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a b s t r a c t

Cyclic guanosine monophosphate (cGMP) is an important second messenger molecule involved in gating
ion channels and activating protein kinases. Here, we describe a validated LC–MS/MS method for the
quantification of cGMP in human plasma, utilizing a stable isotope labeled analogue of cGMP as I.S.
Plasma samples were extracted and concentrated by weak anion exchange solid phase extraction and
eywords:
yclic guanosine monophosphate
eak anion exchanger

orous graphitic carbon
C–MS/MS

the extracts were chromatographically separated on a porous graphitic carbon column. The analytes were
detected by positive electrospray ionization and tandem mass spectrometry. The calibration function was
linear in the range 1–20 nM and the intra- and inter-day precision showed relative standard deviations
of better than 2 and 6%, respectively. The accuracy was always better than 4%. Plasma concentrations
in healthy human subjects determined with this method were 3.92 ± 1.17 nM (n = 20). The method was,
due to its isotope labeled I.S., matrix independent.
. Introduction

Cyclic guanosine-3′,5′-monophosphate (cGMP) is an impor-
ant second messenger in biological systems and is synthesized
rom guanosine triphosphate (GTP) by the guanylate cyclase (GC)
nzyme family. This family consists of the particulate transmem-
rane (pGC) class, which is induced by peptide ligands, and
he soluble form (sGC), which is induced by nitric oxide and
esides in the cytosol. A range of biological functions are trig-
ered by cGMP, such as gating of ion channels or activating
rotein kinases [1]. The activity of cGMP is regulated by its con-
ersion to guanosine monophosphate (GMP) by the enzyme class
f the phosphodiesterases (PDE) [2]. The biochemical pathway of
GMP provides potential drug targets for a range of diseases. For
xample, currently, PDE-inhibitors such as sildenafil are utilized
n clinical practice to treat erectile dysfunction and pulmonary
ypertension [3]. To gain more insight into this system and to
acilitate clinical research, it is highly desirable to have sensitive
nd precise methods for the quantification of cGMP in biological
uids.
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Besides immunological assays such as radioimmunoassay (RIA)
[4] or enzyme immunoassay (EIA) [5], there are a range of published
HPLC-based methods for the quantification of cGMP in biolog-
ical fluids. Utilizing UV-detection of the analytes [6,7] leads to
limited sensitivity of the methods, which are therefore restricted
to special applications such as enzyme solutions or tissue sam-
ples. Derivatization of cGMP with fluorophores and subsequent
HPLC with detection by fluorescence [8,9] leads to better sen-
sitivity, but the methods are time-consuming and troublesome
and have not been applied to human plasma. Mass spectromet-
ric detection after direct separation of cGMP with HPLC leads to
superior selectivity and sensitivity. Two of the published meth-
ods [10,11] do not focus solely on cGMP, but profile many
different phosphorylated nucleotides simultaneously and need
therefore time-consuming chromatographic procedures. Another
method based on LC–MS/MS [12] is restricted to enzyme solu-
tions and uses no I.S. Recently, a method quantifying cGMP
from human plasma utilizing an isotope labeled analogue of
cGMP as I.S. has been published [13]. The authors describe a
very straightforward sample preparation and short chromatogra-
phy, but have to revert to the less sensitive negative ionization
electrospray (ESI) mode because of interferences in the positive
mode.
In this paper, we present an improved method for the quantifica-
tion of cGMP in human plasma. It utilizes an isotope labeled internal
standard, mixed mode weak anion exchange solid phase extraction
(WAX-SPE) for sample preparation and a chromatographic sepa-
ration on a porous graphitic carbon column. This method is very

http://www.sciencedirect.com/science/journal/15700232
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elective and sensitive and provides very good precision and accu-
acy.

. Experimental

.1. Chemicals

Cyclic guanosine monophosphate sodium salt was obtained
rom Fluka (Buchs, Switzerland). Guanosine-13C10,15N5-5′-
riphosphate sodium salt (100 mM solution in water) was
urchased from Aldrich (Buchs, Switzerland). Soluble guanylate
yclase (sGC, 10 �g in solution) and 2-(N,N-diethylamino)-
iazenolate-2-oxide diethylammonium salt (DEA-NONOate) were
btained from Alexis Biochemicals (Plymouth Meeting, PA, USA).
ll other chemicals were of analytical grade or better.

