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Abstract: During the preclinical study of the original functional peptide, SR-0379, a sensitive liquid chromatography-
tandem mass spectrometry method was newly developed to study the pharmacokinetics of SR-0379 in rat plasma and sub-
cutaneous tissue samples. Although SR-0379 was unstable in the rat plasma and subcutaneous tissue samples, pretreat-
ment with EDTA and phosphoric acid (4 %) inhibited its degradation. The lower limits of quantification (LLOQ) for SR-
0379 were fully validated as 5 ng/ml in plasma and 5 ng/g in tissue with acceptable linearity, intra- and inter-assay preci-
sions, and accuracy. Measurement of SR-0379 concentration in plasma after intravenous injection via LC-MS/MS yields
plasma concentration-time curves (AUC.,,) with areas of 667 ngemin/ml and an elimination half-life (t;,) of 4.8 min. The
concentration of SR-0379 in the subcutaneous tissue samples was 13.1 pg/g tissue at 30 minutes after a single dermal ap-
plication (1 mg/ml, 50 pl) to a full-thickness excisional wound. Here, a highly sensitive and specific LC-MS/MS assay
with a lower limit of quantification of 5 ng/ml was developed and validated to quantify SR-0379 in rat plasma. This
method is useful for pharmacokinetic studies of the peptide drugs in rats.

Keywords: LC-MS/MS, pharmacokinetics, plasma, quantitation, subcutaneous tissue.

INTRODUCTION

While screening of the functional genes for angiogenic
molecules via in silico analysis, we have developed a novel
small, angiogenic peptide with thirty amino acids, named as
AG30 [1, 2]. From AG30, we further developed a potent
angiogenic peptide with anti-microbial activity, named as
SR-0379, which has twenty amino acids (under submission).
Because both of anti-microbial and angiogenic actions are
required in the wound healing process, SR-0379 might be an
effective therapeutic agent to treat the wounds such as decu-
bitus ulcer, diabetic ulcer, and burn ulcers.

Recently, functional peptides and proteins have been
considered as potential drugs [3-5]. Bioassays, immunoas-
says and isotope tracer techniques have been used to evaluate
the pharmacokinetics of peptides and proteins [6]. Immuno-
assays such as ELISA are unable to distinguish such com-
pounds from their metabolites, which is the primary disad-
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vantage of these methods [7]. The total radioactivity detected
using an isotope tracer technique is not indicative of the par-
ent compound concentration in biological samples [8]. Mass
spectrometry-based technologies can provide many benefits
over these methods [9]. The quantitative analysis of peptides
and proteins via liquid chromatography/mass spectrometry
(LC/MS) might be difficult; however, LC/MS methods that
utilize a triple quadrupole, ion trap, and quadrupole time-of-
flight (Q-Tof) were recently used to quantify peptides [10-
12]. Based on these techniques, we have newly developed a
sensitive method for determining bioactive peptides in rat
plasma and tissues.

MATERIALS AND METHODS
Reagents

Synthetic SR-0379 was purchased from ILS, Inc. (Tokyo,
Japan). An mternal standard (purity>99%) containing L-
Leucine-Cs and N was purchased from Sigma-Aldrich
(Hokkaido, Japan) and used without further purification. All
organic solvents were of LC/MS grade and were obtained
from Kanto Chemical Co., Inc. (Tokyo, Japan) and Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). HPLC grade
water was obtained using a water purification system (Auto
pure WR600G, Yamato Scientific Co., Ltd, Tokyo, Japan).

