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a  b  s  t  r  a  c  t

Urinary  8-hydroxy-2′-deoxyguanosine  (8-OHdG)  is  a  widely  used  noninvasive  biomarker  of oxidative
stress.  A selective,  sensitive  and rapid  method  for  determining  8-OHdG  in  human  urine  was  devel-
oped  using  hydrophilic  interaction  chromatography–tandem  mass  spectrometry  (HILIC–MS/MS)  with
electrospray  ionization.  8-OHdG  and isotopically  labeled  8-OHdG  (internal  standard)  were  separated
eywords:
ydrophilic interaction chromatography
andem mass spectrometry
-Hydroxy-2′-deoxyguanosine
rine
xidative stress

on  a HILIC  column  with  a mobile  phase  of  10  mM  ammonium  acetate:  acetonitrile  (1:9,  v/v)  within
10  min  and detected  by  using  a positive  electrospray  ionization  interface  under  the selected  reaction
monitoring  mode.  The  detection  limits  of 8-OHdG  (corresponding  to a signal-to-noise  ratio  of  3)  for  the
HILIC-MS/MS  system  and  the  conventional  method  using  a  reversed-phase  column  with  MS/MS  were  1.0
and  26.0  fmol/injection,  respectively.  The  proposed  method  makes  it possible  to  monitor  the  basal  level
of urinary  8-OHdG  from  non-exposed  healthy  subjects  and can  be  used  for large-scale  human  studies.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Oxidative stress in an organism arises from excessive genera-
ion of reactive oxygen species (ROS) such as superoxide radicals,
ydrogen peroxide and hydroxyl radicals or from depletion of
ntioxidants [1].  The production of ROS can be induced by both
ndogenous and exogenous factors [2].  While endogenous factors
nclude physiological processes, exogenous factors include envi-
onmental sources such as smoking, diet and pollution [3].  ROS may
ause oxidative damage to nucleic acids, proteins, and lipids [2].
n particular, oxidative damage to DNA has been associated with
umerous pathological conditions, having both genetic and epige-
etic consequences [4–6]. To understand how ROS affect normal
nd pathological processes, an indicator to assess oxidative stress
n vivo is required.

The oxidized product of DNA, 8-hydroxy-2′-deoxyguanosine
8-OHdG), is the most frequently measured biomarker of the oxida-
ive stress [7,8]. The 8-OHdG has been analyzed in various kinds
f samples, such as urine, serum, peripheral blood leukocyte,

nd organ tissue [9].  Measurements of 8-OHdG in urine samples
re especially well-suited to large-scale human studies and clin-
cal applications because they are noninvasive [10,11]. Urinary

∗ Corresponding author. Tel.: +81 76 234 4457; fax: +81 76 234 4456.
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8-OHdG has been analyzed by several methods, such as enzyme-
linked immunosorbent assay (ELISA) [12,13], high-performance
liquid chromatography with electrochemical detection (HPLC-
ECD) [14], gas chromatography with mass spectrometry (GC/MS)
[15,16], and liquid chromatography with tandem mass spectrom-
etry (LC/MS/MS) [17–26]. The ELISA method suffers from the
problem of non-selectivity because the antibody may  cross-react
with other substances present in urine [12,27,28].  HPLC-ECD has
often been used [29], but it suffers from possible interference from
the biological matrix, incompatibility of a stable isotope labeled
internal standard [16,21]. For GC/MS analysis, 8-OHdG must be
purified by HPLC and derivatized before analysis [15,16,28].

LC–MS/MS has been increasingly applied to detect urinary
8-OHdG. LC–MS/MS, when combined with the isotope dilution
technique, is highly selective, sensitive, and accurate, and does not
require derivatization [28]. In most of previous LC–MS/MS stud-
ies, reversed-phase columns have been used to separate 8-OHdG
[17–26]. As a polar compound, 8-OHdG is hardly retained on a
reversed-phase column, even though aqueous mobile phases are
used. Such poor retention of 8-OHdG and its insufficient sepa-
ration from polar components in the matrix may  lead to matrix
effects, which can increase or decrease the 8-OHdG MS  signal [30].

