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ABSTRACT 

A reversed-phase high-performance liquid chromatographic method for the analysis of I-aminocyclopropanecarboxylic acid (ACPC) 

from plasma or brain tissue is described. Samples were deproteinized with perchloric acid, centrifuged, alkalinized with potassium 

hydroxide and recentrifuged. The supernatants were derivatized with o-phthaldialdehyde and injected onto a C, a 3-pm column (100 mm 

x 4 mm I.D.) pumped with 1 ml/min methanol-acetonitri1e-O. 1 M sodium phosphate buffer pH 6.0 (28:5:67, v/v). The retention times 

for ACPC and the internal standard were 15 and 31 min, respectively. The minimum detectable amount of ACPC was 0.08 nmol. The 

extraction recovery of ACPC (2.7-270 nmol) from spiked plasma or brain tissue ranged from 88 to 109%. The intra- and inter-day 

coefficients of variation for 27 nmol ACPC were 3.9 and 4.9%, respectively. This method was utilized to obtain preliminary pharmaco- 

kinetic parameters following ACPC administration to mice. 

INTRODUCTION 

1 -Aminocyclopropanecarboxylic acid (ACPC) 
is an amino acid present in ripening fruit as an 
immediate precursor in the biosynthetic pathway 
of ethylene [l]. ACPC has been reported to bind 
with high affinity to the strychnine-insensitive 
glycine recognition site on the N-methyl-D-aspar- 
tate (NMDA) receptor complex in mammalian 
central nervous system [2,3]. ACPC mimics many 
of the pharmacological effects of both compet- 
itive NMDA antagonists (e.g. 2-aminophospho- 
noheptanoic acid; AP-7) and use-dependent cat- 
ion channel blockers (e.g. dizocilpine, MK-80 1) 
when administered to rodents. Thus, ACPC has 
been reported to produce anticonvulsant [4,5], 
anxiolytic [6,7] and antidepressant [8,9] actions in 
animal models predictive of these pharmacolog- 
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ical actions in man. Furthermore, ACPC was 
found to attenuate NMDA-mediated excitotox- 
icity in a fourteen-day embryonic chick retina 
model of acute neurotoxicity [lo]. It was also 
established that chronic but not acute treatment 
of gerbils with ACPC significantly improved 
both survival and neurological outcome in a ger- 
bil model of forebrain &hernia [I I]. This latter 
observation, coupled with the spectrum of poten- 
tial therapeutic uses of ACPC, suggests that a 
sensitive analytical assay is required for measure- 
ment of this compound from mammalian tissues. 

While several analytical assays have been de- 
veloped for the quantitation of ACPC from fruits 
[12-l 61, none is directly applicable to the analysis 
of ACPC from mammalian tissues. Many of 
these published methods are indirect, relying on 
the conversion of ACPC to ethylene by chemical 
or enzymatic means followed by the gas chro- 
matographic analysis of ethylene [12-141. Anoth- 
er method involves ion monitoring-isotope dilu- 
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tion gas chromatography-mass spectrometry to 
detect a derivatized phthalimido ester of ACPC 
[15]. One method employed an ACPC phenyl- 
isothiocyanate derivatization procedure followed 
by high-performance liquid chromatographic 
(HPLC) detection [16]. This method utilized a 
large-scale extraction procedure to isolate ACPC 
from 10 g of apple pericarp. Currently, there is no 
available method for the microsample analysis of 
ACPC from mammalian matrices. 

This paper describes a simple method for the 
extraction, derivatization, HPLC separation and 
quantitation of exogenously administered ACPC 
from mouse plasma and brain. 

EXPERIMENTAL 

Chemicals 
ACPC was obtained from Research Organics 

(Cleveland, OH, USA). Cycloleucine, 2-mercap- 
toethanol, o-phthaldialdehyde (OPA) and vari- 
ous amino acids were purchased from Sigma (St. 
Louis, MO, USA). Potassium hydroxide and so- 
dium phosphate dibasic heptahydrate were ob- 
tained from Malinckrodt (Paris, KY, USA) and 
sodium tetraborate from Allied Chemical (Mor- 
ristown, NJ, USA). Perchloric (60-62%) and 
phosphoric (85%) acids were obtained from Bak- 
er (Phillipsburg, NJ, USA). Methanol and aceto- 
nitrile (HPLC grade) were purchased from Fisch- 
er Scientific (Fairlawn, NJ, USA). Adult, male 
(25-30 g) NIH Swiss mice were obtained from 
Harlan Sprague-Dawley (Frederick, MD, USA). 