.2. Synthesis of isotope labeled cGMP

The stable isotope labeled I.S. 13C10-15N5-cGMP was synthe-
ized by the cyclization/dephosphorylation of 13C10-15N5-GTP by
he enzyme sGC. The reaction was carried out according to the
rocedure described by Sousa et al. [14] with minor modifi-
ations. In short, to 1 ml buffer solution (5 mM triethylamine,
djusted to pH 7.6 with 1 M HCl) containing 5 mM MnCl2, 10 �l
f the 100 mM 13C10-15N5-GTP solution were added, resulting in
concentration of 1 mM. To this solution, 4.1 mg DEA-NONOate

resulting in a concentration of 20 mM) and immediately after-
ards the solution containing 10 �g sGC were added. This mixture
as incubated for 20 min at 37 ◦C, followed by another addition

f 4.1 mg DEA-NONOate and further incubation for 20 min. The
nal concentration of 13C10-15N5-cGMP in the reaction mixture
as determined by the here-described method against unlabeled

GMP. Subsequently, it was diluted to a concentration of about
00 nM with 0.1 M HCl and was frozen aliquoted at −80 ◦C until
sage.

.3. Instrumentation

The HPLC part of the analytical apparatus consisted of an Agilent
100 system (Santa Clara, CA, USA) comprising a binary pump, an
utosampler and a thermostatted column compartment. The chro-
atographic separation took place on a Hypercarb 150 mm × 1 mm
�m particle size column (Thermo Scientific Inc., San Jose, CA,
SA), protected by a 10 mm × 1 mm precolumn containing the

ame material. The analytes were detected by a TSQ Discovery Max
riple quadrupole mass spectrometer equipped with an electro-
pray ionization (ESI) ion source (Thermo Scientific Inc., San Jose,
A, USA). System control and data handling were carried out by the
hermo Electron Xcalibur software, version 1.2.

.4. Calibration and quality control samples

A stock solution of cGMP was prepared by dissolving 4.65 mg
GMP sodium salt (according to the quality control sheet, the here
sed batch contained 21% (w/w) water) in 1 ml water, resulting

n a concentration of 10 mM. To prevent erroneous calibration
ue to additional moisture absorption by the cGMP sodium salt,
he concentration of the stock solution was checked by pho-
ometry at � = 252 nm, using a molar extinction coefficient ε of
3,700 M−1 cm−1 [15]. We found divergences of less than 7% to

he expected concentrations, which were regarded as minor. For
he preparation of calibration standards, this stock solution was
urther diluted to 1 �M and 100 nM. Calibration samples were pre-
ared from pooled human plasma or water at the concentrations
, 1, 2, 4, 8, 15 and 20 nM. Quality control (QC) samples were pre-
atogr. B 878 (2010) 487–491

pared from pooled human plasma in the spike-concentrations of 1
and 20 nM. The QC-samples were stored at −80 ◦C until usage.

2.5. Human plasma samples

Human blood samples were drawn from the cubital vein into
EDTA plasma sampling tubes. Plasma was obtained by centrifu-
gation at 2000 × g for 5 min. Plasma was stored at −80 ◦C until
analysis. All individuals participating in this study gave written
informed consent.

2.6. Sample preparation

For plasma sample extraction, OASIS WAX-SPE 1 cm3 30 mg
columns (Waters, Eschborn, Germany) were conditioned by rins-
ing with 1 ml of methanol, followed by 1 ml of water. To 500 �l of
human plasma samples 50 �l of the I.S. solution (200 nM isotopi-
cally labeled cGMP in 0.1 M HCl) and 500 �l of 2% (v/v) acetic acid
were added and the mixtures were drawn through the SPE columns.
The columns were rinsed with 1 ml of 2% (v/v) acetic acid and 1 ml
of methanol. After sucking dry for 2 min, the analytes were eluted
by 1 ml of 5% ammonia in methanol. The eluates were dried in vac-
uum and the residues were dissolved in 100 �l of mobile phase A
for the HPLC. Other SPE columns used in the development phase of
the sample preparation procedure were OASIS HLB, OASIS MAX and
OASIS MCX (all from Waters, Eschborn, Germany). The evaluation
of their extraction capabilities for cGMP was performed according
to the generic procedures described by the manufacturer.

