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ABSTRACT

Purpose To investigate the pharmacokinetic differences between
the common nasal delivery models.

Methods In three different rat models [long-term anesthetized
(with nasal surgery), short-term anesthetized (without nasal sur-
gery) and conscious models], tacrine and loxapine were adminis-
tered via nasal, intravenous and oral routes, and the plasma
pharmacokinetics were compared among different models.
Results Systemic exposures of both drugs and their metabolites
were consistently higher in long-term anesthetized model after all
routes of administration in comparison to that of conscious model.
Nasal bioavailabilities in long-term anesthetized model (tacrine
83%, loxapine 97%) were much higher than that in conscious
model (tacrine 10%, loxapine 46%). Further studies on tacrine
and its metabolites demonstrated no significant difference in t;,
between short-term anesthetized and conscious models after all
routes of administration; however, long-term anesthetized model
showed significantly longer t,,. Regarding the pharmacokinetic
parameters (Cha, Trmae AUC, bicavailability) of tacrine and its
metabolites, short-term anesthetized model resembled closer to
conscious model than long-term anesthetized model.
Conclusions Plasma clearances of tacrine, loxapine, and their
metabolites were much slower in the long-term anesthetized
model of nasal delivery probably due to suppressed hepatic and
renal clearances, while the short-term anesthetized model im-
posed less impact on tacrine pharmacokinetics and metabolism.
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ABBREVIATIONS

[-OH-THA | -hydroxytacrine
2-OH-THA 2-hydroxytacrine
4-OH-THA 4-hydroxytacrine
7-OH-AMOX  7-hydroxyamoxapine
7-OH-LOX 7-hydroxyloxapine
8-OH-AMOX  8-hydroxyamoxapine
8-OH-LOX 8-hydroxyloxapine
AMOX Amoxapine

AUC Area under the curve
Cliotal Total systemic clearance
Crrax Maximum concentration
CYP Cytochrome P450

Gl Gastrointestinal

i.n. Intranasal

V. Intravenous

LOX Loxapine

p.o. Oral

PK Pharmacokinetics

tip Elimination half life
THA Tacrine

Trax Time to reach maximum concentration
Vy Volume of distribution
INTRODUCTION

Rodents, particularly rats, are the most common laboratory
animals used for preclinical pharmacokinetic (PK) evaluation
of nasal delivery (1). These animals are usually anesthetized
during experiments to facilitate nasal drug administration. In
the classic rat model for studying nasal drug absorption de-
scribed by Hussain e/ al (2), nasal surgery was conducted to
isolate the nasal cavity with the rat being kept anesthetized by
along-acting injectable anesthetic agent such as ketamine (3,4)
and pentobarbital (5) throughout the entire period of PK
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experiment. It is known that anesthetic agents, particularly the
long-acting ones such as ketamine, could dramatically alter
the physiological conditions of the animals resulting in mod-
ified drug absorption, distribution, metabolism and elimina-
tion (6). Therefore, when evaluating the drug bioavailability
and PK, the results must be treated with caution if anesthesia
has been applied. For instance, the bioavailability of sublin-
gual verapamil in conscious rabbit was 40% while that in
ketamine/xylazine anesthetized rabbits was 108% (7). In ad-
dition to anesthesia, the nasal surgery might further affect the
PK of the nasal drug since surgery, as with other forms of
stress, also exerts significant influence on physiological func-
tions (8). For instance, surgery and ketamine/xylazine anes-
thesia could markedly decrease both cytochrome p450 (CYP)
3A activity and hepatic blood flow in rats (9). Although the
classic long-term anesthetized rat model has been adopted in
numerous nasal drug absorption studies for more than three
decades, it is surprising that there was only one published
study that compared the drug PK between the classic rat
model and the conscious rats. In that study, Yang et al (10)
reported that the systemic clearance of intravenous (1.v.) stav-
udine was significantly reduced 1n the classic rat model com-
pared with the conscious rats. However, the PK of intranasal
(in.) stavudine in the conscious rats was not studied.

In addition to the long-term anesthetized model with nasal
surgery, short-term anesthetized model without nasal surgery has
also been adopted in several studies to evaluate the nasal drug
absorption. Since accurate nasal dosing in conscious rats is
difficult to achieve due to moving and escaping during drug
administration, inhalation anesthetic agents (e.g. diethyl ether
(11), halothane (12), and isoflurane (13)) are employed to induce
temporary sedation which facilitates nasal drug administration.
Compared with long-term anesthesia, short-term anesthesia
causes less impact on the PK of] for example, sublingual (7)
and i.v. (14) drugs in rodents. It is reasonable to speculate that
short-term anesthesia would also cause less impact on the PK of
nasal drugs, although direct PK comparison between the short-
term anesthetized, long-term anesthetized and conscious rat
models has not been reported.

Although there exists quite a number of reports on the
effects of anesthetic agents on the PK of xenobiotics after
non-nasal route of administration, in most cases only the PK
of parent drugs were measured. This could result in
wrong conclusion if the effects of anesthesia on the
formation and disposition of metabolites are not ana-
lyzed (15). For nasal drug delivery, studying the metab-
olite formation could provide valuable information on,
for example, whether the drug is efficiently absorbed
within the nasal cavity into systemic circulation or is
swallowed into gastrointestinal (GI) tract with subse-
quent first-pass metabolism (readers are referred to our
previous review (16)). However, the drug metabolites
were not investigated in most literature reports on nasal
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delivery even though many of the metabolites have
prominent contribution to the clinical effects of the
drugs (17).

Loxapine (LOX) and tacrine (THA) are selected as model
compounds in the present study. Both of them are small,
lipophilic drugs that have demonstrated satisfactory perme-
ability (in the order of 10 cm/s) across the Calu-3 monolayer
(18,19), an wn vitro model of respiratory epithelium for screen-
ing of compounds for potential nasal drug delivery (20). LOX
is a highly extracted drug (with hepatic extraction ratio in
humans of 0.71) (21) which is almost completely metabolized
after oral administration to rats (22). THA 1is also highly
extracted by the rat liver with a hepatic extraction ratio of
up to 70 to 100% (23). Our preliminary PK studies demon-
strated that LOX (22) and THA (24) are extensively metabo-
lized in rats to phase I active metabolites (Fig. 1), making them
suitable for investigation of the differences in drug metabolism
between the rat models. Yet, the CYPs involved in the me-
tabolism of LOX and THA are different (Fig. 1), which allows
us to clucidate the effect of anesthesia on different CYP-
mediated metabolic pathways. In brief, THA is classified by
FDA as an acceptable i vitro substrate and a sensitive i vivo
substrate for CYP 1A2 studies. LOX, on the other hand, is
predominantly metabolized in rats by CYP 3A and CYP 2D
to two primary metabolites amoxapine and 7-
hydroxyloxapine, which are further metabolized to a second-
ary metabolite 7-hydroxyamoxapine (22,25). Both LOX and
THA are eliminated from the rat mainly as these metabolites
in the urine (26,27).