© 2013 Bentham Science Publishers
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LC-MS/MS Analysis

The HPLC system (LC20AD series, Shimadzu Co.,
Kyoto, Japan) consisted of a binary pump, autosampler, col-
umn oven maintained at 40°C and X Bridge C18 column
(2.1 mm x 150 mm, 3.5 pm, Waters, MA, USA). The mobile
phase was a mixture of solvent A (0.2% formic acid in Mil-
1iQ water) and solvent B (0.2% formic acid in acetonitrile)
and used a flow rate of 0.3 ml/min. The following gradient
was used for the plasma analyses: hold at 10% B for 0.2 min,
increase linearly to 30% B over 2.6 min, then increase to
90% B over 0.2 min, hold for 1.3 min, decrease to 10% B
over 0.1 min, hold for 1 min, increase to 90% B for 0.1 min,
hold for 1.2 min, decrease to 10% B for 0.1 min, and hold
for 2 min. The following gradient was used for the subcuta-
neous tissue samples: hold at 10% B for 0.2 min, increase
linearly to 30% B over 2.8 min, then increase to 90% B over
0.1 min, hold for 0.5 min, decrease to 10% B for 0.1 min,
and hold for 1.8 min.

The detection was performed using a QTRAP5500 mass
spectrometer (Applied Biosystems Sciex, Framingham, MA,
USA) with an ESI source operating in the positive ion mode.
Multiple reaction monitoring (MRM) of SR-0379 used the
m/z 534.1 — 217.2 transition. The following optimized MS
conditions were used: curtain gas (nitrogen), gas 1 (air) and
gas 2 (air) in portions of 30, 30 and 30, respectively; ion
spray voltage of 4500 V; source temperature of 600°C; de-
clustering potentials of 126 V for SR-0379 and 126 V for IS;
collision energies of 29 eV (m/z 534 — 217.2) for SR-0379
and 29 eV (m/z 534.4 — 217.2) for IS.

Optimization of Stability in Plasma

SR-0379 samples (nominal concentrations of 10 and 800
ng/ml) were prepared in blank rat plasma (EDTA). The sam-
ples was mixed after adding three times their mass of 4%
phosphoric acid. The short-term matrix stability was as-
sessed by analyzing the samples after storing at -80°C, 4°C
and room temperature for 24 hours.

Pretreatment of Plasma Samples

A 5-pL aliquot of a SR-0379 working solution in 50%
methanol/H,O at various concentrations (5 — 1000 ng/ml)
was mixed with 1500 pl phosphoric acid (4%). Next, 495 pl
of rat plasma and 10 ul of the internal standard solution
(5000 ng/ml) were added. The solution was vortexed for 10 s
and centrifuged at 10,000 x g for 5 min. The supernatant was
transferred to an Oasis HLB pElution plate that had been
previously activated by successive applications of 0.3 ml
methanol and 0.3 m! Milli-Q water. This plate was then
washed with 0.3 ml of Milli-Q water. The peptide adsorbed
onto the surface of the plate was eluted with 150 pul of aceto-
nitrile-water-trifluoroacetic acid (75:25:1). A 10 ul aliquot
was transferred to the LC-MS/MS system.

Pretreatment of Subcutaneous Tissue Samples

A 5 pL aliquot of a SR-0379 working solution in 50%
methanol/H,0 at various concentrations (5 - 1000 ng/g tis-
sue) was mixed with 750 pl phosphoric acid (4%). Next, 250
pl of a subcutaneous tissue sample (20% homogenate) and
10 pl of an internal standard solution (5000 ng/ml) were
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added to the above mixture. The solution was vortexed for
10 s and centrifuged at 10,000 x g for 5 min. The supernatant
was transferred to an Oasis HLB pElution plate that had
been activated by successive applications of 0.3 ml of
methanol and 0.3 ml of Milli-Q water. The plate was then
washed with 0.4 ml of Milli-Q water. The adsorbed peptide
was eluted on the surface using 150 pl of acetonitrile-water-
trifluoroacetic acid (75:25:1). A 10 pl aliquot was transferred
to the LC-MS/MS system.

Method Validation

The method validation evaluated the specificity, linearity,
lower limit of quantitation (LLOQ), precision, accuracy, and
extraction recovery. The specificity was evaluated based
whether an interference peak eluted at the same retention
time as for the analytes in a blank sample. The calibration
curves were constructed over the SR-0379 concentration
range from 5 to 1000 ng/ml for plasma and from 5 to 1000
ng/g for tissue. The intra-assay precision and accuracy were
evaluated by replicating five QC samples on the same day.
The inter-assay precision and accuracy were evaluated by
analyzing QC samples across three separate days. The ex-
traction recovery was determined by comparing to a blank
plasma or subcutaneous tissue sample containing analytes
added after the pretreatment.

