Journal of Chromatography B, 880 (2012) 90-99

Contents lists available at SciVerse ScienceDirect

Journal of Chromatography B

journal homepage: www.elsevier.com/locate/chromb

HPLC determination of arginases inhibitor N-(w)-hydroxy-nor-L-arginine using
core-shell particle column and LC-MS/MS identification of principal metabolite
in rat plasma

Milos Hroch®*, Zuzana Havlinova?, Milan NobilisP?, Jaroslav Chladek?

a Charles University in Prague, Faculty of Medicine in Hradec Krdlové, Simkova 870, 500 38 Hradec Krdlové, Czech Republic
b Charles University in Prague, Faculty of Pharmacy in Hradec Krdlové, Heyrovského 1203, 500 05 Hradec Krdlové, Czech Republic

ARTICLE INFO ABSTRACT

Article history:

Received 10 September 2011
Accepted 11 November 2011
Available online 20 November 2011

For the purpose of in vivo pharmacokinetic studies, an HPLC method was developed and validated for
the quantification of N-(w)-hydroxy-nor-L-arginine, L-arginine and N-(w)-ethyl-L-arginine (internal stan-
dard) in rat plasma. Sample processing involved a solid-phase extraction on the Waters MCX cartridges
and on-line pre-column derivatization of the analytes with o-phthaldialdehyde and 3-mercaptopropionic
acid. Separation of the derivatives was carried out on a core-shell Kinetex C18 column in a gradient
elution mode with a mobile phase consisting of methanol and water (pH=3.00 adjusted with formic
acid). Fluorimetric detection with the excitation/emission wavelengths of 235/450 nm was used. The
method was validated according to the FDA guidelines and applied to pilot pharmacokinetic experi-
Pharmacokinetics ments. An unknown metabolite was extracted from the plasma of Wistar rats after a single bolus of
OPA-derivatization N-(w)-hydroxy-nor-L-arginine (i.v. 10mgkg-!). The metabolite was identified as nor-L-arginine using
HPLC mass spectrometry. Validated method was successfully used for pilot pharmacokinetic experiment on
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1. Introduction

Arginases compete with nitric oxide synthases (NOS) for a
common substrate L-arginine (ARG). Overexpression of arginases
reduces the synthesis of nitric oxide (NO), while inhibition results
in an increased NO formation [1]. An increased expression and
activity of arginases have been found in many pathological states
[2-5]. Arginase inhibitors decrease blood pressure and improve
the reactivity of resistance vessels in adult spontaneously hyper-
tensive rats [6]. In animal models of asthma, arginase inhibition
protects against allergen-induced airway obstruction, hyperre-
sponsiveness and inflammation [7]. Moreover, airway remodelling
in chronic allergic asthma is attenuated [8]. If compared to healthy
subjects, patients with asthma have significantly higher arginase
expression in bronchoalveolar lavage cells and in the airway
epithelium [9]. Patients who present with acute asthma exac-
erbation have higher serum arginase activity and lower levels
of arginine as compared with healthy subjects [10]. Moreover,
arginase activity is related to airflow abnormalities in severe
asthma [11]. Arginase inhibitors thus have therapeutic poten-
tial in several NO-dependent smooth muscle disorders, including
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asthma and hypertension. N-(w)-Hydroxy-nor-L-arginine (nor-
NOHA), a more potent analogue of N-(w)-hydroxy-L-arginine
(NOHA), is an inhibitor of arginases with no affinity towards
NOS [12]. An increasing number of published studies address
the positive effects of nor-NOHA in various diseases [6,13-15]
which strongly contrasts with the absence of analytical meth-
ods and pharmacokinetic data in the literature, unlike methods
for arginine and its other derivatives [16-19]. The aim of this
work was to develop and validate a liquid chromatographic
method for nor-NOHA assessment in the rat plasma. Station-
ary phase Kinetex C18 with the core-shell particle technology
was chosen for the method development. Recently, this kind
of columns has become popular in pharmaceutical analysis and
bioanalysis [20-25], owing to the fast separation of analytes
with excellent efficiency [26-32]. Sensitive and selective flu-
orescence method of amino acid analysis was utilized with
o-phthaldialdehyde (OPA) on-line derivatization and separation
of isoindoles derivatives [33-37]. Fluorimetry is the primary
detection technique. However, chromatographic conditions are
compatible with mass-spectrometry (MS). The method also enables
simultaneous quantification of ARG. The LC-MS mode was used
for the identification of a putative metabolite of nor-NOHA found
in the plasma of Wistar rats after i.v. administration of the
compound. The metabolite was identified as nor-L-arginine (nor-
ARG).
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Fig. 1. Chemical structures of N-(w)-hydroxy-nor-L-arginine (a), nor-L-arginine (b),
L-arginine (c) and N-(w)-ethyl-L-arginine (d).

