Analytical and Bioanalytical Chemistry (2022) 414:2103-2116
https://doi.org/10.1007/500216-021-03844-0

RESEARCH PAPER q

Check for
updates

Analysis of 19 urinary biomarkers of oxidative stress, nitrative
stress, metabolic disorders, and inflammation using liquid
chromatography-tandem mass spectrometry

|1,2,3,4

Maria-Pilar Martinez-Mora - Kurunthachalam Kannan3*

Received: 30 September 2021 / Revised: 23 November 2021 / Accepted: 9 December 2021 / Published online: 11 January 2022
© Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Environmental chemical exposures have been associated with cancer, diabetes, hormonal and immunological disorders, and
cardiovascular diseases. Some direct effects of chemical exposure that are precursors to adverse health outcomes, including
oxidative stress, nitrative stress, hormonal imbalance, neutrophilia, and eosinophilia, can be assessed through the analysis
of biomarkers in urine. In this study, we describe a novel methodology for the determination of 19 biomarkers of health
effects: malondialdehyde (MDA), 8-isoprostaglandin-F,, (8-PGF,,), 11-B-prostaglandin-F,, (11-PGF,,), 15-prostaglandin-
F,, (15-PGF,,), 8-iso-15-prostaglandin-F,, (8,15-PGF,,), 8-hydroxy-2'-deoxyguanosine (§-OHdG), 8-hydroxyguanosine
(8-HdG), 8-hydroxyguanine (8-HG), dityrosine (diY), allantoin (Alla), and two metabolic products of 4-hydroxynonenal
(HNE), namely 4-hydroxy-2-nonenal glutathione (HNE-GSH) and 4-hydroxy-2-nonenal mercapturic acid (HNE-MA) (in
total, 12 oxidative stress biomarkers, OSBs); 8-nitroguanosine (8-NdG), 8-nitroguanine (8-NG), and 3-nitrotyrosine (NY)
(3 nitrative stress biomarkers, NSBs); chlorotyrosine (CY) and bromotyrosine (BY) (2 inflammatory biomarkers); and the
advanced glycation end-products (AGEs) N°-carboxymethyllysine (CML) and N°-carboxyethyllysine (CEL) (2 metabolic
disorder biomarkers). Since these biomarkers are trigged by a variety of environmental insults and produced by different
biomolecular pathways, their selective and sensitive determination in urine would help broadly elucidate the pathogenesis
of diseases mediated by environmental factors.
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Introduction chemicals can inflict oxidative stress, nitrative stress, inflam-

mation, and metabolic disorders, which are early events that

Environmental factors are known to contribute to a variety
of adverse health outcomes in human and wildlife popula-
tions [1-4]. Nevertheless, molecular mechanisms underly-
ing health effects due to exposure to environmental stress-
ors remain poorly understood. Exposure to environmental
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occur well before the clinical diagnosis of diseases such
as atherosclerosis, cancer, or neurodegenerative disorders
[5-8]. Monitoring and assessment of early warning bio-
markers of diseases are crucial to understanding pathogen-
esis following environmental insults. In particular, health-
effect biomarkers can be useful in illuminating relationships
among environmental exposures, human physiology, and
disease.

Biomarkers of health effects are commonly assessed by
analyzing biospecimens such as blood or urine. Urine is
widely used in monitoring exposure and effect biomarkers
of a variety of environmental chemicals of concern. Studies
have reported urinary biomarkers of oxidative stress, nitra-
tive stress, eosinophilia, neutrophilia, and metabolic disor-
ders as means to elucidate disease pathogenesis [9, 10].

Oxidative and nitrative stresses are associated with sev-
eral diseases [8]. It is well known that concentrations of
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these stress markers increase in body tissues and fluids
following exposure to environmental toxicants [11-16].
Reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) are produced by the body at basal levels from
metabolism, and these reactive species are normally neutral-
ized by antioxidants. However, excessive production of ROS
(e.g., superoxide anion [O, "], hydrogen peroxide [H,0,])
and RNS (e.g., nitric oxide [NO], peroxynitrite [ONOO™])
above the antioxidant capacity of a biological system can
arise from factors such as environmental stressors, medica-
tion, diet, smoking, and acute exercise. Excess ROS leads
to oxidative stress, resulting in oxidative damage to biomol-
ecules such as DNA and protein. The free radical O, can
react with NO to form ONOO™, a potent, diffusible radi-
cal that can react with amino acids, contributing to protein
modifications such as nitration and nitrosylation. High levels
of ROS and/or RNS can also cause lipid peroxidation, DNA
damage, and oxidation/nitration of proteins that can acti-
vate inflammatory response, fibrosis, or cell death [8-10].
Therefore, a thorough understanding of the mechanisms that
lead to perturbations in oxidative/nitrative status and their
relationship to pro-inflammatory, hypertrophic, fibrotic, and
apoptotic pathways would aid the development of strategies
to counteract disease development and progression.

