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Abstract

The potential use of hydroxypropg-cyclodextrin (HPBCD) in the solubilization and stabilization of prostaglandin E
(PGE) was investigated. The solubility and chemical stability of R@Ere significantly improved upon complexation with
HP-3CD. The nasal delivery of PGErom the complex formulation was also studied in Wistar rats and compared with intravenous
administration. PGEcomplex after nasal administration caused a rapid decrease of blood pressure and exhibited an obvious
dose-efficacy relationship, showing results nearly similar to those obtained for intravenous route. The time to reach the peak
effect (Thax) Was approximately 3—4 min. Exceptax, Other pharmacodynamic parameter values such as the maximal percent
of blood pressure decreadgfy, %), the lasting time of effecfl), and the area under the curve (AUC, blood pressure decrease
% min) were increased with increasing the administered dosesEfRe Ty, and in particular AUC values between doses
were significantly differentR<0.01), butT.x between doses were not significantly differeRt(0.05). The AUC values
per unit dose of PGEfor nasal administration, however, were smaller than those for intravenous route, probably due to the
incomplete absorption of nasally administered RGEesides, the in vitro effect of the PGEomplex on nasal mucociliary
movement was also investigated with a toad palate model. The B@fplex formulation exerted only minor effect on nasal
mucociliary movement. These results indicate that the REP3CD complex formulation for nasal delivery is a very promising
preparation with advantages such as rapid and effective absorption, good chemical stability, ease of administration, and minor
nasal ciliotoxicity.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Prostaglandin E HP-BCD; Complex; Solubility; Stability; Nasal delivery

1. Introduction

* Corresponding author. Tel.: +86 24 23843711 3736: Prostaglandin E(PGE) is known to have various
fax: +86 24 23843711 3736. physiological and pharmacological activities, such as
E-mail addresscuifude@163.com (F.-d. Cui). vasodilation, reduction of blood pressure, angiogen-
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esis, and inhibition of platelet aggregatioidllace, nasal mucociliary movement were also studied in this

1992; Igarashi et al., 2001The drug has therefore study.

been widely used in the treatment of severe periph-

eral arterial occlusive disease, adult respiratory dis-

tress syndrome, impotence, pulmonary hypertension, 2. Materials and methods

ischaemic heart disease and congestive cardiac failure,

etc. Mizushima et al., 1983; Virag and Adaikan, 1987; 2.1. Materials

Wang, 2002 However, the chemical instability as well

as the low agueous solubility of the drug have limited PGE with a purity of 99.0% was kindly supplied

the development of its new dosage forms and presentedby Nanyang Pukang Group Chemical Pharmaceuti-

a substantial challenge to the pharmaceutical scien-cal Factory (Nanyang, China). HRED with an av-

tist (Yamamoto et al., 1992 Presently, cyclodextrins  erage degree of substitution of 5.0 was purchased from

(CDs) such asaCD,BCD,yCD, carboxymethyl-ethyl- ~ Shanxi Liguan Chemical Industrial Company (Shanxi,

BCD (CME-3CD), and maltosyBCD (G;-BCD) have China). Acetonitrile was of HPLC grade from Fisher

been reported to be able to form complexes with RGE  Scientific (New Jersey, USA). All other chemicals and

resulting in the improvement in the solubility and sta- solvents were of analytical reagent grade obtained from

bility of the drug Uekama et al., 1984; Wiese et al., commercial sources and used as received without fur-

1991; Adachi et al., 1992; Yamamoto et al., 19%=r ther purification. Deionized double-distilled water was

example, a solid, lyophilized complex (Prostavasin) used throughout.

of PGE andaCD (ratio 1:11.8) has been introduced

into the market. Besides, PGHre scarcely absorbed 2.2. HPLC analysis

following oral administration as a result of exten-

sive degradation in the gastrointestinal tract, so itis  The concentration of PGEwas determined by

mainly administered by parenteral route. The most HPLC according to the reported methddatti et al.,

often used administration route of PGE by intra- 1995 with minor modification. A HPLC system con-

venous infusion, but this usually leads to high non- sisted of a pump (Model P580, Dionex, USA) and a

compliance in patients due to its adverse effects such UV detector (Model 170S, Dionex, USA). The HPLC

as a redness of the upper arm vein, feeling of pres- analyses were performed at ambient temperature on

sure and warmth in the lower arm, pain at the injec- a Kromasil Gg column (5um, 150 mmx 4.6 mm,

tion site, etc. {rubestein et al., 1989; Cawello et al., Zirchrom, Sweden) using a mobile phase of 0.01 M

