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Abstract

The objectives of the present study are to clarify the relationship between the physicochemical properties and the nail permeability of c
through human nail plates. Homologophydroxybenzoic acid esters were used to investigate the relationship between the octanol/wa
partition coefficient and the permeability coefficient of several drugs. The nail permeability was found to be independent of the lipophilic
of a penetrating drug. However, the nail permeability of several model drugs was found to markedly decrease as their molecular we
increased. The nail permeability of an ionic drug was found to be significantly lower than that of a non-ionic drug, and the nail permeabilit
these drugs markedly decreased as their molecular weights increased. The permeation of a model drug, 5-fluorouracil (5-FU), through h
nail plates was also determined and compared with that through nail plates with fungal infections. The drug permeation through a nail |
decreased with an increase in nail plate thickness. Nail plates with fungal infections exhibited approximately the same 5-FU permeatic
healthy nail plates. We suggest that the permeability of a drug is mainly influenced by its molecular weight and permeability through n
with fungal infection can be estimated from data on healthy nail permeability.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction haves like a hydrophilic gel membrane and that there is an
additional lipophilic route, as revealed by an in vitro pen-
Onychomycosis has been treated mainly with oral anti- etration study of homologous alcohols through the human
fungal medication (Piepponen et al., 1992; Villars and Jones, nail plate.Mertin and Lippold (1997)lso suggested that
1992). This oral therapy, however, sometimes has severethe nail plate behaves like a hydrophilic gel membrane and
systemic side effects, which interrupt treatment (Wilson and that the dissociation of a penetrating drug leads to a re-
Plunkett, 1962). On the other hand, it is well known that duction in the penetration rate, as revealed by an in vitro
topical treatment is not widely used in onychomycosis ther- penetration study of homologous nicotinic acid esters, ben-
apy. The anticipated low levels of nail penetration and per- zoic acid and pyridine through the human nail plate and
meation during topical antifungal drug exposure are very bovine hoof membrane. Since they used healthy nails from
significant factors in onychomycosis therapy. Only a few dead men and women for the in vitro permeation study, they
drug permeation studies have been performed on the humarwere probably not able to carry out many permeation stud-
nail plate and, as a consequence, the mechanisms behinées using human nail plates. We have developed a modified
healthy and fungal nail permeation have yet to be confirmed. side-by-side diffusion cell using nail tip pieces from healthy
Walters et al. (1983have suggested that the nail plate be- volunteers in order to investigate the nail penetration mech-
anism and enhancing system. From the results we obtained
mspondmg author. Tels81-49-271-7685: u§ing our in vitro technique, we suggest that Qrug diﬁq—
fax: +81-49-285-5863. sion in the upper layer of the human nail plate is the main
E-mail addressmorimoto@josai.ac.jp (Y. Morimoto). barrier to nail permeation and that the full-thickness nail
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plate behaves like a hydrophilic gel membrane (Kobayashi nail plates were used to make a comparison between tt
et al., 1999). In addition, we found thiitacetyl-L-cysteine  different drug permeabilities. After healthy and fungal nail
and 2-mercaptoethanol are able to enhance drug permeatiopieces were hydrated for a day, they were used to evalua
through the human nail plate (Kobayashi et al., 1998). How- drug permeability.
ever, it is very difficult to evaluate antifungal drug perme-
ation, because of the very low nail permeability involved.  2.3. Determination of solubilities and octanol/water

In order to clarify the nail permeation mechanism of drugs partition coefficients
through human nail plate, we studied the relationship be-
tween the physicochemical properties and the healthy nail The drug suspensions were mixed with a magnetic stirre
permeability of several drugs. To observe the effect of oc- at 37°C. After 12 and 24 h, each suspension was subjecte
tanol/water partition coefficients on nail permeability coeffi- to filtration (Ekicrodisc 3; German Sciences Japan, Ltd.
cients, homologoup-hydroxybenzoic acid esters were used Tokyo). The filtrate was immediately diluted with methanol
as model drugs. The effects of the molecular weight and drug or acetonitrile to obtain samples for analysis. No difference
dissociation on nail permeability were also investigated in a in drug solubility was observed between 12 and 24 h. The
nail permeation study using several model drugs. We inves-octanol/water partition coefficient of the drugsq was
tigated the relationship between the flux of a model drug, defined as the solubility ratio in octanol/water at°8 A
5-fluorouracil (5-FU), and the healthy or fungal nail plate few of the values were taken from the literature (Morimoto
thickness. et al., 1992).