The objectives of the present study are to: 1) Explore the
PK difference between the long-term anesthetized model and
conscious model of nasal delivery; and 2) Investigate the
feastbility of using the short-term anesthetized model as an
alternative model in nasal delivery study. In addition to the
nasal route, the PK of LOX and THA after i.v. and oral (p.o.)
routes of drug administration were also investigated to eluci-
date whether the differences between different rat models are
route-dependent. To achieve the first research objective, we
compared the plasma PK parameters of LOX between the
long-term anesthetized model and conscious model after i.n.,
.v. and p.o. LOX administration, which served as a “proof-of-
concept” trial. To achieve the second research objective,
further investigations were performed to compare the
PK of THA between the long-term anesthetized, short-
term anesthetized and conscious models, aiming to con-
firm the findings from LOX and also to investigate
whether the short-term anesthetized model could be a
better alternative of the long-term anesthetized model
for PK investigations. In addition to the parent drugs,
the phase I metabolites of LOX (22) and THA (24) in
plasma were also measured by sensitive, validated
HPLC methods, which would help to elucidate the
metabolic differences between different rat models.
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Fig. I Summary of metabolic
pathways of (a) loxapine and (b)
tacrine and the major CYPs
involved.
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MATERIALS AND METHODS
Materials

LOX succinate and amoxapine (AMOX) were
obtained from Sigma (St. Louis, MO, USA). 7-
hydroxyloxapine (7-OH-LOX), 8-hydroxyloxapine (8-OH-
LOX), 7-hydroxyamoxapine (7-OH-AMOX) and 8-
hydroxyamoxapine (8-OH-AMOX) were purchased from
TC Scientific Inc. (Alberta, Canada). THA hydrochloride
was purchased from Enzo Life Sciences Inc. (Farmingdale,
NY, USA). I-hydroxytacrine (1-OH-THA), 2-hydroxytacrine
(2-OH-THA) and 4-hydroxytacrine (4-OH-THA) were

l i

Seogiiise

4- hydroxytacrlne
(4-OH-THA)

2-hydroxytacrine
(2-OH-THA)

kindly gifted from Pfizer Inc. (Groton, CT, USA). Ketamine
(10% injection) and xylazine (2% injection) were obtained
from Alfasan International B.V. (Woerden, Holland). All oth-
er reagents were of at least analytical grade and were used
without further purification. Distilled and deionized water was
used for the preparation of solutions. LOX and THA solu-
tions for administration were prepared by dissolving the com-
pounds in normal saline.

Rat Models and Drug Administration

In the first part of the study, the plasma PK profiles of LOX as
well as its metabolites were studied in the long-term
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anesthetized model and conscious model after i.v., i.n. and
p-o. administration of LOX. In order to confirm the findings
from the LOX study and to extend the investigation to the
short-term anesthetized model, the plasma PK of THA and its
metabolites were then investigated in the long-term anesthe-
tized, short-term anesthetized and conscious models after 1.v.,
1.n. and p.o. administration of THA in the second part of the
study.

Male Wistar rats (170-230 g for LOX studies) and
Sprague—Dawley rats (230-250 g for THA studies) were
provided by Laboratory Animal Services Center of The
Chinese University of Hong Kong (Hong Kong, China).
Animals were housed in standard cages on 12 h light—dark
cycles, fed with standard animal chow and tap water daily.
The rats were fasted over night before administration of LOX
or THA. All experimental procedures were approved by the
Department of Health of Hong Kong and Animal Ethics
Committee at the Chinese University of Hong Kong.
Surgical procedure and drug administration in the three rat
models were described below, and the experimental condi-
tions for each group of rats are summarized in Table 1.

Conscious Model

For all the three administration groups (i.v., i.n. and p.o.) in
the conscious model, jugular vein catheterization was per-
formed 1 day before the PK experiment. Briefly, the right
jugular vein of rat was catheterized with a polyethylene tubing
(0.5 mm LD., I mm O.D., Portex Ltd., England) under
anesthesia induced by intramuscular injection of a mixture
containing ketamine (80 mg/kg) and xylazine (8 mg/kg). The
polyethylene tube was led under the skin and exteriorized at
the back of the neck for blood sampling. 50 I.U./ml of heparin
sodium in normal saline was filled into the catheter to prevent
blood clotting. After the exposed areas were sutured, the rats
were placed individually in standard cages, and they were
allowed to recover for 24 h before drug administration.

For 1.v. administration, 0.3 ml of LOX or THA solution
(equivalent to 0.3 mg/kg and 4 mg/kg, respectively) was
injected through the catheter, followed by injection of 0.5 ml
of blank rat blood (withdrawn from the same rat just before
drug injection) and then 0.5 ml of heparinized normal saline
(25 I.U./ml) to rinse the residual drug remained in the cath-
eter. For i.n. administration, rats were hand-restrained and
placed in an upright position with the head in the vertical
position. 20 pl of LOX or THA solution (equivalent to
0.3 mg/kg and 4 mg/kg, respectively) was administered by
micropipette in drops, alternating between each naris within
2 min (10 pl for each nostril) (28). The drops were placed onto
the naris and naturally sniffed in by the rats. For p.o. admin-
istrations, 1 ml of LOX or THA solution (equivalent to
0.3 mg/kg and 4 mg/kg, respectively) was gavaged to rats.
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After the above dosing, the conscious rats were returned to
cage with free access to water.

Long-Term Anesthetized Model

In the long-term anesthetized model, all rats received intra-
muscular ketamine/xylazine (80/8 mg/kg) injection to induce
anesthesia on the day of experiment. Rats in p.o. group
received jugular vein catheterization 24 h before drug admin-
istration as that in the conscious model, while rats in i.v. and
1.n. groups received the catheterization procedures immedi-
ately before drug administration. For i.n. group, additional
nasal surgery was conducted immediately before drug admin-
istration according to the method described by Hussain ez al.
(2). Briefly, the rat was placed in supine position. An incision
(~1 cm) was made on the neck at 1.5 cm from lower lip, and
the trachea was cannulated with a polyethylene hollow tube
(1.5 mm I.D., 3.1 mm O.D.) to aid breathing. Another sealed
polyethylene tube (2.0 mm O.D.) was inserted from the
esophagus to the posterior part of the nasal cavity to prevent
any drainage of drug solution from nasal cavity to the poste-
rior part of oral cavity or to GI tract. The nasopalatine was
sealed with an adhesive agent to prevent drainage of the drug
solution from nasal cavity to the anterior part of oral cavity.

For i.v. administration, the right jugular vein was catheter-
ized under ketamine/xylazine induced long-term anesthesia,
followed by injection of 0.3 ml of LOX or THA solution
(equivalent to 1 mg/kg and 4 mg/kg, respectively) via the
catheter. For i.n. administration, the anesthetized rats were
placed in supine position, and 20 pl of LOX or THA solution
(equivalent to 1 mg/kg and 4 mg/kg, respectively) was ad-
ministered via a cannula (polythene tube, 0.5 mm LD.,
1.0 mm O.D.) inserted 5 mm into the nasal cavity of naris.
For p.o. administration, the awake rats were first gavaged with
I ml of LOX or THA solution (equivalent to 1 mg/kg and
4 mg/kg, respectively), followed by ketamine/xylazine (80/
8 mg/kg) intramuscular injection to induce anesthesia
immediately.

For all rats in the long-term anesthetized model, subse-
quent doses of ketamine (33 mg/kg) and xylazine (3.3 mg/kg)
were injected intramuscularly every 90 min to maintain anes-
thesia, and the body temperature was maintained by a heating
lamp throughout the study period.

