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Abstract

Formaldehyde is a human carcinogen that readily binds to nucleophiles, including proteins and
DNA. To investigate whether exogenous formaldehyde produces adducts in extracellular fluids, we
characterized modifications to human serum albumin (HSA) following incubation of whole blood,
plasma, and saliva with formaldehyde at concentrations of 1, 10 and 100 pM. The only HSA locus
that showed the presence of formaldehyde modifications was Lys199. A M6)-Lys adduct with
added mass of 12 Da, representing a putative intramolecular crosslink, was detected in biological
fluids that had been incubated with formaldehyde but not in control fluids. An adduct representing
M6)-Lys formylation was detected in all fluids, but levels did not increase above control values
over the tested range of formaldehyde concentrations. An adduct representing M6)-Lys199
acetylation was also measured in all samples. We then applied the assay to repeated samples of
human plasma from 6 nonsmoking volunteer subjects (from Berkeley, CA), and single samples of
serum from 15 workers exposed to airborne formaldehyde at about 1.5 ppm in a production
facility and 15 control workers from Tianjin, China. Although all human plasma/serum samples
contained basal levels of the products of M6)-Lys formylation and acetylation, the putative
crosslink product was not detected. Since the putative crosslink was observed in plasma incubated
with formaldehyde at 1 uM, this suggests that the endogenous concentration of formaldehyde in
serum was much lower than reported in the literature. Furthermore, concentrations of the formyl
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adduct were not higher in workers exposed to formaldehyde at about 1.5 ppm than in controls.
Follow-up /n vitro experiments with gaseous formaldehyde at 1.4 ppm detected the putative
crosslink in plasma but not whole blood. This combination of results suggests that A(6)
formylation occurs within cells with subsequent release of adducted HSA to the systemic
circulation. Comparing across human samples, levels of M6)-Lys199 formyl adducts were present
at similar concentrations in subjects from California and China (about 1 mmol/mol HSA), but
M6)-Lys199 acetyl adducts were present at higher concentrations in Chinese subjects (0.34 vs.
0.13 mmol/mol HSA).
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1. Introduction

Formaldehyde is an economically important chemical used to manufacture plastics, resins
and intermediates as well as to preserve tissues. The International Agency for Research on
Cancer (IARC) regards formaldehyde as a human carcinogen based upon increased risks of
respiratory-tract cancers and myeloid leukemias in exposed workers (IARC, 2012). The
designation of formaldehyde as a respiratory carcinogen is consistent with this chemical’s
strong electrophilicity, mutagenicity, and toxicity at the site of contact in biological systems.
However, IARC’s classification of formaldehyde as a potential leukemogen is controversial
because leukemia can involve effects to bone-marrow cells that are remote from sites of
exogenous exposure (Heck and Casanova, 2004; Swenberg et al., 2013; Zhang et al., 2009).
Given its high reactivity, rapid hydration in aqueous media (to form methanediol), and
endogenous production via one-carbon metabolism, the mechanism by which inhaled
formaldehyde would cause leukemia is a matter of scientific importance.

Endogenous production of formaldehyde presents particular difficulties in determining the
potential for exogenous formaldehyde to cause systemic effects. If inhaled formaldehyde is
to enter the systemic circulation, it must be absorbed in alveolar blood. As shown in Table 1,
several authors have measured endogenous formaldehyde in human blood and cultured cells
(Kato et al., 2001; Ke et al., 2014; Luo et al., 2001; Nagy et al., 2004), by applying a variety
of analytical methods to small samples of each matrix. Reported formaldehyde
concentrations were between 1 and 18 uM in cultured cells, between 4.7 and 22 pM in
whole blood, and 37 UM in plasma. These endogenous concentrations are much larger than
what would be anticipated from human inhalation of formaldehyde at concentrations of a
few ppm, which are the highest levels that might be encountered in occupational settings
(Tang et al., 2009). Assuming continuous exposure to formaldehyde at 1 ppm (1.23 mg/m3),
a breathing rate of 1 m3/h, and a cardiac output of 294 I/h, the maximum blood
concentration of formaldehyde (assuming complete absorption in the blood) would be
0.0042 mg/l = 0.14 pM. Such a small contribution of inhaled formaldehyde to the reported
endogenous blood concentrations would be consistent with results from studies of rhesus
monkeys and rats, where no increase was observed in blood concentrations following 6-h
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inhalation of formaldehyde at either 6 or 10 ppm (Casanova et al., 1988; Kleinnijenhuis et
al., 2013).

