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The pharmacokinetic behavior of panipenem (PAPM)-betamipron (BP), a new carbapenem, in humans was
successfully predicted from data collected from six animal species. PAPM and BP were biphasically eliminated
from plasma after intravenous (i.v.) administration of PAPM-BP to mice, guinea pigs, rats, rabbits, monkeys,
and dogs. Elimination rates of PAPM and BP were correlated with animal size: the larger the animal was, the
slower the elimination was. As for PAPM and BP, log-log plots of total plasma clearance (CL,,,) versus body
weight and log-log plots of distribution volume at steady state (Vss) versus body weight for six animal species
were linear, with high correlation coefficients. These allometric equations were extrapolated to predict CL,,,
and Vg for PAPM and BP in humans. In addition, concentration in plasma-time profiles for humans were
predicted by using two-exponent equations fitted to the complex Dedrick plot of animal data. Predicted values
for CL,,, and Vg for PAPM and BP in humans agreed well with observed values in humans given 750/750 mg
of PAPM-BP as an i.v. drip infusion for 30 min. Predicted concentration in plasma-time profiles for humans
approximated observed profiles. Thus, the pharmacokinetics of PAPM-BP extrapolated well from animal

species to humans when allometric equations and the complex Dedrick plot were used.

Panipenem (PAPM)-betamipron (BP) is a combination of a
newly developed carbapenem antibiotic (PAPM) and a renal
anion transport inhibitor (BP) in a ratio of 1:1 (wt/wt) (Fig.
1). PAPM has a broad antibacterial spectrum against gram-
positive and gram-negative organisms and is stable against
hydrolysis by various types of beta-lactamase (7). BP de-
creases nephrotoxicity caused by very high doses of PAPM
in rabbits via inhibition of PAPM accumulation in the renal
cortex (15).

In developing new drugs, it is very important to predict the
drug concentration in plasma in humans by using animal
scale-up, because efficacy or toxicity of the drug is generally
correlated with its concentration in plasma. Even though the
final determinant of efficacy or toxicity is not the concentra-
tion in plasma but a certain concentration in tissue, plasma
kinetics provides basic information about distribution of the
drug in tissue.

Several reports dealing with animal scale-up by allometric
scaling have recently been published. For example, animal
scale-ups of aztreonam (19), nimustine (ACNU) (12), and
acivicin (11) have been successfully performed.

The present study was designed to examine the disposition
and pharmacokinetics of PAPM-BP in six animal species and
to predict pharmacokinetics in humans from animal data.
For prediction, allometric equations of body weight (BW)
and of pharmacokinetic parameters and the complex De-
drick plot (2) were used. In addition, the predicted values
were compared with those observed in clinical trials.

MATERIALS AND METHODS
Chemicals. PAPM [(5R,6S5)-3[(S)-1-(acetimidoylpyrrolidin-
3-yl)thio]-6-[(R)-1-hydroxyethyl}-7-oxo0-1-azabicyclo[3,2,0]
hept-2-ene-carboxylic acid] and BP (N-benzoyl-beta-ala-
nine) were synthesized at Sankyo Co., Ltd. All other re-
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agents and solvents were commercial products of analytical
and high-performance liquid chromatography (HPLC) grade.

Animal experiments. Animal pharmacokinetic studies
were conducted in male ddY mice (18 to 22 g), male Hartley
guinea pigs (280 to 320 g), male Wister-Imamichi rats (290 to
310 g), male Japanese White rabbits (2.5 to 3.5 kg), female
cynomolgus monkeys (3 to 4 kg), and male beagle dogs (10
kg). PAPM-BP was dissolved in sterile saline just before
being administered to experimental animals at doses of 10/10
to 50/50 mg/kg of body weight. Groups of mice were given
PAPM-BP as an intravenous (i.v.) bolus in the tail vein and
were bled by decapitation at appropriate times. Studies in
other animal species were performed with i.v. bolus admin-
istration followed by serial blood sampling. With guinea pigs
and rats, femoral artery catheters were utilized for blood
sampling. Heparinized blood from each animal species was
centrifuged at 2,500 X g for 10 min to obtain plasma samples.
In studies of urinary excretion, PAPM-BP was administered
i.v. at a dose of 10/10 mg/kg to all animals except dogs. Dogs
were administered the drug at a dose of 50/50 mg/kg for
evaluation of the dosage for clinical trials. Urine samples
were collected for 24 h from mice, guinea pigs, and rats; for
3 h from rabbits and dogs; and for 5 h from monkeys.
Obtained plasma and urine samples were added to equal
volumes of 1 M MOPS [3-(N-morpholino)propanesulfonic
acid; pH 7.0] for the stabilization of PAPM, and they were
kept at —40°C until assay.