In addition, aqueous mobile phases that are used to retain polar
compounds on reversed-phase columns are not suited for elec-
trospray ionization (ESI) conditions [30]. Indeed, urinary 8-OHdG
levels have even been below the detection limit of LC–MS/MS

dx.doi.org/10.1016/j.jchromb.2012.02.043
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:toriba@p.kanazawa-u.ac.jp
dx.doi.org/10.1016/j.jchromb.2012.02.043


1 atogr.

m
s
u

h
p
c
p
(
h
E

m
t
v
c

2

2

(
t
(
(
w

2

a
1
9
l
w
(
1
t
w
(
e
t
L

2

2

a
c
T
s
i
o
n
r
p
a
t
f
a
t
m
Q
e

74 C. Hosozumi et al. / J. Chrom

ethod (7.5 fmol/injection, S/N = 3) [27,31]. Therefore, a more sen-
itive LC–MS/MS method is required to measure basal levels of
rinary 8-OHdG in non-exposed healthy subjects.

In recent years, hydrophilic interaction chromatography (HILIC)
as been increasingly used in LC–MS/MS for analyzing polar com-
ounds such as metabolites in biological samples. Under HILIC
onditions, the analyte interacts with a hydrophilic stationary
hase and is eluted with a high concentration of organic solvent
typically acetonitrile with a small percentage of water/buffer). The
ighly organic mobile phase can result in increased sensitivity with
SI-MS detection [30,32].

In this study, we developed an improved LC–MS/MS method for
easuring urinary 8-OHdG using a HILIC column. We  found that

he HILIC column provided much greater sensitivity than a con-
entional reversed-phase column with the same MS/MS  detection
onditions.

. Experimental

.1. Materials

The 8-OHdG and [15N5]8-OHdG were purchased from Sigma
MO, USA) and Cambridge Isotope Laboratories (MA, USA), respec-
ively. HPLC grade acetonitrile was obtained from Kanto Chemical
Tokyo, Japan), and water from a Milli-Q water purification system
Millipore, Bedford, MA,  USA). All other chemicals and solvents used
ere of an analytical grade.

.2. Sample preparation

Urinary samples were pretreated as described previously with
 slight modification [22,28]. After centrifugation at 2150 × g for
0 min, a 100 �L aliquot of each supernatant was  diluted with
00 �L of water and spiked with 10 pmol of the stable isotope

abeled internal standard (IS), [15N5]8-OHdG. The diluted sample
as subjected to solid-phase extraction using Oasis HLB cartridge

3 cc, 60 mg;  Waters, Milford, MA,  USA) that had been primed with
 mL  of methanol and 1 mL  of water. After sample loading, the car-
ridge was sequentially washed with 1 mL  of water. The 8-OHdG
as eluted from the cartridge with 500 �L of water: acetonitrile

1:1, v/v), and evaporated to dryness using a centrifugal vacuum
vaporator. The residue was redissolved in 100 �L of water: ace-
onitrile (1:9, v/v), and an aliquot of 20 �L was injected into the
C–MS/MS system.

.3. 8-OHdG analysis by HILIC-MS/MS

.3.1. Apparatus and chromatographic conditions
The Agilent 1100 series LC system consists of a G1379A degasser,

 G1312A binary pump, a G1367A autosampler, and a G1316A
olumn oven (all from Agilent Technologies, Palo Alto, CA, USA).
he chromatographic separation of 8-OHdG in the pretreated urine
amples was performed on a COSMOSIL HILIC (150 mm × 2.0 mm
.d., 5 �m,  Nacalai Tesque, Kyoto, Japan), kept at the temperature
f 40 ◦C. The column was eluted isocratically with 10 mM ammo-
ium acetate: acetonitrile (1:9, v/v) at a flow rate of 0.4 mL/min. The
etention time of the analyte was optimized by varying the mobile
hase acetonitrile content between 70% and 95% with 10 mM
mmonium acetate and by varying the aqueous buffer concentra-
ion between 10 and 50 mM with 90% acetonitrile. The retention
actor (k) of 8-OHdG was defined as k = (tR − t0)/t0, where tR and t0
re the retention times of the analyte and the hold-up time, respec-