The quantitative determination of free radicals/ROS that
contribute to oxidative/nitrative stress (ONS) is challenging
due to their highly reactive nature and resulting transient
lifespan in body tissues and fluids. However, the free radi-
cals react with various biomolecules, and the products of
these reactions can be detected in urine, blood, or feces. For
instance, dityrosine (diY) and nitrotyrosine (NY) [17] are
the products of protein damage caused by ROS and RNS,
respectively. Oxidative damage to DNA by ROS can gener-
ate 8-hydroxy-2'-deoxyguanosine (8-OHdG) and 8-hydroxy-
guanine (8-HG), whereas that by RNS can yield 8-nitro-
guanine (8-NG). Reactions of ROS and RNS with RNA
produce 8-hydroxyguanosine (8-HdG) and 8-nitroguano-
sine (8-NdG), respectively [12, 14, 18]. The biomarkers of
oxidative damage to polyunsaturated fatty acids (PUFA)
by ROS are malondialdehyde (MDA) and 4-hydroxynon-
enal (HNE) [19, 20]; the oxidation of arachidonic acid (a
fatty acid found in the liver, brain, and glands) can produce
prostaglandin isomers, 8-isoprostaglandin F,  (8-PGF,,),
11-B-prostaglandin F,, (11-PGF,,), 15-prostaglandin F,,
(15-PGF,,), and 8-iso-15-prostaglandin F,  (8,15-PGF,,)
[21]; and uric acid oxidation yields allantoin (Alla) [22]. All
of these reaction products are commonly excreted in urine.

Inflammation is a part of body’s defense in response to
injury or infection, but chronic inflammation, which can
result from exposure to environmental chemicals, plays a
key role in many disorders, such as autoimmune diseases
and asthma [23-25]. Eosinophils and neutrophils are two
types of white blood cells that are activated to fight diseases,
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infections, and inflammation. Eosinophilia and neutrophilia
are conditions in which the number of eosinophils or neu-
trophils, respectively, increases above the normal levels in
affected tissue [23, 26]. Under these conditions, neutrophil
myeloperoxidase and eosinophil peroxidase overproduce
halogenated species such as HOCI or HOBr that react with
tyrosine, increasing chlorotyrosine (CY) [27, 28] and bromo-
tyrosine (BY) [28] levels, which are recognized as inflam-
matory biomarkers (IBs) [17, 28].

Exposure to various environmental pollutants is linked
to metabolic disorders [29]. Evidence indicates that meta-
bolic disorders may be mediated through oxidative stress.
Advanced glycation end-products (AGEs; proteins or lipids
that become glycated from exposure to sugars) such as N°-
MDA-d, (CML) and N°-carboxyethyllysine (CEL) are bio-
markers of metabolic disorders or diseases [20].

Earlier methods to analyze health-effect biomarkers
entailed testing for a single class of chemicals at a time.
However, the simultaneous determination of urinary con-
centrations of multiple biomarkers of health effects, such as
oxidative stress (OSBs), nitrative stress (NSBs), eosinophilia
(EB), and neutrophilia (NB) along with AGEs, would help
advance the knowledge of disease pathogenesis. Because
different biomarkers are generated in organisms from vari-
ous molecular pathways, after exposure to multiple radicals
(or radical-producing stressors) that damage proteins, lipids,
uric acid, DNA, RNA, or sugars, concurrent and broader
testing can provide comprehensive information about the
events mediating disease progression (Fig. 1; Table 1).

In addition, evidence supports interplay between bio-
markers [20], and therefore, simultaneous analyses of multi-
ple biomarkers are crucial for comprehensive understanding
of disease pathogenesis. For example, although the genera-
tion of AGEs (glycation of proteins or lipids) is known to
be mediated by elevated ROS [30], the interactions involved
are poorly understood due to the fact that analytical methods
to measure multiple effect biomarkers simultaneously were
not available. Moreover, selection of reliable biomarkers of
a disease is possible only when multiple biomarkers are ana-
lyzed simultaneously.

In this study, we developed a sensitive and selective ana-
lytical method for simultaneous determination of 16 effect
biomarkers—namely, 11 biomarkers that report levels of
oxidative stress, diY, 8-OHdG, 8-HG, 8-HdG, 8-PGF,,,
11-PGF,,, 15-PGF,, 8,15-PGF,,, MDA, 4-hydroxynonenal
glutathione (HNE-GHS), and 4-hydroxynonenal mercapturic
acid (HNE-MA); three for nitrative stress, NY, 8-NG, and
8-NdG; one each for eosinophil (BY) and neutrophil (CY)
activation. The determination of Alla and two biomarkers
of metabolic disorders (CML and CEL) was accomplished
using dilute and shoot (D&S) method to enable analysis of
19 biomarkers in urine using high-performance liquid chro-
matography—tandem mass spectrometry (HPLC-MS/MS).
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Fig. 1 Schematic representation
of the sources and pathways
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This methodology is suitable for application in large-scale
human biomonitoring studies.

Materials and methods
Standards and chemicals

HPLC-grade methanol, acetonitrile, water, and ethyl ace-
tate were purchased from Fisher Scientific (Pittsburgh,
PA, USA). Synthetic urine, 2,4-dinitrophenylhydrazine
(DNPH; >99% purity), 8-hydroxy-2'-deoxyguanosine
(8-OHdG; >98%), 3-chloro-L-tyrosine (CY; 97%), and
malondialdehyde tetrabutylammonium salt (MDA; 97%)
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
The analytical standards 4-hydroxynonenal glutathione
(trifluoroacetate salt) (HNE-GSH; >95%), 4-hydroxynon-
enal mercapturic acid (HNE-MA; >98%), 8-isoprosta-
glandin F,, (8-PGF,; >99%), 11-B-prostaglandin F,  (11-
PGF,,; >98%), 15-prostaglandin F,, (15-PGF,; > 98%),
8-iso-15-prostaglandin F,, (8,15-PGF,,; >98%), 8-hydrox-
yguanosine (8-HdG; >98%), 8-hydroxyguanine (hydro-
chloride) (8-HG; >90%), 8-nitroguanine (8-NG;>95%),
nitrotyrosine (NY;>98%), and 3-bromotyrosine (trifluoroac-
etate salt) (BY; >95%) and the internal standards 4-hydrox-
ynonenal mercapturic acid-d; (HNE-MA-d;;>99%),
4-hydroxynonenal glutathione-d; (trifluoroacetate
salt) (HNE-GSH-d;; >99%), 8-isoprostaglandin F,.-d,
(=99%), and 3-bromotyrosine-13C9,15 N (trifluoroacetate
salt) (BY—13C9,15 N; >98%) were purchased from Cay-
man Chemicals (Ann Arbor, MI, USA). Allantoin (Alla;
98%), 0,0'-dityrosine dihydrochloride (diY; 95%), N°-(1-
carboxyethyl)-L-lysine (CEL; 96%), N°-(1-carboxymethyl)-L-
lysine (CML; 97%), and 8-nitroguanosine (8-NdG; 96%) and
the internal standards allantoin-'>C,,'’N, (Alla-"*C,,""N,;
98%), and N°-(1-carboxymethyl)-L-lysine-d, (CML-d,; 96%)