Short-Term Anesthetized Model

In the short-term anesthetized model, rats in all three admin-
istration groups received jugular vein catheterization 24 h
before drug administration as described above. No nasal
surgery was performed in any group.

Before drug administration, rats were placed in a covered
glass cylinder jar (8 in. X 7 in., height X I.D.) which contained a
gauze sponge saturated with diethyl ether (60 ml). Each rat
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Table I Comparison of Experimental Conditions of the Conscious, Long-Term Anesthetized and Short-Term Anesthetized Rat Models

Rat model LOX dose THA dose Anesthetic Nasal surgery Jugular vein Drug administration Anesthesia maintained
(mg/ke) (mgkg)  applied during catheterization
drug dosing Route  Position during/
after dosing
Conscious 03 4 no no A V. normal/normal no
i.n. upright/normal
p.o.  upright/normal
Long-term anesthetized 4 ketamine/xylazine no B V. supine/supine by repeated ketamine/xylazine
yes B i.n. supine/supine
no A p.o.  upright/supine
Short-term anesthetized N.A. 4 diethyl ether no A V. supine/normal no
i.n. supine/normal

p.o.  upright/normal

A performed 24 h before dosing; B: performed immediately before dosing; N.A.: not applicable

remained in the jar for 3 min. The rats took an average time of
5.2 min (s.d. 1.5 min, 7= 10) to recover from anesthesia (with
obvious struggling to right themselves).

For 1.v. administration, 0.3 ml of THA solution (equivalent
to 4 mg/kg THA) was injected following the same procedure
described above for the conscious rats. For i.n. administration,
the rats were placed in supine position and 20 pl of THA
solution (10 pl for each nostril, equivalent to 4 mg/kg THA)
was administered via a cannula (polythene tube, 0.5 mm IL.D.,
1.0 mm O.D.) inserted 5> mm into the nasal cavity of naris. For
p-o. group, 1 ml of THA solution (equivalent to 4 mg/kg
THA) was gavaged to the slightly recovered rats (around
5 min after diethyl ether anesthesia). After the above dosing,
the rats were returned to cage with free access to water.

Sample and Data Analyses

After drug administration, around 200 pl of blood was col-
lected via the jugular vein catheter into a heparinized centri-
fuge tube at pre-determined time points. For LOX study,
blood was sampled at 3, 5, 10, 15, 20, 30, 45, 60, 120, and
240 min. For THA study, blood was sampled at 2, 5, 10, 15,
20, 30, 45, 60, 90, 120, 180, 240, and 360 min for i.v. group
and at 5, 10, 20, 30, 45, 60, 90, 120, 180, 240, and 360 min for
rn. and p.o. groups. After each blood sampling, an equal
volume of heparinized normal saline (25 I.U./ml) was injected
immediately to the rat via the catheter to flush the catheter
and to prevent blood clotting. Plasma samples were obtained
by centrifugation of blood at 16,000Xg for 5 min and were
frozen at —80°C until analysis. The analyses of LOX, THA
and their metabolites in rat plasma were carried out using our
developed and validated LC-MS/MS (22) and HPLC-FLD
assays (24), respectively. The lower limits of quantification of
the LC-MS/MS assay were 1 ng/ml for LOX and AMOX
and 2 ng/ml for the four hydroxylated LOX metabolites. The
lower limits of quantification of the HPLC-FLD assay for

THA, 1-OH-THA, 2-OH-THA and 4-OH-THA were 2.5,
6.7, 2.1 and 2.1 ng/ml, respectively.

PK parameters were calculated using WinNonlin software
(Pharsight Corp., Version 2.1, Mountain View, CA)
employing a non-compartmental model approach. The max-
imum plasma concentration (C,,,) and the time to reach
Cinax (Thnax) were directly obtained from plasma data. The
terminal half-life (t;,0) was calculated as In2/2,, where A, was
the first-order rate constant associated with the terminal (log-
linear) portion of the curve. The area under the plasma
concentration-time curve from time 0 to t (AUC_,) and from
time O to infinity (AUC,,_,,) were calculated by the trapezoidal
rule without or with extrapolation to time infinity (AUC_,=
AUCG_+C/L,). Bioavailability (F) was calculated as the ratio
of AUCy o after 1.n. (or p.o.) and iv. drug administration
within the same anesthesia model. Total systemic clearance
(CLyo) was calculated by dose/AUC( .. Volume of distri-
bution (Vg) was calculated by CL,y X mean residence time.
Metabolic ratio was calculated by dividing the AUC_, of the
metabolite by the AUC_, of the parent drug (29). Statistical
data analyses were performed using Student’s #test or one-
way analysis of variance (ANOVA), with p<0.05 as the crite-
rion of significance.

RESULTS

PK Comparison between the Conscious and Long-Term
Anesthetized Rat Models

LOX and Its Metabolites
The plasma PK profiles of LOX and its metabolites in the
conscious and long-term anesthetized models are shown in

Fig. 2a and b, respectively. The PK parameters obtained from
the two models are compared in Table II. LOX and its
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Table Il Comparison of Plasma Pharmacokinetic Parameters of LOX and Its Metabolites Between the Conscious and Long-Term Anesthetized Models After

LOX Administration Via i.v., i.n. and p.o. Routes

in. p.o. ¢

Long-term anesthetized Conscious — Long-term anesthetized

Pharmacokinetic parameters A%
Conscious Long-term anesthetized Conscious
LOX
AUCo_o./dose (min/ml X 10°) 34130 615+63°
F (%) NA. NA.
Tomax (MIN) NA. NA.
t,» (Min) 815+53  184.0+16.2°
Clioa (Ml/min/kg) 150.0+12.6 84.2+9.6°
Vy (Lkg) 10806  17.7+22°
LOX metabolites’
AUC, oiox/dose (min/ml X 10%) 22.5+33  66.9+9.2°
AUC,_ o111 ox/AUC o (%) 277+17  53.1+43°
AUCamox/dose (min/mix 10%) 8.0+ 1.5 10.1+1.7
AUCAmox/AUC o (%) 9.6+ 1.1 79+09
AUC;. o avox/dose 185+20 65+08°
(min/ml x 10°)
AUC op.amox/AUC o (%) 23.0+1.1  52+05°
AUC gm/dose (min/ml x 10%) 80.0+8.1  1252+10.1°
Metabolic ratio
7-OH-LOX 072+0.10  1.69+033
AMOX 025+0.05 0.24+0.04
7-OH-AMOX 0.60+0.08 0.16+0.02°
Overall 1.6+0.2 2.1+04

158+1.9° 59.4+44 ~0 23+05
465 96.6 ~0 56
48+1.8  150+2.9% NA. >240
670125 99.4+6.2° N.A. NLA.