2.7. Chromatography and mass spectrometry

Chromatographic separation was carried out by gradient elution
on a porous graphitic carbon column at a constant temperature
of 50 ◦C. The mobile phase A consisted of 1% (v/v) acetic acid and
1% (w/w) ammonium acetate in water. The mobile phase B was
acetonitrile. The gradient started with 80% of A and 20% of B for
2 min, then the fraction of B was raised to 50% in 10 min, held for
1 min, and then restored to starting conditions in 0.1 min. The total
runtime was 19 min. The flow rate was 0.1 ml/min and injection
volume was 25 �l.

The eluate of the analytical column was directed without split-
ting to the ESI ion source of the mass spectrometer. The ion source
was working in the positive mode with a spray voltage of 4200 V, a
sheath gas and auxiliary gas flow (both nitrogen) of 23 and 6 arbi-
trary units, respectively. Capillary temperature and offset voltage
were 270 ◦C and 35 V, respectively. To decluster adduct ions, an
in-source collision energy of 9 V was applied. The analytes were
detected in the MS/MS single reaction monitoring mode. Both
quadrupoles were set to a resolution of 0.7 amu peak full widths at
half maximum. Scan width and scan time were 0.1 amu and 0.1 s,
respectively, for both ion traces. The observed parent ion masses
were m/z 346 and m/z 361 and the product ion masses were m/z
152 and m/z 162 for cGMP and the I.S., respectively. Collision gas
was argon at a pressure of 1.3 mTorr, and collision energy of 20 V
for both analytes was applied.

Matrix effects were investigated by comparing the heights of
the I.S. peak in aqueous samples and in extracted plasma samples
spiked with I.S. after extraction (n = 5).

2.8. Validation
The extraction yield was determined by comparing the concen-
trations of the I.S. in plasma samples spiked with I.S. prior to the
extraction with those obtained in plasma samples spiked with the
I.S. after the extraction (n = 5).
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Intra-day (n = 10) and inter-day (n = 5) precision and accuracy
as determined by repeated measurements of the QC-samples.

he accuracy of the lowest QC-level was not defined due to the
nknown endogenous content of cGMP in the samples. For the
ther level, accuracy was calculated by comparing the measured
oncentrations with expected (spike + endogenous) concentra-
ions.

. Results and discussion

.1. Synthesis of isotope labeled cGMP

To the best of our knowledge, no isotope labeled cGMP is
ommercially available. However, stable isotope labeled GTP is
btainable and was converted to cGMP by the enzymatic reaction
ith sGC. The enzyme sGC needs nitric oxide (NO) for activation

nd Mn2+ (superior to Mg2+ [14]) ions as a cofactor to reach full
ctivity. NO was provided by the donor DEA-NONOate. As reported
14], the reaction proceeded for about 20 min at 37 ◦C. A new addi-
ion of DEA-NONOate reactivated the reaction for another 20 min
nd improved the overall yield from 12 to 17%. Further additions
f DEA-NONOate were not effective. After appropriate dilution of
he reaction mixture with 0.1 M HCl to reach a concentration of
00 nM, the solution was ready to use without any further cleaning
teps.

.2. Sample extraction

Zhang et al. [13] described a simple protein precipitation as
ample preparation. In our experience, such a sample prepara-
ion leads to very impure extracts, which can result in reduced
hromatographic performance and reduced sensitivity, due to ion
uppression effects. Therefore, we opted to use SPE for sample
leanup and concentration. On SPE columns exerting unpolar inter-
ctions (OASIS HLB) and on strong cation exchange columns (OASIS
CX), we observed no significant retention of cGMP. On the other

and, by investigating strong anion exchange columns (OASIS
AX), we found that cGMP was retained very strongly and it was

irtually impossible to elute it from the columns. However, on weak
nion exchange columns (OASIS WAX), it was possible to retain
GMP strongly at acidic pH, while it was eluted at basic pH by neu-
ralizing the ion exchange resin. Applying this procedure, we were
ble to get sufficiently clean extracts and could concentrate cGMP
rom the samples by a factor of 5, to achieve improved sensitivity.