were obtained from Toronto Research Chemicals (Guelph,
Ontario, Canada). 0,0'—Dityrosine—13C12 (diY—13C12; 99%),
3-nitro-L-tyrosine-13C, (NY-13Cy; > 94%), and 8-hydroxy-2'-
deoxyguanosine-!*N; (8-OHdG-'°N; 95%) were purchased
from Cambridge Isotope Laboratories (Tewksbury, MA,
USA). Malondialdehyde-1,3-d,-bis(diethyl acetal) (MDA-
d,; 98%) was from C/D/N Isotopes (Pointe-Claire, Quebec,
Canada).

A working standard mixture containing 1000 ng mL ™!
of each native compound was prepared in 50:50 (v/v)
methanol:water. An internal standard mixture at a con-
centration of 1000 ng mL™" was prepared from individual
stock solutions of HNE-MA-d;, HNE-GHS-d;, MDA-d,,
8-PGF2a-d,, BY-*C,,"° N, NG-1*C,,'° N, diY-3C,, NY-
3¢y, and 8-OHAG-'°Ny. Individual working standards con-
taining Alla-*C,,">N, and CML-d, were used for the deter-
mination of Alla and AGEs, respectively.

Analysis

The determination of urinary biomarkers of oxidative
and nitrative stress, as well as inflammation, was accom-
plished through solid-phase extraction (SPE) followed by
HPLC-MS/MS analysis as previously reported [31], with
modifications. An earlier method was validated in our lab-
oratory for seven OSBs, and the method here includes an
additional 9 OSB/NSB biomarkers, for a total of 16 OSB/
NSB/IB biomarkers. Separate methods were developed for
the analysis of Alla and AGEs.

Analysis of 16 urinary OSBs/NSBs/IBs
An aliquot of 0.5 mL urine was transferred into a poly-
propylene (PP) tube, and 10 pL of a solution containing

1000 ng mL~! of each internal standard, as well as 100
UL of 0.005 M DNPH (derivatization reagent) solution,
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Table 1 Sources and structures of urinary chemical biomarkers of health effects analyzed in this study

Type Biomarker Abbreviation Source Structure
Malondialdehyde MDA Oxidation of PUFA o oH
by ROS A
4-Hydroxynonenal- HNE-GHS  Oxidation of PUFA OH
glutathione by ROS generating Q 0 N
HNE that conjugates WQSVNL': COOH
with GHS /@g H
NH™ coom
4-Hydroxynonenal- HNE-MA  Metabolite of HNE- OH
SR o
mercapturic acid GHS WQS/\‘/COOH
N
W
0
8-Isoprostaglandin F,, 8-PGF,, Oxidation of HQ
arachidonic acid by m‘)“
ROS HO
OH
11-B-Prostaglandin F», 11-PGF,, Oxidation of HQ o
arachidonic acid by WOH
Oxidative ROS nd
stress OH
biomarkers  15(R)-Prostaglandin F,, 15-PGF,, Oxidation of
(OSBs) arachidonic acid by
ROS
8-1s0-15(R)-Prostaglandin F,, 8,15-PGF,, Oxidation of

arachidonic acid by
ROS

8-Hydroxy-2'-deoxyguanosine 8-OHdG Oxidation of DNA by o HN—( o OH
ROS N\ N\Q)
m OH
H,N
8-Hydroxyguanine 8-HG Oxidation of DNA by OH
ROS it N _ou
H,N" N H
8-Hydroxyguanosine 8-HdG géigation of RNA by N :<°H . ?H
o N-.
N
HO ©OH
H,N

was added. Samples were incubated at room temperature
(22 °C) for 30 min, and then, 1 mL of water was added
in preparation for SPE. ABS ElutNexus cartridges (60 mg,
3 mL) (Agilent, Santa Clara, CA, USA) were cleaned and
conditioned with 2 mL of methanol followed by 2 mL of
HPLC-grade water. The derivatized sample then was passed
through the cartridge and washed with 2 mL of 95:5 (v/v)
water:methanol. Cartridges were vacuum dried and eluted

@ Springer

with 1 mL methanol followed by 1 mL ethyl acetate, which
were collected in the same tube. Eluates were dried under
a gentle nitrogen stream at room temperature, reconsti-
tuted with 0.2 mL of 8:2 (v/v) water:methanol, and centri-
fuged, and finally, 20 pL of the sample was injected into the
HPLC-MS/MS instrument.

