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to tandem mass spectrometry as potential biomarkers of inflammation
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Abstract

Upon inflammation, activated neutrophils secrete myeloperoxidase, an enzyme able to generate hypochlorous acid (HOCl) from hydrogen
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peroxide and chloride ions. An analytical method, involving HPLC coupled to electrospray tandem mass spectrometry, has bee
detect low levels of HOCl-induced nucleic acids lesions, including both ribo and 2′-deoxyribonucleoside derivatives of 8-chloroguan
8-chloroadenine and 5-chlorocytosine. Validation of the developed method was achieved using isolated cells treated with HOCl. T
was found to be sensitive enough to allow the measurement of background levels of 5-chloro-2′-deoxycytidine in the DNA of human whi
blood cells isolated from 7 mL of blood.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Following infection and inflammation, various cells of the
immune systems are activated with subsequent induction of
several enzymes, including inducible nitric oxide synthase,
NAD(P)H oxidase and myeloperoxidase (MPO). A conse-
quence of this activation is the production of several reactive
oxygen and nitrogen species such as superoxide anion
(O2

•−), nitric oxide, peroxynitrite and hypohalous acids
(HOCl and HOBr)[1]. The resultant oxidant species can
oxidize, nitrate, chlorinate or brominate several cellular con-
stituents including lipids, proteins and nucleic acids[2]. Such
processes are recognized as risk factors for human cancers
since the bactericidal agents could also damage host tissues.

Among the different activated species, it has been shown
that HOCl is able to chlorinate several biological molecules
[3] and among them, nucleic acids represent one of the most

∗ Corresponding author. Tel.: +33 4 38 78 47 97; fax: +33 4 38 78 50 90.
E-mail address: jravanat@cea.fr (J.-L. Ravanat).

studied biomolecules due to its key role in cell evolution.
action of HOCl with isolated DNA and RNA has been fou
to generate several chlorinated base modifications[4,5]. The
mechanism of formation of such DNA and RNA damage
been proposed to involve the transient formation of base
icals[6].

Oxidized DNA lesions, and among them mostly 8-o
7,8-dihydro-2′-deoxyguanosine (8-oxodGuo) have been
tensively used as in vivo biomarkers of oxidative stress[7].
For this purpose, several physico-chemical and biologica
proaches have been developed to allow the determin
of the cellular level of 8-oxodGuo[8]. During the last two
decades, the difficulty of measuring oxidized DNA lesio
mostly 8-oxodGuo, has been highlighted[9,10]. The back
ground level of 8-oxodGuo in different untreated cell li
was found to vary by, at least, three orders of magnit
depending on the method used. The main goals of the E
pean network European Standards Committee on Oxid
DNA Damage (ESCODD) that was recently set-up, wer
determine the origins of the discrepancies and to pro
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optimized protocols of measurement. It seems now well es-
tablished that the main drawback was the artifactual DNA
oxidation that may occur during sample preparation, which
mainly implies DNA extraction[11–14]. However, there is
still an incomplete agreement between the results obtained
using methods requiring DNA extraction and indirect ap-
proaches such as the comet assay[15]. Therefore, the use
of oxidized DNA lesions as biomarkers of oxidative stress
still remains a challenging issue[16]. The use of chlorinated
DNA bases as indicators of inflammation could represent a
suitable alternative since artifactual formation of chlorinated
DNA bases is not expected to occur, at least significantly, dur-
ing sample preparation. However, the cellular background
level of such DNA modifications in human leukocytes has
not been yet determined. In addition, it has not been clearly
shown that significant amounts of chlorinated DNA lesions
could be produced in cells incubated in the presence of HOCl.