A stock OPA solution was prepared by dis- 
solving 54 mg of OPA in 0.5 ml of methanol, 10 
~1 of 2-mercaptoethanol and 4.5 ml of 0.1 M bo- 
rate buffer (pH 9.0). This stock solution was sta- 
ble for at least three days when protected from 
ambient light. A working solution was prepared 
by diluting one part of the stock OPA solution 
with three parts of 0.1 M borate buffer (pH 9.0). 
This solution was prepared daily and protected 
from ambient light. 

Sample extraction and derivatization 
Tissue samples (90 ~1) from ACPC-treated 

mice or samples from untreated animals (previ- 

ously spiked with ACPC for chromatographic 
calibration) were thawed on the day of the assay. 
All samples were spiked with 10 ~1 of the internal 
standard (cycloleucine as a 3.8 mM stock solu- 
tion) prior to freezing. Samples were denatured 
by the addition of 300 ~1 of 6.2% perchloric acid. 
followed by 2 min of centrifugation at 14 000 R. 
The supernatants were transferred to clean mi- 
crofuge tubes, placed on ice and alkalinized by 
adding 1 ml of 0.4 M potassium hydroxide. The 
samples were centrifuged for 2 min at 14 000 g to 
remove precipitated potassium perchlorate. Ali- 
quots of the supernatants (800 ~1) were deriva- 
tized with 400 ~1 of OPA working solution for 5 
min. A l-ml aliquot of the derivatized solution 
was injected for HPLC analysis. 

Instrumentation and chromatogruphic conditions 
The HPLC system consisted of two Waters 

Model 510 pumps, a Waters Model U6K uni- 
versal liquid chromatograph injector with a 2-ml 
loop, and a Waters Model 490E programmable 
multiwavelength detector. The equipment was 
computer-programmed with a Waters MAXI- 
MA 820 analytical workstation. The analytical 
column was an Alltech C18 (3 pm) cartridge (100 
mm x 4.6 mm I.D.), fitted with an Alltech C18 (5 
pm) guard column cartridge ( 10 mm x 4.6 mm 
I.D.). 

The mobile phase A used to elute the analyte 
and internal standard was methanol-acetoni- 
trile-0.1 M sodium phosphate buffer pH 6.0 
(28:5:67, v/v) at a flow-rate of 1 ml/min. Under 
these conditions, ACPC and cycloleucine eluted 
at 15 and 31 min, respectively. After elution of 
the internal standard, it was necessary to wash 
the column free of avidly retained endogenous 
compounds. The MAXIMA software was pro- 
grammed for a 2-min linear gradient elution to 
methanol-mobile phase A (40:60, v/v), 4 min at 
this new mobile phase composition, followed by 
a 2-min linear gradient elution back to the start- 
ing mobile phase A. The column was re-equili- 
brated with mobile phase A for 6 min before the 
next run. The elapsed time between injections 
was 51 min. 
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Assays characteristics 
Calibration. Analytical calibration was per- 

formed by assaying 90-yl aliquots of blank plas- 
ma or brain homogenate spiked with ACPC (2.7- 
270 nmol) and cycloleucine (27 nmol). Four stan- 
dards spiked with different amounts of ACPC 
were used for each calibration curve. Separate 
calibration curves were constructed for plasma 
and brain homogenate samples. An area ratio 
was calculated for each sample by dividing the 
area of the ACPC peak by the area of the cyclo- 
leucine peak. Linear least-squares regression 
analysis of the area ratio of spiked standards pro- 
vided slope and intercept parameters which were 
then used to calculate the amount of ACPC pre- 
sent in unknown samples. 

Extraction recovery. Blank samples of plasma 
or brain homogenate were spiked with a known 
quantity of ACPC or cycloleucine, extracted and 
derivatized as previously described. The peak 
area of the spiked sample was used to calculate 
the extraction recovery using a calibration curve 
generated from the peak areas of standards pre- 
pared in water. 

Intro- and inter-daJ> variability. Intra-day vari- 
ability was determined by HPLC analysis of four 
or five samples spiked with a known amount 
ACPC or cycloleucine during a single day. Inter- 
day variability was determined by HPLC analysis 
of a sample spiked with a known amount of 
ACPC or cycloleucine on four or five different 
days. 