Because of its strong electrophilicity, formaldehyde readily binds to and forms crosslinks
with glutathione and DNA (Lu et al., 2009; Shaham et al., 1996; Wang et al., 2009) and
reacts with lysine residues to produce M6)-formyllysine adducts with proteins /in vitro and
in vivo (Edrissi et al., 2013a; Edrissi et al., 2013b). Thus, another avenue by which inhaled
formaldehyde could exert systemic effects would involve absorption by lung epithelial cells
followed by release of modified glutathione, proteins and nucleic acids to the blood. In fact,
immunoassays have detected putative antibodies against formaldehyde-HSA (human serum
albumin) conjugates in the blood of exposed workers and smokers (Carraro et al., 1999;
Ospina et al., 2011; Pala et al., 2008). Albumin is also abundant in respiratory fluids and
saliva where reactions with inhaled formaldehyde would be expected (Aldini et al., 2008;
Chung et al., 2013; Mellanen et al., 2001; Meurman et al., 2002; Mochca-Morales, 2000)
with subsequent transfer to the blood.

Given the possibility that HSA adducts of blood and saliva could provide information
regarding the disposition of inhaled formaldehyde after exposure, we characterized adducts
of M6)-Lys199 following /in vitro reactions of formaldehyde with whole blood, plasma and
saliva and also detected basal levels of M6)-Lys199 acetylated adducts in the same
specimens. We then measured these M6)-Lys199 modifications in plasma or serum from
volunteer subjects and from formaldehyde-exposed workers and control workers in Tianjin,
China. (For this assay, plasma and serum specimens are essentially equivalent).

2. Materials and methods

2.1 Chemicals

Sodium borohydride (NaBH,), triethylammonium bicarbonate buffer (TEAB), porcine
trypsin, HSA, ammonium acetate and acetoacetanilide were from Sigma-Aldrich (St. Louis,
MO). Formalin (aqueous formaldehyde 37% by weight containing 10-15% methanol as
stabilizer), methanol (LCMS grade), tris(2-carboxyethyl)phosphine (TCEP), formic acid
(Optima®, LCMS Grade) and acetonitrile (Optima®, LCMS grade) were from Fisher
Scientific (Pittsburgh, PA). Purified water (18.2 mQ cm resistivity at 25°C) was prepared
with a Milli-Q purification system (Millipore, Bedford, MA).

2.2 Human blood and saliva samples

Peripheral blood and saliva were collected with informed consent from groups of subjects
according to human subject protocols at the participating institutions. Free formaldehyde
was measured in blood that had been collected in heparin from a nonsmoking healthy Asian
male. A portion of the blood specimen was immediately fractionated with Ficoll-Paque™ to
obtain plasma, red blood cells (RBC), and peripheral blood mononuclear cells (PBMC).
Blood for investigation of /n vitro formaldehyde modifications to HSA was collected in
EDTA from a nonsmoking healthy Caucasian male and immediately centrifuged at 2,000xg
for 3 min to separate plasma from white blood cells and RBC. This subject also provided 1
ml of saliva that was immediately centrifuged at 18,000xg for 10 min using a filter (Amicon
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Ultra Centrifugal Filter, 0.5-ml capacity, 50 kDa MWCO, Millipore, Billerica, MA) to
remove mucus and concentrate the proteins in about 20 pl.

Levels of HSA adducts from the general population were measured in plasma from 6
nonsmoking volunteer subjects in Berkeley, CA (3 males and 3 females), each of whom
provided two or three peripheral blood specimens (in EDTA tubes) at intervals of three to
four months. Blood samples were collected (after fasting) using EDTA tubes, which were
inverted 8 times and centrifuged at 240xg for 10 min, to separate plasma from buffy coats
and RBC. Subsequently, buffy coats were fractionated with Ficoll-Paque to obtain PBMC
and granulocytes/RBC by centrifuging at 380xg for 40 min.

Blood samples were also obtained in 2012 from 15 formaldehyde-exposed (4 males and 11
females) and 15 unexposed workers (5 males and 10 females) in Tianjin, China. (All
subjects were nonsmokers). Exposed subjects worked in a formaldehyde-production factory
and control workers were employed in a nearby medical school and other local institutions
in jobs that did not involve use of formaldehyde. Peripheral blood was collected without
anticoagulant and was allowed to stand at room temperature for 30-60 min prior to
centrifugation to separate serum from the clot. The serum was then aliquoted into vials and
stored at —80 °C prior to analysis. Although individual exposure measurements were
unavailable, formaldehyde exposure levels in the production factory were assessed with air
samples collected annually at three locations representing the range of formaldehyde air
concentrations in the workplace. Between 2012 and 2014 the estimated air concentrations
ranged from a low value of 0.3 ppm to a high value of 10 ppm, which were at the upper end
of reported exposure concentrations in Chinese factories (Tang et al., 2009). Based on all
measurements, we estimate that workers in this factory were exposed to formaldehyde at the
median air concentration of 1.5 ppm.