The MS was operated in both positive and negative ioni-
zation modes, and compound-specific MS/MS parameters
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Table 1 (continued)
Type Biomarker Abbreviation Source Structure
Allantoin Alla Oxidation of uric acid HowH
Oﬁ/ N?]/NHZ
L HN é
Oxidative o
:)til;)elflszirkers 0,0'-Dityrosine diy Oxidation of proteins OH HO
by ROS
(OSBs) Y )
HoN _NH,
HoOC COOoH
8-Nitroguanosine 8-NdG Oxidation of RNA by o
RNS N
0N | )N\H
HO o N"N NH,
Nitrative HO oH
stress 8-Nitroguanine 8-NG Oxidation of DNA by o 4
biomarkers RNS HN N
NO
(NSBs) HN N L/ Ne:
Nitrotyrosine NY Oxidation of proteins COOH
by RNS
NO,
Eosinophilia ~ Bromotyrosine BY Modification of COOH
biomarker tyrosine after mz
(EB) activation by HO Br
eosinophils
Neutrophilia ~ Chlorotyrosine CY Modification of COOH
biomarker tyrosine after HO mz
(NB) activation by i
neutrophils
. CML ,
Né-(1-Carboxymethyl)-L-lysine Glyoxal reaction NH,
Advanced with lysine HO Ny O
glycation o H °
end-products . CEL
( AGE 9) Ne-(1-Carboxyethyl)-L-lysine Methylglyoxal NH,
reaction with lysine HOWﬁNWOH
O H o

ROS, reactive oxygen species; RNS, reactive nitrogen species; PUFA, polyunsaturated fatty acids

were optimized by infusion of individual standard solu-
tions (Table 2). The most abundant MS/MS transition was
selected as quantitative, and the second most abundant was
selected as the qualitative ion, especially for those com-
pounds that did not have corresponding labeled internal
standard (and therefore required a confirmation ion). An
Agilent 1260 HPLC instrument (Agilent, Santa Clara, CA,
USA), connected with an Eclipse Plus C18 (particle size
3.5 pm; 4.6 X 100 mm) column (Agilent, Santa Clara, CA,
USA) and a Betasil C18 guard column (particle size 5 um;

4.6 X 10 mm), and interfaced with an ABSCIEX triple quad-
rupole 5500 MS (Sciex, Framingham, MA, USA), with a
Turbo V ionization source was used in the analysis. Elec-
trospray positive ionization conditions were set as follows:
curtain gas (CUR) 50 psi, collision-activated dissociation
gas (CAD) 10 psi, temperature 450 °C, nebulizer gas (GS1)
50 psi, and turbo ion spray voltage (IS) 4500 V. For the
duration of the negative ionization, temperature was set at
500 °C and turbo ion spray voltage was set at —4500 V. Lig-
uid chromatographic separation was accomplished at room
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Table 2 Optimized HPLC-MS/MS parameters for the analysis of 19 biomarkers and corresponding internal standards determined in urine in
this study

Biomarker MW RT (min) Mode MRM transition (m/z) DP (V) EP (V) CE (V) CXP (V)

MDA-DNPH 234 11.6 + 235>159 30 8 30 3
235> 189*

D,-MDA-DNPH 236 11.6 + 237> 161 30 8 30 3

HNE-GHS 463 8.9+9.1+9.4 + 464>308 25 10 18 12
464 > 446

D;-HNE-GHS 466 89+9.1+9.4 + 467>308 25 10 18 12

HNE-MA 319 12.4 - 318>171 —-80 —-10 -27 -12
318> 189"

D;-HNE-MA 322 12.4 - 321>174 —-80 -10 -27 -12

8-PGF,, 354 15.8 - 353>193 —40 -8 -30 -12
353>247%

11-PGF,, 354 16.0 - 353>193 —40 -8 -30 —12
353> 2472

15-PGF,, 354 16.2 - 353>193 —40 -8 -30 -12
353>247%

8,15-PGF,, 354 15.6 - 353>193 —40 -8 -30 -12
353>247%

D,-8-PGF,, 358 15.8 - 357>197 —40 -8 -30 -12

8-OHdG 283 6.2 + 284> 168 25 3 18 4
284> 140*

15N;-8-OHdG 288 6.2 + 289> 173 25 3 18 4

8-HG 167 6.2 + 168> 140 25 10 21 12
168>112°

8-HdG 299 5.9 + 300> 168 25 10 21 12
300> 140?

diy 360 5.5 + 361>315 35 10 22 12
361> 283"

B¢, ,-diY 372 5.5 + 373>327 35 10 22 12

8-NG 196 6.3 + 197> 151 21 10 10 12
197> 179*

8-NdG 328 6.6 + 329> 151 20 10 40 12
329> 1972

NY 226 6.7 + 227> 117 25 10 20 12
227> 1812

BCe-NY 232 6.7 + 233> 122 25 10 18 12

BY 259 6.5 + 260> 243 25 10 15 12
260>214%

13¢,,15 N-BY 269 6.5 + 270>252 30 10 16 12

CY 215 6.2 + 216>199 25 10 14 12
216> 170

Alla 158 42 + 159> 116 30 3 10 3
159> 99°

B¢, PN,-Alla 164 4.2 + 165> 120 30 3 10 3

CEL 218 4.1 + 219> 84 30 7 25 12
219> 130?

CML 204 4.0 + 205> 84 40 7 20 12
205> 130?