N.A. NA. NLA. N.A

N.A. NA. NLA. N.A
8828 59.3x9.6° 203+9.1 22.1+44
194+57 48.6+3.2° 329+92 354%2.
9416  9.6=I. 16206 253%54
216+38 8312 35.1+80 403=1.0
[131.0° 4.0+0.5% 16328 13.1=45
260+27 35=0.7 31644 19.9+29
439+32° 1201113 529+ 107 62.8=134
0.60+0.18 1.25+0.13° NA. 12.3+54
0.65=0.11° 021=0.03* N.A. 14.4+6.8
0.79+0.08 0.09+0.02*¢ N.A. 82+49
2.0=0.1 [.5+0.1° N.A. 349+ 17.1

Data are presented as the mean = s.d. (1=4)

N.A. not applicable

#p<0.05 for comparison between the conscious and anesthetized models in i.n. group

®p<0.05 for comparison between the conscious and anesthetized models in i.v. group

“p<0.05 for comparison between i.n. group and i.v. group in the conscious model

9p<0.05 for comparison between i.n. group and i.v. group in the anesthetized model

€In p.o. group, AUC values referred to AUCq_ay, since AUC,_.., could not be calculated, and the plasma concentration of LOX was only quantifiable in one rat in

the conscious model

FAUC o1 is the sum of the AUCy 41, of LOX, 7-OH-LOX, AMO and 7-OH-AMO (no 8-OH-loxapine or 8-OH-amoxapine was present in plasma).

metabolites 7-OH-LOX, AMOX and 7-OH-AMOX were
present in quantifiable amounts in plasma, while 8-OH-LOX
and 8-OH-AMOX were not present in any plasma sample.

i.v. LOX. Compared with the conscious model, CL,, of LOX
was almost halved in the long-term anesthetized model while
t; /o and AUC( o, were doubled. Total systemic exposure of
LOX and its metabolites (AUC,,;/ dose) was also significant-
ly higher in the long-term anesthetized model. The percent-
age of LOX converted to 7-OH-AMOX was tremendously
reduced while that to 7-OH-LOX was doubled in the long-
term anesthetized model.

i.n. LOX. Consistent with the results of the i.v. group, accu-
mulation of LOX and its metabolites were also observed in
the long-term anesthetized model of the in. group with

significant reduction in CL,, and V4 of LOX. Regarding
the LOX metabolites, the trends of 1.n. LOX were also very
similar to that of 1.v. LOX. Total systemic exposure of LOX
and its metabolites was tripled in the long-term anesthetized
model while 7-OH-LOX became the dominant metabolite
with a concomitant decrease in 7-OH-AMOX formation.

In the long-term anesthetized model, the PK parameters of
LOX and its metabolites after i.n. LOX administration were
very similar to that of i.v. administration, and the 1.n. bioavail-
ability reached 97%. This suggested that i.n. LOX was
completely absorbed from the nasal cavity. In the conscious
model, the overall metabolic ratio of 1.n. LOX (2.0) was not
significantly different from that of 1.v. LOX (1.6). This might
indicate that the portion of the LOX nasal solution swallowed
into GI tract (subjected to first-pass metabolism) was minimal
in the conscious rats.
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p.o. LOX. Trace amount of parent LOX (<5 ng/ml) was
found 20 min after p.o. LOX administration in the long-
term anesthetized model while the level of LOX was unquan-
tifiable (<1 ng/ml) in most plasma samples in the conscious
model. While LOX metabolites appeared in plasma soon
after p.o. LOX administration (<3—10 min) in the conscious
model, they were not detected until 30 to 60 min in the long-
term anesthetized model. Moreover, the plasma levels of the
metabolites kept increasing throughout the whole experimen-
tal period. This indicated that the ketamine/xylazine
anesthesia-induced delay in p.o. absorption was so severe that
the absorption of LOX in GI tract had not finished yet, which
prevented accurate determination of the PK parameters of
LOX metabolites in the long-term anesthetized model. The
mechanism leading to the delayed and/or decreased absorp-
tion of p.o. LOX in the long-term anesthetized model is
multifaceted. First, ketamine (100 mg/kg) was found to lower
both the rates of gastric emptying and small intestine transit by
25% at 30 min after ketamine administration to rats (30).
Xylazine (3 mg/kg) could also lower the rate of small intestine
transit by 70% at 50 min after xylazine administration to mice
(31). Second, ketamine/xylazine anesthesia has also been
reported to reduce passive permeability of intestinal mem-
brane (32) and intestinal lymphatic absorption and transport
of lipophilic compounds (33). The rate of midazolam absorp-
tion from the intestinal lumen into the portal vein was also
found to be lowered in rats receiving ketamine/xylazine and
surgical operation (9). Consequently, both the processes of GI
transit of the p.o. LOX dose to the small intestine and the
intestinal absorption of LOX into systemic circulation were
delayed, which in turn postponed the formation of all the
LOX metabolites. On the other hand, since the drug was
retained longer in the GI tract, the extent of intestinal metab-
olism might increase. CYPs 1A, 2B and 3A but not CYP 2D
are expressed in rat small intestine (with CYP 3A being the
most abundant) and they are enzymatically active (34).
Therefore, intestinal metabolism might have contributed to
the formation of AMOX by CYP 3A and 1-OH-THA and 2-
OH-THA by CYP 1A after p.o. administration, particularly
in the long-term anesthetized model.

The dose of LOX applied to the conscious model was
lower than that applied to the long-term anesthetized model
in order to limit the volume of nasal solution applied to
conscious rats, which could help minimize the amount of
solution swallowed into GI tract. Both doses were relatively
low (0.3 mg/kg in conscious rats and 1 mg/kg in anesthetized
rats, equivalent to 2.9 mg and 9.7 mg in a 60 kg human adult
(35), respectively). In humans, LOX demonstrated dose-
proportional PKs across doses at least between 0.625 and
10 mg (36). Therefore, the apparent discrepancies in PK
profiles between the conscious and the anesthetized models
should not be attributed to the difference in LOX dose.
Moreover, after p.o. administration of 1 mg/kg LOX to
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conscious (22) or anesthetized rats, almost all LOX was
rapidly metabolized to metabolites, leaving trace
amount of parent LOX in plasma. This further suggests
that saturation of LOX metabolism is not expected
under the current LOX doses.

THA and Its Metabolites

The plasma PK profiles of THA and its metabolites in the
conscious and long-term anesthetized models after 1.v., 1.n.
and p.o. THA administrations are shown in Figs. 3, 4, and 5,
respectively. The PK parameters obtained from the two
models are compared in Table III. THA and its metabolites
1-OH-THA and 2-OH-THA were present in quantifiable
amounts in plasma, while the concentration of 4-OH-THA
was very low and below the limit of quantification in most
plasma samples.

i.v. THA. For the parent drug THA, plasma levels in the long-
term anesthetized model were higher than that in the con-
scious model at 4 h and 6 h (enlarged figure of Fig. 3a). The
long-term anesthetized model showed a significantly longer
t) /o than that of the conscious model (Table III).

Similar to that observed in parent drug, the elimination of
the metabolites (1-OH-THA, Fig. 3b; 2-OH-THA, Fig. 3¢)
was also much slower in the long-term anesthetized model
than that in the conscious model. The long-term anesthetized
model demonstrated a higher accumulation of metabolites
(with much higher AUCg), of both 1-OH-THA and 2-OH-
THA as well as higher metabolic ratios, Table III) than that of
the conscious model.

in. THA. For the parent drug THA (Fig. 4a), a 3.6-fold and
10.3-fold higher C,,,.« and AUC) g, were obtained in the long-
term anesthetized model than the conscious model, respectively
(Table III). In addition, the appearance of G, was retarded
(Thax of 1.3 h) and the elimination of THA was slower (t o of
3.2 h) in the long-term anesthetized model when compared with
the conscious model (T, of 0.4 h and t; 5 of 1.1 h). This is
consistent with the delay in T}, of in. LOX in the long-term
anesthetized model (from 4.8 min in the conscious model to
15 min), suggesting that the nasal absorption rate might indeed
be reduced in the long-term anesthetized model.