Clinical trials. PAPM-BP (750/750 mg) was dissolved in
100 ml of sterile saline and administered to five healthy male
human volunteers (age, 21 + 2 years; BW, 61 + 5 kg; height,
167 + 5 cm [means * standard deviations]). Serial blood and
urine samples were collected for 24 h and were treated as
described above for the assay.

Analytical method. The concentrations of PAPM in plasma
and urine were determined by the HPLC assay or microbi-
ological assay developed by Hisaoka et al. (5, 6). The
concentrations of BP in plasma and urine were determined
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FIG. 1. Chemical structures of PAPM and BP.

by the HPLC method described by Hisaoka et al. (6). The
limits of detection of PAPM were 0.3 pg/ml for plasma and
1.0 pg/ml for urine in HPLC and 0.02 pg/ml for both plasma
and urine in the microbiological assay; those of BP were 0.2
pg/ml for plasma and 0.5 pg/ml for urine. Linearities of the
assay were obtained within the concentration range of 0 to 50
ng/ml for both PAPM and BP. In addition, coefficients of
variation over the linear concentration range were less than
5% for PAPM and BP both within and between days.
Previous studies have indicated that no active metabolite of
PAPM is detected in plasma or urine after administration of
PAPM-BP to experimental animals and humans and that
there is a good correlation between HPLC assay and micro-
biological assay (5).

Pharmacokinetic analysis. Pharmacokinetic parameters for
PAPM and BP in animal species were calculated from the
concentration in plasma-time profiles by using noncompart-
mental analysis (20). The following equations, CL,, =
dose/AUC, Vs = CL,,, X MRT, and CL; = CL,,, X
flurine), where CL,,, is the total plasma clearance, AUC is
the area under the concentration in plasma-time curve, Vgg
is the volume of distribution at steady state, MRT is the
mean residence time in the body, CLy, is the renal clearance,
and f(urine) is the fraction of a dose excreted in urine as an
unchanged compound, were used. Half-life was calculated
from the terminal slope in a semilog plot of the concentration
in plasma versus time by generalized least-squares regres-
sion.

Prediction of human pharmacokinetics. The CL,,, Vs,
and BW data for PAPM and BP in experimental animals
were log transformed and fitted to the following equations by
generalized least-squares methods.
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Ves = b X BW ?)

These regression lines were then extrapolated to a human
BW of 60 kg to obtain estimates for CL,., and V44 for PAPM
and BP in humans. Concentration in plasma-time profiles for
PAPM and BP in humans (30-min drip infusion of 750/750 mg
of PAPM-BP) were simulated by using the complex Dedrick
plot (2) as follows. Transformed time (T*) and concentration
in plasma (Cp*) for humans were defined as follows: T* =
real time X [(BWpyman) =~ (BWanima) ~ *] and Cp* =
i 1a ? .
Cpanimal X [(Bwhuman) y/ (Bwanimal) y]’ where real time is
the chronological sampling time in animal experiments, x
and y are the respective power components in equations 1
and 2, and Cp,,ima iS the normalized concentration in
plasma of PAPM and BP for a 750/750-mg/60-kg dose based
on data from the 25/25-mg/kg dose in experimental animals.
Each value of Cp* for all experimental animals was plotted
against the corresponding T* (complex Dedrick plot). Then,
all points in the complex Dedrick plot were fitted to the
two-exponent equations described below by using a nonlin-
ear least-squares method with program MULTI (21).

Cp*=U xe°T) + (B x e PT) 3)

From the hybrid constants 4, B, o, and B in equation 3,
predicted concentration in plasma-time profiles for PAPM
and BP during and after a 30-min drip infusion of PAPM-BP
(750/750 mg per body) were calculated with the following
equations.

When ¢ = 0.5 h:

Cp = A[(1 — e ™)/(a X 0.5)] + B[(1 — e P*)/(B x 0.5)] (4)
When ¢ = 0.5 h:

C = 1- —ot><0.5/ 0.5 —ax(t—0.5)+
P {B{ﬁ{(_ e"el-" x 05)/()‘3((:( >(<).5)] );|< Z—eﬂ x (£ — 0.5)} } (5)

