Available online at www.sciencedirect.com

SCIENCE(CbDIHECTQ INTERNATIONAL JOURNAL OF

PHARMACEUTICS

e >
ELSEVIER International Journal of Pharmaceutics 307 (2006) 308—317

www.elsevier.com/locate/ijpharm

Cutaneous metabolism of a dipeptide influences the iontophoretic
flux of a concomitant uncharged permeant

Melanie Altenbach, Nathalie Schnyder, Christine Zimmermann, Georgios Imanidis

Institute of Pharmaceutical Technology, University of Basel, Klingelbergstrasse 50, 4056 Basel, Switzerland

Received 18 July 2005; received in revised form 18 October 2005; accepted 20 October 2005
Available online 28 November 2005

Abstract

Passive and iontophoretic transport of the model dipeptide tyrosine-phenylalanine (TyrPhe) that is subject to cutaneous metabolism an
the uncharged glucose derivative benzyl-2-acetamido-2-deexyglucopyranoside (BAd-Glc) used as electroosmosis marker through heat-
separated human epidermis was investigated in vitro. TyrPhe andoBalt- were used separately and in combination in order to determine
their interaction in terms of permeability and the influence of skin metabolism of TyrPhe on permeation rate and tissue retention of itself and
of BAd-a-Glc. TyrPhe was chemically and electrochemically stable but underwent considerable degradation in the epidermis under reflectior
boundary conditions with generation of degradation products tyrosine (Tyr) and phenylalanine (Phe) confirming cutaneous metabolism of TyrPhi
in heat-separated human epidermis, which was more pronounced at pH 4.5 than at pH 3.0. As a result, no reproducible epidermis permeation
TyrPhe at pH 3 and no permeation at all at pH 4.5 was measured regardless of the presencecgbBAdecompanied by increased levels of
Tyr and Phe compared to blank runs. Low temperatur€jt both pH values and addition @phenanthroline at pH 3 but not at pH 4.5 yielded
reproducible TyrPhe permeation and blank, i.e., endogenous levels of Tyr and Phe evidencing inhibition of degradation. Constant voltage anod
iontophoresis marginally reduced BAdGIc flux at pH 3 and 4.5 compared to the passive flux. In combination with TyrPhe, iontophoretic flux of
BAd-a-Glc was increased markedly compared to the passive one when TyrPhe was metabolized in the tissue, while no such increase was obsery
when TyrPhe metabolism was inhibited. The increase of BA@ic iontophoretic flux was accompanied by a considerable decrease of the BAd-
a-Glc amount retained in the epidermis. The presence of the generated Tyr and Phe, therefore, appears to be related to a decrease®fthe BAd-
amount retained in the epidermis upon application of an electrical voltage and an enhancement of its iontophoretic flux. Thus, an interactior
between the concurrent permeants at the level of tissue retention induced by metabolism can influence the apparent iontophoretic permeation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of well above 4 Marro et al., 2001; Luzardo-Alverez et al.,
1998; Hoogstraate et al., 199dnd a negative fixed charge of
lontophoresis is a non-invasive physical method to increasthe tissue at physiological pHBfunette and Ongpipattanakul,
and modulate the permeation rate of ionized but also union1987. This characteristic has as aresult that the epidermis favors
ized compounds through skin by the application of an externaht physiological pH the permeation of positively charged com-
electric field to the skin. Peptide drugs are potential candidateggounds compared to negatively charged ones of comparable
for systemic iontophoretic delivery because of the charges thegize. Furthermore, electroosmotic flow through the epidermis
usually carry and because they exhibit a rather small passive parpon application of an electric field takes place from the anodal
meability for the highly structured, lipophilic stratum corneum to the cathodal electrode at physiological pH which results in
barrier of the skin due to their charge related hydrophilicityconvective movement of the dissolved permeants, ionized and
and their frequently large molecular size. The epidermis is anionized alike. Convective solvent flow was shown to be pre-
charged permselective membrane with an isoelectric polint (p dominant for the iontophoretic transport of neutral, polar com-
pounds or compounds with high molecular weidfirjavainen
et al., 2000; Pikal and Shah, 1990; Hirvonen and Guy, 1998
* Corresponding author. Tel.: +41 61 267 15 13; fax: +41 61 267 1516.  Lowering the pH of solutions bathing the epidermis below its p
E-mail address: georgios.imanidis@unibas.ch (G. Imanidis). reverses the permselectivity and the direction of the electroos-
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motic flow in accord with the tissue assuming positive fixedThe choice of pH is primarily dictated by th&p of the given
charges Marro et al., 2001; Delgado-Charro and Guy, 1994;drug. TyrPhe was deliberately chosen as a model of an unmod-
Lopez et al., 2001 A pH in the acidic range may be neces- ified, unprotected peptide. Cathodal iontophoresis with a net
sary for the iontophoresis of drugs that are weak organic basesgative ionic valence of the dipeptide was not studied in this
or have two ionizable groups exhibiting zwitterionic behavior,work because at no pH it was possible under these conditions to
such as peptides, in order to render them positively charged. Thedtain cathode-to-anode electroosmotic flow. Constant voltage
net ionic valence of such compounds will depend on th&ly p iontophoresis was employed because it allows treatment of the
and the pH of the solution. For pH values approaching the isoiontophoretic transport of concomitant permeants independently
electric point of the epidermis, the pH must be optimized takingof each other. Thus, physiologic tonicity of the solutions may be
into account the ionic valence of the compound and the eleadsed and iontophoretic enhancement of the studied compounds
troosmotic flow with respect to their impact on iontophoreticwill not depend on the presence of other ions that may also be
flux. extracted from the tissue or be produced by chemical and enzy-