2.3 Time course of free formaldehyde in vitro

Whole blood, plasma, RBC (diluted 3:2 with PBS) and PBMC (7x10° cells/ml in PBS),
were incubated with formaldehyde (prepared from formalin/PBS) at concentrations of 0, 25,
50 and 100 uM for 1, 2, 3, and 5 h at 37°C. Free formaldehyde was measured directly in
plasma and - after centrifugation at 500xg for 2 min to remove cells — in supernatants of
RBC, PBMC, and whole blood samples. The fluorimetric method of Li et a/. (Li et al., 2007)
was used by adding 20 pl of each blood fraction to a 96-well plate containing 100 pL of 4 M
ammonium acetate, 40 pl of 0.2 M acetoacetanilide and 40 pl of ethanol. After incubation at
25 °C in the dark for 15 min, the relative fluorescence of the reagent blank and the sample
solutions were measured at 470 nm with an excitation wavelength of 370 nm, using a
FLx800 Fluorescence Microplate Reader (BioTek Instruments, Inc., Winooski, VT).
Formaldehyde concentrations were calculated from a standard curve generated from serial
dilutions of formaldehyde in PBS.

2.4 Adduct formation following incubation with formaldehyde solutions

Twenty microliters of whole blood, plasma or concentrated saliva (after spin filtering) was
incubated for 3 h with formaldehyde solutions (prepared from formalin diluted with 10%
aqueous methanol) at a concentration of 0, 1, 5, 10 or 100 puM in a final volume of 100 pl at
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37 °C. After incubation, the blood was centrifuged at 2,000xg for 3 min to remove RBC
from the plasma. To reduce Schiff bases resulting from modification by formaldehyde at 100
UM, NaBH,4 was added to incubates at a final concentration of 0.5 M prior to digestion, as
described by Aldini et a/. (Aldini et al., 2006). Samples were stored at —80 °C prior to
digestion. (Since reduced Schiff bases were not detected following incubation with 100 uM,
this procedure was not repeated for samples incubated at lower concentrations.)

2.5 Adduct formation following incubation with gaseous formaldehyde

One hundred microliters of whole blood or plasma was incubated with gaseous
formaldehyde for either 8 or 15 h using the apparatus illustrated in Figure 1. Basically, two
glass 12-ml flasks were connected with all-glass unions to produce a static system with a
total volume of 30 ml. One flask contained the biospecimen, which was stirred with a
Teflon-coated bar, and the other flask contained 10 ml of a 5 mM solution of formaldehyde
prepared from formalin. After adding the formalin solution and allowing the system to
equilibrate overnight, the biospecimen was rapidly introduced into the other flask and the
system was resealed for incubation at room temperature for either 8 or 15 h. The
concentration of gaseous formaldehyde in the headspace was predicted from a relationship
based on Betterton and Hoffmann (Betterton and Hoffmann, 1988), i.e.

[CH2(OH),]

*

[CHzO]g = , where [CH,0]g is the concentration of formaldehyde gas in the
headspace (ppm), [CH2(OH),] is the concentration of the hydrated form of formaldehyde
(methylene glycol) in solution, and H* is the intrinsic Henry’s Law constant for
formaldehyde. Since the hydration constant for formaldehyde, representing the ratio of free
[CH20],
formaldehyde to methylene glycol in solution, i.e. m
(Winkelman et al., 2002), the concentration of methylene glycol should have been
essentially equal to the starting concentration of the formalin solution, i.e. [CH»(OH),] = 5
mM. Thus, given that H* = 3.44e03 uM/ppm at 25 °C (Allou et al., 2011), the headspace
concentration of formaldehyde gas was predicted to be [CH,0]g = 1.4 ppm.

Khyd: =1.27¢03 at 25 °C

2.6 Digestion of HSA with trypsin

Aliquots of 20 ul of plasma or concentrated saliva were diluted to 98 ul with 50 mM TEAB
(pH 8.5) containing 5 mM TCEP and incubated for 15 min at 37° C in the dark to reduce
protein disulfides. After adding 50 pg of trypsin in 2 pl (final volume 100 pl), samples were
digested for 30 min at 37 °C using a pressurized system (Barocycler NEP2320, Pressure
Biosciences Inc., South Easton, MA) programmed to generate 30 pressure cycles between
ambient (15 s) and 1,380 bar (45 s). Trypsin was deactivated by adding formic acid to 1%
and samples were stored at —80 °C prior to analysis.