2.4. Permeation studies
2. Experimental
A piece of nail plate was sandwiched between two
2.1. Materials adapters made of polypropylene with an O-shaped rin
(effective diffusion area 0.049c&h and mounted in a
Antipyrine, 5-FU, p-hydroxybenzoic acid esters (methyl side-by-side diffusion cell (1.5-2.5 ml) with a water jacket
ester, MP; ethyl ester, EP; propyl ester, PP; butyl ester, connected to a water bath at 37 (Kobayashi et al., 1998).
BP; amyl ester, AP; hexyl ester, HP) and sodium nicotinate The dorsal nail plate side was filled with a drug suspensiol
were obtained from Tokyo Kasei Kogyo Co. (Tokyo, Japan). or solution (almost all drugs were applied as suspension:
Aminopyrine, barbital sodium, benzoic acid, ethanol, pro- but for drugs with a high solubility, the dorsal nail plate side
caine hydrochloride, pyridine and sodium benzoate were ob-was filled with drug solution. The maximum flux was eval-
tained from Wako Pure Chemical Industries (Osaka, Japan).uated from the flux obtained with the applied concentratior
Deuterium oxide was obtained from Merck Co. (Darmstadt, and drug solubility. In both cases, the drug concentration ii
Germany). Isoproterenol hydrochloride, lidocaine, lidocaine the dorsal nail plate side was almost constant throughout tt
hydrochloride and mexiletin hydrochloride were obtained nail permeation studies) and the ventral nail plate side wa
from Sigma Chemical Co. (St. Louis, MO, USA). Crocona- filled with distilled water. No preservative was added be-
zole hydrochloride was supplied by Shionogi & Co. (Osaka, cause the receiver solution was clear even at the end of tt
Japan). Isosorbide dinitrate was supplied by Toko Pharma-experiment. Drug permeation was measured by samplin
ceutical Ind. Co. (Tokyo). All other reagents were obtained the solution on the ventral nail plate side at pre-determine
from commercial sources. times. The experimental period was 5-17 days, because
the low degree of nail permeability of the drugs used.
2.2. Preparation of the nail plate
2.5. Analytical methods
Healthy nail tip pieces were obtained from the fingers and
toes of healthy volunteers (15 males and 5 females; mean Deuterium oxide was quantified from the intensity of
age 25 years, range 20-45) using nail clippers. Nail pieces,the O-D stretching vibrational band at 2512¢mwith
which had been allowed to grow for at least one month, an infrared spectrophotometer (260-30, Hitachi, Tokyo)
were used in this permeation study. Fungal nail plates (Hatanaka et al., 1993). Ethanol was measured by G
were supplied from Saiseikai Central Hospital (Tokyo) and as described previously (Kobayashi et al., 1997). Othe
Saitama Medical Center (Saitama Medical School, Saitama,drugs were determined by HPLC. Sample solutions wer:
Japan). The thickness of the healthy and fungal nail piecesinjected into an HPLC consisting of a pump system
was measured with a micrometer (Mitutoyo Corp., Japan) (LC-10A, Shimadzu Seisakusho, Kyoto, Japan), an U\
equipped with pointed metal attachments. Healthy nail detector (SPD-10A, Shimadzu), a chromatopack (C-R5A
plates, having a thickness of about 408 (350—45Qum), Shimadzu), a system controller (SCL-10A, Shimadzu), ar
were used to evaluate the effect of the octanol/water par-auto injector (SIL-10A, Shimadzu), and a reverse-phas
tition coefficient, molecular weight and dissociation of the column (Inertsii ODS 250 mnx 4.6 mm i.d., GL Sci-
penetrant on the nail permeability. Both fungal and healthy ences Inc., Tokyo). The mobile phase, which consiste
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of methanol/0.1% phosphoric acid or acetonitrile/0.1% where D° represents the diffusivity of a hypothetical

phosphoric acid mixtures, with or without ion-pair chro- molecule having zero molecular weight afids a constant.

matography reagents (sodium 1-hexanesulfonate or sodiumrThe relationship betweefy,, andKoy is better expressed as:

dodecylsulfate), was pumped at flow rate ranging from 1 to kS 4

1.5ml/min. No other peak apart from the drug and inter- =™ = [Kou] ()

nal standard was observed on the HPLC recording. It waswhere the coefficient, accounts for the difference between

clear that the permeating drugs were stable and no materiakhe partitioning domain presented by octanol and that pre-

leached from the nail plates during the permeation studies. sented by the membrane lipids. A combinatiorEafs. (2),

