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Abstract

An high performance liquid chromatography (HPLC)-UV method for the simultaneous determination of the free forms of mycophenolic
acid (MPA) and its phenol glucuronide (MPAG) in human serum samples was developed for the first time.

Chromatographic separation was performed on octadecylsilane based stationary phase in combination with a mobile phase of
methanol/buffered tetrabutylammonium (TBA) salt mixture.

Sample pretreatment consisted of an ultrafiltration step followed by clean-up/enrichmentgosdadidcphase extraction (SPE) cartridge.
Average recoveries of (994 0.2)% and (64.1 6.9)% for free MPA and MPAG, respectively, were estimated in the concentration range from
0.5 to 10ug/ml. The within-day and between-days coefficients of variation were 0.4 and 0.8% for free MR&g(thlispiking level) and 0.8
and 1.6% for free MPAG (p.g/ml spiking level), respectively. The linear ranges for free MPA and MPAG were 0.06—1 and Q.g+10
respectively. Detection limits of 4 and 17 ng/ml for free MPA and MPAG were estimated in spiked serum.

The same HPLC method was also capable of a simultaneous determination of the total concentration of MPA and MPAG when coupled
to a proper sample pretreatment step. The potential of the method is demonstrated by excretion kinetics measurement in serum of patients
receiving MMF therapy.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction thesis more than on the purine salvage pathway (catalyzed
by hypoxanthine—guanine phosphoribosyl transfeyaAseA
Mycophenolic acid (MPA) is an immunosuppressive prevents proliferation of both T and B lymphocy{é$. In-
agent acting as a selective, reversible, non competitive in- deed MPA has been shown to be very effective in preventing
hibitor of inosine monophosphate dehydrogen@s#?DH), acute rejection in patients receiving organ transplgs].
a key enzyme involved in the de novo synthesis of the purine A prodrug of MPA, the morpholinoethyl ester mycophe-
nucleotide, guanosine monophosphate. Due to this peculiamolate mophetil (MMF) has been synthesized to increase the
action of MPA, the intracellular guanine nucleotide pool bioavailability of mycophenolic acid. After oral administra-
decreases significantly resulting in an inhibition of DNA syn- tion, the ester is rapidly and completely adsorbed and hy-
thesis. Since lymphocytes rely on the de novo purine biosyn- drolyzed to its active metabolite (MPA) by blood esterases.
MPA is metabolized by a livetJDP-glucuronosyl trans-
* Corresponding author. Fax: +39 080 5442026. ferase to its pharmacologically inactive phenol glucuronide
E-mail addresszambonin@chimica.uniba.it (C.G. Zambonin). (mycophenolic acid glucuronide, MPAG), which is primarily
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excreted in urine. However, an enterohepatic pathway involv- multaneous determination of free MPA and MPAG was not
ing MPA passage into the gastrointestinal tract via biliary ex- possible and free MPA was measured in a separate assay by
cretion, hydrolysis to MPA (vig-glucuronidasen gut flora) HPLC with electrospray tandem mass spectrometry.
and reabsorption of the latter into the systemic circulation,  The present work describes the first HPLC—-UV detection
can contribute to blood concentration of the active drug. method capable of simultaneous determination of free MPA
Other factors, which intervene in an individual at different and MPAG in serum samples. An octadecylsilane based sta-
times or vary between individuals, can alter the amount of the tionary phase is used in combination with a mobile phase of
bio-available drug. Itis known that MPA levels are influenced methanol/buffered tetrabutylammonium (TBA) salt mixture.
by binding to proteins, mainly human serum albumin (HSA). The eluent composition was properly optimized in order to
Since only the free drug is pharmacologically active this need achieve the highest possible chromatographic efficiency. The
to be measured, in addition to the total MPA concentration, same HPLC method allows also the simultaneous determina-
in order to calculate the free fraction. Significant increases of tion of the total concentration of MPA and MPAG by simply
MPA free concentration and/or MPA free fraction have been changing the sample pretreatment step. The potential of the
observed in patient with severe renal dysfunction causing hy- method is demonstrated by excretion kinetics measurement
poalbuminemia status; similar effects could also be observedin serum of patients receiving MMF therapy.
with increasing concentration of MPAG due to a competition
for HSA binding sites.
These observations, together with the unavoidable interpa- - Experimental
tient MPA pharmacokinetics and the possible enterohepatic
pathway for MPAG/MPA, suggest that the MMF dosage reg- 2 1. chemicals
imen should be tailored on individual (or individual groups)
bases, in order to achieve an appropriate level of the active  \pa (6-(4-hydroxy-6-methoxy-7-methyl-3-oxo-5-phta-
drug, minimizing MMF side effects. lanyl)-4-methyl-4-hexenoic acid) and its phenyl glucuronide
To this purpose, a method for the simultaneous determina-\paG (98%) were kindly donated by Hoffmann-La Roche
tion of blood concentrations of MPA and MPAG (free form  aG (Basel, Switzerland).
plus protein bound) is highly advisable. Several high perfor-  siock solutions (1 mg/ml) of MPA and MPAG were
mance liquid chromatography (HPLC) methd@s21]are  prepared in methanol and stored aiGsin the dark. Dilute
today available for the determination of total MPA and/or sojytions were prepared just before use in triply distilled
MPAG concentrations in biological fluids. Since blood con- \yater. Organic solvents (Carlo Erba, Milan, Italy), were
centrations in the low.g/ml level need to be determined, Hp|C grade. Mobile phase was filtered through a Q.45