Method Application for a Pharmacokinetic Study in Rats

Male SD rats weighing 250-350 g were used for the fol-
lowing pharmacokinetic studies. SR-0379 (200 pg/kg) was
dissolved in saline and administered to the rats via a single
i.v. bolus injection. Blood samples were collected 2, 5, 10,
15 and 30 min after dosing. SR-0379 (1 mg/ml for 50 pi/rat)
was transdermally administered throughout the full depth of
the rat skin. Blood samples were collected after 0.5, 1,2, 4, 8
and 24 hours. Subcutaneous tissue samples were collected
after 0.5, 1 and 24 hours. The SR-0379 concentrations in
both the plasma and subcutaneous tissues were measured via
LC-MS/MS. The study was discussed and approved by the
Ethics Committee.

RESULTS
LC-MS/MS Analysis

(Fig. 1A) shows a typical positive ion ESI mass spectrum
for SR-0379. The ion peaks at m/z 445.0, 534.1, 667.2 and
889.3 correspond to the 6+, 5+, 4+, 3+ ions, respectively.
The 5+ jon showed the highest sensitivity. The product ion
spectrum for the 5+ ion is shown in (Fig. 1B). High collision
energies were found to yield intense product ions.

Typical SRM chromatograms were obtained using the
blank (0 ng/ml) and the lowest calibration standard (5 ng/ml)
in rat plasma (Fig. 2). No interfering peaks from endogenous
substances were observed at the SR-0379 retention times.

Optimization of Short-term Stability in Plasma

The short-term stability of SR-0379 in plasma was as-
sessed by analyzing the samples (10 and 800 ng/ml) after
storing at -80°C, 4°C, and room temperature for 24 hours.
The normal plasma concentrations (nominal concentrations
of 10 and 800 ng/ml) were below the limit of quantification
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Fig. (1). Positive-ion electrospray mass spectra of SR-0379: (A)
precursor ion scan and (B) product ion mass spectra obtained from
[M + SH]5+ (m/z 534.1).

Table 1. Stability of SR-0379 for 24hr on Each Condition

. Observed
Nominal 'Con- y Value ,
centration Conditions (ng/ml) RR (%)
(ng/ml)
Individual
RT No Peak -
Normal
4°C 2.89 28.9
Plasma
-80°C 9.77 97.7
10
4%Phosphoric RT 7.32 732
acid/Plasma 4°C 9.37 93.7
GLYR) 1 ggec 10.2 102.0
RT 31.6 4.0
1
Norma 4°C 126 15.8
Plasma
-80°C 851 106.4
800
4%Phosphoric | XL 733 916
acid/Plasma 4°C 848 106.0
GLYR) 1 goec 891 1114

and equal to 31.6 ng/ml after storing at room temperature
(Table 1). Thus, SR-0379 was determined to be unstable in
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Fig. (2). Selected reaction monitoring ion chromatograms of (A) a
rat plasma spiked with an internal standard (500 ng/ml) and (B) rat
plasma spiked with both SR-0379 (5 ng/ml) and the internal stan-
dard (500 ng/ml). The SRM transitions were m/z 534.1 — 217.2 for
SR-0379 and m/z 535.1 — 217.2 for the internal standard.

rat plasma. Adding 4% phosphoric acid to the plasma sample
stabilized the SR-0379. This method development study
demonstrated that LC-MS/MS was sufficiently suitable for
detecting SR-0379 in 4% phosphoric acid/plasma (3/1, v/v)
to proceed with the method validation.