Apart from its function as physical barrier, the skin also playsmatic processes such as permeant degradation. Furthermore,
an important role as a metabolic barrier capable of degradingonstant voltage conditions are appropriate for model assisted
a wide range of substances upon permeation. Although stru¢heoretical analysis of the enhancement factor derived from the
ture and function of the skin have been well characterized, thélernst—Planck equation and leading to strategies for predicting
extent and the exact localization of enzyme activity remainsontophoretic behavio{ochhar and Imanidis, 2003; Imanidis
still uncertain. The epidermis contains many enzymes, whictand Luetolf, in press; Altenbach et al., 2Q08learly, for highly
are involved in the differentiation process of its viable layers. Aefficient drug delivery, constant current iontophoresis with a
large variety of low molecular weight compounds such as amineninimum amount of concurrent electrolytes is the method of
acids and sugars found in the stratum corneum may be derivaghoice. The constant voltage approach was employed here, how-
from endogenous metabolisi@chaefer and Redelmeier, 1996 ever, because it served better the purpose of the present study.
Enzymatic activity in the dermis is primarily associated with the
sebaceous glands and the hair follicles. Cutaneous metabolis2n Materials and methods
of drugs was found to take place in epidermal as well as in der-
mal tissue and peptide drugs were reported to be susceptibfel. Chemicals
to degradation by the enzymes of the epidermBiscks, 1984; ) ) ) ) )
Steinstésser and Merkle, 1995; Boderke et al., 1998 has Tyrosine-phenylalanine (TyrPhe), a model dipeptide with
been suggested, finally, that heat-separated epidermis exhibit&aMolecular weight of 328.4 was purchased from Bachem
lower metabolic activity than intact epidermiEuber and Rost, ACG (Bubendorf, Switzerland). Its & was determined by
1987). potentiometric titration. Tyrosine (Tyr) with a moleculgr weight

In the present study the iontophoresis of a model dipeptide®’ 181.2 and fa 2.2, 9.1 and 10.1 and phenylalanine (Phe)
tyrosine-phenylalanine (TyrPhe), which is subject to metaboliVith @ molecular weight of 165.2 andkp 2.2 and 9.2 were

degradation in cutaneous tissue is investigated under constapifrchased from Fluka BioChemika (Buchs, Switzerland) and

voltage conditions. The unionized glucose derivative benzyl>i9ma Chemical Co (St. Louis, MO, USA), respectively.

2-acetamido-2-deoxy-p-glucopyranoside (BAdw-Glc) was ~ Benzyl-2-acetamido-2-deoxy-p-glucopyranoside  (BAdk-
used as electroosmosis marker in order to quantitatively delin®!C) (Toronto Research Chemicals, North York, Canada)

eate the contributions of the direct effect of the electric field orft 9/ucose derivative with a molecular weight of 311.3 was
ions (termed electromigration) and that of convective solvenksed as electroosmosis marker. The metallopeptidase inhibitor

flow to the iontophoresis of the peptide. The two compoundg-Phenanthroline HCI monohydrate was purchased from Fluka
were used separately and in combination in transport experPioChemika (Buchs, Switzerland).

ments in order to discover potential interactions between the&g 2. Buffer

in terms of permeability. Such interactions while not expected™™"

for passive permeability on theoretical grounds, may well occur - 5 jniversal buffer was used at pH 3, 4.5 and 7.2. It was

in case of facilitated or active transport processes such as ioEbmposed of citric and phosphoric acid, each at a concentration
tophoresis. Determination of the extent of metabolism of Tyr-o¢ 6 57 mM and boric acid at a concentration of 11.5 mM. The
Phe during permeation and assessment of the impact of thig,qq ere all dissolved in double distilled water and the mixture
metabolism on the passive and iontophoretic permeation of thg s titrated to the desired pH using sodium hydroxide. For a final
dipeptide itself and of BAdx-Glc conclude the objectives of the osmolarity of 300 mOsmol, the appropriate amount of sodium

study. _ o _ chloride was added to the buffer. All chemicals were of analytical
Experiments were carried out in vitro using heat-separateghagent grade.

human epidermis at pH 3, 4.5 and 7.2 chosen to provoke a

change of direction of the electroosmotic flow and unveil thep 3. skin

interplay of it with the varying ionic valence of the peptide

in terms of iontophoretic permeation. The dipeptide was used Human cadaver skin of postmortem biopsies excised within
at pH 3 and 4.5 in order to guarantee its having a net posi24 h of death from the abdominal region of female donors was
tive ionic valence and allow the use of anodal iontophoresissupplied by the Department of Pathology, University Hospital,
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Basel and kept at 70°C until use. Epidermal membrane includ- tive amount of permeation through the epidermal membrane as
ing the stratum corneum and the viable epidermis was isolated function of time was computed. Fluxes of TyrPhe and BAd-
from the underlying dermis by heat treatment and mechanicat-Glc were determined for each experimental stage whereas for
separation Kochhar and Imanidis, 2003; Sims et al., 1991 the degradation products Tyr and Phe which were produced in
Preparation of the membrane, its mounting to the diffusion cellthe membrane, time-averaged rates of appearance in the receiver
a gravitational leaking test and an electrical test of integrity weresolution over the entire duration of the experiment were com-
carried out using the procedures reported previousbclhhar  puted and expressed as flux. Blank experimental runs involved
and Imanidis, 2008 Skin from 16 different donors was used. the use of human epidermis and the same protocol as above but
The average thickness of the isolated epidermis wagd®ith ~ both compartments of the diffusion cells contained solely buffer

a standard deviation of 9um. The specimens were not ran- solution.

domized but their electrical resistance was used to normalize Permeation experiments were carried out atG7except

the measured fluxes. when suppression of enzymatic activity in the tissue was
intended in which case a temperature ¢fCAwas employed
2.4. Diffusion cells and iontophoretic equipment (Higo et al., 1992 The enzyme inhibitos-phenanthroline was

added at pH 3.0 and 4.5 in a concentration of 0.5mM to the
Custom made two-chamber symmetrical “side-by-side” glassionor and the receiver solution of the diffusion cells.

