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Abstract

Outdoor air pollution, a spatially and temporally complex mixture, is a human carcinogen. 

However, ambient measurements may not reflect subject-level exposures, personal monitors do not 

assess internal dose, and spot assessments of urinary biomarkers may not recapitulate chronic 

exposures. Nucleophilic sites in serum albumin – particularly the free thiol at Cys34 – form 

adducts with electrophiles. Due to the 4-week lifetime of albumin in circulation, accumulating 

adducts can serve as intermediate- to long-residence biomarkers of chronic exposure and implicate 

potential biological effects. Employing nanoflow liquid chromatography-high resolution mass 

spectrometry (nLC-HRMS) and parallel reaction monitoring (PRM), we have developed and 

validated a novel targeted albumin adductomics platform capable of simultaneously monitoring 

dozens of Cys34 adducts per sample in only 2.5 μL of serum, with on-column limits of detection in 

the low femtomolar range. Using this platform, we characterized the magnitude and impact of 

ambient outdoor air pollution exposures with three repeated measurements over 84 days in n=26 

non-smoking women (n=78 total samples) from Qidong, China, an area with a rising burden of 

lung cancer incidence. In concordance with seasonally rising ambient concentrations of NO2, SO2, 

and PM10 measured at stationary monitors, we observed elevations in concentrations of Cys34 

adducts of benzoquinone (p<0.05), benzene diol epoxide (BDE; p<0.05), crotonaldehyde 

(p<0.01), and oxidation (p<0.001). Regression analysis revealed significant elevations in oxidation 

and BDE adduct concentrations of 300% to nearly 700% per doubling of ambient airborne 

pollutant levels (p<0.05). Notably, the ratio of irreversibly oxidized to reduced Cys34 rose more 

than 3-fold during the 84-day period, revealing a dramatic perturbation of serum redox balance 

and potentially serving as a portent of increased pollution-related mortality risk. Our targeted 

albumin adductomics assay represents a novel and flexible approach for sensitive and multiplexed 
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internal dosimetry of environmental exposures, providing a new strategy for personalized 

biomonitoring and prevention.

Graphical Abstract

Introduction

Outdoor air pollution (OAP) in 2015 accounted for an estimated one sixth of all deaths 

worldwide 1. OAP is a complex mixture with spatially and temporally varying composition, 

but major components include sulfur dioxide (SO2), nitrogen oxides (NOx; e.g., NO2), and 

particulate matter (PM). Many studies have found that PM2.5 (PM with aerodynamic 

diameter ≤ 2.5 μm) and PM10 (≤ 10 μm) are particularly hazardous, with each 10 μg/m3 

increase in ambient PM2.5 or PM10 levels conferring a 10–30% increased risk of non-

accidental death 2–4, cardiovascular disease 3–5, and lung cancer 3,4,6,7. Some studies have 

also found elevated risk of lung cancer mortality with increased ambient levels of SO2 and 

NO2 8, but the data are less consistent than for PM 7. Based on the totality of 

epidemiological evidence, the International Agency for Research on Cancer has declared 

OAP and PM to be human carcinogens 9. Although some countries and regions have seen 

improvements, levels of OAP are generally worsening across the globe, particularly in South 

and East Asia 10,11. Given the atmospheric transport of OAP, those regions and countries 

with declining emissions may also suffer the consequences of OAP produced in neighboring 

or even distant locations 12,13. As a result, global PM-attributable deaths have steadily 

increased from an estimated 3.5 million in 1990 to 4.2 million in 2015 10.

Direct measurement of airborne OAP with stationary sensors or through remote sensing via 
satellite allows for monitoring of regional, national, and global OAP levels, but carries 

limitations for estimation of subject-level human exposures, as spatial accuracy is 

constrained by the deployment of ground-based sensors and the resolution of satellite-based 

measurements. Indeed, high-resolution mapping with vehicle-mounted sensors has shown 

that average OAP levels may vary 5- to 8-fold within a single city block 14. Moreover, given 

the movement of individuals across exposure gradients and that local ambient OAP levels 

can change substantially in the span of a few hours 15, human exposures exhibit complex 
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spatiotemporal variability 16. Personal OAP monitoring devices facilitate subject-level 

measurement of exposure with varying levels of temporal resolution and reduce exposure 

misclassification compared to stationary measurements 17, but cannot provide estimates of 

internal dose and can still exhibit significant within-subject variability 18. Biomarkers of 

exposure, such as urinary metabolites or macromolecular adducts, can provide subject-level 

estimates with less within-subject variance, complementing ambient OAP measurements to 

support comprehensive risk assessments 19. We have deployed a biomarker approach in 

several clinical chemoprevention studies, demonstrating increased overnight urinary 

excretion of phenanthrene, benzene, acrolein, and crotonaldehyde metabolites via Nrf2 

induction by broccoli sprout preparations 20–23. However, as demonstrated by Rappaport and 

colleagues, the advantages of biomonitoring can depend on the residence time of the 

biomarker, such that, in some circumstances, air measurements may be more accurate for 

exposure assessment than a biomarker with short residence time 24. In general, for the 

purposes of exposure assessment, their analysis found that biomarkers with intermediate 

(~weeks to months) or long (≥ months) residence times may be superior to airborne 

measurements or biomarkers with short residence times (hours to days).

Human serum albumin (HSA) is the most abundant protein in circulation and has a total 

turnover time of ~28 days 25. Electrophilic xenobiotics, metabolites, and reactive oxygen 

species can react with and modify HSA, forming covalent adducts, which (if chemically 

stable) may persist in circulation with the same half-life as native HSA 26. As a result, HSA 

adducts are intermediate- to long-residence biomarkers that can provide smoothed estimates 

of exposure over the preceding 1 to 3 months, with lower within-subject variance and 

requiring fewer repeated measures per subject than biomarkers with short residence times 

(e.g., urinary). These properties make HSA a valuable “platform” for the biomonitoring of 

environmental exposures. As an example, our group developed the gold-standard isotope 

dilution mass spectrometry assay for the measurement of albumin adducts of aflatoxin B1 27, 

which has been invaluable in aflatoxin exposure assessment 28 and epidemiological studies 

of cirrhosis 29, liver cancer 30, and gallbladder cancer 31. Similarly, Rappaport and 

colleagues have published extensively on the formation of albumin adducts with metabolites 

of benzene, using these biomarkers to interrogate benzene exposure and dosimetry 32–35. 

Such approaches continue to produce fruitful results but require separate sample preparation 

workflows and mass spectrometry methods. Thus, investigators interested in multiple or 

diverse co-exposures face substantial investments in analytical time and sample 

consumption.

To address this need, we developed a novel, sensitive, and multiplexed high-resolution mass 

spectrometry (HRMS) assay for the targeted and simultaneous measurement of multiple 

electrophilic adducts on HSA as internal dosimeters and biomarkers of exposure. We 

demonstrate the utility of the assay by revealing longitudinal elevations in oxidative stress, 

lipid peroxidation, and benzene exposure in non-smoking women, concurrent with rising 

ambient OAP. This assay has limits of detection in the low femtomolar range, is linear over a 

dynamic range of 104, requires minimal serum input (2.5 μL), and, due to the total turnover 

time of HSA (28 days), can be used to monitor exposures over the previous 1 to 3 months. 