2. Experimental
2.1. Reagents

N-(w)-Hydroxy-nor-L-arginine was purchased from Bachem
(Basel, Switzerland), N-(w)-ethyl-L-arginine (NMEA, an internal
standard) was purchased from Enzo Life Sciences (Farmingdale, NY,
USA) and nor-L-arginine (nor-ARG) was obtained from IS Chemical
Technology (Shanghai, China). Chemical structures of compounds
under the study are presented in Fig. 1. Hydrochloric acid and
sodium hydroxide were obtained from Lach-Ner (Neratovice, Czech
Republic). L-Arginine, boric acid, potassium acetate, formic acid,
3-mercaptopropionic acid (3-MPA) and o-phthaldialdehyde were
purchased from Sigma-Aldrich (Prague, Czech Republic) and gra-
dient grade methanol from Fisher Scientific (Pardubice, Czech
Republic). Water was purified with the MilliQ system (Millipore,
Milford, MA, USA). OPA reagent was prepared by dissolving of
20.1 mg o-phthaldialdehyde in 1 ml of methanol. The solution was
transferred to a 10 ml volumetric flask, filled with borate buffer
(0.2moll-1, pH=9.5) and 10 w1 of 3-MPA was added. Before use,
reagent was held in a dark at room temperature for 90 min [34,38],
then was transferred to the fridge (4 °C) and used at longest for two
days[39]. All chemicals used in the study were of analytical-reagent
grade or best available purity. Drug-free rat plasma for the method
development and validation was acquired from sacrificed animals.

2.2. Instrumentation and chromatographic conditions

All analyses were performed on a 1100 series Agilent lig-
uid chromatograph (Palo Alto, CA, USA) composed of a degasser,
quaternary pump, light-tight autosampler unit set at 7°C, ther-
mostated column compartment held at 50°C and a fluorescence
detector set at the excitation/emission wavelengths of 235/450 nm,
with photomultiplier gain 11. Chromatographic separation was
carried out on a Kinetex C18 core-shell column 100 mm x 3 mm ID,
2.6 pm (Phenomenex, Torrance, CA, USA), protected with dispos-
able in-line filter CrudCatcher (Phenomenex, Torrance, CA, USA).
The mobile phase flowing at a rate of 0.85mlmin~! consisted
of water, adjusted with formic acid at pH=3.00 (solvent A) and
methanol (solvent B). The gradient elution program was as fol-
lows: from 5% to 39% (v/v) of solvent B in 9.4 min; 39% to 5% (v/v)
of solvent B in 0.1 min, equilibration at 5% (v/v) of solvent B for
3.5 min. During the equilibration, on-line derivatization of the next
sample was accomplished simultaneously. Injection program used
Agilent ChemStation (Palo Alto, CA, USA) software statements in
the following order: DRAW 1.5 .l from sample, DRAW 1.5 I from
vial 1 (OPA reagent), MIX 3.0 1 (in air, max. speed, 8 times), WAIT
0.4 min, INJECT. The time of sample analysis was 13 min including
column re-equilibration. The mobile phase was filtered through a
0.22 pm Durapore filter (Millipore, Milford, MA, USA) and vacuum
degassed prior to use. Data processing was handled by means of

Agilent ChemStation software (Palo Alto, CA, USA). For the identifi-
cation of an unknown metabolite, a quadrupole ion trap LCQ Fleet
mass spectrometric detector (Thermo Scientific, San Jose, CA, USA)
equipped with an electrospray (ESI) interface was used. Detector
was coupled with 1200 Series Agilent HPLC (Palo Alto, CA, USA)
composed of degasser, quaternary pump, cooled autosampler and
column compartment. Chromatographic conditions were identical
to that described above for fluorescence detection.

2.3. On-line derivatization

With the aim to achieve the optimum response of the fluores-
cence signal a special attention was paid to the optimization of the
injector program used for the on-line derivatization as well as to the
composition of the OPA reagent. The parameters under evaluation
were the concentrations of OPA (the range of 1.9-30 mmoll-1), 3-
MPA (the range of 5.75-184mmol1~!) and, of borate buffer (the
range of 50-400 mmoll-1), the number of mixing cycles in the
injection loop and, the time delay after mixing of the sample with
the OPA reagent.

2.4. Development of separation conditions

Chromatographic conditions were selected to allow a rapid and
efficient separation of the OPA derivatives of nor-NOHA, nor-ARG,
ARG and NMEA (internal standard—IS) from plasma components.
A critical pair of nor-NOHA and nor-ARG derivatives was the most
difficult task. The use of non-volatile buffers was avoided during
the method development in order to enable mass spectrometric
detection. Several chromatographic parameters were optimized
including the type of organic modifier (methanol, ACN), the flow
rate (0.6-0.85 mlmin~1'), the gradient program, the column length
(150vs. 100 mm) and, the temperature of the column compartment
(35-50°C). The decision criteria included selectivity of the assay,
sufficient chromatographic resolution of the critical pair (Rs > 1.5),
short runtime (<15 min) and, the back-pressure <400 bar due to the
limitations of the Agilent 1100 HPLC system.

