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The mean interconversion time and recycling numbers are introduced as intrinsic metabolic intercon-
version and distribution parameters for drugs undergoing linear reversible metabolism. Equations for
these parameters, the distribution clearance, and the mean transit time in the central and peripheral
compartments are derived for a metabolic pair where interconversion and elimination occur in central
compartments. These parameters can be calculated from plasma concentration versus time slopes and
intercepts, AUC, and AUMC data of parent drug and its metabolite partner following iv administration
of each compound. The mean time analysis is illustrated with disposition data obtained previously for
methylprednisolone and methylprednisone in the rabbit. Examination of mean times and additional
properties of the system reveals that total exposure time of methylprednisolone is weakly influenced
by the metabolic interconversion process, whereas the total exposure time of methylprednisone is
strongly influenced by the process. In addition, the tissue distribution processes moderately influence
the total exposure times of both compounds. The derived mean time parameters, along with previously
evolved equations for clearances, volumes of distribution, moments, and mean residence times allow
comprehensive analysis of linear, multicompartmental reversible metabolic systems.

KEY WORDS: reversible metabolism; mean metabolic interconversion time; mean transit time; mean
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INTRODUCTION

Tissue distribution, metabolic interconversion, and en-
terohepatic recycling are pharmacokinetic factors that may
increase transit times and prolong the duration of exposure
of drug to target tissues. The mean residence and transit
times (MRT and MTT.) in the peripheral tissues have been
proposed as indicators of tissue persistency of gentamicin
and other drugs (1,2). Similarly, the degree of conservation
or exposure enhancement afforded by metabolic intercon-
version can be described in terms of the mean interconver-
sion time (MIT), which is defined as the mean time for a
parent drug molecule (or a metabolite molecule) to be con-
verted to its metabolite molecule (or parent drug molecule)
and back converted once.

The role of reversible metabolism has been gradually
appreciated. Methods for obtaining various pharmacokinetic
parameters, particularly clearances and volumes of distribu-
tion, for this class of compounds have been developed (3—
10). Recently, more specific methods for calculating the
mean residence time parameters for drugs undergoing re-
versible metabolism have been proposed for paired one (11)-
or two (12)-compartment models. This report extends these
principles and mean time concepts to evolve methods for
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calculating the distribution clearance, recycling numbers,
and mean transit and interconversion times for drugs subject
to linear reversible metabolism. Derivation methods based
on system approaches (1,13) were utilized. Comprehensive
equations are developed for parameters that may provide
insight into the principles of conservation or exposure en-
hancement of drugs via tissue distribution and/or reversible
metabolism. The application of these methods is illustrated
by an extended pharmacokinetic analysis of the interconver-
sion between methylprednisolone and methylprednisone in
rabbits.

THEORETICAL

For a bolus drug with linear disposition and subject to
reversible metabolism (Fig. 1), the rate of irreversible drug
elimination from the central compartment is CL,, - C,(1),
the rates of drug distribution and biotransformation to me-
tabolite are CLy,, - C(#) and CL,, - C(¢), and the rates of
drug return from the peripheral space (1) and from back
conversion of the metabolite are Vc, - C,(f) * hy(#) and
CL,, - C (9, where the asterisk denotes convolution and
the symbols are defined and depicted in Fig. 1. By definition,

P = CL,/(CL,; + CLyp,) M

where CL,, = CL,, + CL,, and P equals the probability of
a parent drug molecule leaving the central compartment via
irreversible elimination and/or reversible metabolism. Con-
sequently, 1 — P equals the probability of peripheral tissue

1003 0724-8741/90/1000-1003$06.00/0 © 1990 Plenum Publishing Corporation



1004

Peripheral Space

Peripheral Space

Fig. 1. Basic reversible metabolic system. C,(¢) and C(!) are
plasma concentrations of parent drug and of metabolite at time z;
V¢, and Vc,, are central volumes of distribution of parent drug and
of metabolite; CL,, is the conversion clearance of parent drug to
metabolite; CL,, is the conversion clearance of metabolite to parent
drug; CLy,, and CLp,, are the distribution clearances of parent drug
and of metabolite; CL,, and CL,, are the total exit clearances of
parent drug and of metabolite; and £,(#) and h(?) are the distribu-
tion functions of parent drug and of metabolite similar to the defi-
nitions provided in Ref. 1.

distribution of the parent drug molecules. Similarly, the con-
stant Q can also be defined as

Q =1- [CL12 ’ CL21/(CL“ . CL22)] (2)

where CL,, = CL,, + CL,,;, and Q equals the probability of
a parent drug molecule not being subject to reversible me-
tabolism. Thus, 1 — Q equals the probability of a parent drug
molecule being converted to metabolite and being back con-
verted, and the constant M can be defined by