1995. KH2POy solution (pH 3.5) acetonitrile (58:42, viv).
Recently, intranasal administration of drug has re- The flow rate was 1.0 ml/min and detection wavelength

ceived considerable attention because of the noninva-was set at 205 nm. An injection volume of gDwas

sive route, rapid absorption, circumvention of gastroin- used and peak areas were measured to determine the

testinal tract and liver first-pass metabolism, ease of concentration of PGE

administration, and self-medicatioB€hl et al., 1998

Thus, the nasal route may be an ideal alternative to the 2.3. Solubility studies

parenteral administration of PGE

HP-8CD, a new derivative of8CD, has a greater Solubility determination was carried out according
aqueous solubility and higher safety than the afore- to Higuchi and Connors’ method6llo et al., 1999.
mentioned CDs Garpenter et al., 1995 Therefore, Excess amounts of PGHRvere added to aqueous solu-

the objective of present study was to investigate the tions containing increasing concentrations of b
effect of HPBCD on the solubility and stability of  ranging from 0to 10 mM and were then shaken &t@5
PGE and to further explore the nasal absorption of for 48 h (equilibrium and absence of drug degradation
the drug from its HRBCD complex formulation in were confirmed in preliminary studies). After equilib-
rats. Since a prerequisite for nasal drug delivery is that rium, an aliquot was filtered through a 0. 41 mem-
drugs and additives should not disturb normal nasal brane filter and analyzed by HPLC. The apparent sta-
functioning, the effect of PGEHPCD complex on bility constant K¢) for complex was calculated from
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the slope and intercept of the straight portion of the vent peroral absorption. For intravenous administra-

phase solubility diagram. tion, however, the trachea cannula and the oesophagus
ligation were omitted. Finally, a polyethylene catheter
2.4. Preparation of PGEcomplex was inserted into the left carotid artery to measure the

blood pressure using a pressure transducer (Medlab-

PGE-HPBCD complex was prepared by the U/4CS Biological Signal Collection and Processing
freeze-drying method in a 1:10 molar ratio, which was System, Nanjing Meiyi Scientific and Technological
reported to be a suitable ratio used in RGEom- Company, China). The PGEcomplex were admin-
plex formulations YViese et al., 1991; Yamamoto et istered at 25, 50, and 1Q@/kg (10wl/100g body
al., 1992; Gu et al., 20Q4Accurately weighted PGE weight) unilaterally through the nares using PVC tub-
was dissolved in minimal volume of absolute ethanol, ing connected to a microliter syringe, while the in-
while required amount of HBCD dissolved in dis-  travenous PGEsolution were given at 2.5, 5.0, and
tilled water, after which, the two solutions were mixed 10ug/kg (50ul/100g body weight) via the femoral
together and the resultant solution frozen by immer- vein. Blood pressure changes were recorded imme-
sion into liquid nitrogen and freeze dried for 24 h. The diately after administration, and the blood pressure
solid complex was kept under vacuum in a desiccator change percent (%) were plotted versus time. The phar-

for 48 h. macodynamic parameters such as the time to reach
peak effect Tmax), the maximal percent of blood pres-
2.5. Stability studies sure decreasé&fhax, %) and the duration of effecTy)
were directly obtained from the blood pressure change
Appropriate amount of PGEand its HPBCD com- percent (%) time curves, while the area under the curve