2.5. Preparation of calibration standards and quality control
samples

Stock standard solutions of nor-NOHA (40 and 30 mmoll-1),
ARG (20 and 15mmoll-1) and NMEA (1mmoll-!) were pre-
pared by dissolving of each pure substance in 0.01moll-!
hydrochloric acid. From the standard solution 40mmoll-!
were prepared auxiliary stock solutions by consecutive dilu-
tion with hydrochloric acid (0.01moll-!) to concentrations
0.20-0.50-1.0-2.0-10-20-40 mmol 1!, The calibration standards
of nor-NOHA were prepared from auxiliary stock solutions by a
20-fold dilution with blank rat plasma (standards L1-L7). Calibra-
tion standards of ARG were obtained using standard additions of
5-12.5-25-50-250-500-1000 wmol 1~ to rat plasma containing
122.4 pmoll-1 of endogenous ARG (standards L1-L7). ARG endoge-
nous concentration was calculated from linear regression equations
of calibration curves (n=7) with standard additions of ARG as
mentioned above. Calibration curves were extrapolated to zero
response (y=0) and concentration of ARG was ascertained from
absolute value of intercept on the concentration axis (x). Quality
control samples of nor-NOHA in blank rat plasma were prepared
at concentrations of 30, 300 and 1500 wmol1-! (QC1, QC2 and QC3,
respectively). Standard additions of 15, 150 and 750 wmol1~! ARG
to rat plasma with a basal concentration of 122.4 wmoll-! were
performed to prepare QC1, QC2 and QC3, respectively. The calibra-
tion standards and QC samples were divided to 200 .1 aliquots and
kept frozen at —80 °C for a maximum of two weeks.
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2.6. Solid-phase extraction of analytes from rat plasma

Samples of frozen plasma were thawed at room temperature
and subjected to a solid-phase extraction (SPE) on the Oasis MCX
cartridges (30mg, 1 ml, Waters, Milford, MA, USA) filled with a
mixed mode sorbent (reversed phase and strong cation exchanger).
The sorbent was wetted twice with 1 ml of methanol and washed
twice with 1ml of ultrapure water. Two hundred microliters of
plasma was mixed with 600 pl of phosphate buffer (0.05mol1-1,
pH=7.4)and 50 wlof IS (c=1 mmol1-1) and the mixture was loaded
on the SPE cartridge. The cartridge was washed once with 1ml
of hydrochloric acid (0.1 moll~!) and 1 ml of methanol. The ana-
lytes were eluted from the air-dried sorbent using 1ml of the
elution agent composed of potassium acetate (0.5 M, pH=7.4) and
methanol (40:60, v/v). The eluates were evaporated to dryness in a
thermoblock (30 min, 35 °C) under a gentle stream of nitrogen and
reconstituted in 200 wl of ultrapure water. After vortex mixing for
15 s and centrifugation (14,000 x g, 5 min), the samples were trans-
ferred into vials with glass inserts and placed to the autosampler
for on-line derivatization and analysis. Total volume of the sample
taken for on-line derivatization was 1.5 .l

2.7. Method validation

The optimal chromatographic conditions acquired in the course
of method development were applied throughout the validation
process. The method was evaluated for selectivity, linearity, the
lower limit of quantification (LLOQ), precision, accuracy, extrac-
tion recovery and sample stability, using recommendations of the
FDA Guidance for Industry — Bioanalytical Method Validation [40].
For all tests performed during the method validation, pooled blank
plasma from fourteen rats was used.

2.7.1. Selectivity

The selectivity of the HPLC method was tested by comparing
the blank, drug-free rat plasma from 14 different animals to the
samples of calibration standard L3 and standard fortified with nor-
NOHA, ARG and NMEA (IS) to the final concentration of 5 wmol1-1,
prepared in ultrapure water. Peak purity test was also performed
for ARG because the amino acid is a common constituent of many
biological matrices and blank plasma is unavailable. This test was
based on the continuous measurement of the excitation or emis-
sion spectra during a chromatographic run. For this purpose, two
runs for each blank plasma (n=14) were carried out. First, the exci-
tation spectra were recorded over the range of 220-400 nm and
second, scanning of the emission spectra was performed in the
range of 360-550 nm. Evaluation of the tests was undertaken with
a “Peak purity test” function available in ChemStation software with
athreshold value set at 990 [41,42]. Mass spectrometric data across
ARG peak in blank samples were also acquired for confirmation of
fluorimetric peak purity measurement. Peak purity function sup-
ported by ChemStation software utilizes statistical approach for
computation of the spectra similarity within a chromatographic
peak. Two exactly identical spectra have similarity factor equal
to 1000. Values of similarity factor higher than 995 indicate that
the spectra are very similar and can be assumed as identical.
Detailed description of aforementioned peak purity function is in
Refs. [41,42].

2.7.2. Linearity and LLOQ

Calibration curves were constructed using a weighted (1/y?)
least-square linear regression of the relationship between the peak
areas ratios (the analyte to IS) and the concentrations of calibra-
tion standards. Each of the seven concentration levels was analyzed
seven-times. The calibration ranged from 10 to 2000 wmoll-!
(nor-NOHA) and from 127.4 to 1127.4pumoll-! (ARG - final

concentration). LLOQ was defined as the lowest concentration
determined with acceptable precision and accuracy, i.e. with the
relative standard deviation (RSD) below 20% and the relative error
(RE) within £20% of the true value. For the purpose of LLOQ deter-
mination, seven parallel samples were spiked with nor-NOHA to
the final concentration of 5 umoll~! and with standard addition
of ARG 5umoll-! to the plasma with ARG basal concentration
122.4mmoll-1,

2.7.3. Precision and accuracy

The intra- and inter-day accuracy and precision were assessed
by conducting a replicate analysis of the QC samples at three
concentration levels. Intra-day precision was measured at three
concentration levels, each level in septuplicate. To determine the
inter-day precision, the QC samples were analyzed over three
different days at three concentration levels, each level in quin-
tuplicate. The precision and the accuracy were expressed as
the relative standard deviation (RSD) and relative error (RE),
respectively.