diffusion cells outfitted with a pair of working Ag/AgCl elec- Statistical significance of the difference between ion-
trodes and a pair of reference Ag/AgCI electrodes combinedbophoretic and passive fluxes was examined by double-sided
with membrane reaching capillaries described in detail previs-test.
ously Kochhar and Imanidis, 20Q03vere used for permeation
experiments. The anode was placed in the donor and the cat-6. Stability of TyrPhe and BAd-a-Glc
ode in the receiver compartment of the cells. The current source
built in the Department of Physics, University of Basel, was Chemical stability of TyrPhe was determined at pH 3.0 and
connected to the four electrodes and supplied direct currend.5 in the same buffer and concentration used in permeation
lontophoresis was carried out under constant voltage conditionexperiments under continuous stirring by magnetic stirrer at
The electric current flowing through the epidermal membran&7°C, room temperature and€ over a period of 95 h. Samples
was continuously measured and recorded electronically usingere withdrawn every 10-12 h.
a Digital Chart Recorder (DCR 520, W +W Instruments AG, Electrochemical stability of TyrPhe and BAdGIc was

Basel, Switzerland). determined in the diffusion cells employed for iontophoresis
experiments at pH 4.5 and 3T using a stack of 75 membrane
2.5. Protocol of permeation experiments filters (IsoporéM Membrane Filter, Filter Type 04m VCTP,

Millipore AG) instead of human epidermis. Buffer and TyrPhe

A typical experiment involved three stages. The “passive I"and BAd«-Glc concentration were the same as in the donor
stage lasted for 44 h during which the baseline passive permeelution of the permeation studies but both chambers of the dif-
ability was measured at steady state. Samples of 0.2 ml weffesion cell contained the same solution of the compounds under
collected from the receiver chamber every 90 min. In the subseanvestigation. Constant voltage of 250 mV was applied for 8 h
guent iontophoretic stage, which lasted for 3 h, a fixed electricahnd samples were taken every hour.
potential difference of 250 mV was applied across the membrane Cutaneous metabolism of TyrPhe and BAdsIc was stud-
and samples of 0.2 ml were taken every 20 min from the receivaed with the reflection boundary experimental set-up at@7
chamber. Finally, in the “passive 1I” stage, post-iontophoretic(Boderke et al., 1998Heat-separated epidermis with the viable
passive permeability was measured over 22h during whiclepidermis side facing the donor compartment and the stratum
samples of 0.2 ml were drawn every 90 min from the receivecorneum side facing an impermeable barrier consisting of a plas-
chamber. All these samples were replenished with fresh buffetic foil was mounted in the diffusion cells used for the permeation
and analyzed with no further treatment by HPLC-MS. At thestudies without including the electrodes as shown schematically
beginning of each of the above stages, 0.05ml samples weir Fig. 1 The same buffer as in the other stability experiments
drawn from the donor chamber and not replaced. These samplaad a concentration of 1.2V for TyrPhe and 4.7.M for BAd-
were diluted 400-fold before analysis by HPLC-MS. At the end
of passive | and |l stages, a potential difference of 250 mV was
applied for 5 min to record the electrical resistance and check the S
integrity of the membrane. At the end of each experiment, the
absence of significant pH and osmolarity shifts in both chambers
was verified.

The same buffer was used in both chambers of the diffu- M
sion cell. The TyrPhe concentration in the donor solution was
approximately 3 and 2_mM atpH 3and 4.5, respectively, and thEig. 1. Schematic representation of reflection boundary experimental set-up
BAd-a-Glc concentration was 13 mM at all pH values. From theconsisting of donor compartment (left), heat-separated epidermis (middile) and
concentrations determined in the receiver solution, the cumulampermeable barrier of plastic foil (right). S, substrate; M, metabolite.
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a«-Glc were used, these being of the same order of magnitud® Results and discussion
as the concentrations detected in the receiver solution. Samples
were withdrawn roughly every 10h. In separate experiments3.l. Integrity of epidermal membrane
1 ml of BAd-a-Glc solution was incubated in a vial under shak-
ing at 37°C with a piece of epidermis of similar size as thatused The integrity of the epidermis during permeation experiments
in the permeation experiments and JGamples were with- was monitored by continually measuring the electrical resistance
drawn every 8—17 h for a period of 70 h. Inthese experiments, thef the membrane. This was possible with the employed four-
generation of benzyl alcohol, the potential degradation produatlectrode diffusion cells and power unitdchhar and Imanidis,
of BAd-a-Gl, was monitored. 2003. Monitoring membrane integrity was essential because of
Samples of the stability experiments were diluted to varioughe long duration of the experiments. Electrical resistance is a
degrees chosen such as to allow detection of the starting corsensible measure of integrity because it is immediately related
pounds and the potential degradation products by HPLC-MS. to the permeation barrier function of the epidermis and is quite
sensitive because it responds to changes of permeation of small
2.7. Skin extraction electrolyte ions through the membrane.
InFig. 2 membrane resistance during the 3 h ofiontophoresis
After completion of the permeation experiments, the epideris shown for several epidermis specimens encompassing differ-
mal membrane that had a total surface area of approximatelgnt experimental conditions. Typically, the resistance remained
4.5cnt was dismounted from the diffusion cell and pulver- constant or showed a small decline. In absolute terms, mem-
ized at liquid nitrogen temperature. A Freezer mill, type 6750brane resistance values varied between 20 and @50, the
(SPEX CertiPrep, Inc., New Jersey, USA) was used with thenajority being around 40® cnm?. These values are in agreement
following settings: P Cool T3 (freezing time 10 min), Run T1 with established electrical resistance values of human epidermis
(milling time 2-5min), Cycles (one cycle). After milling, the in isotonic electrolyte solution. Experiments that did not con-
pulverized tissue was taken up in HPLC mobile phase, brieflform with this resistance pattern were discarded. These results
ultrasonicated and centrifuged at 10,000 rpm for 10 min. Thelemonstrate that it was possible to guarantee the integrity of the
supernatant was analyzed by HPLC-MS for the permeants arepidermis under the present experimental conditions. The post-
possible degradation products. The recovery of the method wasntophoretic passive stage was used previoustchhar and
tested by spiking epidermal tissue with a known amount of thémanidis, 2003; Imanidis and Luetolf, in pr@ss verify that no
compounds and subjecting it to the same extraction procedur@reversible alteration of the epidermis due to the electric field
It was found to be 66- 9%. The results are reported “per spec-typically took place under the present experimental conditions.
imen” rather than being referred to the volume (or weight) of
the tissue because of the rather small variation of the thicks.2. Permeation and metabolism of TyrPhe
ness of the isolated epidermis. Statistical significance of the
difference of the extracted amount of BAdGIc between differ- TyrPhe was found to have &R of 3.5, corresponding to the
ent experimental conditions and of the extracted amount of Tycarboxylic group. The g5 of the amino group is >7. Accord-
and Phe compared to the blank was examined by double-sidedgly, the average net ionic valence of this dipeptide at pH 3