M=0-P+{d-P-(1-0) 3

which equals the probability of peripheral tissue distribution
of a parent drug molecule being or not being subject to re-
versible metabolism. Let N, denote the number of the parent
drug molecules initially injected intravenously into the cen-
tral compartment, then Ny - [(1 — P) + (1 — P)- (1 — Q)]
parent drug molecules will distribute at least once to the
peripheral system, and of these, Ny - [(1 — P)- P + (I —
P)-P-(1 — Q) - Q] molecules will be eliminated following
the first return to the central compartment from the periph-
eral system. By induction, it follows that of the N, parent
drug molecules initially injected, before being eliminated
No-[1 =Py -P+(1—-P)y-P-(1 - Q)-Qldistribute
r times to the peripheral system after undergoing or not un-
dergoing s times metabolic interconversion. Let M, and N,
be the random variables representing the number of times (r)
that a parent drug molecule distributes into the peripheral
system and the number of times (s) that a parent drug mol-
ecule converts to metabolite and back converts. The fre-
quency distributions of M, and M_ N, are

fr)=PM) =Ny -[(1 —Py -PlINg=(~-P)y-P
(4a, b, ¢

and

fir,s) = PIM.N) = Ny - [(1 — Py -P-(1 — Q) - QlN,
= -PY-P-(1-0QrQ
(52, b, ©)

Cheng and Jusko

where P(M,) is the probability that the random variable M,
equals r, P(M,N,) is the probability that the random vari-
ables M, and N, equal r and s. According to probability
theory (14), the expected values of M, and M, N, are

-]

EM)=Di-(1~-P)y-P (6)

i=0

and

EMN) =2, 2 i-(1-Py-P-j-(1-Qy-Q

i=0 j=0 7

where E(M,) and E(M N ) are the expected values of M, and
M_N.. From Eq. (6) it has readily been shown that (1)

EM,) = (1 - P)P ®)

According to probability theory (14), since these two events,
peripheral distribution (M,) and metabolic interconversion
(N,), are stochastically independent, from Eq. (7) it follows
that

EM,N,) = E(M,) - E(Ny)

=2 U-P P (100
i=0 j=0
=(1-pP)-0-Q/PQ 9, b, ¢)
Therefore, the total number of times (Ry,) that the N, parent

drug molecules undergoing reversible metabolism distribute
to the peripheral system can be described as follows:

Ry, = E(M,) + E(M,N,) = (1 — P)/P + (1 — P)
(1 — QYPQ = (1 — P)/PQ (10a, b, ¢)
Combining Egs. (1), (2), and (10c) yields
Rr, = CLy, - CL,,/CL,, - CL,, — CL, - CL,)) (11)

For reasons of symmetry in the system of reversible metab-
olism (Fig. 1), it follows that

Rim = Clp,, - CLu/(CLn *CLyp — CLyy - CLyy) (12)

where Ry, is the number of times that a metabolite molecule
distributes to the peripheral system before being irreversibly
eliminated. The following equations have been derived pre-
viously for drugs subject to reversible metabolism (6,12,15):

AUCS = DoseP - CLzz/(CLll ‘ CL22 - CL12 N CL21) (13)
AUCq = Dose™ - CLjj/(CLy; - CLy, — CLy2 - CLy) (14)

DoseP - AUC] — Dose™ - AUCE,
CLi = X0ce - Aucm 3 m (1)
P AUCE — AUCE, - AUCE
CL Dose™ - AUCE,
7 AUCE - AUCT — AUCE, - AUCT {16
Dose™ - AUC) — Dose? - AUCH
CLy = AUCP - o ™ (17)
UCp - AUCH — AUCE, - AUC;
and
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DoseP - AUCH
AUCE - AUCT — AUCE, - AUCT

CLy = (18)

where AUCE and AUCE, are the area under the plasma con-
centration—-time curve (AUC) of parent drug and metabolite
following administration of a bolus dose of parent drug
(DoseF), and AUCT and AUCHT are the AUC of parent drug
and metabolite after intravenous administration of a bolus
dose (Dose™) of metabolite. Combining Eqs. (11) and (13)
yields

Ry, = CLp, - AUC}/Dose? 19)
From Egs. (12) and (14), it follows that
Ry, = CLy,, - AUCL/Dose™ (20)

For a drug subject to reversible metabolism, the follow-
ing equations have been derived previously for the mean
residence times in the body (MRT) and in the central com-
partment (MRTc) for both parent drug and metabolite fol-
lowing separate administration of a bolus dose of each com-
pound (12):