2.74. Recovery

Relative recoveries (R%) of analytes were evaluated by compar-
ing the results of replicate analyses (n = 5) of the plasma QC samples
prepared at three concentration levels with those prepared by spik-
ing the post-extracted plasma samples to the same concentrations.
Recovery for NMEA (IS) was evaluated at the concentrations of
100, 200 and 400 pmol1-! in the same manner as for the QC sam-
ples. Relative recovery of analytes was calculated according to the
following equation [43]:

_ response of analytes spiked to plasma before extraction
~ response of analytes spiked to plasma after extraction

0,

100

2.7.5. Stability

Long-term and short-term stability, post processing stability
and freeze-thaw stability were assessed by replicate analyses (n=5)
of the low and high QC samples prepared in rat plasma. Long-term
stability samples were stored at —80°C, measured after 4 weeks
and compared with freshly prepared samples. Short-term stability
of the plasma at 25°C was assessed after standing over 1 h before
sample processing and analysis. Post-processing stability was mea-
sured by analyzing the low and high QC samples immediately after
processing as well as after 24 h standing in the autosampler ther-
mostated at 7 °C. The freeze-thaw stability was determined after
each of three freezing-thawing cycles.

2.8. Pilot pharmacokinetic experiment

Male Wistar rats (n=5) weighing from 310 to 410g (Biotest,
Konarovice, Czech Republic) were used in a preliminary phar-
macokinetic experiment to verify the performance of the new
chromatographic method. Animals were housed under controlled
environmental conditions (12-h light-dark cycle, temperature
22 +1°C) with a commercial food diet and water freely available.
All experiments were approved in accordance with Guide for the
Care and Use of Laboratory Animals published by the U.S. National
Institutes of Health (NIH publication, 1996) and under the supervi-
sion of the Ethical Committee of the Faculty of Medicine in Hradec
Kralove, Czech Republic. A bolus dose of 10 mg kg~! nor-NOHA was
administered intravenously under the anesthesia induced by pen-
tobarbital (50 mgkg~1, i.p.) and samples of blood were collected
into the EDTA KE Monovette tubes (Sarstedt, Niimbrecht, Germany)
at various time intervals during the 2 h post-dosing. Blood samples
were immediately cooled in a water bath (5 min, 10 °C) and plasma
was separated by centrifugation (1000 x g, 10 min, 4°C). Samples
were stored at —80 °C until analysis.
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2.9. Identification of the metabolite using mass spectrometry

In the course of preliminary pharmacokinetic experiments with
nor-NOHA in rats, an unknown peak was found in the OPA-
derivatized plasma extracts, with the kinetics related to that of
nor-NOHA. We assumed that the peak belongs to a metabolite or
degradation product of nor-NOHA emerging in vivo. Therefore, it
was tested whether or not the origin of the compound is artifi-
cial, i.e. caused by nor-NOHA decomposition in vitro during sample
processing. Within the framework of this testing, short-term sta-
bility was also evaluated (see Section 2.7.5). Blank rat blood was
spiked with nor-NOHA and ARG to final concentrations of 301.8
and 150.5 pmol1-1, respectively, and the volume was divided into
five aliquots. The first aliquot was immediately processed and ana-
lyzed. From the second and third aliquots, plasma was prepared
immediately and held at 25°C and 4°C for 1 and 2 h, before sam-
ple processing and analysis. The fourth and fifth aliquots were
held at 25°C and 4°C for 1 and 2 h, respectively, and then plasma
was separated, processed and analyzed. After this preliminary test,
the compound was characterized by means of mass spectrometry.
Full scan MS!-ESI spectra and MS"-ESI in the positive mode were
recorded with the ion source and ion optics settings as follows:
spray voltage 4KkV, capilary voltage 35V, capilary temperature
250°C, sheat gas 50 AU (arbitrary units), auxillary gas 30AU, RF
lens offset —7.5V, lens(0) —4.5 V, multipole(0) offset —5V, gate lens
—52V, multipole(1)offset —13.5 V, multipole RF 465 V,_p, front lens
—86V, trap offset —10V. Confirmation of the proposed structure
was carried out with authentic standard of nor-ARG.

3. Results and discussion
3.1. Development of chromatographic conditions

Preliminary experiments were done using an Agilent Zor-
bax XDB-C18 column (150 mm x 4.6 mm, 5 pm) with optimized
mobile phase consisting of acetonitrile-methanol-phosphate
buffer (0.05moll-!, pH=6.5) in a gradient mode. Despite the fact
that validation was successful, the runtime >35min was found
unsatisfactory. Such long runtime caused problems with post-
processing instability of the analytes, especially during the analysis
of large analytical batches. Another limitation was the phosphate
buffer used in the mobile phase and impossibility to use the method
in LC-MS mode for nor-NOHA metabolite identification, as this
demand rose throughout the study.

