min. The system used was a Shimadzu LC system consisting of two
pumps (LC-10 ADvp), an auto-injector (SiL-HTC), and a UV
detector (SPD-10 A). Fractions corresponding to the peak of the
target compound were collected and further investigated by LC-MS
(Instrument 1). The UV detector was set to operate at a wavelength
of 274 nm. Thereafter, the solvent was evaporated to dryness in a
rotary evaporator at 40 °C. The total yield was 20−30%.
NMR spectra were recorded on a Bruker instrument at 400 MHz

(1H) and at 100 MHz (13C), respectively. Chemical shifts (δ) are
reported in ppm, using the residual solvent peak in CD3OD (H = 3.31
and C = 49.0) as internal standards, and coupling constants (J) are
given in Hz.
HPA-Val-FTH (mixture of isomers; see Supporting Information S1

for spectra):
1H NMR (400 MHz, CD3OD): δ 7.99−7.90 (m, 1H), 7.74−7.63

(m, 1H), 7.36 (dd, J = 8.2, 3.7 Hz, 1H), 6.80−6.71 (m, 4H), 6.63 (dd,
J = 8.7, 2.4 Hz, 2H), 4.80−4.65 (m, 2H), 4.61−4.57 (m, 1H), 3.88−
3.83 (m, 0.5H), 3.58−3.49 (m, 0.5H), 2.73−2.55 (m, 1H), 1.37−1.22
(m, 3H), 0.97 (m, 3H).

13C NMR (100 MHz, CD3OD): δ 184.75, 183.94, 183.18, 173.89,
173.85, 173.77, 169.98, 154.72, 136.80, 136.71, 136.66, 130.68,
129.51, 126.62, 114.40, 111.59, 103.56, 69.61, 69.51, 69.37, 68.97,
30.14, 29.88, 17.86, 17.77, 15.74, 15.71.
2.4.4. Synthesis and NMR Characterization of Additional

Reference FTHs. 2.4.4.1. H-Val-FTH and AA-Val-FTH. To aid in the
NMR characterization of the synthesized reference compound HPA-
Val-FTH, two additional reference FTHs, of unsubstituted valine (H-
Val-FTH) and of acrylamide-substituted valine (AA-Val-FTH), were
synthesized by mixing FITC with Val or AA-Val (systematic name: N-

(3-amino-3-oxopropyl)-valine), respectively, in the same way as
described above.34 The NMR analyses of these FTHs are shown in S2
and S3.
2.4.4.2. N-(2-Carboxyethyl)−valine−FTH, ACA-Val-FTH. The

reference corresponding to the adduct formed from acrylic acid
(ACA) with valine was synthesized from L-valine methyl ester
hydrochloride (approximately 500 mg, ∼3 mmol) and sodium
hydrogen carbonate (800 mg) that were dissolved in 20 mL of
water. The solution was heated to 50 °C and a slight excess amount of
220 μL (∼3.2 mmol) of acrylic acid was added. The reaction was
followed by LC-MS (Instrument 1, Qtrap) until approximately 75% of
the L-valine methyl ester was consumed. The synthesis solution was
then evaporated to dryness in a rotavapor, the crude product
dissolved in acetone, filtered, and the acetone was evaporated as
described in the synthesis description in Section 2.4.3. The solid
product was redissolved in 2 mL of acetonitrile/water (1:1) acidified
with formic acid. The substances in the product were then separated
on a C18 flash column with 35% acetonitrile in water acidified with
formic acid as the mobile phase, and fractions were collected. The
fractions with the synthetic product were evaporated to dryness in a
rotary evaporator. The solid product (60 mg, ∼0.32 mmol) was
redissolved in 5 mL of water/isopropanol (1:3) containing 200 mg of
sodium hydrogen carbonate. The solution was heated to 40 °C and an
excess of FITC (∼0.4 mmol) was added under stirring. The progress
of the reaction was followed using LC-MS (Instrument 1) until
approximately 80% of the valine adduct had reacted. The ACA-Val-
FTH (cf. the general FTH structure in Figure 1) was then isolated by
semipreparative LC as described in Section 2.4.3. For NMR analysis
results, see S4, which confirmed that the product was ACA-Val-FTH,
but also contained H-Val-FTH. As this reference was used to confirm
the retention time of the ACA-Val-FTH, the purity was determined to
be sufficient.
2.5. Derivatization of Blood Samples Using the FIRE

