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ABSTRACT: p-Penicillamine (2-amino-3-mercapto-3-methylbutanoic acid), a well-known heavy metal chelator, is the drug of
choice in the treatment of Wilson’s disease and is also effective for the treatment of several disorders including rheumatoid arthritis,
primary biliary cirrhosis, scleroderma, fibrotic lung diseases and progressive systemic sclerosis. The method proposed incorporates
technique, previously developed in our laboratory, that utilizes the derivatizing agent N-(1-pyrenyl)maleimide (NPM) and reversed-
phase high-performance liquid chromatography (HPLC). The coefficients of variation for within-run precision and between-run
precision for 500 m standar-penicillamine p-pen) were 2.27% and 2.23%, respectively. Female Sprague—Dawley rats were given

1 g/kg D-pen i.p. and the amounts ofpen in liver, kidney, brain and plasma were subsequently analyzed. This assay is rapid,
sensitive and reproducible for determininepen in biological samples. Copyrigltd 2000 John Wiley & Sons, Ltd.

INTRODUCTION The quantitation ofp-pen in biological samples is
complicated by the occurrence of many different forms;
D-Penicillamine (2-amino-3-mercapto-3-methylbutanoic free thiol; internal disulfide; mixed disulfide with
acid) is the drug of choice in the treatment of Wilson’'s cysteine; metabolite S-methpHpen; andb-pen bound
disease due to its amino thiol properties and chelatingto plasma proteins (Muijsergt al, 1979). Previous
abilities. p-Penicillamine ©-pen) is also useful in the methods of detecting these multiple forms ofpen
treatment of heavy metal poisoning, rheumatoid arthritis, include cation-exchange chromatography (Muijsets
primary biliary cirrhosis, cystinuria, scleroderma and al., 1979), radioimmunoassay (Assem and Vickers,
progressive systemic sclerosis (Chapelaal, 1986; 1974), high performance liquid chromatography (Hidayat
Davis, 1984; Levyet al, 1983; Kanget al, 1982; Roelofs et al, 1997; Kucharczyk and Shahinian, 1981; Lankmayr
et al, 1979). Despite its wide use in medicine, the etal, 1981; Minerset al,, 1983; Nakashimat al., 1989;
pharmacokinetics af-pen in man is not well established, Saetre and Rabenstein, 1978), and gas chromatography
partly due to the lack of a suitable detection method for (Kucharczyk and Shahinian, 1981). Sensitivity, reprodu-

D-pen (Crawhalket al, 1979 and Wolf-Huess, 1987). cibility, time-consuming procedures and cumbersome
After prolonged treatmenf-pen induces undesirable manipulation with multiple samples are all inherent
toxic effects (Jaffe, 1986; Keaet al, 1984; Menaraet limitations of these assay methods (Minetsal, 1983).

al.,, 1992). The most undesirable effects include hyper- Due to these inherent problems, no quantitative data are
sensitivity, nephrotic syndrome, myasthenia gravis and available on the relative proportion bfpen metabolites
increased excretion of essential elements (Brewer, 1995;in different disease states.
Van Caillie-Bertrand et al, 1985). Therefore, it is The assay method proposed incorporates a technique
necessary to detect tissue, serum and/or urine levels ofpreviously developed in our laboratory utilizing the
D-pen in order to assess the degree of possible toxicity.derivatizing agent N-(1-pyrenyl)maleimide (NPM; Win-

) o terset al, 1995). NPM forms flourescent derivatives with
*Correspondence to: N. Ercal, Department of Chemistry, University of ..
Missouri—Rolla, 142 Schrenk Hall, Rolla, MO 65401, USA. compounds containing a free sulthydryl group. The
E-mail: nercal@umr.edu present method uses NPM to form a flourescent
Abbreviations used: CV, coefficient of variation; CYS, cysteine;  derivative withD-pen according to the reaction shown

DBPM,  N-[4-(6-dimethylamino-2-benzofuranyl)phenyllmaleimide; i Fig. 1. We have utilized this derivatization technique
D-pen, D-penicillamine; GSH, glutathione; HPLC, high performance

liquid chromatography; N/A, not applicable; NPM, N-(1-pyrenly) a_nd revers.e-phase HPLC to measwrgen in liver,
maleimide; SD, standard deviation; S/N, signal-to-noise ratio. kidney, brain and plasma samples.
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Figure 1. Formationof fluorescenNPM-D-penadduct.