t-test. and 4.5 was calculated to be +0.76 and +0.091, respectively,
for practically fully protonated amino group. Therefore, perme-
2.8. Assay ation experiments of TyrPhe at these two pH values were carried

out using anodal iontophoresis. Since experiments were carried

Assay of all compounds was performed by HPLC-MSout in the acidic pH range and cathodal iontophoresis was not
(Hewlett Packard and Agilent 1100 system). A Spherisorb ODSihcluded in the study, accurate knowledge of the lowéyyalue
chromatography column (CC 125 mx2 mm, 5um, Macherey  was of essence. The experimental protocol involved a rather long
and Nagel, Switzerland) was used with mobile phase consispassive permeation stage in order to safely establish the baseline
ing of 95% aqueous ammonium acetate 10 mM solution anghassive permeability coefficient. This passive stage was followed
5% acetonitrile set to pH 3.2 with acetic acid und run in iso-by a 3-hiontophoretic stage that was demonstrated previously to
cratic modus. All compounds were eluted within 16 min. Thebe sufficiently long to determine the steady state iontophoretic
settings of the mass spectrometer were as follows: API-ES iorflux (Kochhar and Imanidis, 2003Permeation profiles of the
ization source, SIM mode, positive polarity, drying gas flow passive and the iontophoretic stages were invariably linear.
101/min, nebulizer pressure 30 psig, drying gas temperature In Table ] the passive and iontophoretic fluxes of the dipep-
350°C, fragmentor variable 40-80V, capillary voltage 4000V, tide TyrPhe and the time averaged fluxes of the amino acids Tyr
peak width 0.2 min, cycle time 1.2 s/cycle. TyrPhe was detectednd Phe through epidermal membrane are reported. The amount
atmlz 329, Tyr atm/z 182, 204 and 226, Phe afz 166, BAd-  of the amino acids in the receiver compartment of the diffu-
a-Glc atm/z 312. Benzyl alcohol was detected in UV at 258 nm sion cells increased steadily during the permeation experiment,
using a CC 125 mnx 2 mm Lichrospher 100-5 RP-18 ec col- but no uniform distinction in the pattern between passive and
umn and a acetonitrile/water 15/85 mobile phase. Quantificalontophoretic stages could be made. Therefore, the amino acid
tion was always performed against a set of external standanesults are reported as average fluxes over the entire experimen-
solutions. tal duration.
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Fig. 2. Course of electrical epidermis resistance during iontophoresis stage (250 mV, 3 h) of different permeation experiments; the first tmeterewsadiments
at pH 3, the last two rows at pH 4.5:axes show time in hours aneaxes membrane resistance i &n?.

No reproducible permeation of TyrPhe was measured at pldtrong dilution of this solution prior to the assay or because
3 when the dipeptide was used in the presence of BAglc or  of limited diffusion of the amino acids through the stratum
alone (latter data not shown). TyrPhe was either not detectableorneum.
at all or it first appeared in the receiver solution at varying time  Analysis of the epidermis specimens at the end of the exper-
points later in the course of the experiment. Under the sami&ment confirms the above viewTdble 2. Intact TyrPhe was
conditions at pH 4.5, TyrPhe permeation was never detectableecovered from the epidermis when it was used alone or in the
In the same experiments, a consistent trend towards elevat@desence of BAdx-Glc at both pH values demonstrating that the
amino acid amounts measured in the receiver solution comparetipeptide penetrated into the tissue. The levels of Tyr and Phe,
to the blank runs was noted. It is worth pointing out that in thehowever, were higher compared to those of the blank runs, the
blank runs a notable amount of endogenous Tyr and Phe watkifference being statistically significant at pH 4;5<0.05 for
released from the epidermis. This trend for elevated amino acidlyr (4.04u.g/specimen versus 1.4%/specimen) and<0.1 for
amounts suggest that the failure to detect dipeptide fluxes ma@he (3.274vg/specimen versus 1.Q@)/specimen) by-test) and
have been because of hydrolytic cleavage of its peptide bondtatistically marginal at pH 3 (< 0.2 for Tyr (2.39ug/specimen
whereby the constituent amino acids are formed. No amin@ersus 1.02.g/specimen) angl< 0.2 for Phe (2.54.g/specimen
acids were detected in the donor solution either because of theersus 0.9u.g/specimen) by-test). From the over all consistently