Pilot pharmacokinetic study 
Male NIH Swiss mice received an intraperito- 

neal ACPC dose of 200 mg/kg (198 mmol/kg). 
Mice were anesthetized with halothane at 0.25, 
0.5, 0.75, 1 .O, I .5, 2, 3, 4, 6 and 8 h after dosing. 
Abdominal aortic blood was collected into a he- 
parinized syringe and centrifuged for 2 min at 
14 000 g to obtain plasma. Mice were then decap- 
itated with sharp scissors, the forebrains were re- 
moved and frozen on solid carbon dioxide. The 
frozen forebrains were weighed and sonicated in 
two volumes of distilled, deionized water. Plasma 
or brain homogenates (90 ~1) were spiked with 10 
~1 of the internal standard (cycloleucine as a 3.8 

mM stock solution), frozen on solid carbon diox- 
ide and stored at -20°C until assayed. Prelimi- 
nary pharmacokinetic parameters were calculat- 
ed by standard formulas of non-compartmental 
statistical moment analysis [ 171. 

RESULTS AND DISCUSSION 

Chromatograms from representative plasma 
and brain samples are shown in Fig. 1. Using the 
described mobile phase, ACPC and cycloleucine 
eluted at 15 and 31 min, respectively, and were 
resolved from other known amino acids (data not 
shown). Plasma and brain samples spiked with 
ACPC were chemically stable for up to a month 
when stored at -20°C. 

A derivatization time of 5 min was found to be 
optimum for an essentially complete reaction of 
OPA with ACPC or cycloleucine. Derivatization 

Fig. 1. Representative chromatograms of (A) blank mouse plas- 

ma, (B) plasma collected 1 h after ACPC administration to a 

mouse, (C) blank mouse brain and (D) brain extract collected 1 h 

after ACPC administration to a mouse. The concentrations of 

ACPC in (B) and (D) were 0.14 mg/ml (1.38 mmol/l) and 0.89 

ng,!mg of protein (8.8 pmol/g of protein), respectively. Arrows 

identify the peak retention times of ACPC (peak I; 15 min) and 

the internal standard. cycloleucine (peak IT: 31 min). Blank 

mouse brain (C) contained a minor endogenous peak which co- 

eluted with cycloleucine. See Results and discussion for further 

details. 
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times of less than 3 min resulted in an incomplete 
reaction of OPA with cycloleucine, while inter- 
vals greater than 10 min resulted in the decompo- 
sition of OPA-derivatized ACPC. Consequently, 
samples were derivatized for 5 min and immedi- 
ately assayed. The stability of OPA-derivatized 
ACPC constrains the use of automated autosam- 
pling injection equipment. 

Calibration of the assay was linear over the 
range 2.7-270 nmol of ACPC for both spiked 
plasma and brain homogenate. The extraction re- 
covery of 2.7-270 nmol of ACPC from plasma 
and brain homogenates was approximately 
100%. and both intra- and inter-day coefficients 
of variation for this measure were typically 
5 11%. Similar results were observed for cyclo- 
leucine (Table I). For the lowest mass of ACPC 
analyzed (2.7 nmol), the calculated amount was 
within 10% of the actual amount. The minimum 
detectable mass of ACPC injected onto the ana- 
lytical column was 0.08 nmol, equivalent to 18.7 
,&I (1.89 pg/ml) for a 90-4 plasma sample at a 
signal-to-noise ratio of at least 3:l. 

Criteria for selection of cycloleucine as an in- 
ternal standard were based on its chemical and 

TABLE I 

chromatographical similarities to ACPC as well 
as low cost and ready availability. Moreover, the 
internal standard should also be chromatograph- 
ically resolvable from known amino acids, not be 
an endogenous constituent of mammalian tis- 
sues, and be useful for both plasma and brain 
samples. While blank plasma did not contain en- 
dogenous materials interfering with the detection 
of both ACPC and cycloleucine (Fig. 1 A and B), 
analysis of brain tissue revealed a minor interfer- 
ence eluting as a shoulder of the internal stan- 
dard (Fig. IC and D). The amount of cndogc- 
nous interfering material did not vary remarka- 
bly among brain samples, contributing approxi- 
mately 10~12% to the spiked cycloleucine (27 
nmol) area. The amount of interfering material 
was unaffected by ACPC administration. None- 
theless, the present assay could be further relined 
by selection of an alternative internal standard 
for brain tissue. 