plex (equivalent to 100.g PGE) were put in test (AUC, blood pressure decrease % min) from the start
tubes, sealed tightly with glass-stoppers, and stored of hypotensive action to the end was calculated us-
in an incubator at 60C. At suitable time inter- ing the trapezoidal rule. The AUC was used to show
vals, the samples were taken and intact PGEthe the total efficacy of each dose or each administration
samples was assayed by HPLC method describedroute.
above.
2.7. Nasal ciliotoxicity studies
2.6. Nasal absorption studies
The PGR complex was dissolved in 0.9% (w/v)
For the convenience of nasal administration, the saline to the PGE concentration of 50Q.g/ml as
PGE complex was dissolved in 0.9% (w/v) saline test solution, while 0.9% (w/v) normal saline and 1%
to the desired concentrations (1000, 500, ggiml (w/v) sodium deoxycholate (a known nasal ciliotoxi-
as PGH, respectively), and PGEsolutions for in- city agent) were used as a negative and positive con-
travenous injection was prepared by dissolving the trol, respectively. Nasal ciliotoxicity studies were car-
marketed PGE lyophilized preparation for injection  ried out using toad palate model, which was reported
in 0.9% (w/v) saline to the concentrations (20, 10, to a good method for studying the ciliotoxicity of
5 wg/ml, respectively) prior to the experiment. Nasal nasal formulationPuchelle and Tournier, 1983; Jiang
absorption studies were performed as reported ear-et al., 1995%. In brief, the upper palate mucosa of
lier (Schipper et al., 1990 Briefly, 15 male Wis- toads (30-40g, Experimental Animal Center of Bei-
tar rats of approximately 200g were randomly di- jing Capital Medical University, China) was dissected
vided into three groups containing five rats each, i.e. intothe small patches of the same size (3 sm@&mm),
the low, middle and high dose groups. They were then rinsed with saline, after which, the mucosa sam-
anesthetized with 50 mg/kg of pentobarbital intraperi- ples were spread on the glass slide and immediately
toneally and were placed on a warming plate main- treated with 0.2 ml of test solution. They were then
tained at 37C, after which, the trachea was canulated examined under an optical microscope (Nikon Fx-
with a polyethylene tube to prevent nose respiration, 35A, Japan) and the duration of ciliary movement was
and the oesophagus was tied to this cannula to pre-recorded.
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Fig. 1. Phase solubility diagram of PGEHP{3-CD system in water
at 25°C. Fig. 2. The stability of PGE and its complex with HFB-CD at
60°C.
3. Results and discussion 3.2. Stability studies
3.1. Solubility studies TheB-hydroxylketone moiety of PGHs known to

be extremely susceptible to dehydration in relatively
As shown inFig. 1, the solubility of PGE increased high acidic and alkaline conditions, giving PGA
linearly as a function of HBBCD concentration. The  which is then isomerized consecutively to P@Bider

phase solubility diagram follows an Atype accord- alkaline conditions with loss of the pharmacological
ing to Higuchi and Connors’ classification, suggesting activity (Monkhouse et al., 1933
the formation of a soluble complex of 1:1 molar ra- In this study, an attempt was made to evaluate the

tio (Higuchi and Connors, 1945The apparent stabil-  effect of HPBCD on the stability of PGEin the solid

ity constant K¢) for the complex was calculated to be state. The formation of the PGEHP{3 CD complex
1282 M1, while K values for PGE complexes with has already been confirmed by UV, circular dichroism,
aCD, BCD, yCD, and G-BCD were reported to be IR, and X-ray diffraction methods in our earlier exper-
1430, 1700, 530, and 1060M, respectively ekama iment Gu et al., 2001 As can be seen ifig. 2 no

et al., 1984; Yamamoto et al., 199TheK; value for degradation of PGEin the complex occurred within
HP-CD complex was smaller than that 8€D com- 14 days at 60C, whereas free PGHotally degraded
plex, probably due to the steric hindrance of the hy- in 9 days under the same conditions. Above results in-
droxypropyl group in HRBCD, whereas th&, value dicate that HRBCD produced very significant stabiliz-
for HP3CD complex was greater than that fob-G ing effect on PGE by the formation of complex. The
BCD complex, probably due to the steric hindrance significant improvement of the stability of PGEnay
effect of the maltosyl group being stronger than that be attributed to the inclusion of thgehydroxylketone

of hydroxypropy! group as a result of the larger group moiety of the drug molecule into the hydrophobic cav-
size. On the other hand, sine€D, BCD, andyCD ity of HP-BCD (Adachi et al., 199p

consist of six, seven and eight glucose units, respec-

tively, leading to the differences in the hydrophobic 3.3. Nasal absorption studies

cavity size of three CDs, the host—guest interactions,

the complex conformations, and subsequgntalues As plasma levels of PGEare in the low pg/ml
were obvious different between the three CDs com- range, a highly sensitive and specific analytical method,
plexes. Additionally, since HBCD has greater aque-  generally GC-MS have to be used to determine the
ous solubility (>75%, w/v) and higher safety than the plasma concentration of PGEollowing administra-
aforementioned CDs, it should be a better solubilizer of tion (Schweer et al., 1994 Furthermore, prior to

PGE. GC-MS determination, blood samples require com-
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Fig. 3. The mean hypotensive effect after nasal administration of _. . . - .
PGE complex of 5ug/kg to Wistar ratsr{=5) Fig. 4. The mean hypotensive effect after intravenous administration
P 9’9 e of PGE, of 5.0ug/kg to Wistar ratsr{=15).

