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Abstract Purpose: The aim of this study was to deter-
mine the usefulness of receptor occupancy theory-based
analysis using pharmacokinetic and pharmacodynamic
parameters for predicting the average receptor occu-
pancy (®g) in humans of each of five 5-HT; antagonists
administered at standard doses. Methods: The relation-
ship between the ®y value and the complete vomiting
inhibition rate after a single intravenous administration
of cisplatin (not less than 50 mg/m?) was analyzed.
Results: The predicted dp values after intravenous
administration and oral administration of 5-HT;
antagonists were more than 65% and 50%, respectively,
suggesting that relatively high receptor occupancy is
required to elicit sufficient antiemetic effects of 5-HT;
antagonists. Moreover, significant (P <0.05) linear
relationships were found between @y values and com-
plete vomiting inhibition rates of 5-HT; antagonists in
preventive cisplatin therapy, with correlation coefficients
higher than 0.9, suggesting that the 5-HT; receptor
occupancy is an appropriate index of clinical efficacy of
5-HT; antagonists, with higher receptor occupancy
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indicating more extensive antiemetic action. Conclusion:
The receptor occupancy theory-based analysis of the
antiemetic effect of a 5-HTj; receptor antagonist used in
this study should be very useful for not only estimating a
rational dosage regimen but also determining the stan-
dard dose of a new drug using experimental data ob-
tained in a preclinical study.
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Introduction

Nausea and vomiting are common and distressing side
effects associated with chemotherapy for malignant dis-
ease and are the principal cause of discontinuation of
cancer chemotherapy. Prevention of these side effects is
important for ensuring continuation of chemotherapy
and for improving patient quality of life [1-6]. One of the
main mechanisms of nausea and vomiting induced by
antineoplastic agents is activation of 5-HT; receptors,
which exist on vagus nerve afferent fibers in the small
intestine mucous membrane [7—10]. Antineoplastic drugs
have been shown to elicit direct effects on the intestine
and to induce the release of serotonin from enterochro-
maffin cells in the small intestinal mucosa, where more
than 90% of the total body serotonin is contained. It is
thought that released serotonin stimulates vagal afferent
fibers through 5-HTj; receptors located in the vagal
afferent terminals in the gastrointestinal tract and initi-
ates sensory signals to the area postrema and the emetic
center, thereby initiating nausea and vomiting. 5-HTj3
antagonists competitively inhibit serotonin at its specific
binding sites, 5-HT; receptors, and thereby elicit an
antiemetic effect. Therefore, receptor occupancy may be
a more appropriate indicator of the antiemetic activity of
a 5-HTj; antagonist than its dose or blood concentration.

In this study, we analyzed receptor occupancy (®g) of
5-HT; antagonists by integrating pharmacokinetic and
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receptor-binding kinetic parameters published in the
literature based on receptor occupancy theory [11-13,
31-34] in order to quantitatively determine the rela-
tionship between ®y and antiemetic efficacy.

Materials and methods

Pharmacokinetic and pharmacodynamic
parameters of 5-HT3 antagonists

The area under the plasma concentration-time curve
(AUCq ..) [14-22] and value of the plasma unbound
fraction (f,) [23-27] of both parenteral preparations
(granisetron hydrochloride, ondansetron hydrochloride,
azasetron hydrochloride, and ramosetron hydrochlo-
ride) and oral preparations (granisetron hydrochloride,
ondansetron hydrochloride, azasetron hydrochloride,
ramosetron hydrochloride, and tropisetron hydro-
chloride) of 5-HT; antagonists were obtained from the
reported data of a phase I clinical trial. The value of
the pharmacodynamic parameter receptor dissociation
constant (Ky) of each drug was obtained from reported
results of in vitro binding inhibition experiments using
radioactive ligands in the cerebral cortex of rats [28—
30]. The dose stated in the product package insert of
each drug for use in Japan was taken as the standard
dose of each drug.

Calculation of receptor occupancy of 5-HT; antagonists

5-HT; antagonists bind to receptors by competing with
serotonin, which is an agonist for 5-HT; receptors, and
the efficacy of the antagonists is elicited by displacement
of serotonin from 5-HTj; receptors [13]. These molecular
interactions can be represented as follows:

A+RZAR, Ka =Ax R/AR (1)

(2)

where R is the concentration of unoccupied receptors, A
and B are the effective (unbound) concentrations of an
agonist (serotonin) and an antagonist near 5-HT;
receptors, respectively, and K, and Ky represent the
dissociation constants of the agonist and antagonist,
respectively. The total receptor concentration (Ry) is the
sum of the occupied and unoccupied receptors:

Ry =R+ AR + BR

B+ R=BR, Ky =BXxR/BR

3)

The occupancy of 5-HT; receptors by the antagonists
(®p) can be expressed by the following equation:
BR

Qg =—x1
B ROX 00

(4)

Substitution of Eqgs. 1-3 into Eq. 4 gives the follow-
ing equation:

B

= x 100
Kp(1+A/Kx)+ B

B (5)
Therefore, ®p can be predicted from the drug con-
centration near receptors and dissociation constants. The
concentration of a 5-HT3 antagonist near receptors (B)
was approximated by the unbound drug concentration in
plasma (Cp’, nanomoles), since it can be assumed that
drug transfer across capillary vessels is due to simple dif-
fusion and there is no active transport process. Plasma
unbound drug concentrations at steady-state (Css') were
calculated from AUC, .. and f, after intravenous or oral
administration of each drug at the standard dose.
Metabolites of each 5-HT3 antagonist were not taken into
consideration in this study, since their contribution to
antiemetic efficacy is considered to be small. On the other
hand, ®g should vary with change in concentration of
serotonin (A) as an agonist. It was assumed that the value
of A was smaller than that of K4 (150 n M) (A«K,) [28]
and that its variation after administration of a 5-HT;
antagonist would not affect the value of ®g. Accordingly,
@ could be predicted by the following equation:
f
P00
Kg +Cp

x 100 =

(6)

(I) =
B K +B

Relationship between receptor occupancy of 5-HTj;
antagonists and antiemetic action after administration
of cisplatin

We analyzed the relationship between the average recep-
tor occupancy of 5-HT; antagonists (®p) predicted as
described above and antiemetic effects. We obtained
complete vomiting inhibition rates from the antiemetic
effects observed with preventive and curative intravenous
administration and with preventive oral administration of
5-HTj; antagonists after a single intravenous administra-
tion of cisplatin (not less than 50 mg/m?) found in clinical
studies conducted in Japan [35-45]. It was also assumed
that each drug examined acted as a complete antagonist,
and the antiemetic effect (Eg) of a 5-HT; antagonist after
administration of an antineoplastic agent could therefore
be expressed as a function of @g.

Eg = f(®p) (7)

Results

Pharmacokinetic and pharmacodynamic parameters
of 5-HTj; antagonists

AUC,_.., f,, and Ky values of each 5-HT; antagonist at
standard (curative) doses obtained from the literature
are shown in Tables 1 and 2. Table 1 summarizes the



Table 1 Pharmacokinetic and pharmacodynamic parameters of
four parenteral 5-HT; antagonists

Drug Dose AUC .. fu K; (nM)
(mg)*  (ng h/ml)

Granisetron 3 63.06 [14] 0.33 [23] 0.41 [28]
hydrochloride

Ondansetron 4 153.2 [15] 0.12 [24] 1.3 [28]
hydrochloride

Ramosetron 0.3 18.71 [16] 0.09 [25] 0.033 [29]
hydrochloride

Azasetron 10 247.1 [17] 0.69 [26] 0.54 [28]
hydrochloride

#Average/standard dose.

Table 2 Pharmacokinetic and pharmacodynamic parameters of
five oral 5-HT3 antagonists

Drug Dose AUC .. fu Ky (nM)
(mg)*  (ng h/ml)

Granisetron 2 46.51 [18] 0.33 [23] 0.41 [28]
hydrochloride

Ondansetron 4 74.8 [19] 0.12 [24] 1.3 [28]
hydrochloride

Ramosetron 0.1 2.895 [20] 0.09 [25] 0.033 [29]
hydrochloride

Azasetron 10 215.1 [21] 0.69 [26] 0.54 [28]
hydrochloride

Tropisetron 5 60.8 [22] 0.4 [27] 1.03 [30]
hydrochloride

#Average/standard dose.

parameters for parenteral drugs, and Table 2 summa-
rizes the parameters for oral drugs. As shown in
Tables 1 and 2, the Ky values of the drugs examined
differed by up to almost 40-fold, although the K; value
of each drug is lower than the 150 n M of serotonin. The
AUC_.., values of the drugs examined differed by up to
almost 80-fold.

Receptor occupancies of 5-HT; antagonists

Predicted values of average receptor occupancy (®Pg)
after intravenous administration of each 5-HT; antag-
onist at the standard dose are listed in Table 3, and
those after oral administration are shown in Table 4.
The value of ®p after intravenous administration was

Table 3 Average 5-HT; receptor occupancies of four 5-HT;
antagonists after intravenous administration of standard doses
(Cssf unbound concentration of 5-HT; antagonists at steady-state,
@y average 5-HTj; receptor occupancy of 5-HT; antagonist)

Drug Dose (mg) Cssf (nM) Dg (%)
Granisetron hydrochloride 3 2.78 87.1
Ondansetron hydrochloride 4 2.61 66.8
Ramosetron hydrochloride 0.3 0.25 88.5
Azasetron hydrochloride 10 20.2 97.4
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Table 4 Average 5-HT; receptor occupancies of five 5-HT;
antagonists after oral administration of standard doses (Cssf
unbound concentration of 5-HT; antagonists at steady-state, ®p
average 5-HT; receptor occupancy of 5-HT; antagonist)

Drug Dose (mg) Cssf (nM) Py (%)
Granisetron hydrochloride 2 2.05 83.3
Ondansetron hydrochloride 4 1.27 49.5
Ramosetron hydrochloride 0.1 0.04 54.4
Azasetron hydrochloride 10 17.6 97
Tropisetron hydrochloride S 3.56 77.6

predicted to be relatively high (not less than 65%), al-
though there were large differences in the standard dose
K| value and Css’ among the drugs examined. The value
of ®p after oral administration was predicted to be more
than 50%.