MRTE = V2 - AUCE/DoseP 1)
MRTP, = V™ - AUCP?/Dose? @)
MRT? = V2, - AUCP/Dose™ 23)
MRT™ = V™ - AUCT/Dose™ (24)
MRTc¢p = Ve, - AUC}/Dose? 5)
MRTcP, = Ve, - AUCP/DoseP (26)
MRTc,' = V¢, - AUC,/Dose™ 7N
and
MRTC$ =Ven* AUCQ/Dose"‘ (28)

where VP, and VT are the steady-state volumes of distribu-
tion of the parent drug and the metabolite, the MRT and
MRTc superscripts refer to the dosed compound, and the
subscripts refer to the measured compound. By definition,

MRTyp = MRT} — MRTc} 29

MRT+E, = MRTE, — MRTcE, (30)

MRTTgl = MRT,' — MRTc} 31

MRTrn = MRT, —~ MRTc (32)
and

MTTg, = (MRTS — MRTcP)/Ry, 33)

where the superscripts and subscripts of either MRT or

MTT; refer again to the dosed compound and the measured

compound. Combining Eq. (19), (21), (25), and (33) yields
MTTy, = (VB — V¢, )/CLlp, 34

Here, V&, and Vc, can be calculated from the following equa-
tions (10):
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Ve =
DoseP[(AUCH)? - AUMCE — (AUCE, - AUC' - AUMCR)]
(AUCE)? - (AUCR)? — (AUCE, - AUC)

(35)
and
Ve, = DoseP/C5(0) (36)

where CP(0) is CB(#) at time 0, AUMCY is the area under the
first moment curve (AUMC) of parent drug following admin-
istration of parent drug, and AUMCT, is the AUMC of me-
tabolite following administration of metabolite. It can also be
readily shown that

CLp, = —[Dose® - CB'()/CE(0Y] — CL,,  (37)

and
CLy,, = —[Dose™ - C™'(0)/C2(0)’] — CL,, (38)

where C(0) is CTi(¢) at time 0, and C}'(0) and CT'(0) are the
first derivatives of CB(z) and of Cr(#) at time 0. In addition,
according to Eqgs. (15)—(18), the parameters which reflect the
total elimination rate of the parent drug (CL,,) and the me-
tabolite (CL,,) can be calculated as follows:

CL,, = CL,, + CL,
= Dose? - AUCTAAUCE - AUCT — AUCE, - AUCT)

(39a,b)
and
CL,, = CL,, + CL,,
= Dose™ - AUCRI(AUCE - AUCT, — AUCE, - AUCD)
(40a,b)

Combining Eqs. (34)-(37) and (39b) gives
MTTy, =
(AUCRY - AUMCE — (AUCE, - AUCH - AUMC) 1

(AUCE - AUMR) — (AUCY, - AUCT)? CN0)
Cy'(0) AUChH
Ch0)y* (AUCH- AUCH) — (AUCH - AUCY)
C3))
Similarly, it can be readily shown that
MTT, = (V& — Ve, )/CLp, (42)
and
MTT;, =

(AUCD)? - AUMCR — (AUCT - AUCE, - AUMCD) |
(AUCP - AUCR? — (AUCT - AUCEY? - C™0)

o (1)) AUCH
chy (AUCY - AUCE) - (AUCgl - AUCP)

43)
where MTTr,, is the mean transit time of the metabolite in
the peripheral system.

Similarly, from Eq. (2), it can be shown that the number

of times that a parent drug molecule converts to metabolite
and back converts (R;,) can be calculated as
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Ry = (1 — 0)Q
CL,, - CL,//(CL,, - CL,, — CL,, - CLy,)
(44a,b)

The following equation has been derived for the mean resi-
dence time of the interconversion metabolite in the central
compartment following administration of a bolus dose of the
parent drug (12):

MRTcE, = CL,, - Ve, /(CL,, - CL,, — CL,, - CL,,)

(45)

By definition, the mean time for a bolus dose of a parent drug
to convert to metabolite and back convert once in the central

compartment (MIT,) can be described as
MIT, = MRTCh/Ry, (46)

Substituting Egs. (44) and (45) into Eq. (46) and simplifying
the result yield
MIT, = V¢, /CL,, 47)

For reasons of symmetry in the system of reversible metab-
olism (Fig. 1), it follows that

Riym = R, = CLy; - CL,/(CL; - CLy, — CLy; - CLyy)
(48a,b)
and
MIT,, = V¢, /CL,, (49)

where Ry, is the number of times that a metabolite molecule
converts to the parent drug and back converts, and MIT,, is
the mean interconversion time of the metabolite in the cen-
tral compartment. It should be noted that Ry, + 1 and R, +
1 are analogous to the exposure enhancement (EE) defined
previously (10). The following equations have also been de-
fined or derived previously (10):