The extraction yield was determined using the I.S. as reference,
ecause the unknown endogenous amount of cGMP in plasma sam-
les prevented meaningful calculations. The determination of the
xtraction yield was carried out by comparing extracted spiked
lasma samples with extracted blank plasma samples spiked after
he extraction to prevent any matrix effects from impairing the
esults. Applying this technique, we found an extraction yield of
7.2 ± 1.8%.

.3. Chromatography and mass spectrometry

As cGMP is a very polar molecule, retention on reversed phase
olumns is difficult and requires a nearly 100% aqueous mobile
hase [12], ion pairing [10] or reversed phase columns with
ydrophilic endcapping [13]. On the other hand, porous graphitic
arbon columns provide good retention behavior with polar com-
ounds such as cGMP. Using a simple acetic acid/ammonium

cetate buffer–acetonitrile gradient as the mobile phase, which
avored the ionization efficiency in the ESI ion source, good reten-
ion and narrow and symmetric peak shapes could be achieved
Fig. 1). The small diameter of the column applied has the advantage
f peak concentration and therefore led to enhanced sensitivity.
atogr. B 878 (2010) 487–491 489

The drawback is the small flow rate applicable, which in turn led
to quite long re-equilibration times and the long overall runtime
of 19 min. Under the described conditions, the retention times of
cGMP and its I.S. were 9.5 min.

The small flow rate of the chromatographic separation favored
the ion forming process in the ESI ion source. The negative charge
at the phosphate moiety of cGMP seemed to make negative ESI
promising for good ionization efficiency. However, the intensity
was found to be about a factor of 5 lower than in positive mode. Nev-
ertheless, in the positive mode, adduct ions were formed between
cGMP and ammonium ions from the buffer. By this process, the total
intensity of the cGMP signal was dispersed to different masses. The
adduct ions could be stripped away by applying an in-source colli-
sion energy of 9 V, restoring the full intensity of the quasi-molecular
ions with masses of m/z 346 and m/z 362 of cGMP and its I.S., respec-
tively. The parent ions of cGMP and the I.S. were fragmented by
collision-induced dissociation (CID) to product ions with masses of
m/z 152 and m/z 162, respectively. These fragmentation patterns
point to a cleavage of the ribose-guanine bond of cGMP in the CID
process, leaving [guanine+H]+ (m/z 152) as the charged fragment.
In the case of the I.S., the five 13C and the five 15N atoms in this frag-
ment result in a mass of m/z 162. The other five 13C atoms of the
I.S. parent ion remained in the uncharged ribose-phosphate leav-
ing group. The described fragment ions were the most abundant
ones and were used for detection and quantification. Due to their
low intensities (<10% of the total intensity), no additional fragment
ions were used as qualifiers in peak identification. No interferences
from endogenous substances were observed (see Fig. 1).

Matrix effects were investigated using the I.S. because of its non-
endogenous origin. Two sets of samples were compared: samples
spiked with I.S. after extraction (matrix effect, but no extraction
loss) and aqueous samples of the I.S. (no matrix effect). We found
that plasma samples showed a positive matrix effect of 14.7 ± 4.2%
and therefore had a slightly enhanced intensity. The differences
in the matrix effect between various matrix sources were very
moderate. In 20 different human plasma samples we found an
inter-sample coefficient of variation of 4.3% in the peak areas of
the I.S. However, owing to the use of a stable isotope labeled I.S.,
the quantification was not impaired by any matrix effect in a given
sample.

