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Rapid LC-MS/MS assay for the evaluation of hydroxylradical
generation and oxidative stress inductiomn vivo in rats

Tehnica rapida LC-MS/MS pentru evaluarea genedrii de radicali hydroxyl
si a stresului oxidativ indusin vivo la sobolani

Daniela-Saveta Popd, Laurian Vlase?, Daciana Chirila®, Felicia Loghin'

1. Department of Toxicology - Faculty of Pharmacy,
2. Department of Pharmaceutical Technology and Bammacy - Faculty of Pharmacy,
3. Department of Surgery V — Faculty of Medicine

Abstract

A new high-throughput liquid chromatography couplath mass spectrometry (LC-MS/MS) method for
the quantification of 2,3-dihydroxybenzoic acid3(HBA) and 2,5- dihydroxybenzoic acid (2,5-DHBA)at
plasma was developed and validated. The separates performed on a Luna HILIC column under isocrati
conditions using a 94:6 (v/v) mixture of acetotétrand 50 mM ammonium acetate in water (pH 4,5)5C
with a flow rate of 0.5 mL/min. The detection wasf@grmed in MRM mode using an ion trap mass spectter
with electrospray negative ionization. The ion s#ion monitored was m/z 153 m/z (109) for both analytes.
The rat plasma samples were precipitated usingaaiteile and aliquots from supernatants obtaineteatent-
rifugation were directly injected into the chromgtaphic system. The method showed a good lineérity
0.998), precision and accuracy (< 9.1%) over th@a@ntration ranges of 20 - 2420 ng/mL for both gtes.
The recoveries were between 85.7% — 103.0%. Theoohét not expensive, it needs a minimal time fasrmpa
sample preparation and has a run-time of 4 minifistrument analysis (retention times were of 1.5 far 2,3-
DHBA, and of 2.0 min for 2,5-DHBA, respectivelyheTdeveloped and validated LC-MS/MS method is very
simple and more time-saving compared to other aimglblished methods. It was used in a toxicoldgissay
for the study of the in vivo hydroxyl radical geaéon in rat after exposure to some xenobiotics ardlative
stress generation.
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Rezumat

S-a elaboragi s-a validat o notd metod de cromatografie de lichide de Tnajperformang cuplat: cu
spectrometria de magLC-MS/MS) pentru cuantificarea acidului 2,3-difadibenzoic (2,3-DHBAji a acidului
2,5-dihidroxibenzoic (2,5-DHBA) in plasma g#olan. Separarea s-a realizat pe o coldamuna HILIC Tn con-
disii izocratice folosind un amestec de acetoniiribcetat de amoniu 50 mM in @ppH 4,5 (94:6, v/v) la 15°C
cu un debit de 0,5 mL/min. Detiacs-a realizat in modul MRM folosind un spectrometu trapz ionica, cu io-
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nizare electrospray negativS-a monitorizat tranga ionilor m/z 153— m/z (109) pentru ambii anali Plasma
de sobolan s-a deproteinizat folosind acetonitiils-au injectat direct in cromatograf alicote dinpernatantul
olrinut dupi centrifugare. Metoda a prezentat linearitate bun> 0.998), preciziei acuratge (< 9.1%) pe do-
meniile de concentra 20 - 2420 ng/mL pentru ambii analiRegisirile au avut valori cuprinse intre 85.7% —
103.0%. Metoda nu este costisitoare, negasit timp minim pentru prelucrarea probelor de plasgntimpul de
analizz este de 4 min pentru analiza instrumedatédimpi de reterie de 1.5 min pentru 2,3-DHB# de 2.0 min
pentru 2,5-DHBA). Metoda LC-MS/MS elabarat validatz este foarte simplsi mult mai rapidi decét alte me-
tode similare publicate. S-a aplicat cu succes-imtrstudiu toxicologic de formare a radicalilor Ingkil in vivo

la sobolan dug expunere la anumite xenobiotigede generare a stresului oxidativ.