The HPLC assay for ACPC reported here is 
sufficiently sensitive. reproducible and precise for 
application to preliminary pharmacokinetic stud- 
ies. Thus, the ACPC plasma concentrationtime 
profile was suitably described by a monoexpo- 

ASSAY INTRA- AND INTER-DAY VARIABILITY AND EXTRACTION RECOVERY OF I-AMlNOCYCLOPROPANECAR- 

BOXYLIC ACID AND CYCLOLEUCINE FROM BIOLOGICAL MATRICES 

Extraction recovery data are the mean & standard deviation of four or five values. Coclficients of variation wrc calculated from the 

mean and standard deviation of four or live values. 

Matrix Spiked Extraction Coeficicnt of variation (“%) 

amount recovery 

(nmol) ( ‘%I ) Intra-day Inter-day 

I-An?inoc~rlop,o~~t~~~~~~l~o.\-~~li~ wid 

Plasma 270 97.0 i 2.3 I .6 5.3 

27 100.4 + 1.8 2.6 3.8 

2.7 97.x * 5.2 4.8 I I.0 
Brain 270 107.5 i 2.7 6.6 5.7 

27 97.8 + 1.7 7.5 3 .3 
2.7 99.2 + 2.4 x.7 5.2 

c~~clolwc;nc 

Plasma 270 98.X * I.8 I .9 4.2 

27 105.9 * 1.0 3.1 2.3 

Brain 270 113.6 * 2.7 6.4 5.5 

27 112.0 f 1.7 6.5 2.9 



Time (Hours) 

Fig. 2. ACPC concentration-time courses ( n . plasma: L_1. brain) 

following intraperitoncal injection of 200 m&kg ACPC to mice. 

Abdominal aortic blood and brain tissue were collected at the 

indicated times under halothanc anesthesia. The anesthetic was 

admimstered immedlatcly prior to sampling. Each point repre- 

sents the mean of two mice. 

nential decay process following intraperitoneal 
administration (Fig. 2). Statistical moment anal- 
ysis was used to estimate preliminary pharmaco- 
kinetic parameters from the plasma concentra- 
tion-time data of Fig. 2. The half-life of ACPC in 
mice was I .49 h (calculated from a terminal slope 
of 0.464 h I), with a mean residence time of 2.04 
h. The plasma clearance of ACPC was 7.34 ml/ 
min/kg or 0.22 ml/min per 25 g mouse. Compari- 
son of the plasma clearance of ACPC (7.34 ml/ 
nun/kg) to estimates of liver blood flow in the 
mouse (N 105 ml/min/kg [18]) suggests that 
ACPC could be a low hepatic clearance com- 
pound. Comparison of the plasma clearance of 
ACPC (0.22 ml/min per 25 g mouse) to estimates 
of glomerular filtration rate in the mouse 
(-0.21-0.38 ml/min per 25 g mouse, obtained 
from interspecies allometric scaling relationships 
[19,30]) suggests that ACPC also could be elim- 
inated by renal filtration. Studies on the metabo- 
lism and elimination of ACPC are needed to de- 
termine whether the observed ACPC clearance is 
primarily by hepatic or renal mechanisms. The 
steady state volume of distribution for ACPC 
was 878 ml/kg. Since ACPC is a cyclic homo- 
logue of glycine. it is not surprising that its esti- 
mated volume of distribution is similar to that of 
compounds which distribute into total body wa- 
ter ( - 700 ml/kg 121,221). 

The detection of significant concentrations 
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ACPC in mouse brain homogenates demon- 
strates that ACPC partitions in viva across the 
blood-brain barrier, in spite of its zwitterionic 
nature. This finding, taken together with recent 
data demonstrating that ACPC is not actively 
taken up by the glycine transport system in a syn- 
aptosomal preparation [9], suggests that ACPC 
crosses the blood-brain barrier via passive diffu- 
sion. 

In conclusion. a direct, precise and sensitive 
HPLC method was developed for the analysis of 
ACPC from mammalian tissues. This method is 
useful for understanding the pharmacokinetic 
and pharmacodynamic relationships governing 
the pharmacological effects of ACPC following 
acute and chronic administration. 
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