This flexible parallel reaction monitoring (PRM) assay can be readily adapted to monitor a 
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wide array of endogenous or exogenous electrophile exposures in clinical or epidemiological 

studies.

Experimental Methods

Subjects, study designs, and sample selection

Repository samples were obtained from subjects enrolled in the placebo arm of a 12-week 

clinical chemoprevention trial in Qidong, China, conducted from October 2011 to January 

2012 (registered under NCT 01437501 at www.clinicaltrials.gov); details on screening, 

enrollment, and results from this trial have been published previously 22. All study 

procedures were approved by Institutional Review Boards at the Johns Hopkins University 

Bloomberg School of Public Health (Baltimore, MD) and the Qidong Liver Cancer Institute.

Subjects randomly selected for the present study (n=26) were female, between ages 21 to 65 

years, and in general good health, with no history of chronic illness (determined by medical 

history, physical examination, and clinical chemistry). Blood samples from each participant 

were collected at study days 0, 56, and 84 (n=78 total samples) and stored at −20 °C in 

Qidong, and then transferred to −80 °C freezers upon receipt in Baltimore at the conclusion 

of the study.

Sample preparation

All sample processing was done on ice and experienced 2 or fewer freeze-thaw cycles, to 

minimize introduction of technical artifacts. Prior to analysis, aliquots of serum collected at 

study day 0 from all subjects were pooled and further aliquoted into single-use volumes for 

use as within- and between-batch quality control (QC) samples. Most samples experienced 1 

freeze-thaw cycle during processing prior to analysis; day 0 samples experienced 2 cycles. 

An 8-point HSA external calibration curve was prepared by diluting pooled multi-donor 

human serum (Innovative Research, Novi, MI) in hamster (M. auratus) serum (GeneTex, 

Irvine, CA) from 100% v/v human to 5% or 0.1% v/v. Prior to dilution, total serum albumin 

concentration in the pooled human serum was measured by bromocresol purple assay 

(QuantiChrom BCP, BioAssay Systems, Hayward, CA).

Samples were prepared for analysis in batches, which included two pooled serum QC 

samples, two calibrators (levels 1 & 5, 2 & 6, 3 & 7, or 4 & 8), and samples from days 0, 56, 

and 84 from each of two randomly selected subjects. Serum (2.5 μL) was diluted with 

digestion buffer (75 μL; 50 mM triethylammonium bicarbonate [TEAB], 1mM EDTA, pH 

8.0) and 20 μL of the diluted sample was combined with 11 μL methanol (20% v/v of final 

digest mixture) and an additional 14 μL TEAB-EDTA buffer. All samples were then spiked 

with 10 pmol (2 pmol/μL) isotopically labeled recombinant HSA internal standard protein 

(13C6
15N4-Arg / 13C6

15N2-Lys; SILuProt, Millipore Sigma, Darmstadt, Germany) and 2.5 

μg (0.5 μg/μL) of trypsin+lysine endopeptidase (LysC) enzyme mix (A41007, Pierce 

Thermo Scientific, Rockford, IL) was added. The above procedure results in a digestion 

mixture total protein content of 30 – 40 μg and a protein : enzyme ratio of approximately 

15:1. The sample digestion mixture was loaded into MicroTubes (Pressure Biosciences, 

South Easton, MA) and digested in a Barocycler 2320EXT pressure cycler (Pressure 
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Biosciences) at 37 °C for a total of 30 minutes. Pressure cycling was conducted for 15 cycles 

of 45 s at 20kpsi, 15 s at ambient pressure, followed by 15 cycles of 45 s at 45 kpsi, 15 s at 

ambient pressure. Following digestion, 1 μL of 10% formic acid was added, samples were 

vortexed, and then centrifuged at 10,000 x g for 1 minute. Supernatant was removed and 2.5 

μL from each sample was added to separate wells of a 96-well plate, dried under vacuum, 

reconstituted in 20 μL of aqueous 2% acetonitrile/0.1% formic acid, sealed (Z721646, Zone-

Free Sealing Film, Sigma Aldrich, St. Louis, MO), and analyzed immediately.

Mass spectrometry analysis

nLC-MS/MS sequence queues were constructed as follows: 1) solvent blank; 2) QC sample 

1, replicate 1; 3) Low calibrator, replicate 1; 4) High calibrator, replicate 1; 5) QC sample 2, 

replicate 1; 6) unknown samples, with day 0, 56, and 84 samples grouped by subject and 

with a randomized order within each subject; 7) QC sample 1, replicate 2; 8) Low calibrator, 

replicate 2; 9) High calibrator, replicate 2; 10) QC sample 2, replicate 2; 11) solvent blank. 

Replicate injections of the same QC or calibrator sample were plated in separate wells, so as 

to avoid oxidation or evaporation from a punctured well.

Peptides were separated by nanoflow liquid chromatography (nLC), with nanobore trap and 

analytical columns packed in-house. Analytical columns consisted of polyimide-coated, 

fused-silica, 25 cm x 360 μm o.d. / 75 μm i.d. Self-Pack PicoFrit columns (New Objective, 

Littleton, MA), with built-in emitters (75 um emitter i.d.). Stationary phase in analytical 

columns consisted of ReproSil-Pur 120 C18-AQ, 3 μm particle size, 120 Å pore (Dr. 

Maisch, Entringen, Germany). Trap columns consisted of ~1 cm x 360 μm o.d. / 75 μm i.d. 

polyimide-coated, fused-silica tubing (New Objective), packed with ODS-A 10 μm particle 

size, 120 Å pore, C18 stationary phase (YMC, Kyoto, Japan), with a Kasil frit. 

Chromatography was carried out on an Easy-nLC 1000 system (Thermo Fisher Scientific, 

Waltham, MA), first by trapping samples at 5 μL/min for 5 minutes, followed by elution 

onto the analytical column at 300 nL/min with a 15–50% acetonitrile gradient (with 0.1% 

v/v formic acid) over 25 minutes. After the 25-minute gradient, the analytical column was 

washed with 3 cycles of a 5–100% acetonitrile sawtooth wash gradient over 7 minutes, 

followed by equilibration at initial conditions for 8 minutes. Using an injection volume of 4 

μL, this procedure results in approximately 300 ng total protein and 91 fmol of isotopically 

labeled HSA on column. Due to the sawtooth wash gradient following every injection, 

sample carry-over between injections was routinely ≤1% (data not shown).

Mass spectrometry analysis was carried out on an Orbitrap Fusion Lumos mass spectrometer 

(Thermo Fisher Scientific) in positive mode at 2400 volts, using an ion transfer tube 

temperature of 250 °C. Precursor ion MS scans were conducted between PRM cycles with 

the following settings: 400 – 1300 m/z, RF lens setting of 45%, Orbitrap resolution of 3×104 

at 200 m/z, automatic gain control (AGC) limit of 4×105 ions, and a maximum injection 

time of 50 ms. For targeted PRM analysis, quadrupole precursor isolation was performed at 

0.7 FWHM, with fragmentation by higher-energy collisional dissociation (HCD). Product 

ion (MS/MS) scans were conducted using the following settings: 140 – 1800 m/z, RF lens 

setting of 45%, HCD energy at 30%, Orbitrap resolution of 3×104 at 200 m/z, AGC limit of 

1×106 ions, and a maximum injection time of 100 ms. Targeted precursor ions and product 
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ions used for quantitation are listed in Supplemental Table 1. With the above parameters, no 

PRM scheduling, chromatographic peak widths of 20–30 seconds, and ~15 targeted 

precursors, instrument duty cycles allowed for acquisition of roughly 8–15 MS/MS scans 

per peak.