the analytical demand in term of sample treatment, sensitiv- jnembrane (Whatman Limited, Maidstone, UK) before use.
ity, selectivity and chromatographic efficiency is not particu-

larly stringent. Then, the most common approaches consistin

simple deproteinization step followed by ion suppressed re- 2.2. Apparatus

verse phase HPLC with UV detectif® 7] or ion-pair HPLC

with UV [8,9] or fluorescence detectighO]. Reverse phase The HPLC system consisted of a Spectra System Pump

HPLC with post column addition of 2M NaOH and fluo- model P2000 (ThermoQuest, San Jose, CA, USA) equipped

rescence detection of deprotonated (phenolate anion) anawith a Rheodyne 7125 injection valve (g0injection loop), a

lyte has been described by Renner et[hl]. A detection Supelcosil LC-18-DB column (250 mix 2.1 mm i.d., Gum

limit (S/N = 3) of 3ng/ml was claimed for a 1Qd plasma packing, Supelco) and a photodiode-array detector (Spectra

sample subjected to a deproteinization step. MMF could System model UV6000LP) controlled by ChromQuest soft-

be simultaneously determined while the phenolglucuronide ware running on a personal computer.

MPAG, not directly accessible for fluorescence detection,  The ultrafiltration system comprises a Centricon YM-

was separately analysed after enzymatic deglucuronidation50 centrifugal filter device (Millipore Corporation, Bedford,

to MPA. MA, USA) equipped with a regenerated cellulose membrane
Determination of free MPA and MPAG is a more chal- (30kDa cut-off) and an AIC 4222 centrifuge (Cecchinato,

lenging problem both in term of sample treatment and Mestre, Italy) operated at 5.000 g. The centrifugal filter

limit of detection required (low ng/ml). Willis et al12] device consisted of a sample reservoir containing the mem-

used HPLC with atmospheric pressure chemical ionization brane, a retentate vial and a filtrate vial. The centrifugal filter

tandem mass spectrometry for free MPA determination in devices were pre-rinsed before use as specified in the manual

plasma samples. The lowest detectable concentration, at S/Naccompanying the product. Solid-phase extraction (SPE) was

=5, was 2.5ng/ml for a 500l of plasma subjected to ul-  performed onto Supelclean solid-phase extraction tubes (Su-

trafiltration and preconcentration by solid-phase extraction pelco) containing 100 mg of a 40m particle size @g pack-

(SPE). ing. The SPE tube was preconditioned eluting in sequence:
Free MPAG measurement by HPLC-UV has been very 2 mlMeOH, 2 mlwater and 2 ml of a MeOH/phosphate buffer

recently proposed by Atcheson et fl3]. However, a si- (5 mM, pH 7) mixture (20:80, v/v) containing 5 mM TBABT.
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2.3. Chromatographic and detection conditions 10 T T T T T T T
[ —-e--MPA T et . ]
The mobile phase used was a methanol/phosphate buffer 8 | —B~MPAG e~ 1
(5mM, pH 7) mixture (50:50, v/v) containing 5mM TBABr [ ]
as ion-pairing agent. The flow rate was 0.2 ml rfiand tem- . 6 e ]
perature was ambient. Mobile phase was degassed on-line bj:< [ f«" ]

an SCM1000 Vacuum Membrane Degasser (Thermo Sep- 4 [ . ]
aration Products). Detection wavelength was 254 nm (5nm
band-width). Spectra were acquired in the 230-380 nmrange 2
(5 nm band-width). Peak purity could be checked by the tech- o T
nigue of spectra overlaying, after normalization. 0 2 4 6 8
[Q ] (mM)