The plasma levels of the two THA metabolites in the long-
term anesthetized model remained 2—10 folds higher than that in
the conscious model from 1 h till the last sampling time (6 h).

p.o. THA. After p.o. THA administration, the long-term anes-
thetized model had significantly higher systemic exposures
and slower elimination phases of both THA (Fig. 5a) and its
metabolites (Figs. 5b and c) than that of the conscious model.
The long-term anesthetized model obtained a ~2-fold higher
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AUC 6, of both THA and its metabolites than that of the
conscious model (Table III).

For most of the nasal studies adopting the classic long-term
anesthetized model, the duration of the PK measurement was
limited to 4 (2,37) to 6 h (38,39). The durations of the present
studies were therefore set to 6 h for THA and 4 h for LOX.
The rationale 1s that the stresses caused by repeated injections
of anesthetic agent (to maintain anesthesia) and nasal surgery
would build up and induce progressive changes in physiolog-
ical functions such as cardiovascular depression (which will be
discussed in the Discussion) and respiratory depression (40),
and the quality of the obtained PK data might deteriorate
after an extended period of time. We acknowledge the limi-
tation that for certain metabolites a complete PK time profile
could not be obtained by the end of our experiments, which
was particularly obvious for the long-term anesthetized rats.
In these rats, at the last sampling time point, the plasma
concentration of the parent drug had dropped to a low level
while the concentrations of the metabolites remained

relatively high, leading to underestimation of the “true”
AUC values of the metabolites. Taking this into account,
the “true” metabolic ratios in the long-term anesthetized
model should be higher than the present values, and the
differences in metabolic ratio between the long-term
anesthetized model and the other models should be
more (statistically) significant.

Feasibility of Using Short-Term Anesthetized Rat Model
in Nasal Delivery Study

The plasma PK profiles of THA and its metabolites in the
short-term anesthetized model after iv., in. and p.o.
THA administrations are shown in Fig. 3, 4 and 5,
respectively, with calculated PK parameters shown in
Table III. The PK of THA obtained with the short-
term anesthetized model are compared to that with the
other two models as follows.
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Fig. 4 Plasma pharmacokinetic
profiles of (@) THA, (b) I-OH-THA
and (c) 2-OH-THA after i.n. THA
administration (4 mg/kg) in the long-
term anesthetized, short-term
anesthetized and conscious models.
Each point represents mean =+ s.d.
(n=15). * p<0.05 for comparison
with the conscious model. #
p<0.05 for comparison with the
short-term anesthetized model.

iv. THA

According to ANOVA analysis with multiple compari-
sons, there was no significant difference in the t;,o of
THA between the short-term anesthetized model and

Fig. 5 Plasma pharmacokinetic
profiles of (@) THA, (b) I-OH-THA
and (¢) 2-OH-THA after p.o. THA
administration (4 mg/kg) in the long-
term anesthetized, short-term
anesthetized and conscious models.
Each point represents mean =+ s.d.
(n=5). * p<0.05 for comparison
with the conscious model. *
p<0.05 for comparison with the
short-term anesthetized model.

@ Springer

Q

THA plasma Conc. (ng/ml)

1-OH-THA plasma Conc. (ng/ml) T

THA plasmaConc. (ng/ml) Q

1-OH-THA plasma Conc. (ng/ml) T

100

10

2 3 4 5 6
Time (h)
—m— i.n. long-term anesthesia
—A— j.n. short-term anesthesia
—O— i.n. conscious

o —m— i.n.long-term anesthesia
01 —A— j.n, short-term anesthesia
2004 # —o—ln. constious _
# l # £
16017 l/ \l . 2 , g
* # 1 # : 8
1201 1/ ! \1 8
* ' \ ' %
804 IR k* | \l: 3
i I I Q
N 3
405 N l 1 [=
5 el O\I i
0 —— T4 : % >
0 1 2 : 3 .. 4 ! S . 61
Time (h)
C
800+ —m— i.n.long-term anesthesia E
700 —A—i.n. short-term anesthesia > 804
—o—i.n. conscious £
6004 *# *# 2]
*# *# 8 60<
500 x# l 1 g
- * — | —
400 u l - § 0.
3001 l/ a
£
P 7]
] \ I
100 } 9\?\6§6\ 5
0 . e N o9
0 1 2 3 4 5 6 0

Time (h)

conscious model,

Time (h)

whereas the long-term anesthetized

model showed a significantly longer t;,o than that of

the other two models (Table III). In addition, the elim-
ination of the metabolites (1-OH-THA, Fig. 3b; 2-OH-
THA, Tig. 3c) was also much slower in the long-term
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Table I Comparison of Plasma Pharmacokinetic Parameters of THA and Its Metabolites Between the Conscious, Long-Term Anesthetized and Short-Term

Anesthetized Models After THA Administration Via i.v., i.n. and p.o. Routes

Pharmacokinetic parameters i.v. i.n. p.o.
Conscious  Long-term  Short-term Conscious  Long-term Short-term  Conscious Long-term  Short-term
anesthetized  anesthetized anesthetized  anesthetized anesthetized  anesthetized
THA
Tonax (D) N.A. N.A. NLA. 04=+0.1 13x04 0303 05+x02 08=03 [.0+0.3*%
Crnax (ng/ml) 1496254 1800+439 1092156 5020 179427+ 137x66%" 72+19  98+48 63+ 14
AUCq ¢ (ng-h/ml) 628101 756126 71170 61+16 630206 18260%" 10929 217=114% [12+28
AUC . (ng-h/ml) 631 =102 901 =171* 716=x73 63+15 755+371%% 186604 112428 270+118% 118+26
10 (h) 0.8+0.2 32+ 1.2% 09=0.2 [.1+=03 32=x14* [.1+£0.2 [.2+04 27x12% [.2+0.2
Clicta (Ml/min/kg) 107 =15 76+ 4% 93+9 N.A. N.A. N.A. N.A. N.A. N.A.
Vq (Lkg) 5505 13.2+39*% 48%=06 N.A. N.A. N.A. N.A. N.A. NLA.
F (%) N.A. N.A. N.A. 10.0 83.3 259 17.8 29.9 6.4
[-OH-THA
Toax (D) 0.3=0.1 03=+0.1 07+03* 06+02 33+18% 08+02" 05+02 15+09* [.6+0.2%
Crnax (ng/ml) 457+118 515+54 339+51 17079 460+ 141* |76+56" 304+35 356+114  265+4]
AUC ¢ (ng-h/ml) 808+ 115 1968+ 180% 841 +175 333+140 2I37+647* 482+46" 786+80 1383+496* 758138
12 (h) [4+0.2 N.A. [4+0.2 [.7+0.6 NA 20+0.8 20+09 NA [.8+1.0
2-OH-THA
Tonax (D) 0.3=0.1 03=0.1 1.0=£04* 0501 40=17% 18+04* 06x02 16=09* [.4+0.2%
Crnax (ng/ml) 50+ 14 56x6 35+4 188 52+ |6* 13647 33+3 41 =14 2610
AUC ¢ (ng-h/ml) 98+ 1| 217+ 18*% 9813 41 =17 234+ 64* 45+7% 99+8 169 = 60* 89+21
10 (h) [.8+03 N.A. [.5+0.2 2409 NA 27x09 3220 NA 3.0 =21
Metabolic ratio® [4+0.2 3.0+04* [.3+0.2 6012 40=1.1% 31+08% 88+20 95+24 8023