Synthesis of isotopically labeled 1,4-benzoquinone-albumin adduct

Pooled human serum (Innovative Research) was incubated with d4-1,4-benzoquinone 

(B206582, Toronto Research Chemicals, Toronto, ON, Canada) in 0.9% saline at a final 

concentration of 100 μM, followed by serial dilution with additional human serum to 50, 25, 

10, 5, 1, or 0.5 μM; one additional serum aliquot was retained as a matrix blank. Samples 

were incubated at 37 °C for 3 hours, as previously described 36. Samples were subsequently 

prepared and analyzed as described above.

Albumin adduct data analysis

An overview of the analytical approach is presented in Figure 1. Raw files were imported 

into Skyline 37 and peak integration was performed automatically, with manual adjustment 

where necessary. Representative extracted ion chromatograms (XIC) from the PRM 

workflow are shown in Supplemental Figure 1. Identity of the Cys34-containing tryptic HSA 

peptide (ALVLIAFAQYLQQC34PFEDHVK; designated hereafter as ALVL) was confirmed 

with the b2+, b3+, b4+, and y7+ product ions. Quantitation of the reduced Cys34 thiol form of 

the ALVL peptide (C34R), as well as ALVL peptides bearing Cys34 adducts, was done with 

the summed XIC peak areas of the y8+, y9+, and y10+ product ions. As in previous work38, 

the tryptic peptide C-terminal-adjacent to the ALVL peptide (LVNEVTEFAK; designated 

hereafter as the “normalizing peptide”, or NP) was utilized for normalization as an HSA 

loading control. NP identity was confirmed with the y3+, y4+, y5+, y6+, y7+, and y8+ 

product ions, which also served as quantitative ions for calculating NP XIC peak area. NP 

and C34R chromatographic peaks were confirmed (data not shown) with purified synthetic 

peptide standards (New England Peptide, Gardner, MA).

All HSA adduct data analysis was performed in SAS (version 9.4, SAS Institute, Cary, NC). 

Adduct quantitation was performed through: 1) internally standardized, external calibration 

of HSA input; 2) internally standardized, internally calibrated Cys34 adduct molar 

abundance estimation; and 3) normalization of Cys34 adduct molar abundance to HSA input. 

For HSA quantitation, in all samples, summed quantitative product ion XIC peak area of the 

endogenous NP was divided by the summed quantitative product ion XIC peak area of the 

isotopically labeled NP of the internal standard HSA (NP-h; LVNEVTEFAK[13C6
15N2]) to 

produce an internally standardized NP peak area ratio (PAR). Next, in calibrators, the NP 

PAR was plotted against calculated on-column HSA input to create an HSA external 

calibration curve. In QC and unknown samples, ng of HSA input was calculated by 

interpolating sample NP PAR against the HSA calibration curve. For Cys34 adduct 

quantitation, in QC and unknown samples, summed quantitative product ion XIC peak area 

of the endogenous C34R or each targeted Cys34 adduct was divided by the summed 

quantitative product ion XIC peak area of the isotopically labeled, reduced Cys34 peptide of 

the internal standard HSA (C34R-h; ALVLIAFAQYLQQC34PFEDHVK[13C6
15N2]) to 

derive an internally standardized target PAR. The target PAR was then multiplied by the 
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calculated amount of internal standard HSA on column (90.9 fmol) to provide an internally 

calibrated estimate of the molar abundance of the target adduct. Lastly, C34R or Cys34 

adduct abundance (in nmol) was normalized to HSA input (in mg HSA) to produce a final 

estimated concentration of nmol adduct / mg HSA.

Given the repeated sampling design, we examined within-subject changes in adduct 

concentration over time. For each adduct, distributions of within-subject relative changes 

were compared for day 56 vs. 0, day 84 vs. 0, and day 84 vs. 56 in the log scale. The non-

parametric sign rank test was used to test the null hypothesis of no change relative to the 

reference day (i.e., within-person ratio equal to 1), with α = 0.05.

Air pollutant data analysis

Data for OAP levels in the Qidong region from January 1, 2011 through January 31, 2012 

were provided by the Qidong Monitoring Station, which operates stationary sensors at two 

sites. These measurement sites are approximately 2 km apart and in this analysis are 

designated as Qidong North and Qidong South. Both monitoring stations are approximately 

20 km from the study site. At the time of this study, the monitors only collected PM data for 

PM10; implementation of PM2.5 measurement at these monitoring stations began at a later 

date.

Air pollutant data analysis was performed in SAS. Continuous trends in ambient levels of 

each pollutant (PM10, NO2, and SO2) measured at the two monitoring sites were 

summarized through LOWESS analysis of daily values from each site separately, and by 

LOWESS analysis of the daily arithmetic means of measurements at the two sites. 

Additionally, for categorical analysis, daily pollutant values from each monitoring site were 

assigned to one of six 28-day “bins”, according to the time of measurement relative to the 

start of the trial (October 12, 2011): study day −84 to −57, −56 to −29, −28 to 0, 1 to 28, 29 

to 56, or 57 to 84. Statistical differences in air pollutant levels between bins was determined 

by non-parametric Kruskal-Wallis rank-sum, using the Dwass-Steel-Critchlow-Fligner 

correction for multiple comparisons and α = 0.05.

Albumin adduct concentrations relative to ambient air pollutant levels

All calculations and regression analysis were conducted with SAS. To examine dose-

response relationships between ambient air pollutant levels and adduct measurements, we 

constructed weighted-sum estimates of air pollutant levels during the 28-day bins preceding 

each blood draw. Daily air pollutant measurements were averaged across the two monitoring 

sites and then weighted by the proportion of albumin remaining at the time of adduct 

measurement, relative to the day of air pollutant measurement. Weighting was calculated on 

the basis of albumin turnover, per calculations below. Clearance of albumin adducts (AA) 

follows the rate of albumin turnover. Thus, the value of p – the proportion of AA remaining 

at time tb resulting from a previous exposure at time ta, or p a b – follows first-order 

elimination kinetics, where T is the length of time in days between exposure and 

measurement (t b - t a), and L is the total turnover time in days (L ≈ 28 for stable adducts):

p a b = e− 1 / L × T
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For example, relating day 84 AA concentrations (AA84) to levels of PM10 from day 57 

(PM10
57) through day 84 (PM10

84), we would calculate as follows, using L = 28:

AA84 ∝ PM1057 × p 57 84 + PM1058 × p 58 84 … + PM1083 × p 83 84 + PM1084

AA84 ∝ PM1057 × 0.38 + PM1058 × 0.40 … + PM1083 × 0.96 + PM1084

Weighted-sum air pollutant levels were then averaged within each 28-day bin prior to study 

days 0, 56, and 84 (−28 to 0, 29 to 56, and 57 to 84, respectively) to produce averaged 

weighted-sum estimates of regional air pollutant concentrations for comparison to subject-

level adduct measurements at study days 0, 56, and 84.