During the last two years, columns with shell-type stationary
phases have become popular owing to a fast and efficient sep-
aration with excellent efficiency [26-28,31]. Therefore, this new
stationary phase technology was chosen in the present study also.
Isocratic separation on a Kinetex C18 (150 mm x 3 mm ID, 2.6 pum)
column gave disappointing results. The critical pair of OPA deriva-
tives of nor-NOHA and nor-ARG showed insufficient resolution and
NMEA (IS) eluted in the runtime exceeding 60 min. For a gradient
elution, acetonitrile and methanol were tested as organic modi-
fiers. Acetonitrile gave a low back-pressure profile but separation
of the aforementioned critical pair remained problematic. Opti-
mum chromatographic separation of all analytes and interferents
was achieved with methanol. A 150 mm long Kinetex C18 col-
umn offered good separation, however with a runtime exceeding
17 min. A shorter, 100 mm column was therefore tested and was
found to be sufficient for baseline separation of all OPA derivatives
with the significantly shorter runtime of 13 min. Column temper-
ature and flow rate were conformed to an acceptable value of the
back-pressure and sufficient resolution of the critical pair. Kinetex
C18 (100 mm x 3 mm ID, 2.6 wm) column was finally used in the
present study. Parameters of the resulting method are presented

Table 1

Chromatographic performance data valid for standard unmodified Agilent 1100
series liquid chromatograph equipped with Kinetex C18 (100 mm x 3 mm ID,
2.6 wm) column.

Compound Reduced ret. time Peak width at Resolution

tg (min) half height Rs

Wi (min)

Unknown peak 6.033 0.0499 -
nor-NOHA 6.345 0.0643 33
nor-ARG 6.522 0.0589 20
Unknown peak 7.053 0.0765 4.6
ARG 7.483 0.0594 4.8
NMEA (IS) 8.975 0.0599 16.2

in Section 2.2. Chromatographic performance data were computed
by means of Agilent ChemStation software and are summarized in
Table 1. Resolution was computed for consecutive peaks. Data for
observed interferents are also included.

3.2. Derivatization and injector program

OPA and 3-MPA in borate buffer (0.2 mol -1, pH=9.5) were used
for derivatization. OPA reagent composition used through the study
was as follows: OPA 15mmoll-!, 3-MPA 11.5mmoll-!. Injector
program settings are described in Section 2.2. 3-MPA was a pre-
ferred donor of a thiol group given the reported higher stability of
the derivatives [44,45]. Data acquired during the optimization of
the injector program are presented in Fig. 2. Peak areas of the ana-
lytes to IS were used for computation and results were normalized
to a highest value in the dataset.

Based on the results presented in Fig. 2, an attention should be
paid to OPA and 3-MPA concentrations. On the other hand, the con-
centration of borate buffer influences the fluorescence response of
OPA derivatives only slightly. An optimum composition was as fol-
lows: 15mmoll~-! OPA and 11.5 mmoll~! 3-MPA in borate buffer
(0.2mol 11, pH 9.5). The count of mixing cycles during the on-line
derivatization is the most important instrumental parameter to
optimize while the delay time in the injector loop after mixing has
only a marginal influence on the fluorescence intensity.

3.3. Solid-phase extraction of analytes from rat plasma

Solid phase extraction on the Waters MCX cartridges resulted
in clean extracts and a high recovery of the analytes. The pro-
cedure recommended in the Oasis MCX cartridge brochure [46]
was tested first, but alkaline ammonia solution used in the elu-
tion step completely decomposed nor-NOHA. Similar behavior was
described by others for NOHA [47]. To prevent the decomposi-
tion of nor-NOHA during the sample processing, alkaline solutions
(pH>8) has to be avoided. Therefore, various elution agents were
investigated each composed of methanol and organic or inorganic
salt (potassium acetate, potassium phosphate, potassium chlo-
ride, ammonium chloride). The best results were achieved with a
solution containing potassium acetate (c=0.5moll-!,pH=7.4) and
methanol (40:60, v/v). This solution was used through the study.

3.4. Results of validation

3.4.1. Selectivity

Selectivity was investigated using blank and spiked samples of
rat plasma (nor-NOHA, nor-ARG and NMEA) and by means of a peak
purity test and LC-MS (ARG). Baseline resolution was achieved for
all analytes. Samples of blank rat plasma (n = 14) were found free of
interfering peaks of endogenous compounds at the retention times
of nor-NOHA, nor-ARG and NMEA (IS) (Fig. 3).
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Fig. 2. Influence of derivatization parameters on the fluorescence response. Concentrations of the components of the derivatization reagent: o-phthaldialdehyde (a), borate
buffer (b) and 3-mercaptopropionic acid (c). Instrumental parameters: the count of mixing cycles after aspiration of a sample and OPA reagent (d), the time interval between
mixing of a sample with OPA reagent and injection (e).

The peak purity test demonstrated that similarity factors of
the ARG OPA spectra of all samples of rat plasma (n=14) were
higher than 997.2 and 996.2 with the mean (SD) values of 998.4
(0.5129) and 999.0 (0.6111) for excitation end emission spectra,

respectively. Inasmuch as the aforementioned peak purity test is
not able to detect interference with exactly the same retention
time and peak shape as that of ARG OPA, results of the peak purity
test were also confirmed with the help of the mass spectra recorded
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Fig. 3. Representative chromatograms of blank rat plasma (a), plasma fortified with 50 pwmol1~! nor-NOHA, 147 wmoll-! ARG (final concentration) and 200 pmol1-! NMEA
(b), rat plasma withdrawn 5 min after nor-NOHA bolus (10 mg kg~! i.v.) (c), plasma fortified with nor-NOHA and NMEA (5 p.moll-! each compound) (d), water fortified with
nor-NOHA, ARG and NMEA (5 wmol 1! each compound) (e), water used for sample reconstitution (f). Peak identification: nor-NOHA tg = 6.8 min (i), nor-ARG tz =7.0 min (ii),

ARG tg =7.9 min (iii), NMEA tg = 9.4 min (iv).

across the ARG OPA peak in all samples of rat plasma (n=14).
Results demonstrated the ability of the method to unequivo-
cally assess the analytes of interest in a complex matrix of rat
plasma.