Procedure and Quantification of Adduct Levels. 2.5.1. General
Procedures. Blood samples were prepared for analysis according to
the FIRE procedure46 involving derivatization overnight with FITC
for detachment of N-terminal valine adducts.34 Before derivatization
of the samples, the Hb concentration was measured with HemoCue
Hb 201+ system. Sample volumes of 250 μL blood were derivatized
with 5 mg of FITC overnight, followed by protein precipitation with
acetonitrile before clean-up of the supernatant with SPE (Oasis MAX,
Waters MA). The eluates of the samples were evaporated to dryness
and reconstituted in 40% acetonitrile before analysis by LC-MS. The
internal standard, GL-(13C5)Val-FTH (GL-IS), was added before the
SPE clean-up. The calibration curve (CC) used for quantitation of the
adduct levels from GLA, GL, AA, GA, and ACA, was made by adding
four levels of GL-Val-FTH STD and GL-IS in bovine blood. The CC
samples, without derivatization, were directly cleaned up by SPE
according to the FIRE procedure. Duplicate method blank samples
were made from bovine blood, with only IS added. Quantification of
the adduct levels in the samples was made by normalizing the
response of the analytes to the GL-IS response and the GL CC.
2.5.2. Blood Samples from In Vitro Experiments. The samples

from Experiments 1−3 were derivatized using the FIRE procedure
according to the above. For the determination of formed adducts by
LC-MS analysis, Instrument 2 (Orbitrap) was used for Experiments
1−2 and Instrument 1 (Qtrap) for Experiment 3.
2.5.3. Blood Samples from Human Volunteers. The blood

samples from schoolchildren (n = 51) and adult smokers/nonsmokers
(n = 6/6), as well as control bovine blood, were processed according
to the FIRE procedure described above. The samples were analyzed
by LC-MS (Instrument 2) and quantified as described above.
2.5.4. Blood Samples from Exposed Animals. The samples (n = 3

per study) were derivatized as described above with the following
deviations: The volume of blood used for derivatization with FITC
was 150 μL, and the amount of FITC used per sample was 3 mg. The
samples were analyzed and quantified on LC-MS Instrument 2.
2.6. Analysis of FTH Compounds by LC-MS. 2.6.1. Instrument

1, Qtrap. The system was composed of a Shimadzu Prominence
LC20 system (Shimadzu Corp., Kyoto, Japan) coupled to a 3200
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Qtrap mass spectrometer (AB Sciex, Ontario, Canada). The column
used was a Supelco Discovery HS C18, 2.1 × 150 mm, 3 μm, and the
mobile phases were A: 10% acetonitrile in water with 0.1% formic acid
and B: 100% acetonitrile with 0.1% formic acid. The gradient elution
program was at 0.15 mL/min and started at 20% B, followed by a
ramp to 100% B in 18 min and kept for 7.5 min, then reduced to 20%
B in 0.5 min and kept at 20% B for 4 min. The MS was operated in
ESI+ using multiple reaction monitoring (MRM). The collision
energy was set to 50 V. Curtain gas was set to 40 and the ionization
spray at +5000 V. The source temperature was set to 450 and gases 1
and 2 were set to 20 and 15, respectively. Declustering potential was
set to 95.
2.6.2. Instrument 2, Orbitrap. The LC-MS/HRMS system was

consisting of a Dionex Ultimate 3000 UHPLC system connected to a
Q-Exactive HF Quadrupole-Orbitrap hybrid MS System (Thermo
Fisher Scientific, MA). The column used for the analysis was an
Acquity UPLC HSS C18 (2.1 × 100 mm, 1.8 μm). Mobile phase A
composed of 10% acetonitrile and 0.1% formic acid in water and
mobile phase B composed of 10% water and 0.1% formic acid in
acetonitrile. Gradient elution was used with 0.3 mL constant flow and