Next, we regressed subject-level albumin adduct levels against the regional 28-day average 

weighted-sum pollutant concentrations, testing the null hypothesis of no association between 

estimates of pollutant exposure and albumin adduct levels. Specifically, in separate bivariate 

models in which each adduct was the dependent variable, the independent variable was the 

28-day weighted-sum average pollutant concentration of PM10, NO2, or SO2. Adduct and air 

pollutant values were log10-transformed before analysis and results were expressed as the 

percent change in albumin adduct concentration per a two-fold increase in ambient air 

pollutant concentration. Since individuals contributed repeated measures, we used 

generalized estimating equations with an independent correlation matrix to account for 

within-person correlations for valid standard errors.

Results

Validation of targeted albumin adductomics assay

Optimization of sample processing.—Based on previous reports 38–40, we performed 

several experiments to optimize our sample preparation protocol (data not shown), which 

features pressure cycling digestion to accelerate enzymatic digestion of albumin. 

Conformational changes to tertiary protein structure under conditions of high hydrostatic 

pressures allows for enhanced access to proteolytic cleavage sites, dramatically reducing 

incubation times (~18 hours to < 1 hour) without the need for prior chemical reduction of 

intramolecular disulfide bonds 41,42. Moreover, streamlining the sample preparation protocol 

increases throughput for future deployment in molecular epidemiology studies and 

minimizes impacts of technical variance and artifacts introduced during sample handling. In 

successive experiments, we evaluated: methanol precipitation of albumin (vs. no albumin 

isolation), enzyme (trypsin, LysC, or both), temperature (37 vs. 55 °C), pressure (20 kpsi, 45 

kpsi, or 20/45 kpsi sequentially), and time (30 vs. 60 minutes) on assay performance. 

Whereas previous reports used methanol precipitation prior to digestion to produce a crude 

purification of albumin from serum 38, we found that omitting this procedure and directly 

processing diluted serum did not impact assay sensitivity or quantitation, while reducing 

sample handling and consumption of the isotopically labeled internal standard. Trypsin is 

overwhelmingly the most common enzyme used in bottom-up proteomics 43, but sequential 
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digestion with LysC followed by trypsin is also employed to improve tryptic coverage and 

reduce missed cleavages 44. We found that simultaneous digestion with LysC and trypsin 

produced roughly 2-fold greater signal for the NP and several Cys34 adducts, compared to 

trypsin alone. In line with prior reports of improved LysC digestion with higher pressures 45, 

we also found that an additional 25 kpsi during the last 15 minutes of a 30-minute digestion 

improved mean adduct peak area ≥2-fold, while substantially reducing variance. In contrast, 

higher digestion temperature (55 °C) and longer incubation times (60 min) decreased signal 

for C34R but increased the abundance of ALVL peptides with oxidized Cys34.

Spectral confirmation of targeted peptides and Cys34 adducts.—As shown in 

Figure 2, Cys34 adducts were putatively identified with MS and MS/MS spectra. MS survey 

scans confirmed the proper isotopomer distribution of the precursor ions targeted for PRM 

(left column) and, as shown in the middle column of Figure 2, MS/MS spectra confirmed 

the identities of NP and ALVL peptides, while also confirming and localizing mass shifts of 

the Cys34 adducts. Product ions used to localize the mass shift were used for generation of 

XICs (right column) and MS/MS quantification (see Methods).

Incubation of human serum with d4-benzoquinone resulted in a triply deuterated d3-

benzoquinone adduct (d3-BQ), with precursor isotopomer distribution and product ion ratios 

that were appropriately mass-shifted but otherwise identical to those of endogenous 

benzoquinone adducts (BQ). In addition to the d3-BQ adduct in d4-benzoquinone-treated 

serum, we confirmed the presence of a d4-BQ adduct, although at levels approximately 2-

fold lower than the d3-BQ adduct at all concentrations tested (data not shown).

Linearity and sensitivity.—Calibration was conducted using a calibration curve of 

human serum diluted in hamster serum, ranging from 100% to 5% v/v human serum. 

Although the primary structures of human and hamster albumin (NCBI accession numbers 

NP_000468.1 and NP_001268578.1, respectively) share 76% identity and 89% similarity, 

the human NP (LVNEVTEFAK, 575.3112 m/z, z=2) and ALVL peptide 

(ALVLIAFAQYLQQCPFEDHVK, 811.7594 m/z, z=3) are sufficiently distinct from their 

hamster orthologs (LVNEVTDFAK, 568.3033 m/z; GLVLIAFSQFLQKCPYEEHVK, 

817.1031 m/z), so as to prevent interference during precursor isolation. Within the hamster 

serum matrix, linearity of response for human NP and C34R peptides was evident from 160 

ng to 8 ng HSA on column (both R2 = 0.99; Figure 3A–B). For determination of lower limits 

of detection, an 8-point calibration curve was constructed through serial dilution of pooled 

human serum with hamster serum from 100% to 0.1% v/v human serum and endogenous 

Cys34 adducts were measured in each sample (O3 adduct, Figure 3C). As defined by 

departure from linearity, the mean lower limit of detection for all targets was 7 fmol on 

column.

We sought to further validate our approach with an isotopically labeled synthetic adduct 

standard. Human serum was incubated with d4-1,4-benzoquinone at a final concentration of 

100 μM, followed by serial dilution with control serum to 0.5 μM, constructing an 8-point 

calibration curve (including a 0 μM matrix blank). As shown in Figure 3D, NP-normalized 

d3-BQ peak area was linear across the entire range, with an R2 of 0.97.
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Precision.—Replicate digests of pooled serum QC samples were embedded within each 

digestion batch and sub-replicate injections of each digestion replicate bookended each nLC-

MS/MS sample sequence. As seen in Figure 3E, for most targets in QC samples, mean 

within-batch %CV of adduct concentrations was <20%. Chromatographic retention time of 

adducts was very stable (Figure 3F). Mean product ion mass error was low for all targets (<2 

ppm; Figure 3G), while the mean precursor idotp was above 0.80 for all targets (Figure 3H). 

An idotp value >0.70 suggests that observed precursor ion isotopomer distributions are 

concordant with predicted isotopomer distributions. Representative XICs for all Cys34 

targets at day 0 and day 84 are shown in Supplemental Figure 1.

Ambient outdoor air pollution in Qidong

Daily ambient OAP levels from 84 days prior to the day of the first blood sample collection 

(study day 0) to 168 days later (study day 84) are shown in Figure 4A–C. In general, daily 

measurements at one monitoring station were strongly correlated with measurements from 

the other site, with Pearson correlation coefficients of 0.95, 0.88, and 0.67 for PM10, NO2, 

and SO2, respectively. While there was substantial day-to-day variance for all pollutants, the 

data exhibited positive trends, such that median levels of each pollutant rose by 

approximately 50% over the 168-day period. Analyzing these data categorically, for each 

pollutant, we grouped daily measurements at each monitoring site into 28-day bins and 

tested for differences between all pairwise comparisons of bins at each monitoring site 

(Figure 4D–F). In general, distributions of air pollutant concentrations in later bins were 

significantly higher than distributions in earlier bins, demonstrating that air pollutant levels 

were lower prior to the study than at the beginning of the study and that they increased 

during the study period.