Ve, = Dose™/Ca(0) 50)
and

Ve =

Dose™ - [(AUCS)Z - AUMCT — (AUC:,’n - AUCE, - AUMCH)]

(AUCEY - (AUCE)® — (AUCE, - AUCTY
Gn

Substituting Egs. (18) and (50) into Eq. (47) as well as Eqgs.
(36) and (16) into Eq. (49) gives

MIT, = (AUCE - AUCT, — AUCE, - AUCTHYIAUCY - CR(0)]

(52)
and
MIT,, = (AUCE - AUCS — AUCE, - AUCPYAUCE, - CE(0))
(33)

For drugs subject to reversible metabolism, the total
number of times (Ry,) that a parent drug molecule recycles
around the central compartment via tissue distribution and/
or reversible metabolic biotransformation can be calculated
as follows:

Ryp =1+ Ry + Ry (54)

Cheng and Jusko

Combining Eqgs. (11), (44), and (54) yields

Rsp, = CLy; - (CLy; + CLpp)/(CLy; - CLy, — CLy; - CLyy)
(55)

By definition (2,15),

MTTc, = MRTCcE/R;, (56)

where MTTc, is the mean transit time through the central
compartment for the parent drug. Combining Egs. (13), (25),
(55), and (56) yields

MTTc, = V¢ /(CLy; + CLp,) 67

From similar considerations, it follows that

REm =1+ RTm + RIm
CL,, - (CL,, + CLp J/(CL,, - CL,, — CL,, - CL,;)

(58a, b)

It

and

MTTc,, = MRTc™/Rs,, = Ve, /(CL,, + CLy,.)
(59a, b)

where Ry, is the total number of times that the metabolite
recycles around the central compartment, and MTTc_, is the
mean transit time through the central compartment for the
metabolite. Equations (57) and (59b) can also be obtained
from the following equation on which the MTTc definition is
based (15,2):

MTTc = —C0)/C'(0) (60)

EXPERIMENTAL

To illustrate the application and physiological relevance
of the newly derived equations and concepts to a drug sub-
ject to reversible metabolism, methylprednisolone and meth-
ylprednisone data obtained previously from a pharmacoki-
netic study in rabbits (10) were analyzed further. The phar-
macokinetic parameters C(0) and C’'(0) for the administered
compounds were estimated by fitting the plasma concentra-
tion—-time curves (Fig. 2) to appropriate polyexponential
equations using the nonlinear least-squares regression pro-
gram NONLIN (16). The AUC and AUMC values were ob-
tained using the LAGRAN program (17). This allowed the
calculation of the clearances, volumes, distribution clear-
ances, mean transit and residence times, mean interconver-
sion times, and recycling numbers for the metabolic pair as
cited in the subsequent text and tables and described under
Theoretical.

RESULTS

Following iv administration of either the active drug,
methylprednisolone, or the inactive metabolite, methylpred-
nisone, the administered compound declines polyexponen-
tially while the corresponding metabolite is rapidly formed
and ultimately falls in parallel with its metabolic partner. All
four curves in Fig. 2 exhibit essentially identical terminal
slopes. These are typical characteristics of a linear reversible
metabolic system. In a more extensive analysis of these
data, Ebling and Jusko (10) found that both compounds ex-
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hibited multicompartment properties in addition to undergo-
ing interconversion. Primary evidence for this was the ex-
istence of V, > V_ for both forms of the steroid. The oc-
currence of ‘‘hidden’’ exponential terms prevents the use of
conventional model analysis techniques to identify the num-
ber of compartments associated with drug and metabolite.
The interconversion process results in the active compound,
methylprednisolone, always dominating in plasma regardless
of which form is administered. The liver and kidneys are
probably the main organs responsible for interconversion,
thus justifying consideration of this process in the central
compartment.

Clearances. The equations in this report, together with
those in previous publications (4-10), allow for a more com-
prehensive analysis of linear reversible metabolic systems
with an unspecified type of noneliminating peripheral space
associated with a central, plasma compartment (Fig. 1). The
essential features of such models are the clearances associ-
ated with formation (CL,,) and reconversion (CL,,) of me-
tabolite and drug, the clearances of these compounds by all
other pathways (CL,, and CL,,), and the total elimination
clearance of drug [CL,,, Eq. (39)] and metabolite [CL,,, Eq.
(40)]. These parameters can be easily calculated from the
two dose and four AUC values obtained following iv admin-
istration of both drug and metabolite [Eqgs. (15)-(18)]. In the
case of methylprednisolone/methylprednisone in rabbits, the
average clearance values were CL,, = 6.26, CL,, = 4.98,
CL,, = 28.9, and CL,, = 14.5 mV/min/kg, indicating that the
dominant rate processes were the conversion of metabolite
to drug and secondary elimination of metabolite. This readily
explains why methylprednisone disappears so rapidly from
plasma and methylprednisolone exists as the primary form of
the steroid (Fig. 2). The net clearance of methylprednisone
(CL,, = 43.4 ml/min/kg) is four times that of methylpred-
nisolone (CL;; = 11.2 ml/min/kg).