the program starting at 30% B for 0.5 min, then 100% B in 7 min, and
kept at 100% B for 2 min, followed by decrease to 30% B in 0.5 min
and kept for 2 min for column reequilibration before the next run.
Parallel reaction monitoring mode was used for this analysis with the
resolution set to 60,000 and operated in ESI mode at +4000 V. The
normalized collision energy was set to 45 and the capillary
temperature was set to 275 °C. Maximum injection time was set to
100 ms and auto gain control to × 105. The S-Lens RF Level was set
to 60. The sheath gas was set to 20, and the auxiliary gas was set to 10.

3. RESULTS AND DISCUSSION
3.1. Identification of the Unknown Adduct with m/z

577. 3.1.1. Comparison of In Vivo Unknown Adduct with
Adducts from Suspect Precursors. The investigation to
identify the adduct with m/z 577 detected in the previous
adductomics screening with the FIRE method started with
suggesting precursor electrophiles based on unit resolution MS
data. The first experiment concerned BrBdiol, EB3ol, and
EB4ol (Figure 2, precursors 1−3). The theoretical log P of the

Figure 3. Superimposed HRMS chromatograms for the analyte HPA-Val-FTH from three different runs: (a) in vivo sample, (b) in vitro sample
from the incubation in blood with GLA, and (c) synthetic STD; (normalized to 100% between the runs).

Figure 4. Extracted HRAMMS2 spectra for the peak at 4.43 min in the 577 PRM experiment for: (a) in vivo blood sample, (b) in vitro sample from
incubation in blood with GLA, and (c) synthetic STD.
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corresponding R-Val-FTHs was in the range of the expected
log P of the in vivo observed adduct (data not shown). The
ability of these electrophiles to form stable adducts to N-
terminal valine of Hb in blood (see Figure 1) with chemical
formula fragment C4H9O2

• (see also adducts 1′−3′ in Figure
2) was studied and verified by MS. The retention times (Rt) of
these C4H9O2-Val-FTHs (five constitutional isomers in total)
showed that none of the adducts matched the Rt of the adduct
observed in vivo. This was corroborated with later HRMS
analysis showing that the FTH analytes of the adducts 1′−3′
had m/z of 577.16391 (C4H9O2-Val-FTH), and did not match
the observed unknown in vivo adduct, which m/z corre-
sponded to C3H5O3-Val-FTH.
From the information of the HRAM spectrum, it was

proposed that the unknown adduct could correspond to the
hydroxypropanoic acid−valine (HPA-Val) adduct formed from
glycidic acid (GLA) as shown in Figure 2 (precursor 4). The
adduct generated by incubation of blood with GLA (Experi-
ment 2) was in accordance with the in vivo observed adduct
with regards to Rt and accurate mass (theoretical m/z =
577.12753). For confirmation of the identity, the FTH of
HPA-Val adduct (mixture of isomers, 4′) was synthesized and
characterized with NMR (see also Section 3.1.2 and S1).
In Figure 3, superimposed chromatograms of the unknown

adduct observed in vivo, the adduct from the in vitro incubation
of GLA in blood, and the synthesized standard of HPA-Val-
FTH are shown for m/z = 577.12753 (m/z range = 3 ppm). It
was observed that the Rt of the respective peak in these three
samples are matching. Also, as observed in the HRAM
experimental spectra in Figure 4, the fragmentation pattern
matches for all three samples. Some minor deviations are
observed in the fragmentation pattern in the in vivo sample,
which could be explained by the much lower analyte level in
relation to the biological matrix.
Table 1 lists the observed accurate mass measurements from

the HRMS analyses of the studied adduct in an in vivo sample,
the adduct from in vitro incubation with GLA in blood, and the
synthesized standard. The chemical formulas identified and the
theoretical m/z values are listed in comparison. Figure 5 shows
the suggested fragment structures.
As here exemplified, HRMS enables the deduction of the