Data are presented as the mean = s.d. (1=15); N.A. not applicable

*p<0.05 for comparison with the conscious model

#p< 0.05 for comparison between i.n. group and p.o. group under the same rat model
# Overall metabolic ratio, calculated as the sum of metabolic ratios of |-OH-THA and 2-OH-THA

anesthetized model than that in the short-term anesthe-
tized model. No significant difference was found in the
tis9 of both THA metabolites between the short-term
anesthetized model and conscious model. Longer T, ..
of the two metabolites were found in the short-term
anesthetized model, which might be due to the inhibi-
tory effect of ether anesthesia on CYP 1A-mediated
metabolite formation in the early period after ether
exposure. Nevertheless, no significant difference was de-
tected in the C,,,« and AUCgg, between the short-term
anesthetized model and conscious model, reflecting the
fading out of the ether’s inhibitory effect on metabolism
(which would be discussed in Discussion). Overall, al-
though there were deviations in the plasma
concentration-time profile (e.g. longer time for the me-
tabolites to reach C,, In the short-term anesthetized
model), systemic exposures (C,,,x and AUCq ) of THA
and its metabolites and the metabolic ratio in the short-
term anesthetized model were comparable to that of the
conscious model, both of which were lower than those
in the long-term anesthetized model.

in. THA

Compared with that in the long-term anesthetized model, the
accumulation of plasma THA was less prominent in the short-
term anesthetized model (with a 2.8-fold and 3.0-fold increase
in Cp,, and AUC 4, comparing with the conscious model,
respectively). Moreover, the Ty, (0.3 h) and t;,9 (1.1 h) of
THA in the short-term anesthetized model were almost the
same as that in the conscious model.

Regarding the metabolites 1-OH-THA (Fig. 4b) and 2-
OH-THA (Fig. 4c), comparable C,,,, and AUCg), were
obtained in the short-term anesthetized model and conscious
model (T'able III), which were much lower than that observed
in long-term anesthetized model.

In the conscious model, the PK profile of parent THA after
1.n. administration was indeed similar to that after p.o. ad-
ministration (similar T\, and t; o), but the bioavailability of
1n. THA (10%) was even lower than that of p.o. THA
(17.8%). The low 1.n. bioavailability of THA in conscious rats
might be due to not only the drainage of drug solution into GI
tract, but also the loss of drug solution caused by sneezing
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during and after nasal dosing. Such difficulty in accurate drug
dosing and low 1.n. bioavailability in conscious rat model was
also encountered by other research groups (e.g. (3,12)). In
addition, the metabolic ratio of 1.n. group (6.0) was much
higher than that of 1.v. group (1.4), but was slightly lower than
that of p.o. group (8.8). This further indicated that most of the
1.n. THA dose was swallowed by the conscious animal into GI
tract, while only a small portion of the nasal dose was
absorbed within the nasal cavity and bypassed the first-pass
metabolism. Applying short-term anesthesia to rats facilitated
the retention and absorption of drug solution inside the nasal
cavity, which helped to reduce the amount of swallowed drug
(metabolic ratio reduced to 3.1) and increase the 1.n. bioavail-
ability to 26%.

p.o. THA

The trends observed after p.o. THA administration were
similar to that after 1.v. and in. THA administrations. In
comparison to the conscious model, although the short-term
anesthetized model had delayed T}, and lower plasma con-
centrations of both THA and its metabolites at the early
period (0-30 min), the C,,,, and AUC g}, values of these
compounds were comparable between these two models,
which were lower than that observed in long-term anesthe-
tized model. The delay in intestinal absorption of THA,
caused by the inhibitory effect of diethyl ether on gastric
emptying and small intestinal transit (41,42), subsequently
led to the delayed formation and T\, of the THA metabo-
lites. The oral bioavailability (F) and t; o of THA in the short-
term anesthetized model were virtually the same as that in the
conscious model, both of which were significantly lower than
that in the long-term anesthetized model. This indicates that
the short-lasting ether anesthesia did not impose prominent
changes in the overall absorption and disposition of THA,
while the long-lasting ketamine/xylazine anesthesia could
have notable impact on the clearance of THA, leading to
overestimation of oral THA bioavailability.

DISCUSSION

Although the long-term anesthetized surgical model described
by Hussain in 1980 (2) has been frequently adopted by re-
searchers to compare the nasal delivery efficiency of different
candidate compounds or different formulations, the appropri-
ateness of this classic model for PK investigation has not been
systematically evaluated. Using LOX and THA as model
drugs, the present study for the first time clearly demonstrated
that the PK data of the nasal drugs and their metabolites
obtained with the long-term anesthetized model differed dra-
matically from those with normal, non-manipulated conscious
model.
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Deviation of PK in the Long-Term Anesthesia Model
From the Conscious Model

Results from both in. LOX and 1.n. THA demonstrated that
accumulation of the parent drug and its metabolites occurred
in the classic long-term anesthetized surgical model in com-
parison to the conscious model. The factors causing the devi-
ation of PK profile of nasal drug in the long-term anesthetized
model from that in the conscious model are discussed as
follows.

The long-term anesthetized rats were kept in supine posi-
tion throughout the experimental period, and the drug solu-
tion resided in the nasal cavity and had an intimate contact
with the nasal mucosa. In contrast, loss of drug solution during
dosing (difficult to dose the moving and struggling animal) and
after dosing (due to nasal mucociliary clearance, drainage into
GI tract, and expulsion of the drug because of sneezing) could
occur in the conscious rat model and, therefore, only a portion
of the dose 1s available for nasal absorption. Thus, the extent
of nasal absorption of drug is expected to be much higher in
the long-term anesthetized model than that in the conscious
model, and the absolute bioavailabilities of nasal drugs ob-
tained with the long-term anesthetized model could be rela-
tively high (approaching 100%) for small lipophilic com-
pounds such as LOX and THA. In addition to nose-to-
systemic circulation delivery, the appropriateness of the
long-term anesthetized model for nose-to-brain delivery has
also been questioned (43) since pooling of the nasal solution in
the olfactory region would lead to exaggeration of the nose-to-
brain delivery efficiency, which does not occur in conscious rat
in a “normal position”.