Pretreatment of the Plasma and Subcutaneous Tissue
Samples

Solid-phase extraction (SPE) was used as the sample
preparation method. During the method development, a vari-
ety of SPE cartridges were investigated for both the plasma
and subcutaneous tissue sample pre-treatments. Oasis HLB
pElution plates provided the highest recovery amongst the
SPE cartridges tested.

Method Validation

The specificity was determined by analyzing blank
plasma samples from three male rats and three female rats
and the pooled plasma of different rats. The assay was linear
across the range from 5 to 1000 ng/ml (Table 2). The lower
limit of quantification (LLOQ) in rat plasma was determined
to be 5 ng/ml. The within-run CVs were 5.4, 8.9, 6.0 and
5.4% (n=>5 for each) for the 5, 10, 50 and 800 ng/ml LLOQ,
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Table 2. Linearity of Calibration Curves for the Determina- Table 4. Inter-day Reproducibility of the QC Samples for the
tion of SR-0379 Concentrations in Rat Plasma Determination of SR-0379 Concentrations in Rat
Plasma :
Nominal Back- Back- Back-
Concen- calculated | RE | calculated | RE | calculated | RE Nominal Concentration (ng/ml)
tration Value (%) Value (%) Value (%) Assay ’ 0 1
(ng/ml) | (ag/mi) (ng/ml) (ag/mi) date S 10 5 800
5 494 | -12| 506 12 493 | -14 Observed Value (ng/ml)
10 9.90 1.0 104 40 10.2 2.0 1 4.97 10.1 52.5 743
20 21,7 8.5 18.6 7.0 20.2 1.0 2 4.55 9.86 45.1 856
50 49.0 2.0 433 -13.4 479 4.2 Day 1 3 5.20 8.86 50.2 802
100 97.6 2.4 101 1.0 106 6.0 4 5.21 10.7 52.4 830
200 190 -5.0 199 -0.5 195 2.5 5 4.89 11.1 50.3 839
800 801 0.1 834 4.3 803 0.4 1 5.29 10.2 50.4 806
1000 1030 3.0 1110 11.0 981 -1.9 2 5.29 11.0 49.1 849
Correlation Day 2 3 5.71 102 46.7 828
coefficient 0.9988 0.9964 0.9993
) 4 5.86 8.96 52.3 857
Regression y=0.00382 x + y=0.00375x - y=0.00391 x + 5 5.00 9.08 48.4 849
X 4 ,000175 .0014
formula 0.00017 0.0 0.00140 1 5.45 8.63 50.4 757
Weighting: 1/x*
2 . 5.80 10.4 43.7 765
Table3. Intra-day Reproducibility of the QC Samples for the Day 3 3 5.64 9.33 462 794
Determination of SR-0379 Concentrations in Rat
Plasma 4 ‘ 5.58 9.76 46.5 782
5 4.86 8.84 47.8 868
Nominal Concentration (ng/ml) Overall mean (n=15) | 5.29 9.80 4338 815
5 10 S0 800 SD 0.39 0.82 2.7 40
Observed Value (ng/ml) CV (%) 74 3.4 55 49
Mean 4,96 10.1 50.1 814 RE(%) 58 2.0 2.4 19 .
2 0.9 3.0 44 . .
SD 0-27 The SR-0379 concentrations in plasma were below the
CV (%) 54 3.9 6.0 54 limit of quantification after a single application of SR-0379
(1 mg/ml, 50 pl) to a full-depth excisional wound. A profile
RE (%) 0.8 1.0 0.2 1.8 of the subcutaneous tissue concentration versus time for SR-
0379 after a single dermal application (1 mg/ml, 50 pl) to a

respectively (Table 3). The between-run CVs were 7.4, 8.4,
5.5 and 4.9% (n=15), respectively, for these samples (Table
4). The within-day and between-day validation parameters
meet the FDA Good Laboratory Practice criteria for an ana-
Iytical method validation.