(3) and (4)yieldsEq. (5):

0 /

3. Results and discussion log P =log(D"/ ) + flog Kow — f MW ®)
wherep’ = B/2.303.

3.1. Influence of the octanol/water partition coefficient on The effect of the octanol/water partition coefficient on

the permeability coefficient the permeability coefficient of each drug was investigated.
Fig. 1 shows a typical permeation profile of one of the

The steady-state permeation of drugs through the model drugsp-hydroxybenzoic acid methyl ester, through
solution—diffusion membrane is characterized by Fick’s law: the healthy human nail plate. Steady-state fluxes of homol-
ogousp-hydroxybenzoic acid esters can be observed from

DmKmCv . . . .
J = — Q) 4.5 to 6.5 days allowing calculation of the nail permeability
coefficients.
inwhichJis the steady-state fluK, is the membrane/donor Table 1shows the physicochemical parameters and nail

vehicle partition coefficient of the dru, is the diffusion permeability coefficients of homologogshydroxybenzoic
coefficient of the drug in the membrar@y is the concen-  acid esters used as model drugs in this investigation. The
tration in the donor solvent anld is the membrane thick-  molecular weights of homologoys-hydroxybenzoic acid
ness. The permeability coefficient (P) can be characterizedesters covered a narrow range from 152.12 to 222.28. The

as follows: logarithm values of the octanol/water partition coefficients
DK varied widely from 1.53 to 4.25.
P= mh m 2) Fig. 2 shows the relationship between the octanol/water

partition coefficient and the permeability coefficient
To predict the skin permeability of drugBptts and Guy ~ of p-hydroxybenzoic acid esters. The permeability of
(1992)carried out their analysis using a mathematical model p-hydroxybenzoic acid esters did not increase with an in-
based on permeant size (molecular volume (MV) or molec- crease in lipophilicity. If a nail plate behaves as a lipid par-
ular weight (MW)) and octanol/water partition coefficient tition membrane, the slope (f) should be clearly greater than
(Kow). The functional dependence Bk, on MW is expo- 0; but it was nearly zero (&= —0.160). Multiple regres-

nential and it can be characterized by: sion analysis was carried out to clarify which parameters
0 (molecular weight or octanol/water partition coefficient)
Dm = D~ exp(—fMW) 3) contribute to the permeability op-hydroxybenzoic acid
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Fig. 1. Typical permeation profile gi-hydroxybenzoic acid methyl esters through the healthy human nail plate. Each value represents theSrRean
(n=4).
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Table 1 ' _ N N inthe human nail plate has been found to be much lower than
Z’ggsmochfemlr::azlj parsmete_rs a_r;d nail permeability coefficiehts=( in the stratum corneum of skin (Walters and Flynn, 1983).
wm) of p-hydroxybenzoic acid esters Thus, there does not appear to be an additional lipophilic
Drug MW log Kow® PP route in the human nail plate.
p-Hydroxybenzoic acid 152.15 1.53 3.68: 0.08 ) ) o
methyl ester (MP) 3.2. Influence of the molecular weight and dissociation on
p-Hydroxybenzoic acid 166.18 2.23 243 0.48 the permeability coefficient
ethyl ester (EP)
p-Hydroxybenzoic acid  180.20 2.15 201 0.35 Nail permeability was found to be independent of the
propyl ester (PP) . e - . .
p-Hydroxybenzoic acid 194.23 3.13 2.38- 0.32 lipophilicity of _th_e drug L_Jsed. From the findings in this early
butyl ester (BP) study, the coefficient, f, in Eq. (5) can be assumed to equal
p-Hydroxybenzoic acid 208.25 3.65 2.24£ 0.39 zero. Thus, substitution of f = 0 in Eq. (5) gives asimple
amyl ester (AP) model as follows:
p-Hydroxybenzoic acid 222.28 4.25 1.24+ 0.32 0
hexyl ester (HP D
- exyl ester (HP) logP =log| — | — g/ MW. (6)
ach value represents mearS.E (n = 4). h