In this work, a HPLC coupled to electrospray tan-
dem mass spectrometry (HPLC–MS/MS) based method
has been developed for the measurement of both chlo-
rinated DNA lesions including 5-chloro-2′-deoxycytidine
(5-CldCyd), 8-chloro-2′-deoxyguanosine (8-CldGuo), 8-
chloro-2′-deoxyadenosine (8-CldAdo) and chlorinated RNA
nucleosides including 5-chlorocytidine (5-ClCyd), 8-
chloroguanosine (8-ClGuo) and 8-chloroadenosine (8-
ClAdo). Such a method has been used to measure the level
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maintained at 28◦C. The proportion of acetonitrile in 5 mM
ammonium formate (pH 6.5), starting from 0%, reached ei-
ther 25% (conditions A) or 20% (conditions B) within 30 min
for the measurement of chlorinated 2′-deoxyribonucleosides
and ribonucleosides, respectively. After the completion of
the HPLC analysis (30 min), the column was washed with
50% acetonitrile for 5 min and an additional 15 min period
was required to equilibrate the HPLC column between two
injections. At the output of the column, the eluent was di-
rected first to a UV detector set at 260 nm for monitoring the
overwhelming normal nucleosides. Then, after addition of
MeOH (0.1 mL/min), the eluent was directed onto a API3000
tandem mass spectrometer (Applied Biosystems) through a
“Turbospray” electrospray source (Sciex Thornil Canada) as
described in details elsewhere[17–19]. The system was en-
tirely controlled by Analyst software 1.2. To improve the sen-
sitivity of detection a low resolution (±1.2 amu) was used. In
addition, for each of the ribo- and 2′-deoxyribonucleosides,
the different parameters of ionization and fragmentation were
optimized by infusing a 20�M solution of the nucleoside di-
rectly onto the mass spectrometer, as previously described
[17,18]. For all the studied DNA lesions, a higher sensitivity
was obtained in the positive ionization mode for an ion spray
voltage of 5500 V and a temperature of 450◦C for the turbo
gas (nitrogen), the acquisition dwell time of each transition
being 750 ms.
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5 262→ 1
8 302→ 1
8 286→ 1
5 278→ 1
8 318→ 1
8 302→ 1
f chlorinated DNA and RNA lesions in cells incubated w
OCl. Thereafter, the assay has been applied for monit

he extent of the different chlorinated nucleosides in the D
f freshly isolated human white blood cells.

. Material and methods

.1. HPLC–MS/MS measurements

The chlorinated nucleosides were obtained as previo
escribed[4]. On-line HPLC–MS/MS measurements w
arried out using a Agilent (Massy, France) 1100 HP
ystem, equipped with a thermostated autosampler,
ary HPLC pumping system, an oven and a UV de

or. Separations were performed using a reversed p
ptisphere-ODB (3�m, 0.2 cm× 15 cm) column from Inter
him (Montluçon, France). The elution was achieved at a
ate of 0.2 mL/min in the gradient mode, the column be

able 1
ass spectrometric and HPLC features of the different chlorinated rib
used for optimal separation of 2′-deoxyribonucleosides and ribonucle

roduct Molecular weight Retention time (min)

-CldCyd 261 14.5 (A)
-CldGuo 301 19.1 (A)
-CldAdo 285 22.5 (A)
-ClCyd 277 11.7 (B)
-ClGuo 317 17.8 (B)
-ClAdo 301 22.0 (B)
A sensitive MRM method was applied to measure the
erent chlorinated nucleosides. The different transitions
or the detection of the chlorinated nucleosides, together
heir retention time and the collision energy for fragme
ion are given inTable 1. The most abundant daughter
as found to correspond, for all the chlorinated nucleos
tudied, to the loss of the (2-deoxy)ribose moiety. To
rove the specificity of detection, a second transition, co
ponding to the loss of the (2-deoxy)ribose moiety for
olecule containing the37Cl isotope, was also monitored f
ll chlorinated DNA and RNA lesions. The limit of qua

ification, determined for a S/N = 10, for the detection of
tudied chlorinated nucleosides varies between 2 and 25
njected (Table 1). Quantification of the amount of the diffe
nt DNA lesions was performed by external calibration.

hat purpose prior and after each series of samples, thre
erent standards containing either the three chlorinated n
sides or 2′-deoxyribonucleosides were injected. Simila
n external quantification was used to quantify the am

yribonucleosides detected by HPLC–MS/MS under HPLC conditions
respectively (conditions detailed in material and methods)

transition Collision energy (eV) Limit of quantification (

46 13 5
86 16 25
70 19 2
46 15 5
86 21 15
70 31 2
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of hydrolyzed DNA[18] or RNA samples, using the area of
the peak of a standard of dGuo or Guo, respectively. Results,
given as the number of lesions per million normal nucleo-
sides, represent, if not specified, the average and standard
deviation of four independent determinations.