3.4.2. Linearity of calibration and LLOQ

Least-squares linear regression with different weights (no
weighting, 1/x, 1/x2, 1/y and 1/y%?) was tested. The best
results were achieved using a weighted (1/y2) least-squares
linear regression. The calibration curve of nor-NOHA and
ARG OPA derivatives were linear within the concentration
ranges of 10-2000 and 5-1000 pmoll-!, respectively. The mean
(£SD) regression equations of calibration curves (n=7) were:
y=0.001047(+0.00008624)x + 0.001086(+0.0007810) (r2>0.998)
and y =0.002886(+0.0003632)x +0.3532(+0.07832) (12 > 0.997) for
nor-NOHA-OPA and ARG OPA, respectively.

Table 2

Lower limit of quantification 5 pmol1-! for nor-NOHA and ARG,
respectively was confirmed with the measurement of accuracy and
precision, where limits given by FDA [40] were fulfilled. The method
proved to be linear over the range demanded for analysis of samples
from pharmacokinetic experiment on rats (see Section 3.5) with
sufficient quantification limits.

3.4.3. Precision and accuracy

The data of the intra and inter-day precision and accuracy are
shown in Table 2. For all QC samples were the relative standard
deviations better than 11% and assayed concentrations between 90
and 110% of the true values. Precision and accuracy of the present
method met the criteria of the FDA Guidance for the Bioanalytical
Method Validation [40].

Precision, accuracy, LLOQ and recovery results of the method for nor-NOHA and ARG determination. Mean unspiked plasma (a), spike added (b), mean spiked plasma (c¢) and

spike found (d).

Analyte a(pmoll-1) b (nmoll-1) ¢ (pmoll-1) d (pmoll-1) RSD (%) RE (%)
Inter day n=15

nor-NOHA - 30.18 31.55 7.20 4.54
nor-NOHA - 301.8 3024 10.80 0.21
nor-NOHA - 1509 1644 6.00 8.98
ARG 122.4 15.05 138.1 15.73 7.71 4.52
ARG 122.4 150.5 279.3 156.9 2.21 4.25
ARG 122.4 752.3 9133 790.9 5.70 5.13
Intraday n=5

nor-NOHA - 30.18 29.88 5.67 -0.99
nor-NOHA - 301.8 325.9 3.70 8.00
nor-NOHA - 1509 - 1522 0.19 0.85
ARG 122.4 15.05 15.43 14.55 9.81 -3.32
ARG 122.4 150.5 136.8 1359 5.06 -9.70
ARG 1224 752.3 759.2 758.3 143 0.80
LLOQn=7

nor-NOHA - 5.03 5.56 12.35 10.54
ARG 122.4 5.02 5.49 15.86 9.44
Recovery n=5 a(pmoll-1) b (pmoll-1) ¢ (pmoll-1) d (pmoll-1) Recovery (%) (mean + SD)
nor-NOHA - 30.18 - 29.40 974 +3.7

nor-NOHA - 301.8 - 309.0 1024 + 2.5

nor-NOHA - 1509 - 1396 925+ 48

ARG 122.4 15.05 136.3 13.84 91.98 + 2.6

ARG 122.4 150.5 261.8 139.4 92.64 + 3.4

ARG 122.4 752.3 888.6 766.1 101.84 + 2.9

NMEA - 103.1 - 90.62 87.90 + 3.26

NMEA - 206.2 - 177.8 86.24 + 3.22

NMEA - 412.4 - 363.0 88.02 + 2.50
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Table 3
Stability of nor-NOHA and ARG in rat plasma. Mean unspiked plasma (a), spike added (b), mean spiked plasma (c), and spike found (d).

Analyte Matrix Time Temp. a(pmoll-1) b (pmoll-1) ¢ (pmoll-1) d (pmoll-1) RSD (%) RE (%)

Short term stability (n=5)
nor-NOHA Plasma 1h 25°C - 30.18 - 29.12 4.07 -3.51
ARG Plasma 1h 25°C 104.2 15.05 118.4 14.20 2.95 —5.65
nor-NOHA - 0h? - - 301.8 - 291.0 3.08 -3.57
nor-NOHA Plasma 1h 4°C - 301.8 - 3199 0.54 6.01
nor-NOHA Plasma 1h 25°C - 301.8 - 304.6 2.57 0.91
nor-NOHA Plasma 2h 4°C - 301.8 - 243.2 6.81 —19.42
nor-NOHA Plasma 2h 25°C - 301.8 - 226.4 3.28 -24.99
nor-NOHA Whole blood 1h 4°C - 301.8 - 308.8 1.06 2.31
nor-NOHA Whole blood 1h 25°C - 301.8 - 307.8 1.01 1.98
nor-NOHA Whole blood 2h 4°C - 301.8 - 250.3 4.88 -17.07
nor-NOHA Whole blood 2h 25°C - 301.8 - 241.1 4.04 -20.11
ARG - 0h? - 104.2 150.5 256.0 151.8 293 0.84
ARG Plasma 1h 4°C 104.2 150.5 254.3 150.1 0.39 -0.30
ARG Plasma 1h 25°C 104.2 150.5 251.7 147.5 0.55 -1.98
ARG Plasma 2h 4°C 104.2 150.5 260.4 156.2 0.07 3.77
ARG Plasma 2h 25°C 104.2 150.5 260.2 156.0 0.87 3.67
ARG Whole blood 1h 4°C 104.2 150.5 249.5 145.3 1.22 -3.48
ARG Whole blood 1h 25°C 104.2 150.5 248.9 144.7 0.53 -3.86
ARG Whole blood 2h 4°C 104.2 150.5 257.5 153.3 0.59 1.85
ARG Whole blood 2h 25°C 104.2 150.5 248.4 144.2 0.93 —-4.17