Cuvinte cheie: acid 2,5-dihidroxibenzoic, radical hidroxil, LC-M@85, stress oxidativ, plaghalesobolan

Introduction

At present, it is well known that oxidat-
ive stress is involved in the pathophysiology of
several diseases including cancer (1), diabetes,
cardiovascular (2), renal (3) and neuronal degen-
eration diseases (4), but also in the physiological
aging process (5). Moreover, the toxicological
effects induced by some drugs, such as cocaine,
alcohol (6), fluoroquinolones (7), can be ex-
plained by oxidative stress generation.

Free radicals are generally very react-
ive molecules, continuously produced in cells
as by-products of metabolism or by leakage
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Figure 1. Oxidative and enzymatic pathways of salidic
acid in vitro in the presence of hydroxyl radicald11]

from mitochondrial respiration. They can at-
tack biomolecules. Cell death and tissue injury
can appear when their formation exceeds the
antioxidant defense systems of the organism.
Because of the short lifetime of these species,
the direct detection of free radicals in biologic-
al systems is extremely difficult and requires
sensitive technology (8).

The hydroxyl radical (-OH) is the most
reactive and toxic entity among reactive oxygen
species. It has a high reactivity, a very shaet lif
time and it is present in vivo in extremely low eon
centrations. Spin resonance spectroscopy (ESR)
was used for the detecting of hydroxyl radical
formation but it has low sensitivity and cannot be
employed in quantitative measurements (9). Sever-
al methods used scavengers to trap the hydroxyl
radicals in vivo, followed by the determination of
reaction products as biomarkers. Endogenous
compounds, such as glutathione, vitamin C, vitam-
in E, or some xenabiotics, such as aromatic com-
pounds including benzoate or salicylate, that pro-
duce stable hydroxylation products, were used as
hydroxyl radical trap (8, 9).

Salicylic acid (SA) is metabolized to
salicyluric acid, gentisic acid, phenolic and
acyl glucuronides (10). In humans, 60% of the
SA remains unchanged and can trap free hy-
droxyl radicals. 2,3-DHBA is a metabolite of
SA formed only when hydroxyl radicals are
present. Grootveld et al. (1986) identified
three reaction products after in vitro exposure
of salicylic acid to hydroxyl radicals: catechol
(11%), 2,3-DHBA (49%) and 2,5-DHBA
(40%) (Figure 1 (11). In vivo, the formation
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of 2,5-DHBA also occurs following an en-
zymatic pathway catalyzed by cytochrome
P450 monooxygenases, while 2,3-DHBA is
produced by a nonenzymatic reaction (12).
Thus, 2,3-DHBA is analysed as a biomarker of
in vivo hydroxyl radical production (13, 14).

Several methods such as gas chroma-
tography (15, 16), high-performance li-
quid-chromatography (HPLC) with fluores-
cence (17), electrochemical (EChD) (10, 12,
16, 18) or mass spectrometry detection (19)
and capillary electrophoresis (CE) (13) have
been reported to determine levels of 2,3-
DHBA in biological samples. GC analysis re-
quires an isolation-step and derivatization
(16). This sample pretreatment renders the
analysis longer and more expensive. The clas-
sical HPLC methods also require isolation of
analytes prior to instrumental analysis, per-
formed generally by liquid-liquid extraction
(10, 12, 16) or solid phase extraction (19), a
time-consuming step that increases the cost of
the assay and can influence the recovery.

Liguid chromatography coupled with
tandem mass spectrometry (LC-MS/MS) of-
fers considerable advantages through its
powerful performances: speed, selectivity,
sensitivity and robustness. Sample preparation
is simpler and more rapid and often includes
precipitation of proteins (PP) and/or extraction
before chromatographic analysis. The aim of
this paper was to develop and validate a new
simple and efficient high throughput LC-
MS/MS assay for the simultaneous quantifica-
tion of 2,3-DHBA and 2,5-DHBA in rat
plasma, which could be applied in toxicologic-
al studies of stress oxidative generation.