IV METHYLPREDNISOLONE
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Fig. 2. Plasma concentration versus time profiles of methylpredniso-

lone (@) and methylprednisone (&) following iv doses of the former

(top) and the latter (bottom) in a typical rabbit. Data from Ref. 10.
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Distribution. The advent of moment analysis greatly fa-
cilitated identification of whether the drug/metabolite kinet-
ics are multicompartmental and calculation of the central
(V.) and steady-state volumes of distribution (V) in a
straightforward manner (10). Again, both forms of the com-
pound must be administered to yield two zero-time inter-
cepts [Egs. (36) and (40)]) and four AUC and AUMC values
[Egs. (35) and (51)]. Methylprednisolone exhibits multicom-
partment distribution, with V_ = 793 and V. = 1000 ml/kg,
as does methylprednisone, with V, = 1030 and V, = 1773
ml/kg. Corticosteroids are moderately lipid soluble and gen-
erally exhibit V values which are consistent with their ease
of intracellular penetration and limited binding to tissue pro-
teins and receptors (18).

Of related interest are the apparent distribution or inter-
compartmental clearances of the drug (CL,p) and metabolite
(CLp,,)- Equations (37) and (38) are new relationships which
allow calculation of two CL, values based on the zero-time
intercepts and the first derivative of the iv disposition curve
evaluated at time zero. For models with multiple extravas-
cular compartments, the CL, values represent the total
flow/diffusion/transport clearance of compounds for plasma
into all peripheral spaces. The CL, values are 4.9 and 11.4
ml/min/kg for methylprednisolone and methylprednisone.
These are a small fraction of the normal cardiac output of a
rabbit (215 ml/min/kg) (19), suggesting that diffusion is the
main process accounting for appearance of these compounds
in the peripheral compartment.

Residencel/Transit Times. Mean residence time param-
eters of multicompartmental drugs which undergo reversible
metabolism were recently evolved (12) and can be readily
generated from values of V_ (for MRTc) or V, (for MRT)
and appropriate AUC/dose ratios [see Egs. (21)-(28)]. These
parameters provide useful means of quantitating the average
age of drug molecules in various phases of their distributive
and metabolic destiny. It is of interest to assess the contri-
butions of reversible metabolism to the overall MRT of cor-
ticosteroids.

Mean residence time parameters of methylprednisolone
and methylprednisone disposition in rabbits are presented in
Table I and Fig. 3. The MRT values of methylprednisolone
and methylprednisone are 127.9 and 25.9 min following a
bolus dose of methylprednisolone and 85.7 and 58.6 min fol-
lowing a bolus dose of methylprednisone. Thus, the total
exposure time of methylprednisolone in the body as drug and
metabolite is 153.8 min, a time parameter that can be parti-
tioned into four main components. Of the total, 25.9 min (or
16.8% of the time) is afforded by metabolic interconversion.
Of the 25.9 min, 11.0 min (7.2% of the total exposure time) is
the time spent by methylprednisolone as its metabolite part-
ner in peripheral tissues. In addition, methylprednisolone
itself stays in peripheral tissues for 28.2 min, which is 18.3%
of its total exposure time. In contrast, of the total exposure
time of methylprednisone in the body (144.3 min), 85.7 min
(or 59.4% of the time) is the result of the reversible metabolic
process. Of the 85.7 min, 18.0 min (12.5% of the total expo-
sure time) can be ascribed to the presence of methylpred-
nisone as its parent drug in the peripheral tissues. Besides,
17.0% (24.6 min) of the total exposure time is spent by
methylprednisone in peripheral tissues. Thus, the metabolic
interconversion and tissue distribution processes contribute
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Table I. Mean Residence Time Parameters of Methylprednisolone/Methylprednisone Disposition in
Rabbits?

Time parameter (min)

Parameter Eq. Nos. Dose Methylprednisolone Methylprednisone
MRT 20, (22) Methylprednisolone 127.9 259
(24.2) 8.1)
MRT (23), (24) Methylprednisone 85.7 58.6
(20.2) (17.0)
MRTc (25), (26) Methylprednisolone 99.7 14.9
(15.3) (3.0)
MRTc 27, (28) Methylprednisone 67.7 34.0
(19.0) (5.3)
MRT; 29), (30) Methylprednisolone 28.2 11.0
(23.7) 6.1)
MRT; 31, (32) Methylprednisone 18.0 24.6
(15.5) 15.1)

4 Mean; n = 10. Values in parentheses are standard deviations.

over 35 and 76% of the total exposure times of methylpred-
nisolone and methylprednisone.