chemical formulas of unknown adducts and aids in confirming

the identity of the adduct. However, only HRMS is not enough
for unequivocal identification, reference compounds are also
necessary, a fact that has been emphasized by, e.g., Sabbioni et
al.47 This was illustrated in the current work by the different
adducts 1′−3′ (Figure 2) that all give adduct analytes with the
same exact mass. For unequivocal identification of an unknown
adduct analyte, the comparison by MS with a synthesized and
characterized standard is the final step, as performed in this
work.
3.1.2. Synthesis and Characterization of Reference

Compounds. The identity of the synthesized reference of
the unknown adduct as HPA-Val-FTH was characterized by
NMR (1H NMR and 13C NMR). In addition to HPA-Val-
FTH, the FTHs of unmodified Val (H-Val-FTH) and of
acrylamide-substituted Val (AA-Val-FTH), were synthesized
and characterized by NMR to be used as references for the
interpretation of the more complex NMR spectra of HPA-Val-
FTH. In addition, ACA-Val-FTH was synthesized to be used
as reference for analysis of the corresponding adduct in blood
from schoolchildren. The NMR spectra for the synthesized
FTHs are shown in S1−S4. The suggested interpretation of
HPA-Val-FTH from comparison with the reference FTHs (see
S5), verified the identity of the new product as HPA-Val-FTH.
The NMR spectra for the reference compound H-Val-FTH
were in accordance with the literature.33

The synthesis of reference compounds of FTH derivatives of
N-substituted valines is a two-step reaction process where the
product of the first reaction is the valine adduct, which is then
reacted with FITC to form the desired FTH. In the present
work, nucleophilic substitution by an epoxide was the pathway
chosen to synthesize N-hydroxypropanoic acid−valine, HPA-
Val. The ester derivative of GLA (S6a) was preferred over
GLA (precursor 4 in Figure 2) to avoid the reaction of the
carboxylic acid group of GLA with the amino group of valine,
and thus maximize the yield of the desired SN2 product.
Initially, alkylation by alkyl halide was tested for the synthesis
of HPA-Val, using the reaction of isoserine with 2-
bromoisovaleric acid (see S6b), which is a synthetic pathway
that has been used for N-substituted valines before.48,49

However, the yield of the product in this case was deemed too
low (data not shown). Reductive amination via Schiff base
formation to yield HPA-Val was not explored (see S6c) as the

Table 1. Observed Molecular and Fragment Ions in Comparison to Theoretical m/z and Corresponding Chemical Formulas
for the In Vivo Sample, the In Vitro Incubation in Blood with GLA Sample, and Synthetic STD

theoretical
m/z observed m/z

identified chemical
formula ID difference in ppm to theoretical m/z

in vivo sample
in vitro incubation

sample
synthesized
standard

in vivo
sample

in vitro incubation
sample

synthesized
standard

577.12753 577.127(20) 577.126(95) 577.127(01) C29H25N2O9S+ fragment 1a −0.6 −1.0 −0.9
535.08058 535.079(47) 535.080(02) 535.080(14) C26H19N2O9S+ fragment 2a −2.1 −1.0 −0.8
534.07275 NOT

FOUND
534.072(20) 534.072(63) C26H18N2O9S.+ fragment 3a,b N/A −1.0 −0.2

531.12205 531.121(83) 531.121(58) 531.121(64) C28H23N2O7S+ fragment 4a −0.4 −0.9 −0.8
515.14489 515.144(47) 515.144(53) 515.144(59) C28H23N2O8