EXPERIMENTAL

Reagents and chemicals

Acetonitrile, aceticacid, phosphoricacid and Tris—EDTA buffer
(all HPLC grade)were purchasedirom Fisher (St Louis, MO,
USA). NPM was obtainedfrom Aldrich (Milwaukee, WI, USA).
D-Penicillaminewaspurchasedrom Sigma(StLouis, MO, USA).

Animals

Adult male Sprague-Dawleyrats weighing 100-150g were
obtainedfrom CharlesRiver Laboratories The rats were keptin
stainlesssteel cagesin a temperaturecontrolled (25°C) room
equippedto maintaina 12 h light—dark cycle. Standardrat chow
(Purinarat chow) and water were given ad libitum. b-Penwas
given intraperitonealy100mg/kg body weight in 1 mL saline.
Blood was collected via intra-cardiac puncture 30 min after a
dosageof b-Pen,followed by subsequentemovalof liver, kidney
and brain tissues.Sampleswere homogenized(Tissue Tearor,
model 985-370) on ice in Tris—EDTA buffer for 2min in 5s
alternateintervals.All samplesvereimmediatelyassayed.

HPLC system

TheHPLC system(Shimadzuxompriseca modelLC10A pump,a
Rheodynenjection valve with a 20 uL loop anda model RF 535
fluorometeroperatingat an excitationwavelengthof 330nm and
an emissionwavelengthof 380nm. The HPLC column (Astec,
Whippany,NJ, USA) was 100 x 4.6mm i.d. and contained3 pm

particles of C;g packing material. Quantitation of the peaks
was performedwith a Chromatopac,Model CR601 integrator
(Shimadzu).The mobile phasewas 40% acetonitrile, 60% water,
1mL/L o-phosphoricacid, and 1 mL/L acetic acid. The NPM

derivativeswereelutedfrom the columnataflow rateof 0.50mL/

min.

Assay procedures

Calibration and relative recovery. Calibrationcurvesof D-pen
wereconstructedy injecting20 L of NPM-derivatizedstandards
containing 250mg of tissue and standardsn no tissue matrix.

Copyrightd 2000JohnWiley & Sons,Ltd.

Linearity in sampleswas obtainedover the full range4—2500nm
(r =0.997),while linearity in standardsvasobtainedoverthefull
rangeof 4-2500nm (r = 0.999).Relativerecoverywasdetermined
by spikingtissuesampleswith variousconcentrationsf b-penand
comparingthe resultsto those obtainedfrom aqueoussamples
supplementedvith the sameconcentrationgTable 1).

Sample derivatization. Plasmaand homogenatesof liver,
kidney and brain tissues from Sprague-Dawleyrats were
derivatizedwith NPM. A Tris—EDTA buffer (240uL) and1 mm
NPM solution(750pL) wasaddedo dilutedsampleq10pL). The
resultingsolutionwasvortexedandincubatecatroomtemperature
for 30 min beforeacidificationwith 5 uL of 1/6 m HCI to stopthe
reaction.Therewereno significantdifferencesn p-penderivative
peakareaswhena samplewasincubatedfrom 30 to 45min (Fig.
2). It shouldbe notedthat the reactionis completeat 30 min, but
must be stabilized with the addition of HCI within 45min.
Filtration through a 0.2um acrodisc was performed and the
derivatizedsampleswere injected onto a 3um C,g columnin a
reverse-phaselPLC system.The NPM—penicillaminederivatives
remainedstablefor at least2 weekswhen storedat 4°C with a
deviationin peakareadessthan2% in all samplematrices.

~
o

Relative Peak area (x 10°)
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0 10 20 30 %0 50 60
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Figure 2. Reactiontime of NPM-D-pen adduct(n = 3). Peak
areasarereportedas meanvalues+ standarddeviation(SD).
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Figure 3. (A) Standardchromatograntontainingpeaksfrom the NPM-D-pen(500nm) adduct.(B) Chromatogranobtainedfrom
plasma sample (no D-pen peak). (C) Chromatogramshowing D-pen peak from a plasmasample. The attenuationfor all

chromatogramss 256 mV/full scale.