Material and methods

Reagents and materials

Standard references of 2,3-dihydroxy-
benzoic acid (2,3-DHBA) and 2,5- dihydroxy-
benzoic acid (2,5-DHBA) were purchased from
Fluka (Buchs, Switzerland). All chemicals were
of analytical-reagent grade. HPLC-grade acet-

onitrile, HPLC-grade methanol and ammonium
acetate were purchased from Merck (Darmstadt,
Germany). Bidistilled, deionised pro injectiones
water was purchased from Infusion Solution
Laboratory of University of Medicine and Phar-
macy Cluj-Napoca, Romania. The rat blank
plasma was supplied from Wistar female rats
(with a body weight of 1549 + 20g) by the Prac-
tical Skills and Experimental Medicine Centre of
University of Medicine and Pharmacy luliu
Hatieganu Cluj-Napoca, Romania.

Apparatus

The following equipment was used:
204 Sigma Centrifuge (Osterode am Harz, Ger-
many); Analytical Plus and Precision Standard
Balance (Mettler-Toledo, Switzerland); Vortex
Genie 2 mixer (Scientific Industrielew York,
USA); Ultrasonic bath Elma Transsonic 700/H
(Singen, Germany). The HPLC system used
was an 1100 series Agilent Technologies model
(Darmstadt, Germany) consisting of a G1312A
binary pump, an in-line G1379A degasser, an
G1329A autosampler, a G1316A column ther-
mostat and an Agilent lon Trap Detector 1100
SL (Darmstadt, Germany).

Chromatographic and spectrometric
conditions

Chromatographic separation was per-
formed on a Luna HILIC (100 x 2.0 mm4in)
column (Phenomenex Inc., USA) under isocratic
conditions, using a mobile phase of a 94:6 (v/v)
mixture of acetonitrile and 50 mM ammonium
acetate in water (pH 4.5) at 15°C with a flow rate
of 0.5 mL/min. Chromatograms were processed
using Quant Analysis software (Agilent Techno-
logies). The detection was performed in multiple
reaction monitoring (MRM) mode using an ion
trap mass spectrometer equipped with an elec-
trospray ionization ion source (ESI), in negative
mode: dry gas nitrogen at 12 L/min, dry gas
temperature 350°C, nebulizer 60 psi (nitrogen),
capillary 3500 V. Helium was used as collision
gas and the collision potential was 1.1 V. The ion
transition monitored was m/z 153 m/z (109)
for both analytes.
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Standard solutions

Stock solutions of 2,3-DHBA (1.008
mg/mL) and 2,5-DHBA (1.010 mg/mL) were
prepared by dissolving appropriate quantities
in methanol. Two working solutions (20.16
pg/mL and 2016 ng/mL for 2,3-DHBA, and
20.20pg/mL and 2020 ng/mL for 2,5-DHBA,
respectively) were prepared by appropriate di-
lutions in drug-free rat plasma. These solu-
tions were used to prepare plasma standards
with the concentrations of 20.16, 40.32, 80.64,
161.28, 322.56, 1209.60, and 2419.20 ng/mL
for 2,3-DHBA, and 20.20, 40.40, 80.80,
161.60, 323.20, 606.00, 1212.00, and 2424.00

ng/mL for 2,5-DHBA, respectively. Quality
control (QC) samples of 80.64 ng/mL (lower),
322.56 ng/mL (medium) and 1209.60 ng/mL

Revista Roméande Medicii de Laborator Vol. 18, Nr. 4/4, Decembrie 2010

(higher) for 2,3-DHBA, and 80.80 ng/mL
(lower), 323.20 ng/mL (medium) and 1212.00
ng/mL (higher) for 2,5-DHBA, respectively,
were prepared by adding the appropriate
volumes of working solutions to drug-free rat
plasma. The resultant plasma standards and
guality control standards were transferred into
15 mL polypropylene tubes and stored -20°C
until analysis.

Sample preparation

Standards and plasma samples (0.2
mL) were deproteinized with acetonitrile (0.6
mL). After vortex-mixture (10 s) and centrifu-
gation (2 min at 12000 rpm), the supernatants
(0.15 mL) were transferred in autosampler vials
and 4uL were injected into the HPLC system.