M. Altenbach et al. / International Journal of Pharmaceutics 307 (2006) 308-317 313

Table 1
Flux, J, of TyrPhe, Tyr and Phe at pH 3.0 and 4.5 for different donor composftions
pH Donor composition I{10° pg/sicnt)

TyrPhe TyF Phe&

Passive | lontophoresis PassiVe |
3.0 TyrPhe + BAda-Glc NDP NDP NDP 1.87 (0.40) 1.67 (0.11)
3.0 TyrPhe + BAda-Glc + phenanthroline 1.11 (0.48) 3.04 (2.49) 0.95 (0.44) NM NMe®
3.0 TyrPhe + BAde-Glc at 4°C 1.33(0.32) 2.31(0.94) 1.08 (0.36) 1.21(0.21) 0.92 (0.13)
3.0 Blank NAZ NAd NAd 1.02 (0.23) 0.74 (0.012)
45 TyrPhe + BAda-Glc NDP NDP NDP 3.17 (1.06) 1.27 (0.43)
45 TyrPhe + BAda-Glc + phenanthroline NB NDP NDP NMme 0.93 (0.20)
45 TyrPhe + BAda-Glc at 4°C 2.69 (1.69) 1.08 (0.77) 1.01(0.37) 1.94 (0.53) 0.72 (0.11)
4.5 Blank NAS NAd NAd 1.91 (0.21) 0.84 (0.14)

@ Mean values and standard error of the mean in parenthesiz3«8).
b ND, not detectable.

¢ NM, not measured.

4 NA, not applicable.

€ Average flux over 69 h.

f Flux of passive | stage interpolated to a membrane electrical resistance @f@6?kusing a log—log linear correlation of passive permeability vs. resistance data

with slope—1.04 and-=0.67 for pH 3.0 and 4.5.

higher levels of Tyr and Phe compared to blank, hydrolysis of
TyrPhe in the epidermis may be inferred.

The degradation of TyrPhe was quantitatively assessed by
incubations with epidermal membrane using the reflection
boundary experimental arrangemeity. 1). A decrease of Tyr-
Phe concentration was evident, which was stronger at pH 4.5
than at pH 3Fig. 3). BAd-a-Glc included as a control showed a
marginal concentration change. In separate incubation exper-
iments of BAde-Glc with epidermal membrane, generation
of <56% benzyl alcohol, the product of glycosidase action on
this glucose derivative, in 70 h was found for both pH values,
confirming that under these conditions this compound was prac-
tically stable. The mass balance of the degradation reaction of
TyrPhe can be deduced from the data giveiable 3 In this

Concentration (%)

120.0

100.0 l | | [ z » ¥ -
x xA
80.0 -
°
60.0 A
|
. (]
40.0 |
20.0 -
0.0 : . .
0 20 40 60

Time (hours)

80

Fig. 3. Concentration of TyrPhe and BAdGIc of enzymatic stability study in

Table, the absolute decrease of the TyrPhe concentration at th&of zero time value under reflection boundary conditions. Points and bars show

end of the incubation time is compared with the concentratiorean and standard error of the mean, respectivetyj. Key: @) TyrPhe pH
4.5, (o) TyrPhe pH 3, @) BAd-a-Glc pH 3.

Table 2
Amount of TyrPhe, Tyr, Phe and BAd-Glc extracted from the epidermis at the end of permeation experiments for different donor compgbsitions
pH Donor composition Amounfug/skin sample)

TyrPhe Tyr Phe BAdx-Glc
3.0 TyrPhe + BAde-Glc 4.96(0.60) 2.39(0.71) 2.54(0.81) 4.97 (1.67)
3.0 TyrPhe + BAda-Glc + phenanthroline 10.20(0.61) 1.20 (0.49) 1.23(0.63) 21.48 (3.82)
3.0 TyrPhe + BAde-Glc at 4°C 9.40(1.08) 1.10(0.32) 0.94 (0.61) 17.90 (3.98)
3.0 TyrPhe 4.23(1.40) N1 NMmP NAC
3.0 BAd--Glc NAS NMP NMP 22.43 (4.18)
3.0 Blank (4 and 37C)¢ NAS 1.02 (0.50) 0.90 (0.40) NA
45 TyrPhe + BAde-Glc 1.66(0.93) 4.04 (0.87) 3.27 (1.10) 7.48 (1.21)
4.5 TyrPhe + BAda-Glc + phenanthroline 0.94(0.40) 3.90 (1.20) 4.10 (1.60) 12.50 (4.70)
4.5 TyrPhe + BAde-Glc at 4°C 2.80(0.18) 1.93 (0.65) 1.53(0.38) 22.63 (5.20)
4.5 BAd-a-Glc NAS NMP NMP 24.10 (5.18)
45 Blank (4 and 37C)¢ NA® 1.45 (0.50) 1.06 (0.43) NA
7.2 BAd--Glc NAS NMP NMP 22.53 (5.84)

@ Mean values and standard error of the mean in parenthesi3«11). Statistical analysis is reported in the respective text passages.

b NM, not measured.
¢ NA, not applicable.
d Average values of both temperatures.
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Table 3
Concentration of TyrPhe, Tyr and Phe of the enzymatic degradation study with reflection boundary experimental set&up at 70 h
pH Concentrationi(M)
Decrease Generated with TyrPhe Blank Generated blank corrected
3.0 TyrPhe 0.15 (0.034)
3.0 Tyr 0.99 (0.023) 0.74 (0.035) 0.13 (0.023)
3.0 Phe 0.85(0.012) 0.69 (0.020) 0.16 (0.012)
45 TyrPhe 0.55 (0.044)
45 Tyr 1.53(0.032) 0.86 (0.043) 0.67 (0.032)
45 Phe 1.26 (0.024) 0.66 (0.023) 0.60 (0.024)

@ Mean values and standard error of the mean in parenthesiz-4).