+ unidentified
fragment

−0.8 −0.7 −0.6

489.11148 489.111(45) 489.109(99) 489.110(26) C26H21N2O6S+ fragment 5a,b −0.1 −3.0 −2.5
489.07510 489.075(01) 489.074(68) 489.074(80) C25H17N2O7S+ fragment 6a −0.2 −0.9 −0.6
460.07236 460.071(96) 460.071(78) 460.071(87) C24H16N2O6S.+ fragment 7a,b −0.9 −1.3 −1.1
447.06453 447.061(71) 447.064(09) 447.064(15) C23H15N2O6S+ fragment 8a −6.3 −1.0 −0.8
445.04888 445.048(74) 445.048(46) 445.048(46) C23H13N2O6S+ fragment 9a,b −0.3 −0.9 −0.9
390.04307 390.042(66) 390.042(54) 390.042(63) C21H12NO5S+ reagent −1.1 −1.4 −1.1

aSee Figure 5 for the suggested structure. bExpected from the literature.36
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relevant aldehyde was not commercially available. That

pathway has previously been applied for the synthesis of N-

substituted valines with satisfactory yield (e.g., for the synthesis

of GL-Val used as IS in the present work).41

3.2. Occurrence and Origin of the Hydroxypropanoic
Acid Val in Hb In Vivo. 3.2.1. Outline of Studies.
Characterization of exposure to electrophilic compounds
through identification of adducts in blood samples could be
complex. Even though the in vitro experiments with an

Figure 5. Suggested fragment structures for the major observed fragments for the in vivo sample, the in vitro incubation in blood with GLA sample,
and synthetic STD.
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electrophile may give confident results regarding the identity of
the observed in vivo adduct, the actual in vivo precursor
electrophile may not be the same. In addition, there could be
multiple precursor electrophiles that form the same adduct. An
electrophile, or a compound which biotransforms to an
electrophile, could either originate from external exposure or
from endogenous processes like oxidative stress. Some
exposure sources, as tobacco smoking, are common for
multiple adduct-forming electrophiles.
In the present work, we studied a few possible parent

compounds to the suggested electrophilic precursor GLA and
hypothetical exposure sources to the identified HPA-Val
adduct, as outlined in Figure 6. The level of this adduct was
compared in reference samples from humans and animals, with
or without specific exposure, as well as in samples from in vitro
studies, for elucidating the origin of the identified adduct.
Follow-up experiments should include complimentary verifi-
cation investigations to evaluate if the adduct is of significance
as a biomarker of exposure or of toxicity, which should be
monitored in future epidemiological studies.
3.2.2. Occurrence of the Hydroxypropanoic Acid Adduct

to N-Terminal Valine in Hb in Schoolchildren Blood
Samples. The FTH of the HPA valine adduct (HPA-Val-
FTH) with m/z of 577.12753 was observed in all blood

samples from schoolchildren in the analysis. The adduct level
distribution ranges between 16 and 38 pmol/g Hb as shown in
Figure 7. This is a semiquantitative measurement because the
used IS and CC was of another FTH, namely, GL-Val-FTH.
The repeatability of the method, as relative standard deviation,
was estimated to be 16−32% in quintuple samples from three
of the individuals. Before application, e.g., in epidemiological
studies, the analytical method for HPA-Val-FTH should be

Figure 6. Suggested strategy for the identification of precursors and exposure sources of an identified Hb adduct. Typical questions asked and type
of studies to be performed to answer these questions are indicated. Measurement of adduct levels in in vitro and in vivo samples is the primary
method in the first steps of the investigation. When a precursor electrophile is identified and exposure source of the observed in vivo adduct can be
suggested, complimentary experiments of the electrophile/parent compound (occurrence in exposure and assessment of toxicity) should follow to
determine whether the biomarker/adduct is of significance for application in epidemiological studies.

Figure 7. Distribution of the adduct levels in schoolchildren (n = 51;
analysis for one sample under LOQ) for HPA-Val-FTH.
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properly evaluated with a dedicated IS and CC (as performed
for the analysis of GL adducts in this sample material with the
same method).41

3.2.3. Estimation of the Rate Constant for Adduct
Formation by Glycidic Acid. To elucidate if GLA, with regard
to its reactivity, could be a precursor of the HPA-Val
(precursor 4 and adduct 4′ in Figure 2) observed in vivo,
the rate constant of adduct formation toward N-terminal
valines in Hb was estimated. This was studied in vitro under
pseudo-first-order reaction conditions in whole lysed blood
with GLA (Experiment 3). The experiment was followed for
24 h, to evaluate whether secondary reactions of the formed
adduct occur and to get an estimation of the stability of GLA
in blood.
The plot of the normalized response levels of the HPA-Val-