plicated and laborious pretreatment procedures. As antar rats. PGE complex after administration caused a
example, PGEin blood sample is first extracted and rapid and significant decrease of blood pressure, fol-
purified, then undergoes derivatization reactions such lowed by a slow return to the initial pressure. The
as esterification, methoximation, and silylation consec- peak effect appeared about 3 min after administration.
utively, and lastly subjected to GC-MSdchweer etal.,  All the pharmacodynamic parameters suchTagy,
1985. Emax Tg, and AUC are summarized ifable 1 Except
Because of limitation of experimental conditions, a Tmnax Other pharmacodynamic parametefg,ax, Td,
simple and reliable pharmacodynamic method was em- and AUC values were increased with increasing doses.
ployed to study the nasal absorption of PGEom the The Timax values between doses were not significantly
complex formulation in this study. The in vivo phar- different (P >0.05), but theEnay, Tg, and in particular
macodynamic investigation can provide direct data re- AUC values between doses were significantly different
garding kinetic parameters and estimate whether the (P<0.01). Therefore, the above results revealed that
drug has reached the target site, which would result PGE; in the complex was rapidly absorbed by the nasal
in a pharmacological effect. Presently, this method has mucosa of rats and exhibited an obvious dose—efficacy
been used in the evaluation of the absorption of PGE relationship.
from various transcutaneous formulatiof®lgvari et For the purpose of comparison, different doses of
al., 1998. PGE can relax vascular smooth muscle and PGE were given intravenously to Wistar rasig. 4
would cause decreased blood pressure. Hence, the relshows the blood response after intravenous injection
ative efficacy of nasal PGHlelivery from its complex of 5.0ng/kg of PGR. Just like nasal administration,
formulation can be assessed by monitoring hypotensive PGE after intravenous administration caused a signif-

effect of the drug. icant decrease of blood pressure, followed by a rela-
Fig. 3presents the blood pressure change after nasaltively rapid return to the initial level. The peak effect

administration of 5¢ug/kg of PGR complex to Wis- appeared about 20 s after administration. The pharma-
Table 1
Pharmacodynamic parameters of nasally administered, RGiEplex solution to Wistar rats
Dose {1g/kg) Tmax (Min) Emax (%) Ty (Min) AUC (% min)

25 3.00+1.27 452+ 1.44" 19.00+ 7.47" 24.22+7.23"

50 3.40+0.55 6.87+ 1.30 44,00+ 14.75 140.70+ 74.58
100 4.10+0.55 10.28+ 3.92 56.0G 8.94 236.03+ 50.19

a8 Mean+S.D. n=5).
* No significant difference between dosPs; 0.05.
** Significant difference between dos€s; 0.01.
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Table 2

Pharmacodynamic parameters of intravenously administered B@@tion to Wistar rafs

Dose (.g/kg) Tmax (Min) Emax (%) Tg (min) AUC (% min)
25 0.43+0.33 5.03+ 2.19" 430+ 3.23" 8.17+ 6.51"
5.0 0.28+0.04 11.53+ 2.65 5.70+ 5.33 16.14+ 15.10

10.0 0.46+0.09 21.30+ 4.87 18.20+ 10.06 100.60t 49.77

a8 Mean+ S.D. h=5).
* No significant difference between dosPs; 0.05.
** Significant difference between dos€ss 0.01.

codynamic parameterBnax, Emax Td, and AUC are In addition, among cyclodextrin derivatives,
summarized imMable 2 ExceptTmax, Other pharmaco-  dimethyl3CD (DM-BCD) has been reported to be
dynamic parameter§&max, T4, and AUC values were  a potent nasal absorption enhancer for some drugs
increased with increasing doses. Thgax values be- such as insulin, 1F-estradiol, and progesterone, etc.
tween doses were not significantly differeRt{0.05), (Hermens et al., 1990; Schipper et al., 1990; Merkus
but theEmax, Tq, and, especially AUC values between et al., 199}, however, presently few data are available
doses were significantly differe®& 0.01), alsoshow-  on the absorption enhancing effect of BED in

ing an evident dose—efficacy relationship. As AUC here nasal drug delivery. Therefore, in this study whether
comprehensively represents the magnitude of drug ef- the nasal absorption of PGE promoted by HRBCD
ficacy, hence it can be used as a tentative measure ofremains unknown, a further investigation is now under
drug absorption extent. Itis obvious that AUC value per investigation.