Protein determination

TheBradfordmethodwasusedto determinethe proteincontentof
the cell samplegBradford, 1976). ConcentratedCoomassieBlue
(Bio-Rad) was diluted 1:4 (v/v) with distilled water. A total of
2.5mL of the diluted reagentwere addedto 0.05mL of a bovine
serumalbuminstandardsolutionwhich containedl0-100ug from
a 1 mg/mL stocksolution. The mixture wasincubatedat 37°C for
5min andthe absorbancevas measuredat 595nm. The samples
were subjectedto appropriatedilutions and 0.05mL of each
samplewasusedfor the proteinassay.

RESULTS

The NPM-D-penadductsproducedoy in situ derivatiza-
tion of biological sampleswvererapidly separatedby the
HPLC systemdescribedpreviously. The chromatogram
pictured in Fig. 3(A) confirms the separationof the
NPM-penicillamne adductfrom the NPM hydrolysis
peaks. Chromatogramsprepared from the biological
samplegFig. 3(B) and3(C)]illustratetheclearlydefined
separationof the NPM-D-pen adduct from the NPM
hydrolysis peaksand the lack of NPM-glutathioneor
NPM-cysteingpeaksln orderto furtherillustratethelack
of interference from NPM-glutathione and NPM-
cysteinepeaks,chromatogram®f samplescontaininga
mixture of all threethiols (500nm each)were obtained
and are shown in Fig. 4. Chromatogramsof plasma
beforeand after spiking with 125nm D-pen confirm the
location and presenceof the NPM-D-pen peak (Fig. 5).

Copyrightd 2000JohnWiley & Sons,Ltd.

The retentiontime for the NPM—penicillamineadduct
was5.6 min.

Calibration curve

A calibration curve was constructedby plotting inte-
grated peak areasvs D-pen concentrationsat regular
intervals. Linearity was displayedfor D-pen concentra-
tionsrangingfrom 4 to 2500nm (r = 0.999).1n addition,
linearity in all samplematriceswas displayedfor the
samerange(r =0.997).

Sensitivity, stability, reproducibility and relative
recovery

The lower limit of detectionfor D-pen utilizing this

methodwas establishedat 4nm (S/N=3). Tissueand

plasmasamplesierivatizedwith NPM andmaintainedat

4°C remainedstablefor at least2 weekswith lessthan

2% deviationin all samplematrices.The coefficientsof

variation(CV) for within-run precisionandbetween-run
precisionin standardandsamplesarereportedin Table

1. Relative recovery experimentswere performed by

spiking tissue sampleswith known concentrationsof

D-penandcomparingthe resultsto chromatogram$&om

a standardcurve using the sameD-pen concentration
(Fig. 5). The meanrelative recovery of five separate
experimentss reportedin Table1.

Biomed.Chromatogr.14: 535-540(2000)
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Figure 4. (A) Chromatogranof a mixture of GSH (500nm) andbp-pen(500nm). (B) Chromatogranof a mixture of CYS (500nm)
andp-pen(500nm). (C) Chromatogranof a mixture of GSH (500nm), CYS (500nm) andb-pen(500nm). The attenuatiorfor all

chromatogramss 256 mV/full scale.

Results of biological samples accumulatiorfollowing a 30-minexposureo 100mg/kg

The concentratiorof b-penin samplesf plasmakidney, is greatesin kidneytissueandlowestin braintissue.

liver andbraintissuegakenfrom Sprague—Dawleyatsis

shown in Table 2. The rats were sacrificed and the

sampleswere obtained30min after receiving intraper- DISCUSSION

itonealinjectionsof 100mg/kgD-pen.The concentration

of b-penin kidney samplesvashigherthanin plasmaor Sincethediscoveryof thetherapeuticole of b-penin the
othertissuehomogenatesAccordingto the data,D-pen treatmenbf Wilson’s diseas¢Walshe, 1956),numerous

NPM hydrlesls peaks NPM hydrolysis peaks

| | |
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Figure 5. (A) Chromatogranof plasmabeforespiking with D-pen.(B) Chromatogranof plasmaspikedwith 125nm D-pen. The
attenuatiorfor all chromatogramss 256 mV/full scale.
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Table 1. D-Pen(1250nm) in samplematrices (n = 9) and standards(n = 9) for within-run and between-runprecision. Relative
recoveryis reported asthe averagerelative recovery (+ standard deviation) of five samplesspikedwith 125-250hm D-penin