FTH vs time of incubation showed coefficient of determination
>0.99 (see S7), which did not appear to plateau. Thus, the
concentration of GLA appeared relatively constant during the
24 h experiment, which indicated that there was no observable
hydrolysis or other degradation reaction of the epoxide under
these conditions. The reaction rate (kVal‑GLA) obtained during
these experimental conditions was estimated to be approx-
imately 0.5 pmol/g Hb per μM × h. This would indicate a
reaction rate constant that is about 10 times lower than the kVal
measured for AA50 and about 40 times lower than the reaction
rate for the epoxide GL.41 According to these results GLA
could not be excluded as a precursor contributing to the
identified HPA-Val adduct in vivo.
3.2.4. Possible Formation of Glycidic Acid as a

Metabolite: Comparison of Adduct Levels In Vivo. In the
literature, no information supporting the occurrence of GLA in
humans or exposure to humans was found. Therefore, we
continued to investigate whether the adduct had any relation
to other 3-carbon electrophiles present as adducts from some
other common exposures in humans. The three-carbon
electrophiles shown in Figure 8, AA and its metabolite GA,

GL, and ACA, are observed regularly as adducts to N-terminal
valine in Hb in blood from nonsmokers. The levels of the three
first adducts are increased in smokers (AA;51,52 AA/GA;39

GL;41,53 ACA38). AA, GL, and ACA are shown to be present in
different foods (GL;54,55 AA;56−58 ACA59). AA and GL are
also components of tobacco smoke.60−62 GL and AA are
classified as probable carcinogens to humans (group 2A) by
the International Agency for Research on Cancer, and ACA

has been considered not classifiable as to its carcinogenicity to
humans (group 3).63 These electrophiles could possibly be
metabolized to GLA. However, in the literature, evidence was
only found for the metabolism of GL to GLA in bacteria.64

Therefore, levels of the HPA-Val adduct (which would be
formed from GLA), and adduct levels to N-terminal valine
from the other electrophiles in Figure 8, were compared in
blood samples from humans and rodents, in an effort to trace
the origin of the HPA-Val adduct.
The peak areas from the LC-MS analysis of the adduct

analytes from the different electrophiles (AA, GA, ACA, GL,
and GLA) in the samples from schoolchildren were compared.
The HPA-Val-FTH levels showed a weak positive correlation
(r = 0.23) only with the levels of the ACA-Val-FTH levels
(Figure 9, right), but there was no significant linear
relationship (p-value of 0.11, with α = 0.05 and n = 50). As
a comparison, for the same samples, the levels of AA-Val-FTH
and GA-Val-FTH showed a strong positive correlation (r =
0.81, Figure 9, left), with a p-value of 1.22 × 10−12. A strong
correlation between AA and its metabolite GA was expected as
it has been observed earlier, despite individual variation in the
ratio of adduct levels,65 primarily due to polymorphism of the
metabolic enzyme CYP2E1.66 The comparison of adduct levels
from the electrophiles in Figure 7 in the blood samples from
schoolchildren thus gave no clear indication concerning the
origin of the HPA-Val adduct.
In the next step, we compared the adduct levels in blood

samples from the group of schoolchildren with adduct levels in
a few blood samples from adult smokers and nonsmokers
(previously used as reference samples).41,67 This was to
investigate if the HPA-Val adduct level follows the same trend
as AA, GA, and GL adduct levels that were statistically different
between nonsmokers and smokers. In Figure 10, the mean
levels of these adducts in the samples of adult smokers (n = 6)
and nonsmokers (n = 6) are presented normalized to the mean
of the schoolchildren samples (n = 50). One sample t-tests
revealed that for the level of the FTH of HPA-Val, no
significant difference between schoolchildren and the respec-
tive groups of adult smokers and nonsmokers was observed (p-
value = 0.53 and 0.52, respectively; α = 0.05). In contrast, the
mean levels of the adducts from GL, AA, and GA are much
higher in smokers compared to the two other groups (Figure
10). The lack of increase of HPA-Val level in smokers, suggests
that GLA or any other HPA-Val adduct precursors are not
present in tobacco smoke at any significant level.
To investigate further the hypothesis whether GLA could be