D,-CML 208 4.0 + 209> 88 35 7 25 12

2Confirmation ion transition

DP, declustering potential; EP, entrance potential; CE, collision energy; CXP, exit potential; MW, molecular weight; RT, retention time
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temperature. The mobile phase consisted of 0.1% acetic acid
in water (phase A) and 8:2 (v/v) methanol:acetonitrile con-
taining 0.1% acetic acid (phase B). The flow was initially
set at 100% A at 500 pL min~, held for 2 min, and then
decreased to 50% A over the next 3 min, to 35% A over
6 min, to 30% A for 9 min, and to 0% over the final 1 min.
The flow was then continued with 100% B (0% A) for 6 min.
The gradient composition was then reverted to the original
100% A for the last 9 min to equilibrate the column, for a
total run time of 36 min.

Method validation

The linearity, sensitivity, matrix effect, accuracy, and pre-
cision of the analytical method were assessed. The linear
regression parameters were obtained from the analysis of
urine spiked at concentrations near the expected limits of
detection and quantification for the calculation of method
limit of detection (mLOD) and method limit of quantifica-
tion (mLOQ) for each biomarker. mLOD and mLOQ were
calculated as 3 and 10 times of the S,/a respectively (S,
intercept standard deviation, a: slope).

Method validation was accomplished through the analy-
sis of synthetic urine and a pool of real urine, each forti-
fied with standard analytes at three different concentrations
(low, A; medium, B; high, C) and analyzed in triplicate for
3 days for the determination of precision and accuracy. The

fortified concentrations of analytes for method validation
were set based on the mLOD and expected concentrations
in urine. For 8-PGF,,, 11-PGF,,, 15-PGF,,, 8,15-PGF,,,
8-OHdG, and 8-NdG, the low (A), medium (B), and high
(C) fortification levels were 0.1, 1.0, and 10.0 ng mL~!,
respectively. For 8-HG, 8-HdG, diY, 8§-NG, NY, BY, CY,
MDA and HNE-GHS, the fortification levels were A,
0.5 ng mL~!; B, 5.0 ng mL~!; and C, 10.0 ng mL~!; and
those for HNE-MA were A, 5.0 ng mL~L B, 10.0 ng mL~L
and C, 50.0 ng mL~". The analysis of variance (ANOVA)
of the data obtained from three replicate samples analyzed
over 3 different days was used to calculate intra-day and
inter-day precision (RSD, %) at the three levels. Accu-
racy was calculated in terms to recovery (%) at the low-
medium-high fortification levels. The method validation
for linearity (coefficient of determination, Rz), sensitivity
(mLOD and mLOQ), precision (intra-day and inter-day
RSD, %), and accuracy (% recovery) at the three fortifica-
tion levels (A, B, and C) is shown in Table 3.

Determination of allantoin and creatinine

Due to the high polarity of Alla and Cr, and their high
concentrations relative to those of other target analytes in
urine, these two biomarkers were determined by following
a method described earlier [22].

Table 3 Precis}c}ni Biomarker Intra-day Inter-day Recovery (%) mLOD mLOQ R?

accuracy, sensitivity, gnd repeatability repeatability (ngmL™Y) (ngmL™h)

linearity of the analytical (%, RSD) (%, RSD)

method assessed at three

different concentrations (A, A B C A B C A B C

low; B, medium; C, high; see

text for actual concentrations) MDA-DNPH 11 6 1 15 11 3 91 102 115 0.08 0.27 0.9992

in the determination of urine HNE-GHS 9 6 5 7 6 5 101 115 113 0.03 0.11 0.9998

biomarkers of oxidative stress, HNE-MA 6 7 4 7 4 4 105 105 102 036 1.20 0.9998

nitrative stress, metabolic

disorders, and inflammation 8-PGF,, 7 8 2 9 9 5 94 96 94 0.013 0.04 0.9998
11-PGF,, 13 3 6 5 5 5 119 116 117 0.014 0.05 0.9998
15-PGF,, 7 6 9 6 10 14 109 111 110 0.013 0.04 0.9998
8,15-PGF,, 6 8 9 4 3 89 91 100 0.013 0.05 0.9998
8-OHdG 6 4 6 2 3 103 110 107 0.023 0.08 0.9998
8-HG 8 9 7 6 5 104 106 95 0.03 0.11 0.9994
8-HdG 3 9 1 4 10 10 100 100 90 0.04 0.12 0.9994
diY 8 10 9 6 8 11 114 114 102 0.06 0.20 0.9992
8-NG 1 7 6 9 14 5 38 95 88 0.05 0.18 0.9998
8-NdG 9 12 8 3 5 14 92 109 107 0.03 0.09 0.9994
NY 6 4 12 11 4 98 91 82 0.05 0.15 0.9998
BY 10 7 7 12 9 11 89 109 99 0.06 0.19 0.9998
CY 8 10 6 7 10 8 94 106 110 0.09 0.30 0.9992
CML 3 7 3 7 7 9 97 94 91 0.13 043 0.9998
CEL 3 4 14 14 12 93 91 90 0.18 0.59 0.9996
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Determination of AGEs in urine

CML and CEL were analyzed using a D&S method.
Urine samples were diluted at 1:100 with HPLC-
grade water; 10 pL of an internal standard, CML-d,
(1000 ng mL_l), was added, and the samples were
injected on the HPLC-MS/MS instrument. The MS
parameters were optimized as described above. A
Luna C18 (3 um, 4.6 X 100 mm; Phenomenex, Tor-
rance, CA, USA) column connected to a Betasil C18
guard column (5 pm; 4.6 X 10 mm) was used for chro-
matographic separation. The mobile-phase gradient
flow consisted of 100% A (0.1% acetic acid in water)
held for 4 min, increased to 100% B (0.1% acetic acid
in methanol) over 1 min and held for 2 min (for col-
umn cleaning), and then returned to the initial 100% A
over 1 min and held for 4 min (for column stabiliza-
tion). The mobile-phase flow was set at 350 uL min~!.
Total analysis time was 12 min, and the MS data were
acquired from 2 to 6 min after the start of flow.