eachsamplematrix. N/A =not applicable

Samplematrix Kidney Brain Liver Plasma Standard
Between-rumprecision(n = 9) 3.57% 4.35% 4.46% 4.57% 2.23%
Within-run precision(n = 9) 3.86% 1.81% 0.48% 3.21% 2.27T%
Relativerecovery(n = 5) 105.4%+ 3.2%  104.2%+ 6.3% 97.2%+ 3.1%  115.1%+ 13.4% N/A

otherpossibletreatmentdhavebeenidentified; however,
D-penremainsthe drugof choice.Theracemich,L-form
of penicillaminewas initially used,but animal studies
have sinceidentified the D-form as lesstoxic (Walshe,
1968).Despitethe beneficialeffectsof D-pen,adegreeof
toxicity is related to characteristicconcentrationsof
accumulated-pen and constantmonitoring of plasma
andurineD-penlevelsof patientss required(Levy etal.,
1983; Wolf-Huess,1987). Consequentlya rapid, sensi-
tive, reproducibleassayfor the determinatiorof D-penin
biological sampless desired.

Assay methods utilizing cation-exchangechroma-
tography, radioimmunoassayHPLC and gas chroma-
tography have been identified, each with its own
limitations (Wolf-Huess, 1987). The cation-exchange
chromatographianethod describedby Muijsers et al.
(1979) is useful in determiningof all forms of D-pen;
however, extensivemanipulation of samplesmakesit
undesirabldor clinical use.Assem’sradioimmunoassay
is not developedsufficiently for clinical use(Assemand
Vickers,1974).The HPLC methodoutline by Saetreand
Rabenstein(1978) requiresthe formation of a custom-
mademercury-basedlectrochemicatietectorwhile that
describedy Hidayatetal. (1997)requiresthe formation
of atungsten-basedlectrochemicatietector Nakashima
etal. (1989)hasprovideda methodfor the determination
of D-penusingN-[4-(6-dimethyamino-2-benzofuranyl)-
phenyllmaleimidg DBPM) in clinical settingshowever,
this methodrequiresspecificreactionconditions(60°C)
andthe samplesareonly stablefor 24 h after derivatiza-

Table 2. p-Pen in tissues 30min after intraperitoneal
injection of 100mg/kg D-pen. After derivatization with
NPM, the NPM—-D-pen adducts formed were measuredby
HPLC and sample D-pen concentration were compared to
known standards

D-penconcentration

Sample Mean+ SD (n=3) Control
Plasma 6.46+ 0.37umol/L ND
Liver 0.41+ 0.12nmol/mgprotein ND
Kidney 0.55+ 0.04 nmol/mgprotein ND
Brain 0.15+ 0.02nmol/mgprotein ND

Copyrightd 2000JohnWiley & Sons,Ltd.

tion. In addition,synthesi®of thederivatizingagentis not
practicalin the clinical setting. The thiol determination
methoddescribedby Nakashimaet al. (1989) utilizing
the same derivatizing agent, DBPM, did not include
D-penamongthe thiols analyzedin biological samples,
making it difficult to determine the fate of D-pen
detectionin biological samplesThe fluorometricHPLC
method utilizing 5-dimethylaminonphthalene-1-sulfo-
nylaziridine and N-[p-(2-benzoxazolyl)phenythalei-
mide as derivatizing agentsrequireslengthy incubation
periods, overnight at 37°C (Lankmayr et al., 1981;
Minersetal., 1983).Thegaschromatographiassaysre
not only laborious and time consuming (requiring 2
working days),but they are alsonot sensitiveenoughto
detect the presenceof low levels of D-pen in man
(Kucharczykand Shahininan;1981; Wolf-Huess,1987).
In contrast, the NPM method was shown to be
reproducible,sensitive,specific and easyto use, with
accuraterecoveryof D-penin biological samples.

The D-pen methoddescribedin the presentstudy is
useful to the extentthat it can be run under ambient
conditionsandrequiresabout40 min to run after sample
preparation.Moreover, the analysis, being an HPLC
method,is adaptablefor automationof the assay.The
linearity of the assayrangesfrom 4 to 2500nm and has
low coefficientsof variationfor reproducibility. Further-
more, application of the presentassayto biological
materials, including plasma, liver, kidney and brain
sampleshasbeendemonstratedby the accuraterelative
recoveryof D-pen. Finally, the implementationof this
methodfor determiningdb-penlevelsin humantissueand
plasmain a clinical settingis possible.
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