2.2. Cell treatment with HOCl

A SKM-1 cell line was used. Cells in growth phase were
collected by centrifugation before to be washed. Then, 10 mil-
lion of cells were suspended in 10 mL of HBSS buffer and an
adequate volume of HOCl (prepared as previously described
[4]) was added to the buffer solution to give a 300�M final
concentration. Then, the cells were incubated at 37◦C for
10 min. After incubation,N-acetylcysteine was added to stop
the reaction[4]. Then, cells were washed and in a subsequent
step DNA and RNA were isolated using Qiagen extraction kit
following the recommendations of the manufacturer. Nucleic
acids were digested to nucleosides as described previously
[20]. The results reported inFig. 3, represent the average and
standard deviation of four independent determinations.

2.3. Isolation of human leukocytes

Leukocytes obtained from 10 human volunteers were
rapidly isolated from 7 mL of blood using citrate CPT va-
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Fig. 1. Typical chromatograms obtained for the determination of chlorinated
nucleosides in DNA samples. Left panel represents the chromatogram ob-
tained by injection of 0.5 pmol each of 5-CldCyd, 8-CldGuo and 8-CldAdo.
Right panel represents the HPLC–MS/MS chromatogram obtained by anal-
ysis of a DNA sample extracted from cells treated with 300�M HOCl. For
clarity, signals for 8-CldGuo and 8-CldAdo have been enhanced by a factor
of 10. For each lesion, the two monitored transitions correspond to the loss
of the 2-deoxyribose moiety (loss of 116) from the molecule containing the
35Cl (full line) or 37Cl (dashed line) isotope.

than that of the major transition (natural abundance of35Cl
and37Cl are 75% and 25%, respectively). However, a high
background is observed for the second transition 280→ 148
selected for 5-ClCyd (Fig. 2). The background level of the dif-
ferent chlorinated DNA and RNA lesions in untreated SKM-

Fig. 2. Typical chromatograms obtained for the determination of chlorinated
bases in RNA samples. Left panel represents the chromatogram obtained by
injection of 0.5 pmol each of 5-ClCyd, 8-ClGuo and 8-ClAdo. Right panel
represents the HPLC–MS/MS chromatogram obtained by the analysis of a
R
s 0. For
e ribose
m
(

utainers obtained from Beckton Dickinson (Pont de C
rance) and a single centrifugation step according to m

acturer’s recommendations. Cells were then washed tw
BS buffer and stored frozen until DNA extraction. The D
as extracted and digested using the recently optimized

ocol (chaotropic method) that minimizes adventitious D
xidation to occur during the work-up[20]. Practically, the
o-called “chaotropic method” consists in the transient
ation of nuclei followed by precipitation of DNA using N
ubsequently to protease and RNases treatments, as de
n detailed elsewhere[18,20].

. Results

The newly designed HPLC–MS/MS method was foun
e sensitive with a limit of quantification for different chlo
ated ribo- and 2′-deoxyribonucleosides within a few fmo
ange (Table 1). In addition, for all the measured nucle
ides, including 5-CldCyd, 8-CldGuo, 8-CldAdo, 5-ClC
-ClGuo and 8-ClAdo, the intensity of detection was fo

o increase linearly (R2 > 0.98) with the amount of nucle
ides injected over, at least, three orders of magnitude,
ng from 5 fmoles up to 5 pmol injected (not shown). Us
he relatively high abundance of37Cl isotope, a second tra
ition corresponding to the loss of either the 2-deoxyrib
r ribose moieties was used to improve the specificity o