2.7 Nanoflow liquid chromatography-mass spectrometry

Samples of digested blood fractions and saliva were diluted 1:100 and 1:10, respectively,
into HoO/CH3CN/HCOOH (98/2/0.1; viviv) in clear glass autosampler vials (National
Scientific, Rockwood, TN) and were analyzed using a Dionex UltiMate3000 nanoflow
liquid chromatograph (nanoL.C) that was connected in-line with an LTQ Orbitrap XL high
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resolution mass spectrometer, equipped with a Flex lon nanoelectrospray ionization
(nanoESI) source (Thermo Fisher Scientific, Waltham, MA). The nanoLC employed an
Acclaim PepMap C8 column (0.75 pumx150 mm, 3-um particle size, Thermo) and a 1-pl
sample loop. The autosampler compartment was maintained at 4 °C and an injection volume
of 1 pul was used at a flow rate of 300 nl/min. Solvent A was 99.9% water/0.1% formic acid
and solvent B was 99.9% acetonitrile/0.1% formic acid (v/v). The elution program consisted
of 2% B for 5 min, a linear gradient to 50% B over 50 min, 95% B for 5 min, and at 2% B
for 6 min to reestablish initial conditions. Mass spectra were acquired in positive-ion mode,
using the Orbitrap mass analyzer, with the following settings: spray voltage 2.1 kV, capillary
temperature 200 °C, capillary voltage 35 V, scan range m/z= 250-1250, profile mode,
automatic gain control (AGC) target 5x10° elementary charges, maximum inject time 500
ms, number of microscans set to 1, and mass resolving power 30,000 (at /7/z = 400,
measured at full width at half-maximum peak height). In the data-dependent mode, the six
most intense ions exceeding an intensity threshold of 5x10% counts were selected from each
full-scan mass spectrum for tandem mass spectrometry (MS/MS) analysis using collision-
induced dissociation (CID). MS/MS spectra were acquired using the linear ion trap, in
centroid mode, with the following settings: isolation width 3 77z units, AGC target 1x10%
elementary charges, maximum injection time 1000 ms, number of microscans set to 1,
normalized collision energy 28%, and activation time 30 ms. To avoid the occurrence of
redundant MS/MS measurements, real-time dynamic exclusion was enabled to preclude re-
selection of previously analyzed precursor ions, with the following parameters: 2 repeat
counts, repeat duration 30 s, exclusion list size 500, exclusion duration 90 s, and relative
exclusion mass width +20 ppm. Charge state screening and monoisotopic precursor ion
selection were enabled to exclude singly charged ions and unassigned charge states from
MS/MS analysis. The lock-mass option was enabled to provide real-time internal mass
calibration during the analysis using 7 known background ions (Keller et al., 2008). Data
acquisition was controlled using Xcalibur (version 2.0.7 SP1, Thermo) and Chromeleon
Xpress (version 6.80, Thermo) software.

2.8 Peptide identification

Peptides were identified using turbo SEQUEST (Proteome Discoverer 1.3, Thermo) and
MassMatrix (http://www.massmatrix.net) algorithms, searching against the primary
sequence of HSA (Uniprot entry P02768). Trypsin was selected as the protease, allowing for
a maximum of 2 missed cleavages. The mass tolerances for precursor and fragment ions
were set to 10 ppm and 0.8 Da, respectively; all other parameters were set at default values.
The variable modifications included in the list were covalent modifications of Arg, His, Lys
and Cys to give hydroxymethyl (+30.0105 Da) or formyl derivatives (+27.9949 Da). Schiff
bases (methylene imines, +12 Da) were predicted only for Arg and Lys residues. Isotopic
distributions and MS/MS spectra of modified peptides were reviewed manually using the
feature “peptide sequence fragmentation modeling” (Molecular Weight Calculator v.6.49,
Matthew Monroe, www.alchemistmatt.com).

2.9 Relative quantitation of adducted HSA

Modification of HSA occurred at Lys199 and, therefore, was detected in the 8-mer peptide
LK199CASLQK (#198-205) that resulted from a missed tryptic cleavage (Aldini et al.,
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2006). Adduct levels were normalized relative to a comparable 8-mer tryptic HSA peptide,
i.e. AEFAEVSK (#226-233) to adjust each sample for the amount of HSA extracted and
digested. Peak areas were calculated from the single ion chromatograms (SICs) extracted
using the most abundant multiply charged ion for each peptide within a mass window of £5
ppm (Figure S1 of Supplemental Information). Assuming comparable ionization efficiencies
for LK199CASLQK adducts and AEFAEVSK, the relative adduct concentration of Lys(199)
adducts was estimated as:

~ LK199CASLQK adduct peak area

3 . .
AEFAEVSK peak area > 10% This method is
analogous to that used by Grigoryan et al., who quantified HSA adducts, modified at Cys34,

in tryptic digests relative to a “housekeeping peptide’, which was also derived from HSA.
Using synthetic standards, the authors showed that the peak area ratios (Cys34 adduct/
housekeeping peptide) were highly linear over a wide dynamic range of adduct
concentrations (Grigoryan et al., 2016).

HSA adduct ( mmol adduct )

mol HSA

2.10 Statistical analyses

All pairs of assay duplicates were inspected for possible outliers. When a given pair had
more than a 5-fold difference, each value was compared with the mean of all like
observations and any value deviating by more than two standard deviations was excluded
from analysis. Five exceptionally low values of formyl adducts in volunteer subjects (three
in plasma and two in saliva) were excluded.