of Tyr and Phe generated in the solution during the incubation. Metabolic degradation of TyrPhe at both pH values was com-
The concentration of Tyr and Phe generated in the presengietely suppressed at°€. This is evidenced by the amounts
of the dipeptide, when corrected for the concentration of theof Tyr and Phe found in the receiver solution and recovered
amino acids produced endogenously (blank values), accountdm the epidermis, that were all at the level of the blank runs
exactly for the decrease of the TyrPhe concentration. TyrPhe wg3able 2. Furthermore, TyrPhe permeation was measurable in a
found to be chemically stable under the employed experimenreproducible fashionTable ) and the amount of intact TyrPhe
tal conditions. Also, electrochemical stability was verified afterextracted from the tissue was larger compared to the experi-
application of a voltage of 250 mV for 8 h to the solution (dataments at 37C at the same pH. Therefore, iontophoresis of
not shown). These results provide evidence that degradation dfrPhe under the present experimental conditions could be stud-
TyrPhe inthe epidermis took place by enzymatic hydrolysis. Théed without interference from cutaneous metabolism only at this
presence of peptidasesin the epidermis has already been reported temperature.
in the literature $teinstasser and Merkle, 1995Degradation The exact values of flux (where available) and epidermal
was roughly three-fold greater at pH 4.5 compared to pH 3. accumulation of TyrPhe as well as the difference of iontophoretic

From these results, substantial metabolism of TyrPhe ipermeation enhancement between the used pH values are dis-
human cadaver epidermis taking place during permeation cacussed elsewhere using appropriate normalization of the data
be concluded. The lack of measurable transdermal permeati@nd taking into account the net ionic valence of the dipeptide
of this dipeptide is therefore the result of its metabolism in theand the electroosmotic flowA{tenbach et al., 20051t is shown
epidermis. Metabolism is more pronounced at pH 4.5 than at pkthere that iontophoretic enhancement under constant voltage in
3 probably reflecting a difference of enzymatic activity betweenan isotonic solution may be too small for practical purposes but
these two pH values. This is directly evidenced by the resultprovides quantitative information about the factors contributing
of the reflection boundary experiment and is consistent with théo iontophoresis. The present results reassert that the epider-
larger amount of Tyr and Phe recovered from the tissue at pH 4 &is exhibits considerable metabolic activity even under in vitro
compared to pH 3Table 2, even more so when this is related conditions and can elicit considerable first pass drug metabolism
to the recovered amount of the dipeptide. The consistently nat dermal and transdermal delivery. The relative impact of this
detectable permeation at pH 4.5 and the in this respect mometabolism on delivery rate will conceivably diminish as the
variable result at pH 3 can also be ascribed to this difference dfux of the permeant increases due to the saturable nature of the
enzymatic activity between the pH values, considered on aveenzymatic reaction.
age over all skin specimens.

The metabolism of TyrPhe is potentially catalyzed by3.3. Iontophoresis of BAd-a-Glc
enzymes such as dipeptidase, carboxypeptidase and aminopep-
tidase that have been found in the epiderrhiig et al., 1992 BAd-a-Glc, a glucose derivative, is used as a reporter of
These are typically metalloenzymes. Therefore, the addition oflectroosmotic flow in the iontophoresis experiments. This
o-phenanthroline, a chelating agent, was investigated as a meacsmpound is practically unionized at all employed pH val-
to inhibit degradation. At pH 3, it was possible to inhibit enzy- ues because thekp of the acetyl-amino group is typically
matic cleavage of TyrPhe by 0.5 mdphenanthroline as indi- around unity. Frequently, poly-alcohols such as mannitol being
cated by the reproducible permeation across epideffais€ 1),  highly hydrophilic and electrically neutral molecules, have been
the larger amount of intact dipeptide extracted from the tissuemployed for this purpose. In Bag-Glc, glucose is substi-
compared to the composition withaesphenanthroline and the tuted with a benzyl group making the compound detectable by
nearly blank levels of Tyr and Phe extracted from the tissueJV spectroscopy. The-octanol/aqueous buffer partition coef-
(Table 9. At pH 4.5, however, the lack of epidermal permeationficient of BAd-«w-Glc was found to be 0.110 and 0.133 at pH 4.5
and elevated tissue levels of Tyr and Phe demonstrate that, ahd 3, respectivelyAltenbach et al., 2005confirming that the
least at this concentration, addition @phenanthroline could compound was quite hydrophilic thus warranting its use as elec-
not inhibit hydrolysis of TyrPhe. This appears to be in line with troosmosis marker. Also, BAd-Glc is not subject to glucolysis
the stronger metabolism at pH 4.5 compared to pH 3 discussdskcause of its 2-position substitution and is stable towards epi-
above. dermal glycosidases as shown above. Finally, the acetyl-amino
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Table 4
Flux, J, of BAd-a-Glc at pH 3.0 and 4.5 for different donor compositidns
pH Donor composition JX10° pg/sicn?)

Passive | lontophoresis Passife |
3.0 BAd-«-Glc + TyrPhe 0.57 (0.35) 2.52(2.18) 0.39(0.27)
3.0 BAd-a-Glc + TyrPhe + phenanthroline 0.25(0.15) —0.057 (0.055) 0.065 (0.019)
3.0 BAd-a-Glc + phenanthroline 3.67 (2.60) 1.15(0.76) 0.23(0.084)
3.0 BAd-«-Glc + TyrPhe at 4C 0.064 (0.018) 0.039 (0.047) 0.035 (0.0065)
3.0 BAd-«-Glc 0.40 (0.11) 0.20 (0.32) 0.57 (0.28)
4.5 BAd-«-Glc + TyrPhe 0.15 (0.030) 0.69 (0.25) 0.30 (0.026)
4.5 BAd-a-Glc + TyrPhe + phenanthroline 0.063 (0.012) 0.22 (0.674) 0.043 (0.012)
4.5 BAd-«-Glc + TyrPhe at 4C 2.61(1.48) 2.26 (1.97) 0.36 (0.017)
45 BAd-«-Glc 0.75 (0.35) 0.41 (0.16) 0.40 (0.12)
7.2 BAd-«-Glc 4.13 (1.90) 24.9 (5.48) 0.37 (0.10)

a8 Mean values and standard error of the mean in parenthesiz«9).