Mean transit times (MTT) are more restrictive parame-
ters that refer to the average interval of time spent by a drug
particle from its entry to its next exit from a compartment. A
specific array of MTT parameters is relevant to the present
model (Fig. 1). According to Egs. (34) and (41)-(43), MTTp
and MTT,, can be obtained from AUC, AUMC, C(0), and
C’(0) and are independent of the elimination kinetics of the
metabolic partner. Consequently, they are intrinsic distribu-
tion parameters for drugs subject to reversible metabolism.
Also, MTTc, and MTTc,, can be calculated from V., CLp,
and CL,, or CL,, according to Eqs. (5§7) and (59). In the
present model, these parameters retain their traditional
meanings (15) as the volume of the specific compartment

160 —
120~
MRTc;"
c MRTcP
=S
£ s
E m
W MRT7
m
40 MRT® MRTc
MRTGR,
MRT7
MRTP
0

IV Dose: Methylprednisolone Methylprednisone
Fig. 3. Fraction of total MRT values divided into time spent as
parent drug (p) and metabolite (m) in central (c) and tissue (T) com-
partments.

divided by all exit clearances. However, their calculation
requires preliminary measurement of the appropriate volume
and clearance terms as described above.

The transit time parameters for the two corticosteroids
are listed in Table II. The rapid disappearance of methyl-
prednisone from plasma (Fig. 2) is reflected in its brief MTTc
of 19.3 min. In comparison, the prolonged C vs ¢ profile of
methylprednisolone yields a MTTc¢ of 53.5 min. However,
the MTT value of methylprednisone (88.2 min) is larger
than that of methylprednisolone (62.4 min).

Mean Interconversion Time. An additional set of time
parameters has been developed in this report, the MIT val-
ues.

It is of interest and seemingly contrary that, according
to Eqgs. (47) and (49), MITp depends on the V_ and CL,, of
the metabolite, while MIT, depends on the V_ and CL,, of
the parent drug. However, both parameters are independent
of the other elements of distribution and elimination of the

Table II. Interconversion, Mean Time, and Recycling Parameters of
Methylprednisolone/Methylprednisone Disposition in Rabbits®

Parameter Methyl- Methyl-
(units) Eq. No.(s) prednisolone prednisone
CL (ml/min/kg) (37), (38) 4.9 11.4
(3.9 (11.0)
Ry (55), (58) 2.08 1.82
0.55) 0.39)
MTTc (min) (57), (59) 53.5 19.3
(22.7) (4.6)
Ry (19), 20) 0.66 0.40
(0.56) (0.42)
MTT (min) 41), (43) 62.4 88.2
(68.2) (63.6)
Ry (48) 0.42 0.42
©0.11) ©.11)
MIT (min) (52), (53) 36.3 171.4
(6.5) (63.7)

2 Mean; n = 10. Values in parentheses are standard deviations.
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metabolic partner. In other words, they are intrinsic to the
reversible metabolism process. As such, MIT, and MIT,,
may be used to measure the time dependency of and effect of
disease state on metabolic interconversion. As depicted in
Egs. (52) and (53), both parameters can also be readily cal-
culated from AUC and C(0) values. For methylprednisolone/
methylprednisone, a considerable difference exists in their
MIT values (Table II), with the former exhibiting a much
smaller value (36.3 min) than the latter (171.4 min).

Recycling Numbers. Three pairs of recycling numbers
can be calculated for multicompartment models with linear,
reversible metabolism. The Ry value [Egs. (19), (20)] pro-
vides the number of times the compound recycles in the
peripheral compartment before elimination, the R; value
[Eq. (48)] reflects the number of times each compound con-
verts and back converts, and the Rs [Egs. (55), (58)] sums
the central, peripheral, and interconversion cycling num-
bers. The Ry values arise from CL,,, AUC, and dose [Egs.
(19), (20)], while the R, parameter relates to the interconver-
sion and elimination clearances [Eq. (48)]. These parameters
are thus ancillary to the basic characterization of this model.

The recycling numbers for methylprednisolone and me-
thylprednisone are listed in Table II. The mean number of
times that the compounds undergo interconversion is, of
course, the same for both drug and metabolite (0.42). In fact,
all three recycling numbers are similar for both forms of the
drug.