a metabolite of GA (from AA) or GL, a few blood samples
from rodents exposed to AA or GL at high doses were analyzed
for the HPA-Val adduct. HPA-Val was observed in all of the
blood samples, including the controls. No increase of the HPA-
Val adduct was detected in AA-exposed rats (adduct of levels
from AA and GA up to 0.7 and 1.7 nmol/g Hb, respectively).45

In contrast, the samples from all of the GL-exposed mice and
rats (n = 4), showed a small but clear increase of the HPA-Val
adduct levels (the increase was in the order of 0.1% of the
respective GL adduct level) (see S8). (The adduct levels from
GL were in the range of 4−26 nmol/g Hb44). These results
suggest that GLA is not a metabolite of AA/GA and that it is a
minor metabolite of GL. Further, the HPA adduct was present
in the samples from all (n = 3) controls of mice and rats.
3.2.5. Summary of Findings Regarding Tracing of the

Adduct Precursor and Its Origin. In summary, based on the
human exposures to the three-carbon electrophiles in Figure 7,

Figure 8. Proposed possible formation routes of GLA by ACA, GA,
and GL in vivo. Solid arrows denote observed metabolic reactions, and
dashed arrows denote the proposed not earlier observed formation
routes.
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their contribution via biotransformation to the HPA adduct
levels is judged to be none or negligible. The precursor to the
HPA adduct does not appear to have the same exposure
sources, e.g., tobacco smoke, as these electrophiles. The
estimated rate constant for the formation of the Val adduct
is much lower for GLA than for AA, although the HPA-Val and
AA-Val adducts are observed at comparable levels in humans.
This indicates that if GLA is the only source of the observed
HPA-Val adduct, its concentration over time in humans would
be higher than that of AA, which seems less likely. Moreover,
the HPA-Val Hb adduct is observed in both humans and
animals without specific exposure, suggesting that the adduct
originates from endogenous precursor(s), of which the studied
GLA could be one of the contributors.
The plausibility for the formation of stable protein adducts

from electrophiles in vivo depends on the occurrence of the
precursor and if the in vivo conditions enable the adduct
formation. 2-Hydroxy-3-oxopropanoic, also named tartronate
semialdehyde, occurs in vivo and has been detected in several
different foods.68 If the Schiff base intermediate, expected to be
formed from tartronate semialdehyde with N-terminal valine in
Hb is then reduced to the HPA-Val adduct, this aldehyde
could also be a precursor (see S6c). We have earlier shown
that the reduction of a Schiff base formed to N-terminal valine
from 4-hydroxybenzaldehyde, could proceed directly in blood
in vitro under physiological conditions.69 To determine

whether tartronate semialdehyde could be a source of HPA-
Val in vivo, comprehensive complementary in vitro and in vivo
studies would be required as indicated in Figure 6.
3.2.6. Significance of Identified Adduct and Correspond-

ing Exposure to Precursor Electrophiles. The potential
toxicological significance of an identified adduct depends on
the reactivity of the precursor, which differs substantially
between an epoxide and an aldehyde, discussed above as
precursors of the HPA-Val adduct. The current results suggest
that the HPA adduct is a reaction product of normal
metabolism, and not related to external exposure. Furthermore,
the levels of HPA-Val in the studied group of children are not
indicated to deviate from groups of smoking and nonsmoking
adults. The HPA-Val adduct should be further studied; even
though this adduct does not appear to be of high priority for
human monitoring, considering the large number of adducts
that are still unidentified.
It is important that different types of control samples are

used in adductomics screening, as was done when this adduct
was first detected.36 This is because some adducts from low-
molecular-weight electrophiles could be artificially formed
during the processing or storage of biological samples.70 This
could be a pitfall when analyzing Hb adducts at low levels (1−
10 per 107 N-terminal valines) in humans. There has been no
indication that the HPA-Val adduct is formed in vitro during
the processing of samples, and furthermore, an advantage of

Figure 9. Correlation plots (Pearson’s r) using the area of the FTH analytes obtained from LC-MS analysis for (left) AA-Val against GA-Val and
(right) HPA-Val against ACA-Val, in the schoolchildren samples (n = 50).