ively. Sample volumes of 20 �L were injected for each analysis. The

ass spectrometric analyses were performed using an API 4000
-Trap tandem mass spectrometer (Applied Biosystems, CA, USA)
quipped with an electrospray ionization (ESI) and operated in a
 B 893– 894 (2012) 173– 176

positive ion mode. Sensitivity of the selective reaction monitoring
(SRM) was  optimized by testing with an infusion of 8-OHdG under
the mobile phase condition. The mass spectrometer was  operated
under SRM mode of the transitions at m/z 284.3 → 167.9 for 8-OHdG
and at m/z 289.1 → 173.0 for [15N5]8-OHdG (IS) with dwell times of
1000 ms.  The spray voltage was  maintained at 5.5 kV. Nitrogen gas
was used as the collision gas (4 psi) and curtain gas (20 psi), whereas
zero grade air was  used as the nebulizer gas (40 psi) and heated gas
(60 psi). Source temperature was  set at 600 ◦C. The collision energy
and declustering potential were set at 19 V and 71 V, respectively.
Analyst software (version 1.4, Applied Biosystems) was used to
control the LC–MS/MS system, and to acquire and process the data.

2.3.2. Calibration curve and validation
Calibration curves for quality control (QC) samples were

obtained from the ratio of peak areas of 8-OHdG and [15N5]8-
OHdG (IS) using 0.1 mL  human urine samples from six humans
spiked with 8-OHdG at final concentrations of 0.2, 5, 10, 30, 50,
100 nmol/L. Standard curves were also obtained from plotting the
peak area ratio against the same six concentrations of the ana-
lyte as the spiked urine samples (n = 6 for each). The lower limit
of quantification (LLOQ) was  determined as the lowest standard on
the calibration curve that gave a signal-to-noise ratio of more than
ten and reached a precision of 20% and an accuracy of 80–120%.
The limit of detection (LOD) was determined as the lowest con-
centration that gave a signal-to-noise ratio of more than three. To
evaluate the intra and inter-day accuracy and precision, the stock
solution of 8-OHdG was  added to urine at concentrations of 10 and
50 nmol/L in 0.1 mL  urine. The spiked samples, together with non-
spiked samples, were analyzed using HILIC–MS/MS and 8-OHdG
concentrations were calculated using a standard curve. Accuracy
was expressed as the ratio of the quantified concentration to the
known concentration of 8-OHdG. To evaluate the intra-day preci-
sion, the non-spiked samples and the samples spiked at the two
levels were prepared five times per day. The inter-day precision
was determined using five independent experiments. The preci-
sion was calculated as the relative standard deviation (RSD) (%) of
the replicates.

2.4. 8-OHdG analysis by LC–MS/MS using reversed-phase column

On the basis of previously reported LC–MS/MS method [25],
chromatographic separation of 8-OHdG and [15N5]8-OHdG (IS)
in urine samples was performed on a XBridge C18 column
(150 mm × 2.1 mm i.d., 3.5 �m,  Waters) with a guard column
(XBridge C18 column, 10 mm × 10 mm i.d., 5 �m,  Waters). The
elution was run isocratically with a mobile phase consisting of
10 mM ammonium acetate: methanol (19:1, v/v) at a flow rate of
0.4 mL/min. The column temperature was set at 40 ◦C. The mass
spectrometric detection was carried out by the same SRM transi-
tions as the HILIC mode.