2.4. Human serum samples
Fig. 1. Influence of the TBA concentration on MPA and MPAG retention at

constant pH, ionic strength and volume fraction of organic modifier.
Drug free serum samples were collected from healthy vol- P g 9

unteers. Two patients under MMF therapy (Ig dose admin-

istered every 12 h) have been considered in this study. Onea methanol/aqueous buffer mobile phase. However, the chro-
of these (patient A) was affected by glomerulonephritis; the matographic efficiency resulted always very poor, no matter

other (patient B) was kidney transplanted. Blood samples the pH value and the methanol content used. Furthermore,
were collected immediately before dose administration (  MPAG was poorly retained and its capacity factor scarcely

0) and then after 1, 2, 4 and 6 h. influenced by the eluent composition. Thus, the possibility
of analytes separation as ion pairs, using a tetrabutylammo-
2.5. Determination of free fractions of MPA and MPAG nium (TBA) salt as ion pairing agent, was considered. The

effect on retention of counterion concentration, nature of the

A 500l serum aliquot was subjected to ultrafiltration. organic modifier (MeOH versus ACN) and composition of
An ultrafiltrate aliquot (20Qul) was loaded onto a previ- the mobile phase, was studied first.
ously conditioned SPE tube. The tube was then washed with  Fig. 1 shows the influence of the TBA concentration on
2 ml of a methanol/phosphate buffer (1 mM, pH 7) mixture MPA and MPAG retention at constant pH, ionic strength and
(20:80, v/v) containing 1 mM TBABr and eluted with (260 volume fraction of organic modifier. As apparent, the reten-
3) wl aliquots of a methanol/phosphate buffer (1 mM, pH 7) tion can be regulated by the quaternary ammonium)(@@n
mixture (80:20, v/v) containing 1 mM TBABT, discharging concentration up to ca. 10 mM. At higher TBA concentration,
the first aliquot. The eluate was then evaporated to drynessa plateau was observed, which can be due to a decreased ca-
and reconstituted with 40l of a methanol/water (50:50, v/v)  pacity of the retaining phase to take up analyte)¥on pairs

mixture. Finally, 2Qul of the eluate were injected. (QX) caused by an increased adsorption of quaternary am-
monium ion pairs.
2.6. Determination of the total amount of MPA and The nature (MeOH or ACN) and the volume fraction of
MPAG the organic modifier were then varied (at constant pH, ionic
strength and TBA concentration) in order to evaluate the ef-
A 100! serum aliquot was added to 4p0of 0.5 M HCI fects on retention and chromatographic efficiency for MPA

and 10Qul of the resulting mixture loaded onto a previously and MPAG. Although both modifiers can be effectively used
conditioned (see above) SPE tube. The tube was connected tdo regulate retention (the higher the volume fraction the lower
a syringe filter containing a 3 mm diameter, Op44 pore size the retention), methanol gave much better efficiency and
nylon membrane (Supelco). The SPE tube was then washegeak shape than acetonitrile. A mobile phase composition
with 2 ml of a methanol/phosphate buffer (5 mM, pH 7) mix- of methanol/phosphate buffer (5 mM, pH 7) mixture (50:50,
ture (20:80, v/v) containing 5mM TBABr and eluted with v/v) containing 5 mM TBABr gave theoretical plates number
500pl of a methanol/phosphate buffer (5mM, pH 7) mixture of 22.400 and 21.860 1t for MPA and MPAG, respectively
(80:20, v/v) containing 5mM TBABr. Finally, 20l of the and a peak asymmetry factors of ca. 1.18.
eluate were injected. The retention behaviour of some organic anions as quater-
nary ammonium ion pairs on hydrophobic alkyl modified sil-
ica[22] or non polar poly(styrene-divinylbenzene) adsorbent

3. Results and discussion [23] has been already described. When an analyte ionjsX
introduced in the chromatographic system above specified, it
3.1. Chromatographic behaviour of MPA and MPAG is distributed to the stationary phase as the ion pair QX, which

competes with QC (whereTCis the co-anion of TBA) and
As a first approach, MPA and MPAG were tentatively QZ (where Z indicate a competing anion, e.gaPlOs—, in
separated as undissociated acids by controlling the pH ofthe buffer) for the available adsorption sitdg,Under certain
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assumptions (negligible adsorption of % the acidic form,
capacity factor independent of Xconcentration) it can be
shown[23,24]that retention can be expressedHyy. (1)

i 1 " [C7Im
72 12,12
Ky~ qKoKockYZKY210%]  qKoKaZKey
KQZ[Zi]m
t— 7 1 @
qKoK g7 Kox

wherek’y is the capacity factor the ratio of solid phase to
mobile phase in the column (9/Bc the equilibrium con-
stant for the process ) + Cn~ + Ag = QCA;; Koz the
equilibrium constant of the process QCA Zyn~ = QZAs

+ Cm™; Kox the equilibrium constant for the process QCA
+QZAs + 2Xm™ = 2QXAs + Cn™ + Zm~; [Qt]m = TBAT
concentration in the mobile phad€g is the monolayer ca-
pacity (i.e. maximum number of moles of ion pairs that can
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Fig. 2. Plot of 1k} vs. 1/[Q"]m at constant phosphate {¥ concentration
for MPA and MPAG.