Table 1. The intra-day accuracy, precision and recgery data for the measurements of
2,3-DHBA and 2,5-DHBA in rat plasma (n = 5)

Nominal Found concentration -
. Precision | Accuracy Recovery
Analyte concentration mean (%) (%)

(ng/ml) ng/ml +SD (%) + SD
20.16 18.57 1.38 7.4 -7.9 93.9 54
2,3- 80.64 76.29 0.91 1.2 -54 97.7 11
DHBA 322.56 318.32 5.27 1.7 -1.3 96.0 15
1209.60 1117.21 11.18 1.0 -7.6 99.7 0.8
20.20 20.68 1.54 7.5 24 86.0 8.8
2,5- 80.80 81.08 7.42 9.1 0.3 101.5 9.9
DHBA 323.20 321.84 8.68 2.7 -0.4 103.0 2.7
1212.00 1181.47 48.36 4.1 -2.5 94.1 3.3

Table 2. The inter-day accuracy, precision and reaery data for the measurements of
2,3-DHBA and 2,5-DHBA in rat plasma (n = 5)

Nominal Measured -
Analyte concentration concentration Pre(c;smn Acc;racy Recovery

(ng/ml) ng/ml + SD (%) (%) (%) + SD

20.16 19.37 1.36 7.0 -3.9 92.5 2.7

2,3- 80.64 82.19 4.90 6.0 19 102.2 6.7
DHBA 322.56 332.60 11.84 3.6 31 98.5 5.6
1209.60 1143.81 48.94 4.3 -5.4 97.7 2.5

20.20 20.05 1.21 6.0 -0.7 85.7 8.4

2,5- 80.80 81.75 5.21 6.4 1.2 95.0 4.9
DHBA 323.20 338.38 26.17 7.7 4.7 100.6 2.2
1212.00 1230.33 42.48 35 1.5 97.2 1.7
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Figure 2. Representative chromatograms of rat blanlplasma (left) and rat plasma spiked with 2,3-DHBA
and 2,5-DHBA (right) at lower limits of quantification (20.16 ng/ml for 2,3-DHBA and MDA, and
20.20 ng/ml for 2,5-DHBA, respectively) (retentiortimes: 2,3-DHBA - 1.5 min, 2,5-DHBA — 2.0 min)

Method validation

The specificity of the method was
evaluated by comparing the chromatograms
obtained from the plasma samples containing
the two analytes with those obtained from dif-
ferent plasma blank samples (n=6).

The concentrations of 2,3-DHBA and
2,5-DHBA were automatically determined by
the instrument data system using peak areas
and the external standard method. The calibra-
tion curve model was determined for five cal-
ibration series (n = 5) by the least squares ana-
lysis, y = ¢ + bx + a¥% weighted (1/y) quadrat-
ic regression, where y - peak area and x - ana-
lyte concentration (ng/mL).

The intra-day precision (expressed as
coefficient of variation, CV %) and accuracy (ex-
pressed as relative difference between obtained
and theoretical concentration, bias %) were de-
termined by the analysis of five different samples
(n = 5) from each QC standards (at lower, medi-
um and higher levels) on the same degbie J.

The inter-day precision and accuracy were de-
termined by the analysis on five different days (n

= 5) of one sample from each QC standards (at
lower, medium and higher level§gple 2.

The lower limit of quantification
(LLOQ) was established as the lowest calibra-

tion standard with an accuracy and precision
less than 20%.

Absolute recoveries were measured by
comparing the response of each analyte from
spiked plasma samples with the response from
a standard solution with the same analyte con-
centration, prepared in mobile phase and pro-
cessed in the same manner with plasma sample.

Statistical analysis was performed by
using an in-house customized and validated
Microsoft Excel file, which automatically cal-
culates all the method validation parameters.

Results

The chromatographic conditions, es-
pecially the composition of the mobile phase,
were optimized in several trials to achieve
good MS signals, short retention times of ana-
lytes and consequently a high-throughput ana-
lysis. The best results were obtained with the
mixture of acetonitrile and 50 mM ammonium
acetate in water (pH 4.5) under isocratic con-
ditions, at 15°C. In the selected chromato-
graphic conditions, the retention times of 2,3-
DHBA and 2,5-DHBA were 1.5 and 2.0 min,
respectively, and the analytical run-time was
4 min for instrument analysis. No interfering
peaks from the endogenous plasma compon-
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ents were observed at the retention times of
the two analytes. Representative chromato-
grams ofplasma spiked with 2,3-DHBA and
2,5-DHBA at LLOQ are shown iRigure 2.