ection of the 2′-deoxyribonucleosides and ribonucleosid
espectively. As shown inFigs. 1 and 2, the second tran
ition, as expected, has an intensity only three times l
NA samples extracted from cells treated with 300�M HOCl. For clarity,
ignals for 8-CldGuo and 8-CldAdo have been enhanced by a factor 1
ach lesion, the two monitored transitions correspond to the loss of the
oiety (loss of 132) from the molecule containing the35Cl (full line) or 37Cl

dashed line) isotope.
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Fig. 3. Formation of chlorinated DNA and RNA bases, as determined by
HPLC–MS/MS, in the DNA and RNA of cells treated for 10 min in the
presence of 300�M HOCl. Results, expressed as the number of modification
per million nucleosides represent the average± standard deviation of four
independent experiments.

1 cells was found to be close to, or even below, the limit
of quantification of the HPLC–MS/MS assay. On the other
hand, a significant amount of the six studied DNA and RNA
lesions was detected in HOCl treated cells (Fig. 3). Inter-
estingly, HOCl induces mainly the formation of 5-CldCyd
in DNA and, under our experimental conditions, a concen-
tration of 300�M HOCl was found to give rise to 9.8± 2.3
5-CldCyd per 106 nucleosides (Fig. 3). In the mean time,
the induced levels of 8-chloropurines were found to be much
lower since 2.0± 0.4 8-CldGuo and 1.5± 0.4 8-CldAdo per
106 nucleosides were generated. A somewhat different quan-
titative formation of chlorinated lesions was observed in RNA
(Fig. 3). Thus, high amounts of both 5-ClCyd and 8-ClGuo
were found to be generated in the RNA of treated cells, with
values of 15.8± 0.5 and 16.2± 1.8 lesions per 106 nucleo-
sides, respectively. As observed in DNA, chlorination of the
adenine moiety in RNA appears to be a minor process, lead-
ing to the formation of 0.5± 0.4 lesion per 106 nucleosides.
Interestingly, chlorination of the bases was found to occur
three-fold more efficiently in RNA than in DNA.

About 70�g of DNA was obtained using our DNA ex-
traction protocol after isolation of human white blood cells
utilizing CPT vacutainers starting from 7 mL of human blood.
Among the three different chlorinated DNA lesions that may
be expected, only 5-CldCyd was found to be present in sig-
nificant amounts as determined by HPLC–MS/MS analysis
o unts
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Fig. 4. Typical chromatograms obtained for the determination of 5-CldCyd
in three different DNA samples extracted from human white blood cells. The
HPLC–MS/MS detected peaks (transition 262→ 146) have a signal-to-noise
ratio ranging from 42 (left chromatogram) to 20 (middle chromatograms)
representing levels of detected 5-CldCyd as low as 12 fmol (middle chro-
matogram), obtained following the injection of 15�g hydrolyzed DNA.

sion per 106 nucleosides. The background level of 5-CldCyd
was determined to be around 0.15 lesions per 106 nucleo-
sides, a level much higher than our limit of quantification as
shown inFig. 4. Unfortunately, the second transition used to
improve the specificity of detection of 5-CldCyd was found
to be useless, since a large contaminating peak was found
to elute just after 5-CldCyd in the samples (not shown). In-
terestingly, significant variations were observed between the
different healthy volunteers with levels ranging between 0.06
and 0.4 5-CldCyd per 106 nucleosides (n = 10).

4. Discussion

DNA lesions, and among them mainly 8-oxodGuo, have
been extensively used as in vivo biomarkers of oxidative
stress. However, an overview of the literature indicates that
some of the methodologies used to measure 8-oxodGuo were
not accurate and in numerous cases have significantly overes-
timated the cellular level of the latter oxidized purine nucle-
oside. The difficulties of assessing low amounts of the DNA
lesion are not due to the sole necessity to have a sensitive and
specific assay that should allow an accurate determination of
levels around 1 lesion per 106 nucleosides. In fact, one of
the main limitations is due to the possible occurrence of ad-
v

f the enzymatic DNA hydrolysate. No detectable amo
f 8-ClGuo were observed indicating that the level of