3. Results and discussion

3.1. Mass spectrometry and chromatography

The full scan mass spectrum of 8-OHdG in the positive ESI
mode and the fragmentation pattern of protonated molecular ion
[M+H]+ observed in this study were consistent with those of pre-
vious studies [17,18,24,26].  The transition from the molecular ion
[M+H]+ to the most intense fragment was recorded in the selec-

tive reaction monitoring (SRM) acquisition mode. The main product
ions of 8-OHdG and [15N5]8-OHdG (IS) were m/z 167.9 and 173.0
[M+H − 116]+, respectively. Therefore, the [M+H]+ → [M+H − 116]+

transition was used in the SRM mode.
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al of 5%. The retention factor (k) increased with the increasing
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rile increases the hydrophilic interactions between the analytes
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road. The retention time of charged analytes can be affected by
dding salt to the mobile phase due to the electrostatic interactions
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Fig. 2, A-1 and A-2).
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3.2. Calibration curve and validation

The calibration curve for the standard compound was lin-
ear (r2 > 0.999) for concentrations in the range of 0.2–100 nmol/L
(LLOQ: 0.2 nmol/L), which covers the lower range of the reported
levels of 8-OHdG in human urine [29], and the slope was
0.00630 ± 0.00026 (mean ± S.D. RSD, 4.1%).

Representative SRM chromatograms for the analyte and the
internal standard of a urine sample from a non-smoker showed
that the physiological components of the urine did not interfere
with the identification and quantification of the analytes in the
chromatograms (Fig. 2, B-1 and B-2). The matrix effect on the mass
spectrometric response was evaluated by comparing the slope of
the calibration curve with the slope obtained in the presence of
urine matrix. Six curves were obtained using six different urine
samples, each spiked with six different amounts of 8-OHdG. The
mean slope was 0.00655 ± 0.00043 (mean ± S.D., RSD, 6.6%), which
was almost identical to the mean slope obtained with the standard
solutions. This clearly showed that the matrix did not affect the
calibration curve. Therefore, 8-OHdG was quantified by using the
calibration curve obtained from the standard solution.

The precision and accuracy of 8-OHdG determination in human
urine with the HILIC–MS/MS system were examined by adding two
different known amounts of 8-OHdG to a urine sample. The RSDs
of the intra-day precision assay (n = 5) were in the range 2.3–2.6%,
and those of the inter-day assay (n = 5) were in the range 2.1–4.0%
(Table 1). The accuracy values (%) of the intra-day study and the
inter-day assay were in the range 96–102%. Both intra and inter-day
precision and accuracy values were satisfactory for determining
8-OHdG in human urine.

3.3. Comparison of the HILIC column with a reversed-phase
column

The instrumental detection limit of 8-OHdG measured by the
In contrast, the detection limit achieved with a reversed-phase col-
umn  and the same detection system was  26.0 fmol/injection under
optimal instrumental conditions. Our detection limit of 1.0 fmol
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Table  1
Precision and accuracy in the determination of 8-OHdG in urine samples.

Intra-day assay (n = 5) Inter-day assay (n = 5)

Added amounts (pmol/mL urine) 0 10 50 0 10 50
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Found ± SD (pmol/mL urine) 17.5 ± 0.4 27.0 ± 0.7
RSD  (%) 2.3 2.6 

Accuracy (%) – 96 

as considerably lower than the detection limits reported for other
revious LC–MS/MS methods: 20 fmol [17], 7 fmol (S/N = 3) [18],

 fmol (S/N = 4) [19] and 7.5 fmol/injection (S/N = 3) [27,31].  The low
etection limit of method enables the measurement of basal levels
f urinary 8-OHdG in non-exposed healthy subjects that were not
uantified in the previous report [27,31].  Furthermore, the analysis
an be completed in 10 min  and does not require washing and re-
quilibrating the column, which makes it well suited for continuous
nalyses.

. Conclusions

HILIC-MS/MS provides a selective, sensitive and rapid method
or determining 8-OHdG in human urine. The method has accept-
ble linearity, accuracy, and precision, and is more sensitive than
reviously described LC–MS/MS methods that have been used in
eversed-phase columns. The proposed HILIC–MS/MS method is
ell suited for large-scale human studies and clinical studies, and
ould also be applicable to analysis of 8-OHdG in not only urine

ut also other biological fluids such as plasma, serum and saliva,
nd in tissue.
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