Instrument parameters and select chromatograms
of target analytes are shown in Table 2 and Fig. 2,
respectively. Method validation for CML and CEL
was performed by fortifying synthetic and real urine
samples with standard analytes at three different con-
centrations and classifying their concentrations as low,
1 ng mL~"; medium, 10 ng mL~"; or high, 50 ng mL~".
The results for precision, sensitivity, and accuracy of
the method are presented in Table 3.

Urine samples

For method development and validation, a pool of real
urine from 10 volunteers (50% males and 50% females)
was used. Urine samples collected from healthy volunteers
in Albany, NY, USA, in 2018 (n=20, 10 males and 10
females; ages 11-56 years) were analyzed according to the
method developed, to demonstrate its feasibility. Urine
samples were kept at — 80 °C until analysis. Approval of
the Institutional Review Board of New York State Depart-
ment of Health was obtained for the analysis of targeted
biomarkers in urine.

Results and discussion

Methods to analyze effect biomarkers in human specimens
have thus far been focused on assessing a single class of
chemicals, with similar physicochemical properties, at a
time. Recently, however, we reported the simultaneous anal-
ysis of seven urinary biomarkers of the oxidation of lipids,
proteins, DNA, and uric acid and highlighted the feasibility
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and utility of monitoring multiple biomarkers of health
effects so as to elucidate adverse outcome pathways[25].
In the current study, we augmented that method to include
biomarkers of nitrative stress, eosinophilia, neutrophilia, and
metabolic disorders to help describe interactions between
these effect biomarkers in disease pathogenesis.

From analytical point of view, and in regard to structural
similarities of the target compounds, the 19 biomarkers can
be grouped as (i) modified tyrosines: diY, CY, BY, and NY;
(i) DNA/RNA lesion products: 8-OHdG, 8-HG, 8-HdG,
8-NG, and 8-NdG; (iii) aldehyde derivatives: MDA, HNE-
GHS, and HNE-MA; (iv) prostaglandin isomers: 8-PGF,,,
11-PGF,,, 15-PGF,,, and 8,15-PGF,; and (v) highly polar
AGE biomarkers: CML, CEL, and Alla.

Method performance

The sensitivity, accuracy, and precision of the method were
determined through the analysis of synthetic and pooled
urine samples fortified with target chemicals at three dif-
ferent concentrations (see the “Materials and methods”
section for details). An optimal precision and accuracy
were demonstrated for all biomarkers (Table 3). The
intra-day RSD of the method was < 13% and the inter-day
RSD was < 15% for all of the target analytes. Recoveries
of target analytes spiked into urine matrices ranged from
91% for 8,15-PGF,,, NY, and CEL to 116% for 11-PGF,,.
The sensitivity of the method, expressed as mLOD and
mLOQ, is acceptable based on the expected concentra-
tions of the target analytes in urine. The mLODs ranged

a)
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1.50E+06
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=
"
c
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14 15
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13 / 16
gl
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15 17
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Fig.2 HPLC-MS/MS chromatograms of biomarkers of health effects
analyzed in the study (analytical standards injected at 10 ng mL™;
injection volume 20 pL). Shown are TIC (a) and XIC (b) val-
ues of 16 urinary biomarkers of health effects: (1) diY and '*C,,-
diY, (2) 8-HdG, (3) 8-OHAG and '’Ns-8-OHdG, (4) 8-HG, (5) CY,
(6) 8-NG, (7) BY and *Cy-'3 N-BY, (8) 8-NdG, (9) NY and *C,-
NY, (10) HNE-GHS, (11) MDA and D,-MDA, (12) HNE-MA and
D;-HNE-MA, (13) 8,15-PGF,,, (14) 8-PGF,, and D,-8-PGF,,,
(15) 11-PGF,,, and (16) 15-PGF,,. XIC for AGEs (17) CML and
D,-CML, (18) CEL (c) and (19) Alla and *C,'N,-Alla (d)
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for HNE-MA (Table 3).

No significant matrix effects were observed when slopes
of calibration graphs were constructed using synthetic
urine and real urine samples (a=0.05) matched against

the standards prepared in solvent.
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Application of the method

We applied the method to analyze urine samples col-
lected from 20 healthy volunteers (10 male, 10 female)
from the Albany area of New York State. Of the 19 bio-

markers assayed, we detected 8 in 100% of the samples:
MDA, HNE-MA, 8-OHdG, 8-HdG, Alla, diY, CML, and
CEL. 8-HG (95%), 8-PGF,, (90%), and 11-PGF,, and
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8,15-PGF,, (80%) were frequently detected. Other OSB
biomarkers were found in <75% of samples. The modi-
fied tyrosine NY was found in 90% of samples, whereas
8-NG and 8-NdG were found in 55% and 45% of samples,
respectively. Inflammation biomarkers (CY and BY) were
found in 90-95% of samples. The metabolic disorder bio-
markers CML and CEL were found in all urine samples
(Fig. 3).

The concentrations of Alla were significantly higher
[22] (6300 pmol mol Cr™!) than those of other OSBs.
MDA and HNE-MA showed median concentrations of 11.9
and 5.5 pmol mol Cr™!, respectively. Whereas HNE-GHS
was found only at trace levels (median below LOQ), its
metabolite HNE-MA occurred at concentrations of up to
128 ng mL~". The two biomarkers of nucleic acid oxidation,
8-NG and 8-NdG, were found at similar median concentra-
tions (0.35 pmol mol Cr™1), while NY was found at a median
concentration of 0.14 pmol mol Cr~!. BY and CY levels
were similar (0.27 and 0.20 pmol mol Cr™'), whereas the
concentrations of AGEs ranged from 2.33 pmol mol Cr~!
for CEL to 4.35 pmol mol Cr~! for CML (Table 4).