Interconversion Interrelationships. The total exposure
time of methylprednisolone in rabbits (153.8 min) is weakly
influenced by the metabolic interconversion (Fig. 2 and Ta-
ble I), as only 16.8% of this exposure time is produced by the
interconversion process. In contrast, the total exposure time
of methylprednisone (144.3 min) is strongly influenced by
metabolic interconversion. Almost 60% of this exposure
time results from interconversion. This behavior is also re-
flected by the MIT of methylprednisolone, which is about
five times larger than that of methylprednisolone. In addi-
tion, the total exposure times of both compounds are mod-
erately influenced by their tissue distribution processes (Ta-
ble 1), as MRT values contribute about one-third of the
total.

The CL,, and MTT values of methylprednisolone are
about four-tenths and three-quarters those of methylpred-
nisone. This indicates more rapid penetration and longer per-
sistency of methylprednisone relative to its parent com-
pound in the peripheral tissues. However, based on MRT,
both compounds remain in the peripheral system about the
same length of time (28.5 vs 24.6 min). In other words, on
each pass through the peripheral tissues, methylprednisone
and methylprednisolone remain there for 88.2 and 62.4 min,
but the former passes through the peripheral system an av-
erage of 0.4 time versus 0.66 time for the latter. It has been
reported that prednisone instead of prednisolone accumu-
lates in kidney and spleen tissues in rabbits (20). In the
present study, as an analogue of prednisone, methylpred-
nisone might also accumulate in these tissues. If this is true,
then MTT, might be a better indicator of tissue persistency
of methylprednisolone/methylprednisone.

In summary, the results of this mean time analysis in-
dicates that in rabbits (a) the total exposure times of meth-
ylprednisolone and methylprednisone are weakly and
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strongly influenced by the reversible metabolic process, and
(b) the total exposure times of both compounds are moder-
ately influenced by their tissue distribution processes.

DISCUSSION

Previous efforts in the area of reversible metabolism
have generated methods to calculate the interconversion and
elimination clearances (4-9), volumes of distribution (10),
and mean residence times (11,12). To these, we have pres-
ently added equations for distribution clearance, mean tran-
sit times, metabolite interconversion times, and recycling
numbers. These relationships are applicable to models such
as in Fig. 1 with metabolic interconversion and other elimi-
nation occurring in a pair of central compartments with non-
specific peripheral spaces which do not allow for elimina-
tion. The data required are four sets of polyexponential
plasma concentration versus time curves, i.e., drug and me-
tabolite following separate iv administration of each. Curve
analysis can yield appropriate zero-time intercepts, slopes,
areas, and first-moment values which, in turn, can be con-
verted into the array of clearance, volume, various mean
time, and recycling number parameters. These methods are
much easier to apply than a model-building approach where
peripheral compartments are successively added until the
best-fitting curves are obtained. Using data for methylpred-
nisolone and methylprednisone, we have demonstrated the
application and interpretation of these parameters as they
allow a more complete understanding of all facets of the
interrelated and separate behaviors of interconverting drug
and metabolites.

The derivations performed are based on systems analy-
sis (13) with use of probability theory (14) to capture the
recycling numbers. A general model with paired central and
tissue compartments were used. This model evolves from
the classical compartmental models of reversible drug me-
tabolism (6,10) and a model for drugs which do not undergo
reversible metabolism (1). This approach, however, extends
the classical compartmental approaches for drugs undergo-
ing reversible metabolism to the treatment of peripheral tis-
sue distribution and mean times. It also extends the proba-
bility approach described by Veng-Pedersen and Gillespie
(1), which considered only tissue distribution, to drugs un-
dergoing reversible metabolism. The latter is more complex
because of the need to separate the contributions of the two
processes.

It should be noted that our derivations of equations for
MIT [Eqgs. (47) and (49)] were based on the assumption that
metabolic interconversion occurs only in the central com-
partment. If interconversion also occurs in the tissue com-
partment, MIP, and MIT,, can be calculated as V{/CL,, and
VP /CL,,, where CL,, and CL,, become the total metabolic
clearances accounting for reversible metabolism enzyme ac-
tivity in the body.

The MIT parameters are of value for several reasons.
As stated above, they can be used to measure the time de-
pendency and effect of disease state on metabolic intercon-
version. The MIT are also indicators of persistency of drug
(or interconversion metabolite) as its metabolic partner in
the central compartment or in the body. Moreover, as illus-
trated by the above pharmacokinetic analysis of methylpred-
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nisolone/methylprednisone data, together with other mean
time parameters, they allow the degree of conservation or
exposure enhancement of drug afforded by either tissue dis-
tribution or reversible metabolism to be isolated and quan-
tified separately.