Serum protein binding. Serum protein binding of PAPM
and BP was determined by ultrafiltration with a microparti-
tion system (Centrifree; Amicon Division, W. R. Grace &
Co., Beverly, Conn.). In preliminary experiments, no ad-
sorption of PAPM and BP to the Centrifree system was
observed. PAPM and BP were added to fresh serum ob-
tained from animal species and humans to produce final
concentrations of 10, 50, and 100 pg/ml for PAPM and 10,
20, and 40 pg/ml for BP. Then, plasma was incubated at 0°C
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FIG. 2. Concentrations of PAPM and BP in plasma after i.v. administration of PAPM-BP (25/25 mg/kg) to mice (A), guinea pigs (A), rats
(O), rabbits (M), monkeys (O), and dogs (®). Each value represents the mean for three to six animals.
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FIG. 3. Relationship between dose and AUC for PAPM (@) and BP (O) after i.v. administration of PAPM-BP to experimental animals.
Each point and vertical bar represents the mean + standard error of the mean for three to six animals. AUCs for mice were calculated from

the mean concentration in plasma-time profiles.

for 30 min. An aliquot was loaded onto the Centrifree system
and centrifuged at 500 X g for 15 min at 0°C. The fraction of
unbound drug in serum (fy;) was calculated as the ratio of the
concentration in ultrafiltrates to the concentration in serum.

RESULTS

Pharmacokinetics of PAPM-BP in experimental animals.
Mean concentration in plasma-time profiles for PAPM and
BP after i.v. bolus administration of 25/25 mg of PAPM-BP
per kg to mice, guinea pigs, rats, rabbits, monkeys, and dogs
are shown in Fig. 2. In every animal species, PAPM and BP
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were biphasically eliminated from plasma. Elimination rates
of PAPM and BP were correlated with animal size. The
larger the animal was, the slower the elimination was. Figure
3 shows the relationship between dose and AUC after i.v.
administration of various doses of PAPM-BP in six animal
species. In each animal species, there existed a linear
correlation between administered dose and AUC both for
PAPM and for BP, suggesting linear pharmacokinetics.
Pharmacokinetic parameters of PAPM and BP after i.v.
administration of PAPM-BP (25/25 mg/kg) to experimental
animals were calculated from the mean concentration in
plasma-time profiles and listed in Table 1. The dose fractions
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FIG. 4. Allometric plots of CL,,, for PAPM and BP as a function of animal BW. Each point represents a value listed in Table 1. The open
circle denotes the value observed in humans. Regression lines were determined by least-squares analysis of the data, excluding human data.
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TABLE 1. Pharmacokinetic parameters of PAPM and BP after i.v. administration of PAPM/BP (25/25 mg/kg) to experimental animals®

Species BW () pes Ves (ml) e flurine)? e Ae
PAPM
Mouse 20 44.4 5.78 0.14 0.404 18 ND
Guinea pig 300 275 102 0.29 0.065 18 ND
Rat 300 498 56.7 0.13 0.394 19 0.955
Rabbit 3,000 1,690 540 0.45 0.588 994 0.916
Monkey 3,500 1,370 1,040 0.62 0.303 415 0.933
Dog 10,000 2,910 2,150 0.49 0.302 879 0.953
BP
Mouse 20 45.4 4.54 0.08 0.902 41 ND
Guinea pig 300 507 203 0.48 0.888 450 ND
Rat 300 309 711 0.16 0.674 208 0.144
Rabbit 3,000 2,750 495 0.22 0.895 2,461 0.016
Monkey 3,500 1,660 797 0.35 0.407 676 0.281
Dog 10,000 4,810 4,380 0.67 0.610 2,934 0.590

? CLyot» Vss, and half-life were calculated from the mean concentration in plasma-time profiles.

® Dose was 50/50 mg/kg for dogs and 10/10 mg/kg for the other animals.

¢ fu, fraction of unbound drug in serum (in vitro), which represents the mean value of 10 to 100 pg/ml for PAPM and 10 to 40 ug/ml for BP. ND, not determined.

excreted in urine [f{urine)] as unchanged PAPM and BP from
separate experiments of i.v. administration of PAPM-BP at
doses of 10/10 and 50/50 mg/kg and the f; in vitro are also
shown in Table 1. Values of f{urine) for PAPM in six animal
species varied from 0.065 (guinea pig) to 0.588 (rabbit). In
contrast, values for BP were fairly high, (0.407 to 0.902) in
every animal species. Values of f{; for PAPM in each animal
species examined were close to unity (0.916 to 0.955),
indicating low serum protein binding for PAPM. Values of fy;
for BP varied from 0.016 to 0.590 in the animal species
examined.

Prediction of human pharmacokinetics. Allometric rela-
tionships between CL,,, and BW for PAPM and BP in six
animal species are shown in Fig. 4. CL,.,s in the mouse,
guinea pig, rat, rabbit, monkey, and dog were plotted against
BW on log-log coordinates. These plots were linear and were
fitted to the following allometric equations with high corre-
lation coefficients (r).