Stability in the autosampler (n=5)
nor-NOHA 24h 7°C - 30.18 - 28.23 5.47 —6.47
nor-NOHA 24h 7°C - 1509 - 1517 0.55 0.53
ARG 24h 7°C 1224 15.05 136.1 13.72 4.45 -8.81
ARG 24h 7°C 1224 752.3 1518 765.9 0.14 1.81

Freze-thaw stability (3 cycles, —80°C to 25°C,n=5)
nor-NOHA 1 cycle - - - 30.18 - 29.70 2.37 -1.59
nor-NOHA 1 cycle - - - 1509 - 1440 4.14 —4.57
nor-NOHA 2 cycle - - - 30.18 - 29.10 2.10 —3.58
nor-NOHA 2 cycle - - - 1509 - 1254 5.85 —-16.91
nor-NOHA 3 cycle - - - 30.18 - 31.8 291 537
nor-NOHA 3 cycle - - - 1509 - 1395 0.94 —7.55
ARG 1 cycle - - 1224 15.05 137.41 15.00 1.74 -0.33
ARG 1 cycle - - 1224 752.3 856.91 734.5 1.49 -2.37
ARG 2 cycle - - 1224 15.05 137.91 15.50 1.41 2.99
ARG 2 cycle - - 122.4 752.3 837.51 715.1 0.97 —4.94
ARG 3 cycle - - 1224 15.05 138.01 15.60 0.99 3.65
ARG 3 cycle - - 1224 752.3 822.31 699.9 0.25 -6.97

Long term stability (n=5)
nor-NOHA 4 weeks -80°C - 30.18 - 28.641 1.85 -5.10
nor-NOHA 4 weeks -80°C - 1509 - 1460 2.95 -3.25
ARG 4 weeks -80°C 1224 15.05 136.51 14.097 1.18 -6.33
ARG 4 weeks -80°C 1224 752.3 805.42 683.01 3.24 -9.21

2 Immediatelly processed sample.

3.4.4. Recovery

Extraction recoveries of nor-NOHA, ARG and NMEA from rat
plasma are shown in Table 2. For all compounds under study, the
extraction recoveries were high, reproducible and consistent over
the tested concentration range.

3.4.5. Stability

Detailed data are presented in Table 3. The samples of rat
plasma containing nor-NOHA and ARG were found to be stable at
least for 30 days in a freezer at —80 °C. The stability of nor-NOHA
in the plasma at higher temperatures is limited: the concentra-
tion decreases of 25% (at 25°C) and 19% (at 4°C) occurred after
2h of standing. In whole blood, similar decreases of nor-NOHA
concentration were observed after 2h: 20% at 25°C and 17% at
4°C. Throughout the study samples of whole blood and plasma
were, therefore, processed within 1h of thawing or collection.
Freeze-thaw stability was also lower for nor-NOHA. A significant
concentration decrease was found after the second freeze-thaw
cycle (Table 3). Post-processing stability in the autosampler was
sufficient for at least 24 h if the samples were held at 7 °C (Table 3),
giving the possibility to analyze large batches (up to 110 samples
per day).

Interesting phenomenon of nor-NOHA instability was observed
after repeated injections of the same sample from a single vial. A

continuous decrease in the concentration down to 83% of the initial
value was detected after 20 injections. This phenomenon was not
observed if the same sample was injected once from each of 20 dif-
ferentvials. It was assumed that the effect was caused by nor-NOHA
decomposition or adsorption with the metal of the injector needle.
In order to verify this assumption, the aliquots of the same sample
(QC1) were transferred into two vials and serial injections (n=20)
were carried out from the first vial and, afterwards, from the sec-
ond one. Interestingly, two overlapping curves starting at 100% of
the initial nor-NOHA concentration were obtained. Thus, prolonged
contact of nor-NOHA-containing samples with metal surfaces has
to be avoided. This kind of behavior was not observed for ARG and
NMEA (IS).