The transit time and MRTc parameters either evolve
from or resemble the calculations and definitions proved by
Rescigno and Gurpide (15). As shown previously (12), how-
ever, the MRT parameters are different from what were orig-
inally defined (15). For drugs which do not undergo revers-
ible metabolism and exhibit linear disposition kinetics, the
following assumptions and limitations associated with MTT
and requirements for its estimation have been addressed by
Veng-Pedersen and Gillespie (1): (a) the drug must be ad-
ministered to and eliminated from only the sampling com-
partments; and (b) sufficient data during the initial ‘‘distrib-
utive’’ phase following drug administration and in the termi-
nal portion of the plasma concentration-time curve must be
obtained to calculate accurately C'(0), C(0), AUC, and
AUMC. Analogous properties pertain to MTT+ in the
present report, but our equations are more complex and al-
low for separation of the metabolic interconversion from
other features of the general model.
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NOMENCLATURE

, Administered parent drug (p) or metabolite
(m)

Measured parent drug (p) or metabolite (m)

s 'm

AIPJC Area under the plasma concentration versus
time curve

AUMC Area under the moment curve (integral of
t-Cvst)

C Plasma compartment concentration

c’ First derivative of C vs ¢ function

CLp Distribution clearance

CL,, Conversion clearance of parent drug to metab-
olite

CL,, Conversion clearance of metabolite to parent
drug

CL, Sum of all elimination clearance processes op-
erating on parent drug except CL,,

CL,, Sum of all elimination clearance processes op-
erating on metabolite except CL,,

CL,, Summary clearance: CL,, + CL,,

CL,, Summary clearance: CL,, + CL,,

Dose Dose of compound administered

E(—) Expected value of parameter in parentheses

EE Exposure enhancement

hy(2) Distribution function of parent drug

Distribution function of metabolite

Cheng and Jusko

M Probability of peripheral tissue distribution
MIT Mean interconversion time

M, Random variable associated with r

MRT Mean residence time of compound in body

MRTc Mean residence time of compound in central
compartment

MTT Mean transit time

N, Random variable associated with s

Ny Number of parent drug molecules given iv

PO Probability

r Number of times parent drug molecule distrib-
utes into peripheral system

s Number of times parent drug molecule con-

verts to metabolite and back converts
t Time

R; Number of times a molecule converts to met-
abolic partner and back converts

Ry Number of times a molecule distributes to the
peripheral system before being irreversibly
eliminated

Rs Total recycling time by all processes

V. Volume of central compartment

Vs Steady-state volume of distribution

REFERENCES

1. P. Veng-Pedersen and W. R. Gillespie. J. Pharm. Sci. 75:1119-
1126 (1986).

2. A.-N. Kong and W. J. Jusko. J. Pharm. Sci. 77:157-165 (1988).

3. J. Mann and E. Gurpide. J. Clin. Endocrinol. 26:1346-1354
(1966).

4. J.J. DiStefano. Ann. Biomed. Eng. 4:302-319 (1976).

5. J. H. Oppenheimer and E. Gurpide. In L. J. Degroot (ed.), En-
docrinology, Vol. 3, Grune and Stratton, New York, 1979, pp.
2029-2036.

6. J. G. Wagner, A. R. DiSanto, W. R. Gillespie, and K. S. Al-
bert. Res. Commun. Chem. Pathol. Pharmacol. 32:387-405
(1981).

7. J. Y. Park, M. Lanworthy, C. R. Behl, W. 1. Higuchi, G. L.
Flynn, and N. F. H. Ho. Int. J. Pharm. 2:215-238 (1979).

8. S. Hwang, K. C. Kwan, and K. S. Albert. J. Pharmacokin.
Biopharm. 9:693-709 (1981).

9. S. S. Hwang and W. F. Bayne. J. Pharm. Sci. 75:820-821
(1986).

10. W. F. Ebling and W. J. Jusko. J. Pharmacokin. Biopharm.
14:557-599 (1986).

11. L. Aarons. J. Pharm. Pharmacol. 39:565-567 (1987).

12. H. Cheng and W. J. Jusko. Pharm. Res. 7:104—108 (1990).

13. P. Veng-Pedersen. J. Pharmacokin. Biopharm. 16:413-472
(1988).

14. M. Loeve. Probability Theory, 3rd ed., D. Van Nostrand,
Princeton, N.J., 1963.

15. A. Rescigno and E. Gurpide. J. Clin. Endocrinol. Metab.
36:263-276 (1973).

16. C. M. Metzler, G. L. Elfring, and A. J. McEwen. Biometrics
30:562 (1974).

17. M. L. Rocciand W. J. Jusko. Comp. Prog. Biomed. 16:203-216
(1983).

18. E. P. Giorgi. Int. Rev. Cyrol. 65:49-115 (1980).

19. J. M. Neutze, F. Wyler, and A. M. Rudolph. Am. J. Physiol.
215:486-495 (1968).

20. N. Khalafallah and W. J. Jusko. J. Pharmacol. Exp. Ther.
229:719-725 (1984).