Relationship between receptor occupancy of 5-HTj;
antagonists and antiemetic effects after administration
of cisplatin

Regarding efficacy of 5-HT; antagonists in cisplatin
therapy, the relationships between standard dose and
plasma unbound drug concentrations at steady-state
(Css") and complete vomiting inhibition rates for pre-
vention or cure [35-45] were analyzed. No significant
positive correlations were found in these relationships.

The relationships between average receptor occu-
pancy (®p) and complete vomiting inhibition rate for
prevention and cure are shown in Fig. 1. Significant
(P<0.05) positive relationships were found between
complete vomiting inhibition rate of the 5-HT; antago-
nists after intravenous and oral administration for pre-
vention.

Discussion

When drug action is elicited by specific receptors, it is
important to clarify kinetically the relationship between
drug concentration in the region of the site of action of
the drug and binding of the drug to receptors. Therefore,
receptor occupancy of a drug is considered to be a
rational index of curative effectiveness. In this study, we
predicted the average receptor occupancy by integrating
pharmacokinetic and pharmacodynamic parameters
after administering 5-HT; antagonists, aiming to estab-
lish the relationship between ®p and efficacy.

In this study, we assumed that 5-HTj; receptor
antagonists are transported across capillary walls by
simple diffusion, not mediated by a special transport
mechanism, and that drug permeability across vessels is
not the rate-determining step for exhibiting their effi-
cacy. Thus, the drug concentration in the intercellular
space of the small intestine was assumed to be equivalent
to the plasma unbound drug concentration. Confirma-
tion of the validity of this assumption would require
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Fig. 1 Relationships between antiemetic effects and average and the pA, value of the depolarization reaction in the
receptor occupancy of 5-HT; antagonists: A intravenous adminis- vagus nerve of the rat [29]. Therefore, the use of the K;

tration for prevention; B intravenous administration for cure after value in the cerebral cortex in this studv seems to have
development of vomiting; C oral administration for prevention . y
been appropriate.

measurements of unbound drug concentrations in the It is thought that the concentration of released sero-
gut using a microdialysis technique. No such data are tonin around 5-HTj receptors differs among antineo-
currently available. plastic drugs. Since data on amounts of serotonin

The data used in this study were obtained from many released by antineoplastic drugs at the gastrointestinal
reports. Pharmacokinetic data were obtained from re- mucous membrane were not available, it was not pos-
ported results of clinical studies using standard doses, sible to take this possible difference into consideration in
and data on receptor binding affinity were obtained this study. It has been reported that the concentrations
from reported results of studies using the same animal of serotonin and its metabolite, 5-HIAA, in plasma do
species and the same tissue region. not change but that urinary 5-HIAA excretion increases

Organ-derived and species-derived differences in the after antineoplastic treatment in cancer patients experi-
K values (as receptor dissociation constants) among the encing nausea and vomiting [47, 48]. Therefore, deter-
many 5-HTj; antagonists are shown in Fig. 2. The rela- mination of time courses of the amounts of serotonin
tionship between K;j values in the rat cerebral cortex and released by antineoplastic agents would be required for
intestine is shown in Fig. 2A, and the relationship detailed analysis.
between Ky values in the rat intestine and human jeju- The predicted average receptor occupancy of all of
num is shown in Fig. 2B. Significant correlations were the drugs examined in this study were relatively high
found in both relationships, with correlation coefficients (more than 65%) after intravenous administration and
of 0.93 (P<0.001) and 0.90 (P<0.01), respectively, more than 50% after oral administration. These results
suggesting that organ-specific and species-specific dif- can be explained by the spare receptor theory. Linear
ferences in the K; values of 5-HT; receptors are small relationships were found between average receptor
[46]. Moreover, it has been reported that there is a good occupancy and complete vomiting inhibition rates of all
correlation between the K value in the cerebral cortex of the 5-HT; antagonists used in cisplatin therapy, with

Fig. 2 Difference in 5-HT; A B
receptor dissociation constants 100
between rat and human.
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correlation coefficients of 0.99 and 0.91 (P <0.05) after
intravenous and oral administrations for prevention,
respectively. These results suggest that 5-HT; receptor
occupancy is an appropriate index of clinical efficacy of
5-HT; receptor antagonists, with higher receptor occu-
pancy indicating more extensive antiemetic action.
Concerning ondansetron, dosage differs between Japan
(4 mg for oral and intravenous administration) and the
US (24 mg for oral administration and 32 mg for
intravenous administration). The average receptor
occupancy after these dosages in the US have been
found to be 85.4% for oral administration and 94.1%
for intravenous administration, respectively. This sug-
gests that the dosage of ondansetron in Japan is low.

The analysis based on the receptor occupancy theory
of the antiemetic effect of a 5-HT; receptor antagonist
used in this study should be very useful for not only
estimating the rational dosage regimen but also deter-
mining the standard dose of a new drug using experi-
mental data obtained from a preclinical study.
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