3.5. Application of the method to a pilot pharmacokinetic
experiment

The validated HPLC method was found to be suitable for
nor-NOHA quantification in the samples of rat plasma collected
from Wistar rats (n=5) after a single dose i.v. administration of
10 mg kg~! nor-NOHA. The plasma profiles of nor-NOHA observed
are shown in Fig. 4a. As mentioned in Section 2.9, the peak of
an unknown compound, which was later identified as nor-ARG,
was found in the OPA-derivatized extracts of the plasma collected
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Fig. 4. Mean plasma concentration-time profiles of nor-NOHA (a) and nor-ARG in relative units (b) after an i.v. bolus of 10 mgkg~! nor-NOHA to five Wistar rats.

during the pharmacokinetic experiment. As the authentic stan-
dard of nor-ARG of quality suitable for precise weighting was not
available, the relative concentrations of nor-ARG are expressed
in percent of the maximum observed concentration set to 100%
(Fig. 4b). Plasmatic concentrations of the ARG were in the range of
81-226 umol 171,

3.6. LC-MS identification of the unknown metabolite

All measured chromatograms of the plasma and blood extracts
spiked with nor-NOHA and ARG were inspected for the peak of
the metabolite at tg=7.0min. This peak was not found in any
chromatogram providing the evidence that the compound is not
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Fig. 5. Full scan MS spectra acquired during a continual infusion of N-(w)-hydroxy-nor-L-arginine (1 mmol1-") to the mobile phase (A:B, 70:30, v/v). Parent mass [M+H]* at
m/z 365, sodium adduct [M+Na]* at m/z 387 and dimer [2M+H]* at m/z 729. Peak at m/z 189 belongs to background contamination.
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Table 4

Mass spectrometric data and retention times for an unknown metabolite and nor-ARG authentic standard. Rat plasma after 10mgkg~! nor-NOHA i.v. bolus (a), nor-ARG
authentic standard prepared in blank rat plasma (b), a continual infusion of 8 wl min~! nor-ARG (1 mmoll-') to the flow of the mobile phase consisting of water (pH=3.00

adjusted with HCOOH) and methanol (70:30, v/v) (c).

Compound tz? (min) [M+H]* (m/z) MS? (m/z) MS3 (m/z) MS* (m/z)

(a) Unknown 7.15 365 [365— 321] [365— 259 — 217] -
[365— 259] - -
[365— 215] - -

(b) nor-L-Arginine 7.12 365 [365— 321] [365— 259 - 217] -
[365— 259] - -
[365— 215] - -

(© nor-L-Arginine - 365 [365— 321] [365— 321 215] [365 — 259 — 217 — 160]
[365 — 259] [365 — 259 — 217] [365— 215 173 — 145]
[365— 215] [365 - 215 - 173] -

2 Valid for Agilent 1200 Series liquid chromatograph connected to Thermo LCQ Fleet mass detector.

emerging artificially, i.e. during sample processing. Instead, its for-
mation occurred in vivo, after nor-NOHA administration to rats.
For the purpose of metabolite identification, LC-MS analysis of the
biological sample was carried out in the ESI positive mode, with
detector settings according to Section 2.9. MS! spectra were mea-
sured during chromatographic separations over the m/z ranges of
100-1000. For this purpose, plasma was prepared and processed
from whole blood withdrawn at 5 min after i.v. administration of
10mgkg~! nor-NOHA. A full scan TIC profile was inspected for
the peaks of nor-NOHA, the metabolite and ARG OPA derivatives.
Expected masses derived from theoretical structure were found:
nor-NOHA-OPA (m/z 381) and ARG OPA (m/z 379). Mass of the
unknown metabolite was found at m/z 365. In the second stage,
MS" from the parent mass m/z 365 were carried out during the
chromatography. The MS? product ion mass spectra showed pre-
dominant peaks at m/z 321, 259 and most intensive peak at m/z
215. MS3 product ion spectra from the mass m/z 215 showed only
one peak at m/z 173 (Table 4). Based on the measured mass of
the metabolite-OPA derivative, its fragmentation behavior and,
the well-known reaction mechanism of the derivatization reac-
tion [33,36], we propose that the unknown compound matches
nor-L-arginine (Fig. 1b). As the next step, an authentic standard
of nor-ARG was used to spike rat plasma. After sample processing
and derivatization with OPA, the derivative was characterized by
its retention time under the given chromatographic conditions and
by MS and MS" data (Table 4). Parent mass [M+H]* at m/z 365 with
sodium adduct [M+Na]* at m/z 387 and dimer [2M+H]* at m/z 729
were observed.

Mass spectra from MS! (Fig. 5) to the MS* were measured during
an infusion of the nor-ARG OPA derivative (1 mmoll-! in ultra-
pure water) at a volume rate of 8 wlmin~! to the mobile phase
flowing at a rate of 0.85 ml min~! with the following composition:
70:30, solvent A:solvent B (v/v). Detector settings are listed in Sec-
tion 2.9. Measured data presented in Table 4 clearly demonstrate
that the unknown compound found in rat plasma after nor-NOHA
administration is nor-L-arginine.

4. Conclusion

In this study, the development and validation of a chro-
matographic method for the determination of arginase inhibitor
nor-NOHA in rat plasma was described for the first time. The
method enables simultaneous quantification of ARG. Effective base-
line separation of the analytes was achieved. Other advantages of
the method include short runtime and compatibility with both flu-
orimetric and mass-spectrometric detectors. On-line derivatization
with OPA performed in the autosampler as a part of the injec-
tion sequence was beneficial for two reasons: a negative influence
of post-processing instability of the OPA derivatives was avoided
and a less laborious sample preparation was achieved. The method

was also used in the LC-MS mode for determination of a puta-
tive metabolite of nor-NOHA, identified as nor-ARG. A room for
improvement is seen in the use of small 4l detection flow cell
instead of standard 8 .l cell for even better resolution and also
downscaling of the sample volume, inasmuch as the injected vol-
ume is less than 1% of the sample volume available after SPE
extraction.
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