8 Kow: Octanol/water partition coefficient. . . . .
b p: permeability coefficient €107 cm/s). We investigated the nail permeability of several model

drugs having various molecular weights. Because the influ-

esters. It was suggested that the molecular weight makesENce of drug dissociation on the nail permeability is not
a greater contribution to the permeability coefficient than C/€&rly understood, the nail permeability of non-ionic and
the octanol/water partition coefficient. Thevalues of the ~ 10NiC drugs was evaluated separately.

molecular weight or octanol/water partition coefficient were ~ 1a01€ 2 summarizes the pKa, pH of the donor solution,
1.9399 or 0.1058, respectively. molecular weight and permeability coefficient of the model

drugs used in this investigation. All the model drugs were
in the non-ionic form in the donor solution. The molecular
weight of the model drugs ranged from 20 to 240. The nail
permeability of drugs having a molecular weight of above
240 could not be determined, because of the low nail perme-
ability. The nail permeation data of p-hydroxybenzoic acid

f£ters (pKa = 8.4, donor pH = 3.8-5.8) were added to

From our findings, it was evident that nail plates behave
as a hydrophilic gel membrane rather than a lipophilic parti-
tion membrane. Although this suggestion agreed with the in-
vestigations ofValters et al. (1983andMertin and Lippold
(1997), an additional lipophilic route suggested\bglters
et al. (1985)could not be found in the human nail plate. It
has been reported that lipids are present in the dorsal and™"*' \a -V ) "
ventral plates, but only at very low levels in the intermediate tiSinvestigation because they exist in non-ionic formin the
plate which forms the main nail body (Jarrett and Spearman, donor solution.

1966; Kobayashi et al., 1999). In addition, the lipid content ~ According to Eq. (6), Fig. 3 shows the relationship
between the permeability coefficient and the molecular

weight of each non-ionic drug. The logarithm of the nail

4r permeability coefficient decreased as the molecular weight
of the penetrating drug increased. A linear relationship
(r = —0.860, P < 0.01) existed between the permeability
ST coefficient and the molecular weight of the model drug,
the slope (8') and the intercept (log(D%h)) being 0.00856
m.AF
2 we Table 2
5 EP ppBP AP : - - " o
S HP Physicochemical parameters and nail permesbility coefficients (h =
= ® 400 .m) of non-ionic model drugs
o _7F
- Drug PKa pH2 MW  Ppon®
Deuterium oxide - 7.81 20.0 4552 + 4.30
st Ethanol - 7.43 461 1981 + 221
Pyridine 5.19 7.35 79.1 6.36 + 0.40
Benzoic acid 4.19 321 122.1 12.84 + 0.05
5-Fluorouracil 8.0, 13.0 465 1301 2.08 + 0.13
9 ' ' ' ! Antipyrine 150 637 1882 053+ 0.07
1 2 3 4 5 Aminopyrine 5.00 844 2323 009 + 0.02
Log Kow Lidocaine 7.92 1021 2343 0.39 + 0.14
I bide dinit - 572 2361 151 + 0.2
Fig. 2. Relationship between the permesbility coefficient (P) and the sosorbide dinitrate 36 029
octanol/water partition coefficient (Koy) of p-hydroxybenzoic acid esters. Each value represents mean+ S.E. (5-FU, n = 30; other drugs, n = 3-4).
Each value represents the mean+S.E. (n = 4). The abbreviations attached @ The pH in the donor solution.
to the closed circle (@) represent the model drugs in Table 1. b Pron: permeability coefficient (x107 cm/s) of non-ionic drugs.
Page 4 Anacor Exhibit 2032

Flatwing Pharmaceuticals, Inc. v. Anacor Pharmaceuticals, Inc

INPPDNN40 NNALO

[A)OCKET

L A R M Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Y. KObayasni et al./ European Journal or Fharmaceutical sciences 21 (c004) 47 1-4/l [ a4l

Log P (cm/s)

= ] ] T T T 1
0 100 200 300 400
M.W.

Fig. 3. Relationship between the permeability coefficient (P) and the
molecular weight (MW) of non-ionic and ionic drugs. Each value repre-
sents the mean &+ S.E. (5-FU, n = 30; other drugs, n = 3-6). The dotted
line represents the 95% confidence interval of the regression line. The
closed circle (@) represents the non-ionic drugs in Table 2. The open
square () represents the ionic drugs in Table 3.

and —5.260, respectively. This finding suggests that nail
permeability depends on the molecular weight of the pen-
etrating drug, i.e. the drug diffusivity in the nail plate. The
nail permeability of non-ionic drugs (Pnon) Can be pre-
dicted approximately from the linear regression (log Ppon =
—0.00856 MW — 5.260) and molecular weight of each
drug.