The detection was performed in MRM
mode. The ion transition monitored was m/z
153 — m/z (109) for both analytes-igure 3
andFigure 4).

Intens._]|
x105

“MS, 0.0-0.1min #(9-36)

156.8

140.8

1128 1188 150.8

128.8
P

L Ll Ll
-MS2(152.7), 0.2-0.2min #(61-77)

152.7

LI
"MS2(152.7), 0.3-0.5min #(108-146)

108.7

0.5
E 150.7
| |’ T T T

T
150 m/z

oot by
110

e e e e L S e e s
120 130 140

Figure 3. Full-scan spectra (up), MS/MS non-reactigpectra

(middle) and MS/MS reactive spectra (down) of 2,3-BBA
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The calibration curves were linear
over all the studied concentration ranges in rat
plasma, with the correlation coefficients great-
er than 0.998. The LLOQ were 20.16 ng/mL
for 2,3-DHBA, and 20.20 ng/mL for 2,5-
DHBA, respectively. The values obtained for
intra-day and inter-day precision and accuracy
during the validation for plasma are shown in
Table 1andTable 2 respectively.

Discussion

LC/MSMS assay

In LC-MS/MS assays the sensitivity
depends on MS detection mode, but the meth-
od used for sample preparation may influence
the chromatographic background level and can
generate matrix suppression effect. We pro-
pose a very simple and rapid pretreatment of
plasma samples including only PP with acet-
onitrile and direct injection into the chromato-
graphic system from the supernatant obtained
after centrifugation, with good recoveries
(between 85.7% — 103.0%)he other meth-
ods reported in the literatur&gble 3 include
an isolation step in the pretreatment of
samples, but this operation increases the time
of analysis, increases the costs and can affect
the recovery.

The chromatographic separation was
performed on a HILIC column under isocratic
conditions using a mobile phase containing
94% acetonitrile and 6% aqueous solution of
50 mM ammonium acetate (pH 4.5) at 15°C.
We chose the HILIC chromatography because
it allows increasing the retention of hydrophil-
ic analytes using reverse phase solvents. In the
selected chromatographic conditions, 2,3-
DHBA eluted in 1.5 min and 2,5-DHBA in 2.0
min, respectively. The elaborated method en-
sures a high-throughput analysis, with an ana-
Iytical run-time of 4 min.

As salicylate hydroxylation products
have high electron affinities, they can easily
form negative ions at low pH. The detection of
these compounds is more sensitive in the neg-
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Table 3. Analytical characteristics of reported HPLC methods for the determination of
2,3-DHBA in plasma or serum:
. . Sample Run Absolute
Reference | Matrix Detection 'V'Ob"?‘ phase prepa- LOQC/ 4 | time | recovery’
modé constituents et LOD® :
ration (min) (%)
. acetonitrile / 0.3% formig 0.5
Ta?fgilbae' Isgr;a LC/M,\ﬁ’ ESI, acid in water, gradient SPE nmol/mL| 18 NA
P elution (LOQ)
85% phosphate buffer 037
HPLC- 100 mM, 0.1 mM SDS :
Coudray [10]] Plasmd EChD oH 3.3, and 15% ELL nmol/mL| 38 86-102
(LOD)
methanol, viv
HPLC- citrate buffer 30 mM,
Paterson [16] Serum pH 5.25, and methano|, ELL NA 10 NA
EChD . )
gradient elution
97.2% sodium citrate
. HPLC- |(30 mM) in acetate buffer 20 pmol
Liufl2] | Plasma| eoyn 1977 mM, pH4.75)and E-- woq) |8 NA
2.8% methanol

eS|, electrospray ionisation; NI, negative ionipatimode; EChD, electrochemical detecti6®BPE, solid-phase extrac

tion; LLE, liquid—liquid extractionLOQ, limit of quantification; LOD, limit of detecin; °NA, not available.

ative mode than in the positive mode. There-
fore, the detection was performed with an
electrospray ion source in negative mode by
multiple reaction monitoring. Due to structural
similitude of 2,3-DHBA and 2,5-DHBA, their
mass spectrometry fragmentation pattern is the
same and the ion transition monitored for both
analytes was m/z 153 m/z (109).