Quantitation and temporal patterns of albumin adducts in human serum

In addition to the NP (NP and NP-h), we targeted the unmodified (reduced) Cys34-

containing peptide (C34R and C34R-h) and 12 Cys34 adducts: the irreversibly triply 

oxidized Cys34 sulfonic acid (O3), acrolein (A), crotonaldehyde (C), 4-hydroxynonenal 

(HNE), phenylation (Phenyl), benzene oxide (BO), benzoquinone (BQ), benzene diol 

epoxide (BDE), naphthalene quinone (NQ), naphthalene diol epoxide (NDE), phenanthrene 

diol epoxide (PDE), and benzo-a-pyrene diol epoxide (BaPDE) (Supplemental Table 1). We 

were not able to detect the presence of HNE, Phenyl, BO, NQ, NDE, PDE, or BaPDE Cys34 

adducts in the samples analyzed for this study.

As seen in Figure 5A, the dynamic range of C34R and O3, A, C, BQ, and BDE adduct 

concentrations spanned 4 orders of magnitude, from roughly 20 nmol/mg for the reduced 

C34R, to less than 20 pmol/mg at the 25th percentile of BDE adduct levels. There was 

substantial between-subject variability in adduct concentrations, but median levels of the O3 

and BDE adducts rose roughly 3-fold between days 0 and 84. As a result, the within-subject 

proportion of irreversibly oxidized albumin (O3) relative to reduced albumin (C34R) 

increased 3.4-fold, from a median oxidized / reduced ratio of 0.13 at day 0 to 0.44 at day 84 

(Fig. 5B) – signifying a dramatic shift in serum redox balance during the 12-week study 

period.
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In order to account for between-subject variance in exposures, we examined changes in 

adduct levels over time as within-subject ratios (Fig. 5C). For day 84 relative to day 0, we 

found statistically significant elevations of O3 (2.10 median fold change, IQR 1.07 – 4.19; p 

= 0.0008) and BDE adduct levels (1.29, 0.85 – 4.13; p = 0.034). There were no significant 

differences in relative change between days 0 and 56 for any adduct. Compared to day 56, 

day 84 samples had higher levels of O3 (1.84, 1.12 – 6.54; p = 0.0008), crotonaldehyde 

(1.49, 1.14 – 1.68; p = 0.0017), BQ (1.17, 1.00 – 1.34; p = 0.012), and BDE (1.69, 0.90 – 

5.56; p = 0.013) adducts.

Intraclass correlation coefficients (ICC) ranged from 0.463 (crotonaldehyde) to 0.618 (O3), 

with the exception of the BQ adduct, which had a high ICC value of 0.907 (Supplemental 

Table 2).

Relationships between circulating albumin adducts and ambient air pollutants

Finally, we assessed dose-response relationships between circulating HSA adduct 

concentrations and ambient air pollutant levels. For each pollutant (PM10, NO2, SO2), we 

compared circulating adduct concentrations at each timepoint (study days 0, 56, and 84) to 

average ambient weighted-sum levels over the preceding 28 days, with weighting 

proportional to the fraction of albumin remaining in circulation between a given daily air 

pollutant measurement and the day of serum adduct measurement (see Methods). Table 1 

displays these relationships as the percent change in adduct level per doubling of ambient air 

pollutant concentrations. The O3 adduct exhibited the most striking relationship with 

pollutant exposures, significantly increasing 526%, 662%, or 439% per doubling of PM10, 

NO2, or SO2 levels, respectively. BDE adduct levels were also significantly associated with 

elevated pollutant concentrations (376%, 465%, and 319%), while crotonaldehyde adduct 

levels were significantly and modestly elevated (roughly +50%) with doubled PM10 and SO2 

levels, but non-significantly with increased NO2. As expected, levels of NP and C34R were 

unaltered by pollution exposures.

Discussion

In this report, we describe a novel targeted albumin adductomics assay, which enables 

sensitive and precise biomonitoring of electrophilic adducts to HSA. Moreover, the assay is 

multiplexed – able to simultaneously accommodate several dozen adduct targets per sample 

– as well as being highly flexible, needing only the known accurate mass of a target adduct 

and no adjustments to sample processing or nLC-MS/MS workflow. We have optimized the 

assay with a focus on deployment for exposome biomonitoring in molecular epidemiological 

or clinical studies, made feasible through the low sample requirement (2.5 μL serum), 

minimal sample handling and fast sample processing (16 samples in ~2 hr.), and moderate 

instrument time (25-minute nLC gradient).

In the only other report to date on targeted HSA adductomics, Huang et. al measured HSA 

adducts of catechol estrogens with both top-down and bottom-up targeted adductomics 

methods 46. Instead of an isotopically labeled internal standard for quantification and 

normalization, they utilized the method of standard addition to construct within-subject 

calibration curves. However, the adduction efficiency for each estrogen-spiked serum 
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calibrator was not known and therefore did not provide quantification of adduct 

concentrations. Relative quantification produced estimated proportions of catechol estrogen 

Cys34 adduction (adducted / adducted+unadducted), which differed nearly 100-fold between 

the tryptic digestion and intact protein methods and were not strongly correlated (R2 = 0.44). 

Thus, this method does not appear to be suitable for quantitative biomonitoring of 

environmental exposures.

Our approach has similarities to previous adductomics methods, including the untargeted 

HSA Cys34 adductomics workflow reported by Grigoryan et. al, 38. As in our targeted assay, 

this method also uses pressure cycling tryptic digestion and input normalization using the 

NP (which they refer to as the ‘housekeeping peptide’, HK). In a series of reports, they 

identified several adducts which were associated with smoking, indoor use of smoky coal, 

OAP, and benzene exposure 38–40,47. While their untargeted assay was shown to be linear 

across a wide range of adduct and HSA input 38, the data-dependent acquisition (DDA) mass 

spectrometry approach presents challenges for the reproducible quantitation of low-

abundance adducts. With DDA analysis, quantitation is performed via MS on precursor ions 

and precursors are selected for confirmation by MS/MS on the basis of user-defined 

parameters. In the case of Grigoryan et.al, the six most abundant precursor ions above 

10,000 counts in each MS scan were selected for MS/MS analysis. Since the Cys34-

containing ALVL peptide is large (21 amino acids) and highly hydrophobic, adducts have 

only minor effects on retention time and thus many of them co-elute. As a result, adducts 

identified by DDA will be biased towards the most abundant precursors at a given retention 

time, while low-abundance adducts may experience sporadic sampling or may not rise to the 

threshold for MS/MS analysis at all 48. In contrast, the PRM approach used in our method 

facilitates highly reproducible MS/MS quantitation, even for low-abundance targets in 

complex matrices 49. The critical impact of these methodological differences on low-end 

sensitivity is illustrated with the detection and quantification of benzene metabolite Cys34 

adducts. In a study of occupational benzene exposure in non-smoking Chinese factory 

workers, Grigoryan et. al reported at least >100-fold higher BDE adduct concentrations in 

exposed workers (> 3 ppm benzene, n=10) than in control subjects (~3 ppb benzene, n=10) 
40. In that study, the BDE adduct was detected in 8/10 of the exposed subjects, but not 

detected in any of the controls (levels in control participants were imputed with values at the 

lower limit of detection). This is in line with other studies using the DDA-based Cys34 

adductomics assay, in which the BDE adduct has not been detected in settings without high 

levels of benzene exposure 38,39,47,50,51. While the BDE adduct may have been present in 

sera of subjects from these other reports, it only reached the threshold for DDA analysis in 

individuals with very high benzene exposures (> 3 ppm). In contrast, using our targeted 

PRM assay, we detected the BDE adduct in 77 of 78 samples (BDE was not detectable at 

baseline in one subject), facilitating longitudinal biomonitoring of exposure to ambient 

levels of benzene (ppb) and exploration of BDE adduct as a dosimetric biomarker of OAP 

(+465%, +319%, and +376% per doubling of NO2, SO2, or PM10, respectively).