atter chlorinated nucleoside is below the limit of detec
f the assay, namely 0.2 lesion per 106 nucleosides. A sma
eak of 8-CldAdo with a signal to noise ratio around 3
etected (not shown) in the DNA hydrolysate. However

evels of the lesion were not high enough to enable a pr
uantification (S/N > 10). According to the limit of sensit

ty of our assay we could estimate the level of 8-CldA
n the DNA of human white blood cells at around 0.02
 entitious DNA oxidation during samples preparation[21].
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During the last few years, mainly in Europe through the ES-
CODD research network, significant efforts have been made
to overcome the above mentioned difficulties[15]. However,
nowadays the background levels of 8-oxodGuo measured by
either HPLC–EC or HPLC–MS/MS in DNA extracted with
an optimized protocol that minimizes the occurrence of spu-
rious DNA oxidation during the work-up[20] are still three
to five times higher than those determined by the comet as-
say or alkaline elution associated with DNA repair enzymes.
Additional efforts have to be made in order to determine the
origin of the gap between the two different approaches.

Another alternative to be considered is the measurement of
DNA lesions that could not be produced artifactually during
sample preparation. In this respect, DNA adducts resulting
from the reaction of reactive aldehydes derived from lipid per-
oxidation, such as malondialdehyde or 4-hydroxy-2-nonenal
represent interesting biomarkers[22,23]. In the present work,
we have evaluated if chlorinated DNA or RNA bases could
be of interest as well. For this purpose, we have designed
a HPLC–MS/MS based method, as previously described for
8-oxodGuo[17] and other oxidized DNA bases[18]. After
optimization of the parameters of electrospray ionization and
fragmentation, it appears that the method exhibits a limit of
sensitivity of a few fmoles. This should allow an accurate de-
termination with a level of detection of about 0.1 lesion per
106 nucleosides in 50�g DNA. Concerning the fragmenta-
t itive
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was detected in the DNA and RNA of untreated cells, with a
signal to noise ratio of about 3 (not shown). Thus, the level
of the latter chlorinated pyrimidine nucleoside was estimated
to be around 0.05 lesion per 106 nucleosides. Incubation of
the cells with a concentration of 300�M HOCl for 10 min
was found to induce a significant increase in the amounts of
the chlorinated DNA and RNA nucleosides (Fig. 3). Interest-
ingly, it was found that 5-CldCyd is the main lesion produced
in DNA, whereas 8-ClGuo and 5-ClCyd were shown to be
more efficiently generated in the RNA of treated cells. It may
be pointed out that chlorination of adenine was found to be
a minor process, both in RNA and DNA. Another point of
major interest deals with the fact that RNA is a much better
substrate for chlorination than DNA. Altogether, under the
present experimental conditions, about 14 chlorinated DNA
bases per 106 nucleosides are generated in the cells treated
with 300�M HOCl, while about 34 lesions per 106 nucle-
osides are detected in RNA. This could be explained by the
important cytoplasmic localization of RNA that is more ac-
cessible than DNA. Another possibility deals with the fact
that RNA is mostly single-stranded and unpacked compared
to the double-stranded DNA which is highly condensed in
the nucleus. Since it is well known that RNA is not, or at
the best, partly repaired, it could be hypothesized that RNA
lesions could represent better biomarkers in comparison with
DNA lesions, even if the rapid turnover of RNA is expected
t
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ion, it is interesting to note that, in the most sensitive pos
onization mode, the loss of either the 2-deoxyribose or ri

oiety is the predominant daughter ions for the 2′-deoxyribo-
nd ribonucleosides, respectively. This feature that has
lready observed for several normal and modified nu
ides[24] has been used for the search of unknown D

esions[25]. In addition, in order to improve the specific
f detection we have taken advantage of the relatively
atural abundance of37Cl isotope (33% compared to35Cl) to
pply a second transition for the monitoring of the diffe
hlorinated derivatives.