b Flux of passive | stage interpolated to a membrane electrical resistance @f@f?kusing the regression line &ig. 4.
¢ lontophoretic flux significantly different than passive flpxs 0.1.

d |lontophoretic flux significantly different than passive flpx; 0.02 ¢-test).

group enables the detection of the compound by positive mode The effect of iontophoresis on BAd@-Glc permeation is
electrospray mass spectroscopy. evaluated by comparing iontophoretic fluxes with the corre-
Steady state passive and iontophoretic fluxes were obtainegponding raw, i.e., unadjusted passive fluxéab(e 4. For
with the employed experimental protocol (see above) and arBAd-a-Glc used alone, iontophoretic flux at pH 7.2 was sig-
reported inTable 4 Passive epidermal permeability of BAd- nificantly greater than the passive one, this being in line with
a-Glc was inversely proportional to the electrical resistance othe established notion that at this pH electroosmotic flow and
the membrane regardless of pH as demonstratéiind. This  therefore convective transport of solutes takes place in the
behavior has also been observed for other hydrophilic moleculeanode-to-cathode direction due to the negative fixed charges
(Kochhar and Imanidis, 2003; Peck et al., 1R9khis relation-  of the epidermal membrane. At pH 4.5 and 3, iontophoretic
ship was used to correct for skin-to-skin variability by referring fluxes seemed to be diminished compared to the passive ones,
all passive flux values to a membrane resistance okB&k?  this trend, however, was not statistically significant. This sug-
(Table 4. No difference in the adjusted passive permeabilitygests no electroosmotic flow or, if anything, a slight one taking
between pH 3, 4.5 and 7.2 was observed within experimentgilace in the cathode-to-anode direction at this pH, this being
error as would be expected for an unionized compound. Theonsistent with the proposed isoelectric point of human epi-
presence ob-phenanthroline or TyrPhe individually did not dermis of 4.5-5 Marro et al., 2001; Luzardo-Alverez et al.,
appear to affect passive BAd-Glc fluxes while their combina- 1998.
tion might have caused a reduction of passive flux; the present The presence of TyrPhe in the donor solution had a striking
data basis, however, is not broad enough to allow a definite coreffect on the iontophoresis of BA&-Glc depending on donor
clusion in this respect. Also, no systematic effect of temperatureomposition. For the compositions BAdGIc + TyrPhe pH
could be observed after correction based on th€ électrical 3, BAd-a-Glc + TyrPhe pH 4.5, and BAd-Glc + TyrPhe +o-
membrane resistance. phenanthroline pH 4.5, iontophoretic fluxes were several fold
greater than passive fluxes (statistical significance shown for
the last two compositions) contrary to the result obtained when
BAd-a-Glc was used alone at these pH values. For all other com-
positions at pH 3 and 4.5 dhble 4 no effect or a flux retardation

70 of BAd-a-Glc was achieved by iontophoresis which was statis-
739 tically significant in one instance. This result is similar to the
-8.0 1

é 4 one obtained when BAd-Glc was used alone. It is notewor-
-8.51 A “0“ . thy, that especially at pH 3, iontophoretic fluxes of individual

log (passive permeability coefficient in
cm/s)

9.0 Auds “. experiments varied between positive, negative and zero values
951 2 I:, reflecting a rise, a reduction and no change, respectively, of the
10,04 S Y M Yy permeant concentration in the receiver compartment. While this
105 . . . . . A variation stems from experimental error, the results do suggest
0.0 0.5 1.0 15 20 25 3.0 that on average iontophoretic flux did not differ significantly
log (membrane resistance in kQ cm®) from zero. This is a remarkable result indicating that the magni-

Fio. 4. Correlation betw ) bility of e and electrical tude of convective transport due to electroosmosis from cathode
1g. 4. Correlation between passive permeabllity O Bi&GIc and electrica : .
epidermis resistance. Each point represents data of one diffusion4getiH( to anode could have .been Suph as to abolish the passive .ﬂux
3.0, (&) pH 4.5. Linear regression gives a slope-af.08 and-=0.70 for p4  dUe to the concentration gradient between donor and receiver
3.0, and a slope 0f£1.09 and-=0.86 for pH 4.5. compartment.
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The difference between the employed donor compositionating into the receiver solution, a variation of the former can
with respect to the effect of iontophoresis on the flux of BAd-influence the determined flux values. It is shown in a subse-
a-Glc was evaluated in light of the fact that TyrPhe wasquent manuscript that Tyr and Phe added a priori to the donor
metabolized in the epidermis. For the compositions BAd- solution exerted exactly the same effect on tissue retention of
Glc+TyrPhe pH 3, BAdx-Glc + TyrPhe pH 4.5, and BAd- BAd-a-Glc as the amino acids generated by hydrolysis of Tyr-
a-Glc + TyrPhe +o-phenanthroline pH 4.5, which produced an Phe @ltenbach et al., 2005
apparent iontophoretic flux enhancement, a hydrolysis of Tyr- These results demonstrate a clear correlation between the
Phe to Tyr plus Phe was found (see previous section) whereas fapparent iontophoretic enhancement of B&dblc and the
all other compositions this hydrolysis was inhibited by the lowamount of this compound that is recovered from the tissue. It
temperature or (at pH 3) by the addition @phenanthroline. may therefore be suggested that the permeation enhancement of
o-Phenanthroline itself did not affect the iontophoretic behavBAd-a-Glc uponiontophoresis for the above three compositions
ior of BAd-a-Glc (Table 4. These results clearly demonstrate is due to a promoted release of this compound from the epider-
that the generation of the metabolic products of TyrPhe, i.e., thenis into the receiver compartment and not an anode-to-cathode
amino acids Tyr and Phe, but not the presence of the dipeptiddectroosmotic flow. The results also indicate that the decrease
itself must have been responsible for the effect of iontophoresief tissue retention and the associated iontophoretic enhancement
on the flux of BAde-Glc. are related to the presence of the metabolically generated amino