The concentrations and profiles of individual health-effect
biomarkers may be used to elucidate the health status of
individuals (Fig. 3). Notably, the distribution pattern of the
19 biomarkers we tested was quite varied among 20 healthy
individuals. Further studies should focus on establishing
baseline levels and profiles for these biomarkers in a healthy
population and assessing what factors affect their concentra-
tions in urine.

Significance of effect biomarkers in disease
conditions

Biomarkers of protein damage: diY, NY, CY, and BY

Oxidative stress, nitrative stress, neutrophilia, and eosino-
philia can all damage proteins and generate modified tyros-
ines, namely diY, NY, CY, and BY, respectively. These four
compounds have been measured individually using immuno-
assays and gas chromatography (GC)/LC-MS methods [17,
28, 32]. For example, all four have been previously assessed
in diabetic patients [17] and asthmatic individuals [28], and
NY, CY, and BY have been measured in urine from preg-
nant woman to elucidate their association with exposure to
estrogenic chemicals [13]. Urinary NY concentrations are
associated with BPA exposure [16] (Table 5).

DNA and RNA lesion products
Oxidized species of the nucleoside guanosine include
8-OHdG, 8-HG, and 8-NG, which are biomarkers of DNA

damage, as well as 8-HdG and 8-NdG, biomarkers of
RNA damage. 8-OHdG is the OSB commonly measured
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Fig.3 Abundance of OSBs, NSBs, IBs, and AGEs measured in male
(solid blue, n=10) and female (orange pattern, n=10) urine samples
analyzed using the method developed in this study. (A) Oxidative
stress biomarkers; (B) nitrative stress biomarkers; (C) inflammation
biomarkers; and (D) metabolic disorder biomarkers (AGEs). Levels
are expressed in pmol mol Cr~! except those for Alla (denoted *),
which are expressed in mmol mol Cr™!

in environmental health investigations. Studies have linked
exposure to phthalates [14, 33-35], BPA [15, 16], organo-
phosphate esters (OPEs) [36], or pesticides [37, 38] with
elevated urinary 8-OHdG. Simultaneous determination of
8-OHdG and 8-NG has been used to assess link between
oxidative and/or nitrative damage and exposures to per- and
polyfluoroalkyl substances [12], phthalates [14], or BPA
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Table 4 Urinary concentrations of 19 biomarkers of oxidative stress, nitrative stress, eosinophilia, neutrophilia, and metabolic disorders in
healthy individuals (N=20, 10 males, 10 females)

DF, % Volumetric concentrations, ng mL~! Adjusted concentrations, pmol mol Cr!
Maximum Median Minimum Maximum Median Minimum
MDA 100 84.3 11.9 1.46 31.6 11.9 3.27
HNE-GHS 75 0.30 <LOQ (0.08) <LOD 0.053 0.013 <LOD
HNE-MA 100 128 21.8 2.85 38.6 5.50 0.48
8-PGF,, 90 1.95 0.12 <LOD 0.11 0.028 <LOD
11-PGF,, 80 1.75 0.31 <LOD 0.33 0.064 <LOD
15-PGF,, 55 2.56 0.17 <LOD 0.18 0.042 <LOD
8,15-PGF,, 80 2.75 0.14 <LOD 0.78a 0.040 <LOD
8-OHdG 100 14.2 3.44 0.95 1.70 0.90 0.27
8-HG 95 24.7 2.63 <LOD 3.80 1.39 <LOD
8-HdG 100 48.9 6.35 1.29 3.39 1.87 0.49
Alla 100 86200 14100 2030 20200 6300 940
diy 100 8.55 2.44 0.40 1.20 0.38 0.13
8-NG 55 5.86 0.80 <LOD 1.32 0.35 <LOD
8-NdG 45 12.1 1.46 <LOD 1.26 0.34 <LOD
NY 90 28.1 0.36 <LOD 0.89 0.14 <LOD
BY 90 23.0 0.51 <LOD 2.32 0.27 <LOD
CY 95 22.3 0.50 <LOD 1.50 0.20 <LOD
CML 100 41.3 12.9 1.40 10.4 4.35 1.44
CEL 100 19.9 8.9 1.48 6.05 2.33 0.85

Table 5 Published studies reporting a link between environmental chemical exposures, oxidative/nitrative stress, inflammation, and adverse

health outcomes

Exposure Biomarkers Health outcome Ref
Endocrine-disrupting chemicals ONS +1B: NY, diY, CY Birth outcomes [13]
Phthalates OS: 8-OHdG, HNE-MA and 8-PGF,, Thyroid function [33]
Phthalates ONS: 8-OHdG, 8-NG and MDA Thyroid function [14]
Phthalates 0OS: diY, MDA, 8-OHdG, 4 PGF,, isomers Diabetes [40]
Phthalates OS: 8-OHdG and 8-PGF,,, Birth outcomes [44]
Phthalates and alternatives OS: 8-PGF,, /prostaglandin F,, Inflammation [35]
BDE-153 ONS: MDA, and NO Neurotoxicity [41]
Perfluoroalkyl substances ONS: 8-OHdG and 8-NG Lipid profiles [12]
OPFRs 0OS: 8-OHdG, 4-HNE, HEL [48]
Pesticides OS: diY, MDA, 8-OHdG, 4 PGF,, isomers [37]
Neonicotinoids OS: diY, MDA, 8-OHdG, 4 PGF,, isomers [38]
Nonylphenol and BPA ONS: 8-OHdG, HNE-MA, 8-PGF, , 8-NG Fetal reproductive indices [15]
BPA ONS +1B: NY, diY, CY Developmental exposure effects [16]
BPA, BPS, BPF OS: 8-OHdG, HNE-MA, 8-PGF,,, [43]