3.4. Validation

In the calibration range between 1 and 20 nM, a linear
weighed (1/x) least square function could be applied. A cali-
bration from spiked water samples resulted in the parameters
slope of 0.0482 ± 0.0006, an insignificant (p = 0.766) intercept of
0.0009 ± 0.030 and a correlation coefficient of R2 = 0.999, while
the respective parameters of the calibration from plasma samples
were a slope of 0.0470 ± 0.0005, an intercept of 0.0832 ± 0.0027
and R2 = 1.000. The significant intercept in the plasma calibration
reflected the endogenous amount of 1.77 nM cGMP in these sam-
ples. The differences in the slopes between the calibration functions
of the two matrices were less than 3% and therefore negligible.
In consequence, the calibration from water samples was usable to
quantify cGMP in unknown plasma samples. This matrix indepen-
dence of the method illustrated the advantages of an isotope labeled
I.S., which compensates for any matrix effects.

The lower limit of quantification (LOQ) was set to the lowest
concentration of the calibration range, i.e. 1 nM. The limit of detec-
tion (LOD) was explored with a dilution series of the I.S. in plasma

and was found to be about 0.1 nM at a signal-to-noise ratio of 3.

Inter- and intra-day precision and accuracy was tested by
repeated quantifications of cGMP in the QC-samples. Furthermore,
to explore the applicability of the method at low concentrations, a
plasma sample was diluted with water to reach cGMP concentra-
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ig. 1. Typical chromatograms of cGMP (upper panel) and its I.S. (lower panel). (a
ample from a healthy volunteer containing 2.59 nM cGMP.
ions in the range of the LOQ, and was repeatedly analyzed (n = 5).
he results are summarized in Table 1. The low relative standard
eviations and good accuracies reflected the advantages of the uti-

ization of an isotope labeled I.S. and are satisfying the requirements
or bioanalytical method validation.
icts a blank sample from water, containing no cGMP. (b) Depicts an EDTA plasma
3.5. Application of the method

The concentration of cGMP was determined in 20 EDTA plasma
samples from apparently healthy human subjects. We found values
of 3.92 ± 1.17 nM. This is comparable to results obtained by other
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Table 1
Intra- and inter-day precision and accuracy.

Sample Matrix Spike concentration (nM) Expected concentration (nM) Found concentration (nM) R.S.D. (%) Accuracy (%)

Intra-day dilution (n = 5)
Undiluted Plasma 0 N/Aa 3.43 1.33 N/Aa

Dilution factor 2 Plasma:water, 1:1 0 1.72b 1.67 3.75 −2.61
Dilution factor 4 Plasma:water, 1:3 0 0.86b 0.92 4.57 7.17

Intra-day (n = 10)
Low Plasma 1 2.77c 2.69 1.72 −2.89
High Plasma 20 21.77c 20.93 1.58 −3.86

Inter-day (n = 5)
Low Plasma 1 2.77c 2.67 2.95 −3.61
High Plasma 20 21.77c 22.27 5.61 2.30
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J. Chromatogr. B 877 (2009) 513.
a Not applicable.
b Found endogenous concentration divided by dilution factor.
c Sum of endogenous concentration plus spike concentration.

ethods such a RIA (3.3 nM, interquartile range 1.1–5.6 nM [16])
r LC–MS/MS (5.65 ± 2.35 nM [13]). The applicability of the method
an therefore be regarded as proven.

. Conclusion

In this work, we present a reliable, precise and accurate method
or the determination of cGMP in human plasma samples. The solid
hase sample extraction and concentration and the tandem mass
pectrometric detection resulted in high sensitivity and selectiv-
ty with peak shapes uncompromised by endogenous substances.
ompared to a previously published method for the determina-
ion of cGMP from human plasma [13], the here-described method
howed slightly better sensitivity (limit of quantification 1 nM vs.
.5 nM) and improved R.S.D.’s (intra-day 1.6–1.7% vs. 6.0–10.1%,

nter-day 3.0–5.6% vs. 5.6–8.1%). While the method is well suited

o measure cGMP in plasma samples of human subjects, its matrix
ndependence due to the stable isotope labeled I.S. should make it
xtendable to other biological media, such as urine or tissue sam-
les, without major difficulties. The method provides therefore an

mportant tool for scientific investigations and progress in this field.
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