Eq. (2) shows that, at constari{]m, a plot of 1k’ versus
I/[Q"]m should give a straight line as indeed verifiedFig. 2

be taken up per gram of solid phase); m and s indicate mobile3.2. Analytical applications

and stationary phases, respectively.

Eq. (1)shows that’, can be regulated by the mobile phase
concentration of the counter ion Q) of its co-anion C and
of a competing ion of the same charge,.Z

Note that the third term in the right-hand-sidekyd. (1)
indicates that %/, should increase on increasing{lm at
constantD*], and [C™]m. However, no appreciable varia-

The developed method was applied to the determination
of MPA and MPAG in human serum samples. As already
reported inSection 3 MPA and MPAG in serum are mostly
bound to proteins (mainly albumin). Then, it was interesting
to study the relationship between both total MPA and MPAG,
between free MPA and MPAG, and between free and bound

tion on the retention were observed by varying the phosphateMPA concentrations.

buffer concentration between 1 and 10 mM. This indicates
that under the experimental conditions usé&@([m =[C ™ 1m
=5mM; 1 mM < [Z7]m < 10 mM) the buffer anion Z plays
avery minor effect; this is not surprising considering that C
(bromide in the present case) is the strongest eli22jt

Note that at constanZ[ ]m, an increase of TBABr con-
centration predict a decrease ok’l/ see first term in the
right-hand-side oEq. (1) and an increase ofAy due to the
second termin the right-hand-sidetd. (1) This means that
k' should first increase, reach a maximum (5&g 1) and

3.2.1. Determination of free MPA and MPAG
concentrations

Average recoveries, calculated by spiking drug free serum
samples i = 3) with MPA and MPAG at 0.5 and 30g/ml
concentration levels, were (9%70.2)% and (64.1 6.9)%,
respectively, and were not concentration dependent.

Calibration curves were constructed spiking serum sam-
ples with MPA and MPAG in order to cover the range from
0.06 to Jug/ml and 0.2 to 1@u.g/ml, respectively; three repli-

then decrease at very high QC concentrations (not observedtates for each concentration were performed. Calibration

in Fig. 1).

Obtaining C~]m from the equilibrium constar{qc, and
substituing inEq. (1) the following equation can be readily
obtained:

1 1 < OCAs+ AS>
I K12
ké( qKOKQCKQz Q/x[Q+]m As
Koz[Z7 Im
12 ,1/2 )
qKoKQZ KQX

At low QC concentration in the mobile phase, &Gs much
lower thanAs, the number of available sites for ion pair ad-
sorption. Under this condition, the approximated form of
Eq. (2)holds:

1_
Ky

1
1/2 ,,1/2
qKOKQCKQ/zKQ/x[QJr]m

Koz[Z7]m

12 ,1)2
aKoK gy Kgx

@)

curves resulted linear with correlation coefficients better than
0.995 and intercept not significantly different from zero at
95% confidence level. The within-dag € 5) and between-
days 6 =5 over 5 days) coefficients of variation, estimated
by an ANOVA test, were 0.4 and 0.8% for MPA (at u@/ml
level) and 0.8 and 1.6% for MPAG (af&g/ml level), respec-
tively.

The LOD and LOQ in spiked serum, estimated accord-
ing to IUPAC[25] recommendation, were 4 and 26 ng/ml for
MPA and 17 and 60 ng/ml for MPAG, respectively. Note that
LOD values for MPA compare well even with those obtained
by tandem mass spectrometric detection or fluorescence de-
tection after post column derivatization.