The appropriate HPLC behavior of the different chl
ated DNA or RNA nucleosides allows an efficient separa
f the lesions on the C18 reversed phase used (Figs. 1 and 2).
herefore, the three chlorinated nucleosides could be

ected simultaneously both in DNA or RNA hydrolysates,
n the mean time the normal overwhelming nucleosides c
e quantified using an on-line UV detector set-up at 260
o check the efficacy of the HPLC–MS/MS method and
fficiency of HOCl to halogenate nucleic acids, isolated c
ere treated with 300�M of HOCl. Thereafter, both DNA
nd RNA were isolated from the cells using a commerc
vailable kit. Hydrolysis of RNA was performed under c
itions initially developed for DNA since the enzymes u
re also able to digest RNA into ribonucleosides. Then

evels of chlorinated DNA and RNA nucleosides were
essed by HPLC–MS/MS using an external calibration.
evel of chlorinated purine nucleosides in the nucleic a
f untreated cells was found to be below the limit of s
itivity. In contrast, the presence of 5-CldCyd and 5-ClC
o limit accumulation of lesions.
As demonstrated with the experiments involving HO

reated cells, the HPLC–MS/MS method possesses th
uired sensitivity to measure low levels of chlorinated
ions. In addition, the already excellent specificity of tan
ass spectrometry could be increased for the detecti

hlorinated DNA nucleosides since a second transition
esponding to the detection of the molecules containing
7Cl isotope could be monitored. As shown inFigs. 1 and 2,
he presence of the chlorinated DNA lesions is further
rmed by the detection of the two transitions in the s
PLC peak at the expected retention time of the diffe
ucleosides. This is observed for both DNA and RNA
ions.

Attempts were then made to determine the backgr
evels of chlorinated nucleosides in the DNA isolated f
uman white blood cells. For this purpose, white blood c
ere first separated using CPT vacutainers and the DNA
ubsequently extracted using an optimized protocol d
ped for the measurement of 8-oxodGuo[20], in order to
e able, in the near future, to simultaneously quantify
hlorinated and oxidized DNA lesions. One limitation of s
n approach is that the latter protocol does not enable

ion of RNA; however work is in progress to resolve t
imitation and to allow the detection of both oxidized a
hlorinated RNA lesions in human lymphocytes. It sho
e noted that the Qiagen DNA extraction method used i
xperiment performed with isolated cells (vide supra)
een shown to induce significant DNA oxidation during

solation [20]. Unfortunately, the sensitivity of the prese
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assay was not good enough to allow the determination of the
8-chloropurine nucleosides, even if small peaks, correspond-
ing to the limit of sensitivity of the assay (S/N = 3), were de-
tected for 8-CldAdo. Therefore, the levels of 8-CldGuo and
8-CldAdo could be estimated below 0.2 and close to 0.02
lesions per 106 nucleosides, respectively, whereas, the level
of 5-CldCyd is about 0.15 lesions per 106 nucleosides. The
detected level of 5-CldCyd is significantly higher than that of
chlorinated purine nucleosides, and above the limit of quan-
tification of the assay (Fig. 4). The higher level of 5-CldCyd
could be correlated to the fact that the chlorinated pyrimidine
is more efficiently generated in cells treated with HOCl (vide
supra). It may be noted that notable variations in the level
of 5-CldCyd are observed between the different volunteers,
with levels ranging from 0.06 up to 0.4 lesions per 106 nu-
cleosides (not shown). However, the second transition used
for the detection of 5-CldCyd (264→ 148) shows the pres-
ence of an intense peak detected eluting just after 5-CldCyd.
This prevents the use of the latter transition to unambiguously
confirm the presence of 5-CldCyd (not shown). Efforts will
be made to overcome this limitation by improving the DNA
extraction protocol. Such an improvement is also required in
order to enable the simultaneous isolation of both RNA and
DNA for the quantification of chlorinated and oxidized bases
in human lymphocytes.

In conclusion, a very sensitive and specific HPLC–MS/MS
a nated
D wed
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d the
m oth
G l of
5 ex-
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f ill
b and
R tion.
T sly
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tential biomarkers of oxidative stress and inflammation. For
that purpose, efforts are currently made to improve protocols
for RNA isolation.
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