Porter and Bereman have developed an untargeted adductomics method based on data-

independent acquisition (DIA), which mitigates the issues of stochastic precursor sampling 

and low-abundance sensitivity seen with DDA 52. Their report identified disulfide and 

oxidation adducts to the Cys34 of HSA (including the O3 adduct in this report) and 
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described how the approach could be extended to profiling of adducts at the Cys93 residue of 

the β chain of hemoglobin. However, despite the advantages provided by DIA, their method 

as currently implemented is not quantitative and requires 4 mL of plasma, providing limited 

value for exposome biomonitoring in epidemiological studies.

A striking finding in the present work was the dramatic increase in Cys34 oxidation during 

the 12-week study. In circulation, approximately 70–80% of albumin is present in its 

reduced form (C34R), with most of the remainder consisting of mixed disulfides 

(cysteinylated, homocysteinylated, etc.) and higher oxidation states, such as the O3 adduct, 

sulfonic acid 53. At both study day 0 and 56, median O3 adduct levels were roughly 3 

nmol/mg HSA, resulting in a ratio of oxidized (O3) to reduced Cys34 (C34R) of 0.13. This is 

contrasted with day 84, at which point the median ratio of oxidized / reduced Cys34 was 

nearly 0.50. Note that day 0, 56, and 84 samples for each subject were processed and 

analyzed together, with a randomized nLC injection order of samples from the three 

collection times within each subject. Thus, observed shifts in Cys34 oxidation during the 

study are highly unlikely to be biased from technical artifacts, as any oxidative technical 

artifacts should affect all samples equally and at random. Therefore, the observed increase 

likely reflects a dramatic shift in serum redox balance between study days 56 and 84. Cys34 

oxidation takes the form of mono-, di-, or trioxidation (sulfenic, sulfinic, and sulfonic acids), 

the corresponding sulf[e/i/o]namides 54, as well as the formation of disulfides with free 

cysteine, homocysteine, reduced glutathione, and other thiols. The triply oxidized O3 adduct 

is a final, irreversible product of Cys34 oxidation and forms downstream from the sulfenic 

and sulfinic acids, which are themselves in balance with disulfide formation. Thus, the O3 

adduct represents a stable indicator of the upstream Cys34 redox flux and systemic oxidative 

stress in general 53. As a result, HSA oxidation has been investigated as a biomarker in 

various disease states. Elevated levels of O3 adduct are an indicator of oxidative stress in 

diabetes mellitus 55 and oxidized (cysteinylated) HSA has been found to increase along with 

worsening Child-Pugh grade in patients with chronic liver disease 56. Oettl and colleagues 

have reported that oxidized HSA levels are strongly correlated with serum C-reactive protein 

in cirrhotic patients and are equivalent to MELD score (Model for End-stage Liver Disease) 

for predicting 60- and 90-day survival in patients with cirrhosis. Moreover, cirrhotic patients 

with oxidized HSA >12% of total HSA at baseline experienced roughly 5% survival 

probability at one year follow-up, compared to nearly 80% survival for patients with 

oxidized HSA proportions <12% 57. In light of this literature and combined with the striking 

dose-response relationship we observed between O3 adduct levels and ambient OAP (e.g., 
+526% O3 per doubling of PM10), the shift in O3 adduct levels that we observed between 

October and January 2011 – resulting in a 3-fold increase in oxidized / reduced Cys34 – 

seems to portend poor health outcomes in eastern China during the winter months. Indeed, 

rates of excess non-accidental death in Beijing are associated with elevated PM2.5 levels 

during the cold season, but not warmer months 58.

Our study does have some limitations. First, although our use of d4-benzoquinone to 

produce isotopically labeled Cys34-BQ adducts in human serum demonstrated the linearity 

and precision of our targeted adductomics assay, this experiment did not utilize purified 

adduct standards and we did not perform comparable experiments for the other adducts 

investigated. Unequivocal confirmation of adduct identity would require the synthesis of 
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isotopically labeled adduct standards for each target, as well as thorough characterization 

and validation by complimentary analytical techniques, such as nuclear magnetic resonance. 

Thus, although our MS and MS/MS data are fully consistent with the chemical identities 

proposed, the adduct targets in the present report should be considered as putative 

identifications.

Secondly, as seen in Figure 5, we determined median concentrations of the reduced C34R 

across all samples to be roughly 20 nmol/mg HSA. Typically, most HSA is present as C34R 

(70–80%), but given that 15 nmol of unmodified HSA has a mass of approximately 1 mg, 

the assay demonstrates a slight positive bias. This is likely due to formation of disulfides 

between free serum thiols and the reduced Cys34 thiol of the isotopically labeled HSA 

internal standard, thus inflating estimated adduct concentrations (since internal calibration of 

endogenous Cys34 adducts is relative to peak area of the reduced Cys34 in the heavy internal 

standard; see Methods). In future work, we plan to alkylate the heavy HSA internal standard 

following selective reduction of Cys34 disulfides 62, so as to standardize and stabilize the 

redox state of the heavy Cys34 thiol and improve accuracy.

Despite this caveat, it appears that our assay may be more accurate than prior Cys34 

adductomics approaches, which estimate C34R concentrations at 29 – 211 pmol/mg HSA 

across various studies 38–40,47. As stated above, we measured C34R levels to be 

approximately 20 nmol/mg HSA. This large difference between these reports and our 

method (100- to 700-fold) can be explained by batch effects, disparate instrument responses 

for the NP and C34R peptides, and methodological differences in calibration. It is well-

established that equimolar input of two different peptides nonetheless often yields unequal 

responses during mass spectrometry. Indeed, when measuring the response of endogenous 

HSA peptides in digested human serum, we consistently observe a ~3-order-of-magnitude 

difference in NP (~3 ×1011 au) and C34R (~2 × 108 au) raw peak areas. A similar gap 

separates NP-h and C34R-h peptide responses when measuring heavy labeled HSA spiked 

into human serum (~5 ×109 vs. ~2 × 106 au). In prior DDA-based adductomics reports 38, a 

peak area ratio (PAR) was calculated for each adducted Cys34 peptide species relative to NP; 

for example, C34R PAR = C34R peak area / NP peak area. HSA input was interpolated from 

an external calibration curve (NP peak area vs. HSA injected), adduct molar abundance 

obtained via the adduct PAR value and interpolated HSA input, and adduct molar abundance 

normalized to HSA input (e.g., pmol C34R / mg HSA). However, since NP is used as the 

denominator in the Cys34 adduct PAR calculations in these prior reports, and since NP 

response is orders of magnitude greater than the response for Cys34 peptides, the calculated 

Cys34 adduct molar abundance will be orders of magnitude lower than in reality. Our 

approach instead determines the light-to-heavy ratio for each isotopically labeled peptide 

species (NP / NP-h; C34R / C34R-h; C34-O3 / C34R-h; C34-BQ / C34R-h; etc.) before 

calculating molar abundances and HSA-normalized concentrations (see Methods).