Fig. 3shows, for instance, the chromatogram relevant to
a serum sample taken from patient B after 1 h from MMF
administration and treated as describe&éction 2

Although a pharmacokinetics study is outside the scope
of the present paper, the obtained MPA and MPAG



A. Aresta et al. / J. Chromatogr. B 810 (2004) 197-202

S 200 A MPAG ;
<
E 150 \ 0
(0]
£ 100 k s
©
o]
5 fN
8 50 170175180185
< MPA
0
2 4 6 8 10 12 14 16 18 20
Time (min)

Fig. 3. HPLC-UV chromatogram relevant to the free MPA and MPAG deter-
mination in patient B after 1 h from MMF administration. MPA and MPAG
estimated concentration: 0.09 and g@ml, respectively. Sample treat-
ment and chromatographic conditions as specifieBention 2 detection

at 254 nm. The inset shows MPA peak on a different absorbance scale.

concentration—time profiles in both patients under MMF ther-
apy are shown ifrig. 4, just to demonstrate the potential of

the described approach and the usefulness of free drug deter-

mination. It is interesting to note that although free MPAG

concentrations in both patients are quite similar, the free MPA

concentrations in patient B are about 10-fold higher than
those of patient A. Since albuminemia status was similar in
both patients, the difference in the MPA concentration could

be ascribed to an alteration in the protein binding capabilities

(altered binding sites structure) or to a different metabolism.

3.2.2. Determination of the total amount of MPA and
MPAG

201
600
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Fig. 5. HPLC-UV chromatogram relevant to the total MPA and MPAG de-
termination in patient B after 1 h from MMF administration. MPA and MPAG
estimated concentration: 8 andZ§/ml, respectively. Sample treatment and
chromatographic conditions as specified in the experimental section; detec-
tion at 254 nm.

Calibration curves were constructed spiking serum sam-
ples with MPA and MPAG in order to cover the range from
0.2 to 10ug/ml and 0.7 to 10Q.g/ml, respectively; three
replicates for each concentration were performed. Calibra-
tion curves resulted linear with correlation coefficients better
than 0.996 and intercept not significantly different from zero
at 95% confidence level. The within-day<£ 5) and between-
days 6 =5 over 5 days) coefficients of variation, estimated
by an ANOVA test, were 0.7 and 1.4% for MPA (apg/ml
level) and 1.2 and 2.0% for MPAG (at p@/ml level), re-
spectively.

The estimated LOD and LOQ, calculated according to

Average recoveries, calculated by spiking drug free serum JUPAC [25] in spiked serum were 80 and 200 ng/ml for MPA

samplesif = 3) with MPA and MPAG at 1 and ag/ml con-
centration levels, were (992 0.2)% and (50.1 8.9)%,
respectively, and were found concentration independent.
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Fig. 4. Concentration—time profiles for free MPA and MPAG in both patient
A and B under MMF treatment (1 g oral dose repeatedly administered at
12 h interval). Time starts immediately before a new dose administration.
Symbols: () MPA, patient A; @) MPA, patient B; (0) MPAG, patient A;

(H) MPAG, patient B. Note that the last point of the profile relevant to MPA
in patient A is comprised between the LOD and the LOQ.

and 350 and 650 ng/ml for MPAG, respectively.

Fig. 5shows, for instance, the chromatogram relevant to
a serum sample taken from patient B after 1 h from MMF
administration and treated as describedattion 2 Fig. 6
reports the obtained MPA and MPAG concentration—time
profiles in both patients under MMF therapy. As apparent,
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Fig. 6. Concentration—time profiles for total MPA and MPAG in both patient
A and B under MMF treatment (19 oral dose repeatedly administered at
12 h interval). Time starts immediately before a new dose administration.
Symbols: (O) MPA, patient A; @) MPA, patient B; (0) MPAG, patient A;

(M) MPAG, patient B.
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erage values were (1:50.8)% and (0.2 0.2)% for patient [5] A.J. Nicholls, Clin. Biochem. 31 (1998) 329.

Aand B, respectively. As apparent, the free MPA fractionwas [6] C.E. Jones, P.J. Taylor, A.G. Johnson, J. Chromatogr. B 708 (1998)
found similar in both patients, contrary to free and total MPA 229.

. . . [7] K. Wiwattanawongsa, E.L. Heinzen, D.C. Kemp, R.E. Dupuis, P.C.
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Sugimoto, J. Chromatogr. B 753 (2001) 315.
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. Wang, T. Tanaka, K. Matsumiya, M. Kitamura, A. Okuyama, H.
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d I Iso th . It det inati f the total S.E. Tett, J. Chromatogr. B 799 (2004) 157.
ure allows also the simultaneous determination ot the tota [14] N. Sugioka, H. Odani, T. Ohta, H. Kishimoto, T. Yasumura, K.J.

(free plus protein bound) concentration of MPA and MPAG. Takada, J. Chromatogr. B 654 (1994) 249.
The potential of the method is demonstrated by excretion [15] I. Tsina, M. Kaloostian, R. Lee, T. Tarnowski, B. Wong, J. Chro-
kinetics measurement in serum of patients receiving MMF matogr. B 681 (1996) 347.
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