Statistical modeling and testing were performed with SAS for Windows (v. 9.3, SAS, Cary,
NC). Differences in median adduct levels between populations were tested with Wilcoxon
rank sums available in the NONPARIWAY procedure. Random-effect models were fitted to
the log-transformed adduct data from repeated blood samples of volunteer subjects using the
MIXED procedure. Variance components were estimated by nesting multiple blood
specimens within subjects and nesting duplicate assays within blood specimens. This
resulted in three variance components, representing variation in (logged) adduct levels
across subjects, within subjects and within assays (error term). The coefficient of variation
representing technical replicates (CVe, in natural scale) was estimated as

CVe=y/exp(error variance)—1 (Crow and Shimazu, 1988).

3. Results and discussion

3.1 Time course of free formaldehyde

Figure 2 shows the time course of free formaldehyde in blood fractions incubated at
concentrations between 25 and 100 uM. This concentration range was chosen to be
consistent with reported concentrations of formaldehyde in blood and human cells (Table 1).
Nevertheless, preliminary analysis of the blood used in our experiments detected no
formaldehyde above the limit of detection for the fluorescence assay (approximately 3 uM).
At the lowest tested concentration of 25 uM (Figure 2A), the curves suggest quasi-first-order
(i.e. exponential) loss of formaldehyde in each blood fraction with rates decreasing in the
order: RBC > whole blood > PBMC > plasma. As the initial formaldehyde concentration
increased to 50 and 100 uM (Figures 2B and C), rates of reduction followed essentially the

Toxicol Lett. Author manuscript; available in PMC 2017 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Regazzoni et al.

Page 8

same order but displayed increasingly saturable kinetics. Notably, in RBC-containing
fractions (RBC and whole blood) the rates of reduction in formaldehyde concentration were
much greater than in RBC-free fractions (plasma and PBMC), consistent with previous
findings (Malorny et al., 1965; Tran et al., 1972).

3.2 Characterization of Lys199 modifications

Shotgun proteomic analyses identified Lys199 as the only site of formaldehyde
modifications in plasma, blood or saliva incubated with formaldehyde at or below 100 puM.
As noted above, this residue is included in the peptide sequence LK199CASLQK originating
from a missed cleavage during tryptic digestion. The unmodified peptide elutes at 6.4 min
and is detected as a doubly charged precursor ion at /m/z 445.7597, with a corresponding
MS/MS spectrum characterized by a base peak at /7/z 649.40 corresponding to y;* ion
(Figure 3A).

Three modifications of Lys199 were detected. The first, eluting at 12.6 min has a doubly
charged precursor ions at /m/z459.7566 corresponding to the M6)-formyl derivative
(hereafter simply ‘formyl adduct’, added mass = 27.9949 Da). The high accuracy of
Orbitrap mass measurements permitted unambiguous identification of this adduct, and
excluded other possible structures such as double methylation (added mass 28.0313 Da).
The MS/MS spectrum for this adduct (Figure 3B) displays prominent &* and )4+ ions, both
of which show added masses of 28 Da consistent with Lys199 being the site of M6)-
formylation.

The second detected adduct was the M6)-acetylated derivative of Lys199 (hereafter simply
‘acetyl adduct’, added mass = 42.0106 Da), represented by a doubly charged precursor ion at
m/z 466.7657 eluting at 13.1 min. The MS/MS spectrum for this adduct (Figure 3D) also
displays prominent £* and y42* ions, both of which show added masses of 42 Da and,
therefore, pinpoint Lys199 as the site of M6)-acetylation.

Since both formyl and acetyl adducts were found in all samples, with or without
formaldehyde incubation, they appear to be normal constituents of human blood and saliva.
It is not surprising that Lys199 is acetylated, since such modification has been reported
following incubation of HSA with aspirin (Liyasova et al., 2010; Walker, 1976). Although
M6)-formylation of lysines has been reported in histones and other chromatin proteins from
reactions involving both 3’-formylphosphate, a product of oxidative or nitrosative damage to
DNA (Edrissi et al., 2013b; Jiang et al., 2007; Wisniewski et al., 2008) and endogenous
formaldehyde (Edrissi et al., 2013b), this is apparently the first observation that Lys199 of
HSA is formylated. We postulate in Scheme 1, which is similar to that of Edrissi et al.
(Edrissi et al., 2013a) that the formyl adduct of Lys199 (structure I11) arises from reaction of
HSA (structure I) with formaldehyde, either via the hydroxymethyl intermediate (structure
11) or the M6)-methylene derivative (structure 1V), as well as with 3’-formylphosphate
derived from cellular processes.