HEL, hexanoyllysine; NO, nitric oxide; OS, oxidative stress; ONS, oxidative and nitrative stress

[15]. Oxidized serum guanine (e.g., 8-OHdG, 8-HG, 8§-HdG)
has been associated with COVID-19 mortality [39], and ele-
vated serum levels of 8-HG, 8-HdG, or 8-NdG have been
linked to mortality associated with traumatic brain injury

[18].

Aldehyde derivatives: MDA, HNE-GHS, and HNE-MA

The oxidation of lipids results in the formation of an array of
biomolecules that are excreted in urine. Oxidation of polyun-
saturated acids (PUFA) generates aldehydes, such as MDA
and 4-hydroxynonenal (4-HNE). Because aldehydes are
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highly reactive, their direct determination in urine is chal-
lenging. The most commonly used method to detect MDA is
the thiobarbituric acid (TBA) assay, but this is known to lack
selectivity. Accurate and selective determination of urinary
MDA has been successfully accomplished through its deri-
vatization with DNPH followed by HPLC-MS/MS analysis
of the stable product, MDA-DNPH. Urinary MDA concen-
trations have been associated with phthalate exposures and
with thyroid dysfunction [14] and diabetes [40]. Similarly,
MDA levels have been positively correlated with exposure
to brominated diphenyl ethers [41] or organophosphate pes-
ticides and neonicotinoid insecticides [37, 38].

4-HNE forms an adduct with the antioxidant glutathione,
producing 4-HNE-GHS [19, 42], which in turn is metabo-
lized and excreted as 4-HNE-MA conjugate in urine. Studies
have associated 4-HNE-MA with thyroid dysfunction and
phthalate exposure [33] and with adverse fetal outcomes and
bisphenol exposure [15, 43]. No studies have reported the
simultaneous analysis of both HNE derivatives, along with
MDA, and this study is the first to report the concurrent
measurement of these biomarkers.

Prostaglandin isomers: 8-PGF,,, 11-PGF,,, 15-PGF,,,
and 8,15-PGF,,

The oxidation of arachidonic acid by ROS yields
F,-isoprostanes, which comprise 64 different isomers.
The reported method focused on the determination of four
bioactive forms of F,-isoprostanes: 8-PGF,,, 11-PGF,,,
15-PGF,,, and 8,15-PGF,,. 8-PGF,, is the prostaglandin
most frequently analyzed in studies relating thyroid dysfunc-
tion [33], birth outcomes [44], and inflammation [35]. The
four isomers were simultaneously determined in a case—con-
trol study linking diabetes and phthalate exposure, showing
that 8-PGF,, was positively correlated with urinary phtha-
late metabolites and high odd ratios for diabetes and two
prostaglandin isomers, 8-PGF,, and 15-PGF,, [34].

Highly polar AGE biomarkers: CML, CEL, and Alla

AGE:s such as CML, CEL, and Alla are highly polar mol-
ecules (with XLogP3 values —2.2,—5.2, and — 5.3, respec-
tively) and are typically present at measurable concentra-
tions in urine. Therefore, the identification and quantification
of AGEs and Alla could be accomplished by a simple D&S
method with optimized LC-MS/MS parameters. Notably,
Alla is produced by the reaction of uric acid, an important
antioxidant, with ROS. It has been reported that Alla con-
centrations do not correlate with those of uric acid, but are
positively correlated with the concentrations of other OSBs
[22]. Nevertheless, very few studies have reported urinary
concentrations of Alla in relation to adverse health effects.
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AGE:s are linked to metabolic disorders and oxidative
stress [20, 45, 46] and are generated under high glucose
concentrations (hyperglycemia) via a nonenzymatic glyca-
tion pathway (Maillard reaction). During glycation, glucose
binds with proteins, making cells stiffer, less pliable, and
subject to premature aging. Glycation can be accelerated
by heat or oxidative stress. AGEs such as CML have been
used as biomarkers of chronic diseases, such as diabetes,
atherosclerosis, and renal failure. Although CML can be pre-
sent in diet, those levels are negligible compared with the
magnitude of endogenous formation [47]. CML is formed
when glyoxal (formed from oxidation of lipids and sugars)
reacts with lysine. Similarly, methylglyoxal produces CEL,
which can interact with AGE receptors (RAGEs) and disrupt
cellular signaling [46]. Significant relationships between
AGEs and diabetes, aging, cardiovascular and neurological
diseases, and cancer have been documented in the literature
[45, 47]. To the best of our knowledge, however, little is
known about any association between exposure to organic
contaminants and AGE formation.

Conclusions

Here, we describe a method for the simultaneous analysis
of 16 biomarkers of oxidative stress, nitrative stress, and
inflammation; in addition, two metabolic disorder biomark-
ers and alla were measured in urine for a total of 19 effect
biomarkers analyzed. The capability to analyze multiple
biomarkers of health effects simultaneously that we dem-
onstrated here could help elucidate the biological pathways
underlying various types of pathogenesis. Also noteworthy
is that when we used this method to analyze urine from 20
healthy individuals, we detected all 19 of these biomarkers
of concern in some or all of those individuals.
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