While our method improves upon the quantitative accuracy of previous approaches, it is 

based in part on the assumption that the ionization efficiencies and fragmentation patterns of 

the adducted peptides do not substantially depart from those of the reduced species. This 

may not be true in all cases, which would bias quantitation (an adducted C34-O3 peptide 

may have different ionization or fragmentation efficiency than C34R-h, for example). Robust 
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quantitative accuracy would require external calibration with purified synthetic standards 

composed of native HSA adducted with isotopically labeled electrophiles, serially diluted 

within non-human serum matrix (such as hamster serum). However, compared to existing 

approaches, our method eliminates the issue of differential instrument response between NP 

and target peptide species, controls for technical variance (e.g., recovery, digestion), and 

produces quantitative estimates within reasonable and expected ranges.

When interpreting the dose-response results in this report (Table 1), it is important to note 

that adduct levels were not compared directly to raw ambient OAP concentrations. Due to 

the ~28-day turnover time of HSA in circulation 25, measurements of HSA adducts reflect 

the combined distributions of adducts formed from multiple exposures prior to the blood 

draw. For example, BQ adduct levels at study day 56 reflect not only an individual’s benzene 

exposure on day 56, but also their exposures on day 55, 54, 53… etc. This is advantageous, 

since it provides smoothed estimates of chronic exposure, integrating the high-variance daily 

measurements but remaining robust to leverage by large spikes of pollution levels (Figure 

4A–C). However, adducts formed in the weeks and months prior to blood draw are subject to 

clearance along with the rest of the albumin pool. As a result, the proportion of adducts from 

a prior exposure remaining at a later time of measurement is related to the rate of albumin 

turnover, and thus the concentration remaining is a product of the original concentration 

resulting from an exposure and the proportion of albumin remaining at the time of 

measurement. Thus, measured adduct concentrations on a given day reflect the albumin-

turnover-weighted sum of adducts formed on each day in the weeks and months prior to 

measurement. By corollary, adduct levels at a given time are related to the turnover-weighted 

sum of daily exposures leading up to the adduct measurement, which is the approach we 

have used when comparing OAP and adduct levels. Thus, the OAP concentrations used for 

dose-response calculations in Table 1 are derived from, but not the same as, the raw 

measurements of OAP in displayed Figure 4. However, they are representative of the 

cumulative OAP exposure during one HSA lifetime (28 days), reflected in the pool of 

measured HSA adducts.

Relevant to this discussion of adduct dosimetry using albumin turnover-weighted estimates, 

these calculations were based on the serum half-life of native HSA. The neonatal Fc receptor 

(FcRn) has been shown to prolong albumin serum half-life through a pH-dependent 

intracellular recycling mechanism 59. Although the principal HSA-FcRn binding interaction 

site is in the N-terminal domain III, domain I, which contains Cys34, also plays a role 60. 

FcRn affinity chromatography, ion-exchange chromatography, and surface plasmon 

resonance data demonstrate that modification at Cys34 does impair FcRn binding 61. 

However, this paper from Leblanc et al. does not report binding affinities of specific HSA 

adducts, but rather that a plasma-derived fraction of HSA consisting of a variety of HSA 

isoforms, including non-Cys34 modifications, exhibited lower FcRn binding affinity (33 μM 

KD) than the high-affinity FcRn binding achieved with an HSA standard (20 μM KD). 

Additionally, although Cys34 oxidation (sulfinic acid) was detected in the low-affinity 

fraction, the predominant low-affinity fraction Cys34 adduct was cysteinylation. 

Furthermore, in vitro experiments demonstrated that truncation of the N-terminal leucine 

residue with carboxypeptidase A (CPA), producing an HSA isoform also endogenously 

present in the low-affinity HSA fraction, plays a large role in reducing HSA-FcRn binding 
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(native HSA treated with CPA: 58 μM KD). Thus, the literature supports the hypothesis that 

Cys34 modifications affect HSA-FcRn binding and thus may impact HSA recycling and 

serum half-life. However, the data suggest that Cys34 modifications impact FcRn binding to 

a smaller degree than other HSA modifications, such as N-terminal truncation. Additionally, 

to our knowledge, FcRn binding data is not available for the vast majority of purified HSA 

adducts, limiting the specificity of conclusions. Finally, it is unclear how FcRn binding 

affinity values relate quantitatively to systemic HSA catabolic rates and serum half-life. 

Therefore, while it is reasonable to conclude that Cys34 modifications may impact HSA 

turnover, it is unclear if this is a detectable effect, and moreover, whether it is quantitatively 

meaningful. Regardless, we acknowledge that our dosimetry approach using time-lagged 

weighting to account for albumin turnover is, at this time, only a best estimate and will have 

to be refined with values of adduct-specific HSA half-lives, as they become available.

The value of any biomonitoring approach depends upon its ability to accurately classify 

individuals with disparate exposures, and ultimately, their risk of disease. While use of our 

assay for prediction of disease risk is not within the scope of this study, our data does 

suggest that the method described here can be used to discriminate between individuals with 

disparate exposures. Intraclass correlation coefficients for within-subject repeated 

measurements of the O3, BQ, and BDE adducts (0.618, 0.907, and 0.504, respectively; 

Supplemental Table 2) demonstrated that these adducts – independent from their utility as 

internal dosimeters of oxidative stress or OAP exposure – are moderate-to-good exposure 

classifiers. Moreover, as argued by Pleil et. al, given the large dynamic range observed 

within measurements of each adduct, the ICC values of 0.618 and 0.504 for the O3 and BDE 

adducts should be viewed favorably 63.

Although this study focused entirely on covalent adducts to Cys34, the assay can be applied 

to interrogate electrophilic adducts at other nucleophilic hotspots in the ALVL peptide 

(Tyr30 and His39), without any changes to the experimental approach. While we did not 

detect in our samples any of the targeted Cys34 adducts of polycyclic aromatic hydrocarbons 

(PAHs; NQ, NDE, PDE, BaPDE), other sites within HSA, such as His or Lys, may be better 

targets for biomonitoring of these exposures 64,65. Accordingly, we have generated 

preliminary data demonstrating that our targeted assay can easily be applied to other 

adduction sites throughout HSA and that coverage with DIA-based, untargeted adductomics 

analysis can be extended to these sites as well 66. Future work will thus expand the 

analytical boundaries of the current approach into exposure biomonitoring of more diverse 

exposures and chemical adducts, using both targeted and untargeted methods. Given the 

rising levels of OAP worldwide and the potential for OAP to exacerbate mortality from 

emergent health challenges – such as COVID-19 67 – new technologies are needed to 

monitor environmental exposures and more accurately characterize their impact on disease 

risk. We envision that the targeted albumin adductomics assay described in this report may 

be able to help fill this critical void in the biomonitoring toolkit.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