Table 3 summarizes the pKa, pH of the donor solution,
molecular weight and permeability coefficient of the other
model drugs. The model drugs existed in ionic form in the
donor solution. The molecular weights of the ionic drugs
used in this investigation ranged from 120 to 312.

Fig. 3 shows the relationship between the permeability
coefficient and the molecular weight of the ionic drug. The
logarithm of the nail permeability coefficient decreased as

Table 3
Physicochemical parameters and nail permesbility coefficients (h =
400 m) of ionic model drugs

Drug pKa  pHE  MWP  PigC

Sodium benzoate 4.19 812 1211 0.910 £+ 0.136
Sodium nicotinate 4.85 721 1221 0.606 + 0.204
Barbital sodium 791 1029 1832 0.135 + 0.016
Mexiletin hydrochloride 9.0 487 1793 0.202 4+ 0.057
Isoproterenol hydrochloride  8.57 406 211.2 0.084 + 0.013
Lidocaine hydrochloride 7.86 433 2353 0.031 + 0.003
Procaine hydrochloride 8.8 527 2373 0.110 + 0.016
Croconazole hydrochloride 6.0 196 311.8 0.017 + 0.009

Each value represents mean + S.E. (n = 4-6).
@ The pH in the donor solution.
b The molecular weight with an ionic form of the drug.
€ Pion: permeability coefficient (x107 cm/s) of ionic drugs.

the molecular weight of the penetrating ionic drug increased.
A linear relationship (r = —0.966, P < 0.01) also existed
between the permeability and the molecular weight of the
ionic drug; the slope (') and intercept (log(D%h)) were
0.01030 and —5.907, respectively. The nail permeability of
ionic drugs (Pion) can also be predicted from the linear re-
gression (log Pion = —0.01030MW — 5.907) and molecular
weight of the ionic form. Multiple regression analysis was
carried out to clarify which parameters (molecular weight
or degree of dissociation) contribute to the permeability of
model drugs. The degree of dissociation of the model drugs
was calculated from the pKy and pH in the donor solution.
It was found that the molecular weight makes a greater con-
tribution to the permeability coefficient of model drugs than
the degree of dissociation. The F-values of the molecular
weight or degree of dissociation were 10.9254 or 0.8599,
respectively.

The permeability coefficient (12.84 x 10~/ cm/s) of the
non-ionic form of benzoic acid, whichis an acidic drug, was
about 10 times higher than that (0.91 x 10~/ cm/s) of its
ionic form. The permeability coefficient (39.31 x 10~° cm/s)
of the non-ionic form of lidocaine, which is a basic drug,
was al'so about 10 times higher than that (3.10 x 10~2 crm/s)
of its ionic form. In addition, the regression lines, which
show the relationship between the permeability coefficient
and the molecular weight of the non-ionic and ionic drugs,
were parallel to each other. Furthermore, the regression line
of the non-ionic form was about 10 times higher in position
than that of theionic form, as shown in Fig. 3. These results
make it clear that dissociation leads to a reduction in nail
permeability, irrespective of the charge on the drug. It is
thought that the decrease in the permeability of ionic drugs
is caused by a small increase (about 100) in the apparent
molecular weight due to ion hydration.

In the investigation of Walters et a. (1983), they con-
cluded that there was little or no dependence of human nail
permeability on the dissociation of miconazole. However,
Mertin and Lippold (1997) contradicted this conclusion be-
cause they found that the dissociation of benzoic acid and
pyridine leadsto areduction in their penetration rate through
bovine hoof membrane. They concluded that the decreased
permeation caused by dissociation, is due to the Donnan
effect or electrostatic repulsion between the keratin mem-
brane and the diffusing molecule. The conclusions that we
drew from our investigation using human nail plate agree
with those of the latter researchers. The former researchers
used citrate/phosphate buffer solution to evaluate the ef-
fect of miconazole dissociation on nail permeability. Their
buffer solution has a high ionic strength and is composed of
compounds exhibiting different ionic forms (mono-, di- and
tri-ionic forms) with changing pH, compared with that (con-
stant ionic strength, © = 0.158) used in the investigation
of the latter group. The diffusion coefficient of the tri-ionic
forms for citrate or phosphate is lower than that of the di-,
mono-, and non-ionic forms (Southard et al., 1991). It seems
that the decrease in permeability due to dissociation could
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