unit dose of PGIEfor nasal administration was smaller

than that for intravenous route. For example, the AUC 3 4 Nasal ciliotoxicity studies

value for the nasal administration of p@/kg of PGR

complex was approximately equivalent to that for in- As the nasal ciliary movement is mainly responsi-
travenous route of 1@g/kg of PGE. Therefore, the  ple for the body’s non-specific defensive mechanism
nasal absorption of PGHN the complex appeared o py removing dust, allergens and bacteria, a prerequi-
be incomplete. There can be several reasons for this de-site in nasal formulation development is that drugs and
creased nasal absorption. Firstly, one possible reasonaqgitives should not adversely affect the nasal ciliary
may be that the metabolism of P@éccursinthenasal  fynction (Hermens and Merkus, 1987As shown in
cavity due to the presence of a very active cytochrome Tap|e 3 the lasting time for the mucociliary movement
P450-dependent drug metabolizing system in rodent uf the toad palate treated with the PGE®mplex solu-
olfactory epithelia floromoto et al., 1991 Another o of high concentration (500g/ml, far greater than
possible reason may be that since itis the PG&EM- the aqueous solubility of the drug) was found to be
plex solution, not the solid complex powders that was apoyt 7 h, which was nearly equivalent to the duration

used in this experiment, the drainage of the drug solu- fo the negative control 0.9% (w/v) saline. However,
tion from the nasal cavity to the mouth also occurs after

nasal administration, resulting in the loss of the admin-
istered PGE. Thus, it is reasonable to predict that the
PGE complex powders following nasal administration

Table 3
Effect of the PGE complex on the toad palate cilia movenfent

. Solution (w/v Duration of ciliar Relative %
have a greater extent of absorption than the complex (W) movement (mm)y
solution due t_o the :onl%%r-tlﬂwe (I:on:]act with _the nafal 0.9% Normal saline 1236598 10
mu_cosal(/lar'gt!n etal., ). Lastly, the experimental gz, PGE complex 398 4 59 7 941"
animal conditions may also affect nasal drug absorp- 19 Sodium deoxycholate 0 0

tion. For instance, in rats lying on their back, it is likely
. . 2 Mean+ S.D. (=5).
that the upper part of the nasal cavity functions as the Not sian . , _
. . . L. ot significantly different compared with normal saline group,
penetration barrier for the nasal formulations, whichis p. g g5
lined with olfactory epitheliumklermens et al., 1990 * Relative to the normal saline group.
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the mucociliary movement of toad palate ceased im-  In conclusion, the PGEHPCD complex formu-
mediately after the ciliary epithelium was treated with lation may be a very promising novel preparation for
1% (w/v) sodium deoxycholate solution. Although the the nasal delivery of PGHor clinical application. A
PGE complex solution, not the solid complex pow- further study is necessary to determine the pharmacoki-
ders was used in this study, the effect of the RGE netics and bioavailability of the PGEHP3CD com-
complex on the ciliary movement in vivo is probably plex formulation in humans after nasal administration.
less pronounced than that in vitro, because in vitro, the
ciliated tissue is directly exposed to the PGEom-
plex solutions of high concentration, whereas in vivo
the cilia are protected by the mucus layer. Moreover,
under in vivo conditions, since .Very limited amount Adachi, H., Irie, T., Hirayama, F., Uekama, K., 1992. Stabilization
of the complex powders are dispersed on a larger-  of prostaglandin Ein fatty alcohol propylene glycol ointment
area nasal mucosa surface, the concentration of dis- by acidic cyclodextrin derivative)-carboxymethylo-ethyl3-
solved PGE may be far lower than that of the above cyclodextrin. Chem. Pharm. Bull. 40, 1586-1591.

tested PGE solution. On the other hand, the admin- Behl, C.R., Pimplaskar, H.K.,_Sileno, AP Demei_reles, J., Romeo,
. . . V.D., 1998. Effects of physicochemical properties and other fac-
istered drug will be (;IIll_Jted by the nasal mucus "'?‘Yer tors on systemic nasal drug delivery. Adv. Drug. Del. Rev. 29,
and subsequently eliminated by the nasal mucociliary  gg_116.

clearance. Hence, the observed results indicate thatCarpenter, T.0., Gerloczy, A., Pitha, J., 1995. Safety of parenteral

the PGE complex formulation has only little nasal hydroxypropyl-cyclodextrin. J. Pharm. Sci. 84, 222-225.
Cawello, W., Leonhardt, A., Schweer, H., Seyberth, H.W., Bonn,
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