The third adduct was only observed in HSA from specimens (whole blood, plasma or saliva)
that had been incubated with formaldehyde /in vitro. This novel peptide elutes at 11.3 min
and is represented by a doubly charged precursor ion at /7/z451.7597. Proteomic algorithms
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assigned this ion to the M6)-methylene derivative of Lys199 based on a match of the
precursor ion (m/z 451.7597) within 0.7 ppm. The M6)-methylene derivative (Scheme 1,
structure 1V) has an added mass of 12 Da, which is consistent with important fragment ions
from the MS/MS spectrum (Figure 2C), including & and 42" that pinpoint Lys199 as the
site of modification. However, treatment of formaldehyde-modified HSA prior to digestion
with a molar excess of NaBHy, a reducing agent used to confirm the presence of Schiff bases
(Aldini et al., 2006), did not affect this modified peptide and thus discounts assignment of
the detected adduct as the M6)-methylene derivative (Scheme 1, structure 1V). If the
detected adduct had been an imine (structure 1V), then it should have been reduced to N\-
methyl-Lys following addition of NaBH,4 and no further post-digestion rearrangement would
have been possible. Because a mass shift of 12 Da is also typical of formaldehyde crosslinks
(Metz et al., 2006; Metz et al., 2004; Toews et al., 2008) we postulate that the detected
adduct represents rearrangement of the methylene adduct to form an intramolecular
crosslink (Scheme 1, structure 1V). One clue as to the location of this putative crosslink is
given by the MS/MS fragment ion at m/z661.28 (Figure 3C), which corresponds to addition
of 12 Da to y5* and suggests involvement of Cys200 (structure Va of Scheme 1). Also, the
fragment at /7/z 254.31, corresponding to addition of 12 Da to &7, points to intramolecular
cyclization of Lys199 (structure Vb of Scheme 1). Although additional work will be
required to confirm the actual structure(s) of the intramolecular crosslink(s), our data are
consistent with the crosslinking mechanisms proposed by several authors (Metz et al., 2006;
Metz et al., 2004; Toews et al., 2008)

3.3 Adduct formation following incubation with formaldehyde solutions

Figure 4 shows log-scale relationships between levels of formyl and putative crosslink
adducts in duplicate samples of plasma, whole blood, and saliva incubated with
formaldehyde at concentrations up to 100 uM. Although formyl adducts were readily
observed in all samples, there was no trend towards higher adduct levels with increasing
formaldehyde concentrations [Spearman correlations were negative for plasma and saliva
and positive but not significant (P-value = 0.173) for whole blood]. Because the highest
formaldehyde concentration used in these experiments was 100 pM, this result is not
surprising given that Edrissi ef a/. did not detect increased levels of M6)-formyl lysine in
incubates of either L-lysine or TK6 cells at formaldehyde concentrations less than 1,000 uM
(Edrissi et al., 2013a). Thus, our results are consistent with endogenous production of M6)-
formyl lysine that greatly exceeded the contribution of exogenous formaldehyde in tissues
from animals exposed by inhalation (Edrissi et al., 2013a; Edrissi et al., 2013b).

In plasma, the putative intramolecular crosslink was readily observed in all specimens
incubated with formaldehyde at or above 1 uM (Figure 4B). However, in saliva this crosslink
was only observed at or above 10 uM (Figure 4C) and in whole blood at 100 uM (Figure
4A). Since no crosslink was detected in blank matrices, it appears that the steady state
concentration of formaldehyde should have been less than 1 uM in serum, and somewhat
less than 100 uM in whole blood. This conjecture is supported by results from the time-
course experiments (Figure 2) but appears to contradict earlier reports that formaldehyde
was present at 37 UM in human plasma and between 22 and 87 UM in whole blood (Table 1).
At the highest formaldehyde concentration tested in our study (100 uM), the level of the
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crosslinked adduct was 40 times greater in plasma than in blood (32.1 vs. 0.828 mmaol/mol
HSA). This suggests that virtually all (about 97%) of the formaldehyde in whole blood was
scavenged by RBC, as indicated by measurements of free formaldehyde (Figure 2) and
earlier observations (Malorny et al., 1965; Tran et al., 1972). Concentrations of the putative
intramolecular crosslink did not change when the incubation time was increased from 3 to
15 h (data not shown), suggesting that the crosslinking reaction is relatively rapid and does
not result from a slow conversion of other adducts such as Schiff bases.