Drug metabolism could be hampered in the long-term
anesthetized model. Many anesthetic agents have direct sup-
pressive effects on rat CYP activities (44,45). In vivo studies
suggested that acute ketamine treatment could moderately
inhibit rat hepatic CYP 3A activities by 20—40% for at least
4 to 8 h (9,44,45). In addition, ketamine was also found to shift
the metabolic pathway of cocaine from CYP 3A-mediated N
desmethylation to methylesterase-mediated hydrolysis in rats
(46,47). Since the metabolic conversion of LOX to AMOX is
mainly catalyzed by CYP 3A-mediated M-desmethylation (25),
ketamine might directly inhibit the formation of AMOX. The
MN-desmethylation of 7-OH-LOX to the secondary metabolite
7-OH-AMOX might also be inhibited in the same manner. In
both i.n. and i.v. groups, the formations of AMOX and 7-
OH-AMOX were suppressed (decreased metabolic ratios of
AMOX and 7-OH-AMOX) in the anesthetized model in
comparison to the conscious model (Table II). Consequently,
the metabolic pathway of LOX shifted from CYP 3A-
mediated MN-desmethylation (25) to CYP 2D-mediated 7-
hydroxylation (25), leading to increased formation of 7-OH-
LOX in the anesthetized model. Ketamine and xylazine could
reduce the amount of unoccupied CYP 3A available for LOX
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metabolism since ketamine (48) and xylazine (49) are almost
exclusively metabolized by CYP 3A in rat liver. A previous
study (40) found that within the first 2 h after a single injection
of 80 mg/kg ketamine with 5 mg/kg xylazine to rats, the
plasma concentrations of ketamine and xylazine were between
6—13%10° and 100-200 ng/ml, respectively. Considering
that the doses and plasma concentrations of ketamine and
xylazine were much higher than those of LOX and they were
repeatedly injected to maintain long-term anesthesia, compet-
itive inhibition was likely to contribute to the reduced CYP
3A-mediated AMOX and 7-OH-AMOX formation in the
long-term anesthetized model. Ketamine was also found i vitro
to reduce the rat liver microsomal activity toward CYP 3A
substrate by competitive inhibition (44). On the other hand,
since THA 1s mainly metabolized by CYP 1A (50) and keta-
mine did not alter rat hepatic CYP 1A activities (44,45), the
long-term anesthesia should have limited influence on the
formation rate of THA metabolites. This was reflected on
the formation of THA metabolites in the initial 30 min after
1.v. THA administration, since similar PK profiles (enlarged
Fig. 3b and ¢) and T, (Table III) of both 1-OH-THA and 2-
OH-THA were obtained between the long-term anesthesia
model and the conscious model. Therefore, the accumulation
of THA metabolites observed in the long-term anesthetized
model should be caused by other mechanisms such as reduc-
tion in renal elimination, which could be the rate-limiting step
in the systemic disposition of the THA metabolites.

Total hepatic blood flow is usually decreased during anes-
thesia with various anesthetics including ketamine (51). The
majority of the anesthetics decrease portal blood flow in
association with a decrease in cardiac output (51). In rats
anesthetized with a single injection of ketamine/xylazine, both
the heart rate and blood pressure are suppressed by 20—40%
(52,53). More importantly, the suppression on cardiovascular
function persists for at least 4 h after the ketamine/xylazine
injection (40,52). Such reduction in cardiac output might in
turn reduce the blood flow to liver and kidney, which receive
17% and 14% of cardiac output, respectively (54). Both LOX
and THA are highly extracted drugs (>70%). Since the he-
patic clearance of highly extracted drugs is hepatic blood flow-
dependent, anesthesia-induced reduction in hepatic blood
flow could have significant impact on the metabolic conver-
sion of both drugs. At 4 h after anesthesia with ketamine/
xylazine and surgery in rats, the portal venous blood flow
could be lowered by 40% compared with rats 3 days after
anesthesia and surgery, which had their portal venous blood
flow returned to baseline level (9). The systemic clearance of
1.v. midazolam (CYP 3A probe substrate) was also lowered by
40% 1in rats 4 h after anesthesia and surgery compared with
rats 3 days after anesthesia and surgery (9). In the long-term
anesthetized model, the systemic clearances of 1.v. LOX and
1.v. THA were lowered by 40% and 30% respectively, which
were consistent with the proposal that anesthesia-induced

reduction in hepatic blood flow was the main mechanism
behind the suppressed systemic clearance of the parent drugs.

Renal elimination of drug and its metabolites could also be
retarded in the long-term anesthetized model. Most of the
injectable anesthetics including ketamine could reduce renal
blood flow, glomerular filtration rate and urine flow rate in
rats (55), even when they are administered at subanesthetic
doses (56). The effect of anesthesia on the biodistribution of
carboplatin, the major clearance route of which is through
urinary excretion, was studied in rats (57). Ketamine/xylazine
anesthesia, similar to other injectable anesthetics, increased
the accumulation of platinum in both plasma and tissues
including the brain, and anesthesia-induced alteration in renal
function was suggested to be the reason for the enhanced drug
accumulation. Since the CL,,; of i.v. LOX and THA in the
conscious model exceeded the rat hepatic blood flow (60 ml/
min/kg (54)), extrahepatic clearance should also be taken into
account. Renal clearance is an important route of elimination
of THA, LOX and their metabolites in rats. THA is excreted
in urine mainly as 1-OH-THA and, to a lesser extent, 2-OH-
THA and THA (27). LOX is excreted as glucuronides of the
7-hydroxylated metabolites (26) and as glucuronide of LOX
(58). Therefore, ketamine/xylazine might reduce renal clear-
ance of the drugs in the anesthetized model through the
following two mechanisms: (i) reduction in renal blood flow
leading to reduced glomerular filtration, and (ii) inhibitory
effect of ketamine on renal glucuronidation enzymes (59)
leading to reduced renal extractions of LOX and its metabo-
lites. Moreover, a study by Yang e al (10) suggested that nasal
surgery itself could suppress the systemic clearance of stavu-
dine, a drug that is eliminated from rats mainly by urine as
unchanged drug (60), although the underlying mechanism
remained to be elucidated. In addition to kidney, extrahepatic
clearance might also occur in other organs such as the brain
and lung. However, information is limited and the few i vitro
studies could not identify any metabolite formation when
THA was incubated with rat brain homogenate (61) or when
LOX was incubated with human lung microsomes (62).
Therefore, kidney could be the major organ responsible for
the extrahepatic clearance of the two drugs.

The possibility of nasal metabolism (16) cannot be exclud-
ed. Phase I enzymes such as CYPs and conjugative Phase 1I
enzymes such as UDP-glucuronyltransferases have been iden-
tified in both the nasal respiratory mucosa (63) and olfactory
mucosa (64) of rats. Both qualitative and quantitative differ-
ences exist between nasal mucosa and liver in terms of CYP
expression. In rats, some isoforms are expressed in olfactory
mucosa but not in the liver (e.g. CYP 1Al), whereas some
1soforms (e.g. CYPs 2D2, 3A1 and 3A2) are expressed only in
liver (65). An i vitro study found that the affinity (K,,) of rat
olfactory mucosa microsomes toward phenacetin (metabo-
lized mainly by CYPs 1Al and 1A2) were about 10 times
higher than that of rat liver microsomes, whereas V.«
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confirmed the high activity of olfactory mucosa toward this
substrate in comparison to the liver (V,,,, 4-fold higher in
olfactory mucosa microsomes) (65). It is possible that in addi-
tion to swallowing of THA into GI tract, CYP [ A-mediated
THA metabolism at the nasal mucosa also contributed to the
relatively high metabolic ratio (6.0) in the 1.n. conscious model.
In contrast, exposure to ether might inhibit CYP 1A activities
(66) of the nasal mucosa, which in turn lowered the metabolic
ratio (3.1) in the i.n. short-term anesthetized model.