%CV percent coefficient of variation

AGC automatic gain control

ALVL Cys34-containing peptide 

ALVLIAFAQYLQQCPFEDHVK

au arbitrary units

C34R ALVL peptide with reduced Cys34

C34R-h C34R from isotopically labeled HSA internal standard

Cys34 adducts: A acrolein

BaPDE benzo-a-pyrene diol epoxide

BDE benzene diol epoxide

BO benzene oxide

BQ benzoquinone

C crotonaldehyde

HNE 4-hydroxynonenal

NDE naphthalene diol epoxide

NQ naphthalene quinone

O3 trioxidation

PDE phenanthrene diol epoxide

DDA data-dependent acquisition

DIA data-independent acquisition

EDTA ethylenediaminetetraacetic acid

FWHM full width at half-maximum

HCD higher-energy collisional dissociation

HRMS high-resolution mass spectrometry

HSA human serum albumin
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ICC intraclass correlation coefficient

idotp isotopomer dot product

IQR interquartile range

kpsi kilopound per square inch

LOWESS locally weighted scatterplot smoothing

LysC lysine endopeptidase

MS/MS tandem mass spectrometry

nLC nanoflow liquid chromatography

NP normalizing peptide LVNEVTEFAK

NP-h NP from isotopically labeled HSA internal standard

OAP Outdoor air pollution

PAR peak area ratio

PM particulate matter

PM2.5 PM with aerodynamic diameter ≤ 2.5 μm

PM10 PM with aerodynamic diameter ≤ 10 μm

PRM parallel reaction monitoring

QC quality control samples

TEAB triethylammonium bicarbonate

XIC extracted ion chromatograms
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Figure 1. Analytical approach.
Overview of major steps in sample preparation, nLC-MS/MS, and data analysis: 1) serum is 

spiked with isotopically labeled HSA internal standard; 2) sample preparation, pressure-

enhanced proteolytic digestion with trypsin and LysC, and preparation for nLC-MS/MS 

analysis; 3) separation of digested peptides by nanoflow LC (nLC); 4) quadrupole isolation 

of targeted peptides; 5) HCD fragmentation; 6) PRM in Orbitrap confirms identity and 

accurate mass of targeted adduct; 7) MS/MS peak picking and integration in Skyline; 8) 

internal calibration of adduct abundance; 9) external calibration of HSA input; 10) 

normalization of adduct abundance to HSA input.
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Figure 2. Spectral confirmation of NP and select adducts at Cys34 of HSA.
Representative MS spectra of precursor ions (left) and MS/MS spectra of product ions 

(middle). Matched b and y ions are displayed in purple and blue, respectively. Dashed green 

line indicates m/z of precursor. For NP precursor, z = 2; all others, z = 3; all product ions, z 
= 1. Right, MS/MS extracted ion chromatograms (XICs). Colored traces in XICs denote y3

+ 

- y8
+ product ions for NP and y8

+ - y10
+ for C34R and all Cys34 adducts. RTs of BQ and d3-

BQ XICs shown here are ~2 minutes greater than typical. For clarify, m/z values have been 

rounded to two decimal places. Spectra visualized with SeeMS 68.
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Figure 3. Assay validation and performance.
A) Calibration curve of normalizing peptide (NP) light (L)-to-heavy (H) peak area ratio 

(PAR) vs. HSA on column. B) Calibration curve of reduced Cys34 ALVL peptide (C34R) 

L/H PAR vs. HSA on column. Gray X’s indicate outliers from a single digestion batch. C) 
Cys34-O3 adducts in human serum dilution curve vs. HSA on column. D) Calibration curve 

of NP-normalized d3-BQ adduct peak area (d3-BQ adduct / light NP) vs. final concentration 

of d4-1,4-benzoquinone in serum. E-H, assay performance in QC samples (2 QCs in each of 

14 batches); E) Variance in calculated adduct concentration (nmol/mg) as percent coefficient 

of variation (%CV); F) Retention time (RT); G) Product ion mass error H) Precursor ion 

isotopomer dot product (idotp).
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Figure 4. Air pollutant levels during the study.
Air pollution increased during the study. A-C) Daily PM10 (A), NO2 (B), and SO2 (C) levels 

surrounding Qidong prior to and during the 84-day study period. Study day 0 was October 

12, 2011. Measurements for all three pollutants were available for all of 2011 and Jan 2012 

at two monitoring stations (North and South Qidong). LOWESS curves were fit to daily 

values from each monitoring site (colored lines) and to arithmetic mean values across both 

sites (gray line). Dashed lines indicate the 95% prediction interval for mean values across 

days −84 to 84. D-F) Boxplots of daily PM10 (D), NO2 (E), and SO2 (F) levels at each 

monitoring site, binned into 28-day periods from days −84 to 84. Whiskers extend to 10th 

and 90th percentiles, black circles indicate arithmetic means. Solid black bands indicate 

significant differences between groups, p < 0.05.
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Figure 5. Longitudinal changes in adduct levels in non-smoking women.
A) Concentration of adducts (C34R, reduced Cys34; O3, oxidized; A, acrolein; C, 

crotonaldehyde; BQ, benzoquinone; BDE, benzene diol epoxide). B) Within-subject O3 / 

C34R ratios. C) Within-subject changes in adduct concentrations at day 56 or 84 relative to 

day 0 (left) or day 56 (right). Whiskers on boxplots extend to 10th and 90th percentiles. 

Black circles indicate arithmetic means, x indicates outliers. Statistical analysis by Wilcoxon 

signed rank test: ns, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.
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Table 1.

Changes in adduct concentration relative to increases in ambient air pollution.

Percent change per doubling of air pollutant 
a

Target PM10 NO2 SO2

NP 0.1 (−0.6, +0.4) −0.1 (−0.7, +0.5) −0.1 (−0.5, +0.3)

C34R −0.4 (−18.6, +21.9) +1.6 (−18.8, +27.0) −0.9 (−17.7, +19.4)

O3 +525.9 (+152.3, +1453.0) +661.7 (+171.9, +2033.6) +439.3 (+135.0, +1137.7)

A +81.1 (−30.0, +368.7) +83.7 (−39.3, +456.3) +74.8 (−26.1, +313.5)

C +53.3 (+4.3, +125.3) +52.3 (−4.5, +142.8) +50.1 (+6.2, +112.0)

BQ +25.5 (−6.6, +68.7) +25.3 (−11.6, +77.5) +24.1 (−5.0, +62.0)

BDE +376.2 (+53.9, +1373.3) +464.7 (+51.1, +2010.6) +319.1 (+50.7, +1065.0)

a
Percent change (95% CI)

Chem Res Toxicol. Author manuscript; available in PMC 2022 April 19.


	Abstract
	Graphical Abstract
	Introduction
	Experimental Methods
	Subjects, study designs, and sample selection
	Sample preparation
	Mass spectrometry analysis
	Synthesis of isotopically labeled 1,4-benzoquinone-albumin adduct
	Albumin adduct data analysis
	Air pollutant data analysis
	Albumin adduct concentrations relative to ambient air pollutant levels

	Results
	Validation of targeted albumin adductomics assay
	Optimization of sample processing.
	Spectral confirmation of targeted peptides and Cys34 adducts.
	Linearity and sensitivity.
	Precision.

	Ambient outdoor air pollution in Qidong
	Quantitation and temporal patterns of albumin adducts in human serum
	Relationships between circulating albumin adducts and ambient air pollutants

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.