Figure 10. Val adduct levels corresponding to glycidol (GL), glycidamide (GA), acrylamide (AA), and glycidic acid (GLA) in reference blood
samples from adults (6 smokers, 6 nonsmokers) normalized to the mean adduct levels in samples from schoolchildren (n = 51).
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using modified Edman procedures for analysis is that N-
substituted valine in Hb cannot be misincorporated during
protein synthesis.71

3.3. Applicability of the Approach for the Identi-
fication of Exposure to Electrophiles. Sensitivity is the
main advantage of the modified Edman-based methods for the
characterization of exposure to electrophiles. Although the
methodology has been applied to many low-molecular
electrophiles, it does not work for all electrophiles. One
limitation is that certain N-terminal valine adducts cannot be
detached from Hb with Edman reagents, e.g., the adduct from
diepoxybutane,72 which has been analyzed as a modified N-
terminal peptide.73 Bulky electrophiles, such as those of
polycyclic aromatic hydrocarbons, react with other nucleo-
philic sites, e.g., His in serum albumin.74,75 Other examples are
arylamines and nitroarenes, monitored as specific Cys adducts
in Hb.76 Cys34 in serum albumin has been shown to be useful
in monitoring oxidative stress-induced adducts.30 The variation
in the reaction pattern of electrophiles toward nucleophilic
sites in proteins emphasizes that further analytical development
is needed for the detection/identification of adducts in blood
proteins, to expand the knowledge of the exposome and trace
exposure to electrophiles that could be important for health
effects. For instance, in addition to Val adducts, Cys and His
adducts are formed in Hb from simple alkylating agents, like
ethylene oxide, which was demonstrated early with radioactive
labeling.77 Adduct formation of aldehydes is less characterized,
but Schiff base formation to amino groups, which could give
stable adducts through secondary reactions, could be expected
to be major adducts formed in proteins. Proteomics
approaches are now used to profile electrophile reactivity
based on the adduct formation pattern in Hb and serum
albumin.78−80 One example is 1,2-epoxy-3-phenoxypropan,
which in a proteomics study shows only Val and His adducts in
Hb and Cys adducts in serum albumin.79 Regarding aldehydes,
benzaldehyde is shown to form adducts in Hb to certain Tyr,
Thr and Ser, in addition to His and Val, after reduction,78 and
recently Lys525 in serum albumin was suggested as a monitor
site for aldehydes.81 Proteomics approaches to characterize the
exposome are initiated81,82 but the sensitivity needs further
improvement for application in population studies for the
detection of adducts formed by electrophiles from external
sources.
This study illustrates the complexity of the identification of a

protein adduct in vivo and its precursor electrophile and origin.
Verification with a synthesized standard was used as
unequivocal proof of the adduct identity. This contrasts with
typical exposomics studies that use high-throughput methods
to detect chemicals in biological samples, which generate data
for a large number of unknowns, and rely on databases and
processing software for the identification of compounds.
Detection of putatively identified adducts by adductomics
screening in epidemiological studies and study of their
association to exposure sources or markers of health is an
alternative to the approach based on multianalyte targeted
screening of identified adducts (Figure 6). Considering the
large number of potential hazardous chemicals in our external
environment as well as endogenous compounds, high-
throughput methods using putative identification are necessary
to capture the broader picture of the exposome. The
unequivocal identification of detected compounds is necessary
when a chemical observed as an adduct in vivo is suspected to
have a potential of toxicity or other significance.
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