The potential effect of anesthesia on drug plasma protein
binding is considered. Although the percentage of LOX
bound to plasma protein is uncertain, its metabolite AMOX
shows high protein binding (~90% in human plasma) (67),
and their affinities to the plasma protein a;-acid glycoprotein
are at least comparable to that of propranolol (>70% bound
to o-acid glycoprotein) (68,69). THA and 1-OH-THA are
moderately bound to plasma protein (~60%) but they are only
weakly bound to a-acid glycoprotein (70-72). On the other
hand, both the plasma protein binding and o;-acid glycopro-
tein binding of ketamine are in the range of 20—40% (73) and
independent of ketamine concentrations (74). Therefore,
based on the capacity and concentration independency of
ketamine plasma protein binding (75), it is not likely that it
would displace LOX, THA or their metabolites from the
plasma protein to increase their plasma unbound fraction.

The PK differences between different rat models were
route-dependent. For instance, the AUCq_,, of LOX and
THA increased by around 80% and 40%, respectively, in
the long-term anesthetized model compared with the con-
scious model after 1.v. drug administrations, whereas the
AUC_ increased by around 280% and 1100%, respectively,
in the long-term anesthetized model after i.n. drug adminis-
trations. On the other hand, the exact effects of long-term
anesthesia on drug bioavailability were difficult to judge after
p-o. drug administration since the absorption of drug in GI
tract was severely retarded and was not yet finished, and a
complete PK profile might not be obtained within the exper-
imental period. Therefore, accurate determination of the
absolute bioavailability (AUC;,, vs AUG;,) or the relative
bioavailability (AUG,; ,, vs AUC,, ) of a nasal drug still could
not be achieved even if long-term anesthesia had been applied
to all the administration groups.

Potential Advantages of the Short-Term Anesthetized
Model

Since the physiological conditions of the animals in the classic
model (long-term anesthetized with nasal surgery) are quite
different from that in the actually clinical practice, transiently
sedated rats (short-term anesthetized) without nasal surgery
were also employed in several studies to investigate the ab-
sorption and PK of nasal drugs (12,76,77). To induce short-
term anesthesia, inhalation anesthetic agents like diethyl ether,
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halothane, or isoflurane are applied for a few minutes to
immobilize the animal which facilitates the nasal drug admin-
istration, and the animal is allowed to recover from anesthesia
and regain consciousness within a short period (e.g. several
minutes). The potential advantages of the short-term anesthe-
tized model for nasal delivery studies are discussed as follows.

The PK parameters of i.n., i.v., and p.o. THA obtained
with the conscious model were much more comparable to that
obtained with the short-term anesthetized model than those
obtained with the long-term anesthetized model. Liu ¢ al (66)
found that although the activities of CYP 1A and CYP 2B in
liver and kidney were inhibited by 20 to 70% after 6 min of
dicthyl ether exposure to rats, their activities in most cases
could restore to normal level within 30 to 120 min. In addi-
tion, the inhibition of CYP activities by diethyl ether depends
on the exposure period. The shorter the period of exposure,
the less inhibitory effect it will have on the CYP activities and
the faster the activities recover (78-80). In the present study,
3 min of diethyl ether exposure (half of that applied by Liu
et al. (66)) was applied to induce anesthesia, and the rats could
recover from anesthesia (with obvious struggling to right
themselves) within 47 min. Although 2 min of diethyl ether
exposure was sufficient to abolish the righting reflex, accurate
nasal dosing could not be achieved since sneezing of the
administered nasal dose still existed in most of the rats.

For the initial 15 min after i.v. THA administration, the
amounts of metabolites (i.e. 1-OH-THA and 2-OH-THA)
generated in the short-term anesthetized model was signifi-
cantly lower than that in the conscious model (enlarged figures
of Fig. 3b and c), which could be attributed to the suppressed
CYP activities after diethyl ether anesthesia. However, the
elimination phases of THA and its metabolites (from 1 to
6 h) after 1.v. THA administrations in the short-term anesthe-
tized model were similar to that in the conscious model with
no significant difference in t; o and CLy,, (Fig. 3, Table III),
which indicated that the activities of CYP-mediated metabo-
lism had recovered to normal level. This is consistent with a
previous report that an exposure of 5 to 10 min of diethyl
ether did not affect the overall plasma clearances of the four
probe substrates of CYPs 1A, 2B/2C, 2D1 and 3A in rats (45).
The initial inhibition of metabolic enzymes by diethyl ether
led to longer T, of THA metabolites. However, the AUC
values of THA, 1-OH-THA and 2-OH-THA obtained in the
short-term anesthetized model were similar to that obtained in
the conscious model, but were significantly higher in the long-
term anesthetized model (Table IIT). The absolute bioavail-
ability of .n. THA in the short-term anesthetized model (26%b)
was much closer to that in the conscious model (10%) than to
that in the long-term anesthetized model (83%), reflecting the
close resemblance of the short-term anesthetized model to the
conscious model. Moreover, inhalation anesthetics tend to
have fewer cardiovascular and hemodynamic effects in ro-
dents than the injectable anesthetics (81,82). While



PK Difference between Three Common Rat Models of Nasal Delivery

2121

ketamine/xylazine anesthesia induces severe cardiovascular
depression (83) which could, in turn, reduce blood flow to
organs responsible for elimination of drugs and their metab-
olites (1.e. liver and kidney as discussed above), the influences
on organ perfusion are expected to be smaller in animals
anesthetized temporarily with inhalation anesthetics although
the influences depend on the anesthetic applied (84).

In summary, the PK of nasal drug obtained with anesthe-
tized rat models differ from that with conscious rat model due
to altered absorption, metabolism and elimination processes.
The long-term anesthesia and invasive nasal surgery applied
to the classic rat model (2) could severely retard the systemic
elimination of the nasal drug and its metabolites, leading to
overestimation of the nasal bioavailability. The short-term
anesthetized model, on the other hand, seems to be more
suitable than the long-term anesthetized model for nasal PK
study since the impact on drug PK is smaller and temporary
while accurate nasal dosing could still be achieved. The inva-
sive nasal surgery is avoided, which enables higher throughput
and makes the short-term anesthetized model more physio-
logically plausible since the surgical trauma and repeated
anesthesia imposed to the animals could interfere with the
outcomes of PK and pharmacodynamic assessments. The
animals are allowed to recover for further assessments over a
prolonged period of time in the short-term anesthetized mod-
el, whereas the duration of experiment is at most 4 to 6 h in
the long-term anesthetized model due to the tremendous
stress caused by repeated anesthesia and nasal surgery, mak-
ing it an unsuitable model for PK investigations of drugs with
relatively long half-lives (e.g. t 0 >2—4 h).

CONCLUSION

For nasal drug delivery studies, PK data obtained from anes-
thetized rats must be analyzed with caution since anesthesia
could have profound impacts on the drug PK processes, and
the impacts depend on the rat model adopted. Accumulations
of the drug and its metabolites were prominent in the long-
term anesthetized model since their systemic eliminations
were severely retarded. In contrast, PK data obtained with
the short-term anesthetized non-surgical model resembled
that with the conscious model. While the use of anesthesia is
necessitated for accurate nasal dosing to rats, the short-term
anesthetized model might be a better model than the classic
long-term anesthetized model in the PK investigation of nasal
drug delivery.
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