A first attempt to interpret the iontophoretic enhancementcids Tyr and Phe. Notably, the iontophoretic flux relative to the
of BAd-a-Glc observed at pH 3 and 4.5 when TyrPhe waspassive flux, i.e., the apparent iontophoretic enhancement rather
hydrolyzed to Tyr and Phe might involve the convective transporthan the passive flux itself was found to systematically correlate
due to electroosmosis which would then have to take place iwith the reduced accumulation of BA@-Glc in the tissue. Thus,
the anode-to-cathode direction. This would further entail that théhe reduction of the retained BAg-Glc amount in the presence
amino acids reversed the direction of the electroosmotic flow irof Tyr and/or Phe appears to be induced by the application of
this pH range by shifting the isoelectric point of the epidermisthe electrical voltage. This reduction of tissue accumulation is
towards lower values. This has been reportedly accomplisheabviously not annihilated by a build up in the passive stage suc-
by negatively charged compounds which bind to the tissueeeding iontophoresis.

(Hirvonen and Guy, 1998; Kochhar and Imanidis, 2008/r The mechanism by which, firstly, BAd-GIc is retained in

and Phe, however, could not be exerting this effect because thélye epidermis and, secondly, this retention is decreased and the
are partly positively charged at the pH range studied here. Fuapparent permeation enhanced in the presence of Tyr and/or
ther, no possible perturbation of the stratum corneum structurBhe upon epidermal iontophoresis is scantly understood. Nev-
by Tyr or Phe has been reported nor is considered likely foertheless, some interesting characteristics of the process may
these physiological compounds at levels in the epidermis fountde pointed out: (i) the endogenously present Tyr and Phe, rep-
to exceed the endogenous ones by a mere factor offzig 9. resenting one-third to one-half of the total amino acid amount

A mechanistic understanding of the observed phenomenorecovered from the tissue, do not seem to produce the same
may be gained by considering the accumulation of BAGIc  effect; (ii) the dipeptide TyrPhe does not produce the effect of
inthe epidermisTable 2. When BAde-Glc was used alone, the Tyr and Phe; (iii) importantly, the decrease of the amount of
amount of this compound recovered from the tissue wag¥P0 BAd-a-Glc retained in the epidermis in the presence of Tyr
per specimen. This was true at pH 7.2 at which anode-to-cathodmd/or Phe is triggered by iontophoresis; (iv) the release of
electroosmotic flow took place as well as at pH 3 and 4.5 at whiclBAd-a-Glc into the receiver solution relevantly affects the mea-
no statistically significant effect of electroosmotic flow was sured permeability because the amount retained in the tissue is
noted. For all donor compositions at pH 3 and 4.5 exhibiting naconsiderable compared to the permeating amount of this rather
hydrolysis of TyrPhe and showing no effect of iontophoresis orpoorly permeable compound; (v) this release outweighs a possi-
the flux of BAd-«-Glc (including the significant flux retardation ble cathode-to-anode convective transport due to electroosmosis
observed in one instance), the amount of B&A&GIc recov- taking place in this pH range when it comes to determining
ered from the tissue was comparable to that of the experimenthe apparent iontophoretic permeation of the compound. The
involving BAd-a-Glc alone. For the compositions which showed prospective examination of this property of the amino acids for
hydrolysis of TyrPhe and iontophoretic enhancement of BAd+the purpose of confirming it using different permeants is the
a-Glc, the recovered amount of BAg-Glc was significantly  subject of subsequent investigatiofdténbach et al., 2005
reduced, i.e., for BAde-Glc + TyrPhe pH 3 to 4.9i4.g/specimen
versus 22.43.g/specimenp<0.01, for BAda-Glc+ TyrPhe 4. Conclusions
pH 4.5 to 7.48.g/specimen versus 24uly/specimeny <0.02,
and for BAd«-Glc+ TyrPhe +o-phenanthroline pH 4.5 to The dipeptide TyrPhe is extensively metabolized in the epi-
12.5pg/specimen versus 24ulg/specimenp <0.2 (-test). It  dermis. The generated metabolic products Tyr and Phe promote
appears, therefore, that in the presence of Tyr and/or Phe geiontophoretic enhancementat pH 3 and 4.5 of the glucose deriva-
erated by the hydrolysis of TyrPhe, a reduction of the amountive BAd-a-Glc used as an unionized electroosmosis marker.
of BAd-a-Glc retained in the epidermis took place upon ion-This may be taking place by an interference of the amino acids
tophoresis. Since the amount of this permeant accumulating iwith the retention of BAdx-Glc in the epidermal tissue during
the epidermis is considerable compared to the amount perm@ntophoresis. The results underline the possibility of perme-
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ability interactions in iontophoretic delivery between permeantsmanidis, G., Luetolf, P., in press. An extended model based on the modified

or the products of their cutaneous metabolism. Nernst—Planck equation for describing transdermal iontophoresis of weak
electrolytes. J. Pharm. Sci.

Kirjavainen, M., Urtti, A., Mdnkkdnen, J., Hirvonen, J., 2000. Influence of
lipids on the mannitol flux during transdermal iontophoresis. Pharm. Sci.
10, 97-102.
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