Pharmacokinetic Study

A profile of the SR-0379 concentration in plasma versus
time after an intravenous injection is shown in (Fig. 3A). The
SR-0379 concentration in the plasma rapidly decreased. The
pharmacokinetic parameters for SR-0379 are presented in
(Table 5). The area under the concentration to time curve
(AUCy..) was 667 ng'min/ml, and the obtained elimination
half-life () was 4.8 min.

full-depth excisional wound is shown in (Fig. 3B). The SR-
0379 concentration in the subcutaneous tissue samples was
13.1 pg/g tissue at 30 minutes after the application. The con-
centration in the subcutaneous tissue gradually decreased.

DISCUSSION

In this study, we developed a method for the quantitative
analysis of a functional peptide, SR-0379, in rat plasma and
tissue using LC/MS with an ion trap [10- 12].

These peptides are unstable in biological fluids, such as
plasma and urine [13, 14]. EDTA, a metalloproteinase in-
hibitor, can be added to the samples to prevent their degrada-
tion when determining the concentration [15]. In this study,
the stability of SR-0379 spiked into plasma was investigated.
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Fig. (3). (A) Curve of the plasma concentration versus time after the intravenous administration of SR-0379 (200 pg/kg) to the rats. N=4 per
group. (B) Curve of the subcutaneous tissue concentration versus time after the dermal application of SR-0379 (1 mg/ml, 50 pl) to a full-

depth wound in the rat skin. N=4 per group.

Table5. PK Parameters of SR-0379 in Rat Plasma after Sin-
gle Intravenous Administration of SR-0379 to Intact
Skin Rats (Group 1, Dose: 200 pg/kg)

Parameters

tyz (min) 4.8
AUC,. (ng*min/ml) 626
AUC. (ng*min/ml) 667
Co (ng/ml) 217
CLta (ml/min/kg) 300
Vd (mlkg) 922

Vd = Dose (ng/kg) / Co (ng/ml)

The results indicated that SR-0379 was unstable in plasma
even with EDTA. 4% phosphoric acid was added to improve
the stability of SR-0379. Thus, a simple method for deter-
mining peptides in biological matrices was established.

The objective of this study was to characterize the phar-
macokinetics of SR-0379 using this LC-MS/MS technology.
The SR-0379 concentration decreased rapidly following a
single intravenous injection of 2 pg/kg into male rats, and an
elimination half-life (t,,;) of 4.8 min was obtained. SR-0379
has numerous biological activities that are important to
wound healing and this peptide is being developed for topi-
cal use to treat diabetic, burn and other incurable ulcers. The
terminal half-lives (tp) ranged from 5.0 to 7 min after ad-
ministering human basic fibroblast growth factor (FGF2)
intravenously to mice in doses of 2.5, 5, 10 pg/kg [16]. The
stability of SR-0379 is comparable to that of growth factors
such as FGF2.

The SR-0379 concentration in rat plasma was below the
limit of quantification after a single dermal application
(1 mg/ml, 50 pl) to a full-depth excisional wound. Topical
treatments have the advantages of avoiding adverse systemic

effects while increasing concentration at the target site. In
contrast, the SR-0379 concentration in the subcutaneous tis-
sue was 13.1 pg/g of tissue 30 min after its application (1
mg/ml, 50 pl) to a full-depth excisional wound. The concen-
tration in the subcutaneous tissue gradually decreased. It was
suggested that the SR-0379 degraded locally.

A highly sensitive and specific LC-MS/MS assay with a
lower limit of quantification (LLOQ) of 5 ng/ml was devel-
oped and validated to quantify SR-0379 in rat plasma. The
lower limit of quantification of hepcidin-25 and ramoplanin
was 5 ng/ml and 10 ng/ml, respectively [17, 18]. Most
bioanalytical assays for peptides show an LLOQ between 0.5
and 10 ng/ml, with some lower L1.OQs mainly for smaller
peptides. Lower LLOQ of SR-0379 has achieved by using
QTRAPS5500 mass spectrometer. This method was fully
validated and possessed acceptable linearity, accuracy, and
both intra- and inter-assay precisions. Furthermore, this
method is useful for performing pharmacokinetic studies in
rats.
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