Because albumin is ubiquitous in the body and is one of the most abundant proteins in
secretions of the upper respiratory tract (Mellanen et al., 2001), saliva is a logical candidate
for biomonitoring (Jeppsson et al., 2009; Kristiansson et al., 2004). Our results, summarized
in Figure 4, indicate that comparable background concentrations of formyl adducts were
detected in saliva and blood from the volunteer subject whose biospecimens were used for /n
vitro experiments.

detected in vivo

Formyl and acetyl adducts of Lys199 were detected in all plasma samples from 6 volunteer
subjects while the putative intramolecular crosslink was not detected at all. As shown in
Figure 5, the concentration of formyl adducts was typically 10 times that of the acetyl
adducts across the 6 volunteer subjects (median values of 1.40 versus 0.133 mmaol/mol
HSA), with the notable exception of Subject #2, whose acetyl-adduct concentration (8.83
mmol/mol HSA) was much greater than that of the formyl adduct (1.36 mmol/mol HSA).
On further examination, it was discovered that Subject #2 had taken aspirin during the days
when the first two blood samples were collected but not on the date of the third sample. This
pattern of aspirin consumption is reflected by levels of the acetyl adduct in Subject #2 that
diminished 10-fold between the second and third blood specimens. (Note that the third
specimen was obtained from this subject 29 days after the second sample to investigate the
aspirin hypothesis). Although the connection between aspirin and M6)-acetylation of
Lys199 has been observed /in vitro (Liyasova et al., 2010; Walker, 1976), this acetyl adduct
of HSA has not been reported previously in human subjects with or without consumption of
aspirin.

Figure 5 shows that levels of formyl and acetyl adducts were very stable across the volunteer
subjects and also within subjects over time for blood samples collected at intervals of three
or four months (with the exception of the third specimen from Subject #2, which was
collected after a 29-d interval as noted above). This finding is reasonable given that Lys199
adducts are probably eliminated with turnover of HSA, which has a mean residence time of
28 d in humans (Allison, 1960; Peters, 1970). After excluding Subject #2 from the model of
acetyl adducts (due to consumption of aspirin), the between-subject and within-subject
variance components estimated from random-effects models of (logged) concentrations of
formyl and acetyl adducts were both zero, indicating trivial variability in adduct levels
within and between subjects. Thus, the assay variability can be explained by technical error
(i.e., duplicate assays of a given specimen) represented by the error variance. These log-
scale error variances were 0.143 for formyl adducts (CV, = 0.392) and 0.183 for acetyl
adducts (CV, = 0.449).
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Formyl and acetyl adducts, but not the putative intramolecular crosslink, were also detected
in serum from the 15 formaldehyde-exposed and 15 unexposed workers in Tianjin, China.
The concentrations of formyl adducts were marginally smallerin exposed subjects (range:
0.61 — 2.44, median = 0.73 mmol/mol HSA) than in unexposed subjects (range: 0.47 — 3.82,
median = 0.92 mmol/mol HSA) and thus were not increased by occupational exposure to
formaldehyde at about 1.5 ppm. Also, in contrast to the volunteer subjects from Berkeley,
CA, who had 10-fold greater median concentrations of formyl adducts (1.4 mmol/mol HSA)
than acetyl adducts (0.13 mmol/mol HSA) (Figure 5), Chinese subjects had only 2.6-fold
greater concentrations of formyl adducts (0.88 mmol/mol HSA) than acetyl adducts (0.34
mmol/mol HSA). The difference in levels of acetyl adduct between the two populations may
reflect a genetic polymorphism for acetaldehyde-metabolizing enzymes (Iwahashi and
Suwaki, 1998).

Since the putative intramolecular crosslink was not detected in either the plasma of
volunteers or serum from formaldehyde-exposed workers and controls, we have no evidence
that this HSA modification occurs in human blood either endogenously or following
inhalation at air concentrations of about 1.5 ppm. To verify that formaldehyde gas can
indeed react with HSA in biospecimens, we incubated duplicate samples of plasma and
whole blood with formaldehyde gas at 1.4 ppm for either 8 or 15 h. The crosslinked adduct
was detected in plasma exposed to formaldehyde gas for 8 h (estimated mean + S.D. = 0.08
+ 0.03 mmol/mol HSA) and 15 h (0.75 = 0.08 mmol/mol HSA). These levels of the
intramolecular crosslink suggest that modification of plasma with gaseous formaldehyde at
1.4 ppm is roughly equivalent to incubation with formaldehyde solutions in the range of 1 to
5 uM (Figure 4B). Since the intramolecular crosslink was not detected in whole blood
incubated with formaldehyde at 10 uM (Figure 4A), our inability to detect the
intramolecular crosslink in serum derived from whole blood in Chinese workers exposed to
about 1.5 ppm of formaldehyde (equivalent to 1 to 5 uM) is not surprising.