Assay validation

The method was validated in accordance
with international regulations [20-24]. The ob-
tained results proved a good linearity (r > 0.998),
sensitivity (LLOQ of ~20 ng/mL for both
analytes), accuracy and precision over the studied
concentration ranges of 20 - 2420 ng/mL. All val-
ues for accuracy and precision were within recom-
mended limits Table 1andTable 3. The recovery
values were between 85.7% — 103.0%, which
means no analyte loss during sample preparation
due to adsorption on precipitated proteins.

Our developed LC-MS/MS assay is
simple, rapid, accurate and not expensive. In

comparison with other published assays for de-
termination of 2,3-DHBA levels in plasma
(Table 3 our method performs better in terms of
speed (both sample preparation and chromato-
graphic run-time) and costs, which are essential
attributes for methods used in routine analysis.
Liu et al. (1997) reported a better sensitivityhwit
electrochemical detection (20 pmal), but it is not
clearly specified if this concentration corres-
ponds to 1 mL plasma or it represents the
amount of analyte injected in HPLC system.
However, the method was not validated on the
studied concentration range (12). The LLOQ of
our method is equivalent to 0.13 nmol/mL and it
shows enough sensitivity for the detection of in
vivo hydroxyl radical formation.

Method application

The validated method was successfully
applied in a toxicological study of in vivo hydrdxy
radical generation in rat after exposure to bisphen
A and/or methyl parabene. The protocol of this
study has been approved by the Ethics Committee
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Figure 5. Chromatogram of sample plasma from a ragfter oral administration of 50 mg/kg/day bisphenol
A for 9 days and 500 mg salicylic acid / kg 90 mihefore the blood sampling;
concentrations found: 106.63 ng/ml 2,3-DHBA and 982 ng/ml 2,5-DHBA

of “luliu Hatieganu” University, in accordance
with institutional and national guidelines for labo
atory animal experiments. The animals were kept
in temperature, humidity, day/night cycle standard
conditions and they had access to food and water
ad libitum throughout the experiment in the Prac-
tical Skills and Experimental Medicine Centre of
the University. A representative chromatogram ob-
tained from a rat treated orally (by gastric intuba
tion) with 50 mg/kg/day bisphenol A for 9 days
and 500 mg salicylic acid / kg 90 min before the
blood sampling is shown ifrigure 5 Blood
(0.2 mL) was collected from the retro-orbital sinus
in the presence of sodium fluoride as anticoagu-
lant. Plasma separated by centrifugation (300® g /
min) was stored at -20°C until the time of analysis

Conclusion

The developed and validated LC-
MS/MS method allows the quantification of
2,3-DHBA in rat plasma as a marker of in
vivo hydroxyl radical generation. It is very
simple and more rapid than other similar
methods reported in the literature and shows
enough sensitivity for the detection of in vivo
hydroxyl radical formation. It also can easily

be adapted for the assay of 2,3-DHBA in hu-
man plasma. The method was successfully ap-
plied in a toxicological study of in vivo hy-
droxyl radical generation in rat after exposure
to bisphenol A and/or methyl parabene and
can be useful in other toxicological or bio-
chemical studies for oxidative stress assays.
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Abbreviations

2,3-DHBA - 2,3-dihydroxybenzoic acid

2,5-DHBA - 2,5-dihydroxybenzoic acid

SA — salicylic acid

HPLC - high-performance liquid-chromatography

EChD — electrochemical detection

CE - capillary electrophoresis

LLE - liquid-liquid extraction

SPE - solid-phase extraction

LC-MS/MS - liquid chromatography tandem mass
spectrometry

PP - precipitation of proteins

MRM - multiple reaction monitoring
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QC - quality control
LLOQ - lower limit of quantification
LOD - limit of detection
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