4. Conclusions

To our knowledge, this is the first mass-spectrometric characterization of formaldehyde-
HSA adducts in human blood, plasma, and saliva. Following incubation of these
biospecimens with formaldehyde, we identified a putative M6)-Lys199 intramolecular
crosslink (Scheme 1, Va and/or Vb). Further work is needed to confirm the structure of this
putative adduct(s) as well as modification to produce the precursor (M6)-methylene) adduct
(Structure 1V, Scheme 1), which was not detected either /n vitro or in vivo. The putative
intramolecular crosslink was detected after incubation of plasma with formaldehyde at or
above 1 uM (Figure 4B), but was only observed in saliva at formaldehyde concentrations at
or above 10 pM (Figure 4C), and in whole blood at 100 pM (Figure 4A). Likewise, this
crosslink was detected in plasma but not whole blood incubated with 1.4 ppm of
formaldehyde gas for 8 h. Through time-course experiments with free formaldehyde, we
confirmed that most exogenous formaldehyde in whole blood was scavenged by RBC, as
suggested by others (Malorny et al., 1965; Tran et al., 1972).

The Lys199 locus of HSA had previously been shown to form adducts with 4-hydroxy-2-
nonenal (Aldini et al., 2006), hexahydrophthalic anhydride (Kristiansson et al., 2004),
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aspirin (Yang et al., 2007), vinyl sulfones (Regazzoni et al., 2016) and glucose (Iberg and
Fluckiger, 1986). Here, we determined that HSA contained basal levels of adducts
representing formylation and acetylation that varied across the subjects from Berkeley,
California and Tianjin, China (Figures 5 and 6). Although adducts of endogenous
formylation and acetylation have been reported previously at other protein loci (Edrissi et
al., 2013a; Edrissi et al., 2013b; Jiang et al., 2007; Wisniewski et al., 2008; Zhao et al.,
2010), this is apparently the first observation of Lys199 modifications to HSA /n vivo. We
also obtained preliminary evidence that acetylation of Lys199 was influenced by
consumption of aspirin, as previously reported /n vitro (Liyasova et al., 2010; Walker, 1976).

Finally, our inability to detect background levels of the M6)-Lys199 intramolecular
crosslink(s) in plasma - despite measuring this adduct in plasma incubated with
formaldehyde at 1 uM (Figure 4B) — casts doubt on reports that human blood/plasma
contains free formaldehyde at concentrations between 22 and 87 pM (Table 1). Likewise the
fact that concentrations of the M6)-formyl adduct of Lys199 did not increase in either whole
blood, plasma or saliva incubated with formaldehyde at 100 uM (Figure 4) suggests that this
HSA adduct did not arise from reactions in the serum or respiratory fluids. Rather, it appears
that M6) formylation occurs within cells with subsequent release of adducted HSA and,
presumably, other modified proteins and small molecules to the systemic circulation. This
conjecture is worthy of additional experimentation but is beyond the scope of our
exploratory investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AGC automatic gain control
CV, coefficient of variation corresponding to the error variance
Cys cysteine
GM geometric mean
HSA human serum albumin
Lys lysine
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MS mass spectrometry
MS/MS tandem mass spectrometry

nanoL.C nanoflow liquid chromatograph

PBMC peripheral blood mononuclear cells
PBS phosphate buffered saline

RBC red blood cells

SIC single ion chromatogram

TCEP tris(2-carboxyethyl)phosphine
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Apparatus for incubating blood, plasma or saliva with gaseous formaldehyde, generated in

the headspace above a 5 mM solution of formalin at room temperature. The estimated

concentration of gaseous formaldehyde was 1.4 ppm and the total volume of the system was

30 ml.

Toxicol Lett. Author manuscript; available in PMC 2017 August 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Regazzoni et al.

Page 18

A 25uM B 50uM
304 504 x—x—n\*____,_,_,_/——-x
—_ = 404
S5 S5
>3 204 >3
% ~ % - 30_
s3® 53
© T 5 N
EE 1o EE ®
3 &3 10
04 0-
1'5 7'5 11'35 1é5 2.;)5 3‘;5 3;5 1,5 7I5 1:'35 165 2%5 31'5 3;5
minutes minutes
C 100 puM
1004 * M — %
o= 80+
%% - formaldehyde in PBS
G 5 601 -8 formaldehyde in plasma
- .
S8 40 -a- fomaldehyde in blood
g b -o- formaldehyde in PBS-RBC
& T 204 -o- formaldehyde in PBS-PBMC
0+

T T T T T T
15 75 135 195 255 315 375

minutes

Figure 2.
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Figure 4.
Relative concentrations of M6)-formyl (x) and intramolecular-crosslink (@) adducts of

Lys199 in whole blood (A), plasma (B), and saliva (C) after 3 h of incubation with
formaldehyde solutions. (Mean values of duplicate samples are plotted.)
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mean values of single or duplicate samples are plotted).
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Proposed scheme for M6)-modifications to Lys199 of human serum albumin (HSA) (1). In
the current study, formyl adduct (111) was observed in all human biospecimens. Putative
cyclization of formaldehyde involving Cys200 (Va) and self-cyclization of Lys199 (Vb) are
postulated from MS/MS spectra obtained from blood incubated with formaldehyde.
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