PAPM: CL,,, (ml/h) = 7.23 x BW ()53 (r = 0.986) (6)
BP: CL,,, (ml/h) = 5.33 x BW ()7 (r = 0.989) (7)

Equations 6 and 7 were extrapolated to obtain estimates for
a 60-kg human (listed in Table 2). Vsgs for PAPM and BP in

the mouse, guinea pig, rat, rabbit, monkey, and dog were
also plotted against body weight on log-log coordinates (Fig.
5). These plots were linear and fitted to the following
allometric equations with high correlation coefficients.

PAPM: Vg (ml) = 0.327 x BW (%% (r = 0.994) (8)
BP: Vg (ml) = 0.275 x BW ()% (r = 0.975)  (9)

Equations 8 and 9 were extrapolated to a human BW of 60 kg
to obtain predicted human parameters (listed in Table 2).
Thus, in both cases with PAPM and BP, good correlations
were found between CL,,, and BW and between Vg and
BW on log-log coordinates. Therefore, predictions of con-
centration in plasma-time profiles for PAPM and BP in
humans were tried by using the complex Dedrick plot for the
data from six animal species (Fig. 6). Data on concentrations
in plasma for mouse, guinea pig, rat, rabbit, monkey, and
dog in the complex Dedrick plot were dispersed in narrower
ranges than in the normal plot, as shown in Fig. 2. Fitted
lines of the complex Dedrick plot for PAPM and BP were as
follows: for PAPM, Cp* = (57.1 X e >?7T") + (28.1 x
e~ %572T")  and for BP, Cp* = (300 X e~3%0T") + (48.0 X
e~ 142T")_ These fitted parameters and equations 4 and 5 were
used to calculate concentration in plasma-time profiles for
PAPM and BP during and after a 30-min drip infusion of

TABLE 2. Pharmacokinetic parameters of PAPM and BP after 30-min i.v. drip infusion of PAPM-BP (750/750 mg per body) in humans

BW e (ug/mh CL, | Z Half-life CLp
O -1 5 a
Drug and parameter (ke) 30 2h (liter/h) (lter) () Aurine) —litex/h) f
min
PAPM
Observed
Mean 61 61.39 10.35 11.3 11.1 0.84 0.195 2.3 0.961
SD (n = 5) 5 11.04 2.29 1.3 2.3 0.12 0.080 1.1 0.004
Predicted from animals 60 52.87 10.59 10.6 12.1 1.21
BP
Observed
Mean 61 39.01 3.11 23.9 17.3 0.81 0.979 23.4 0.170
SD (n = 5) 5 7.02 0.58 3.0 4.9 0.21 0.032 3.5 0.002
Predicted from animals 60 51.03 4.08 18.9 18.0 0.49

“ Fraction of unbound drug in serum (in vitro), which represents the mean value of 10 to 100 ug/ml for PAPM and 10 to 40 wg/ml for BP.
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FIG. 5. Allometric plots of Vg (Vd,ss) for PAPM and BP as a function of animal BW. Each point represents a value listed in Table 1. The
open circle denotes the value observed in humans. Regression lines were determined by least-squares analysis of the data, excluding human

data.

PAPM-BP (750/750 mg per body) in humans, which are
presented in Fig. 7 and Table 2. In Fig. 7, observed concen-
trations in plasma in humans are also shown. Human phar-
macokinetic parameters calculated from the observed data
for concentrations in plasma are listed in Table 2 with values
predicted from animal species. CL,,, and Vg for humans are
plotted in Fig. 4 and 5, respectively. Predicted values for
CL,, in humans (PAPM, 10.6 liter/h; BP, 18.9 liter/h) agreed
well with the observed values (PAPM, 11.3 + 1.3 liter/h; BP,
23.9 + 3.0 liter/h). Predicted values for Vgg (PAPM, 12.1
liter; BP, 18.0 liter) also agreed well with the observed
values (PAPM, 11.1 = 2.3 liter; BP, 17.3 = 4.9 liter).
Predicted concentration in plasma-time profiles for humans
approximated the observed profiles (Fig. 7).

Observed urinary recoveries of PAPM and BP in humans
were 19.5 + 8.0 and 97.9 = 3.2%, respectively.

DISCUSSION

In the preclinical stage for developing new drugs, it is
important to predict the pharmacokinetics in humans by
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using only animal data (13). In previous reports, a physio-
logically based pharmacokinetic model was successfully
used to extrapolate animal data to humans (16). Animal
scale-up using allometric interspecies scaling (3), however,
may be more useful because of the simplicity of the experi-
ments and of the analysis of data. Interspecies anatomic and
physiological variations are correlated with BW or organ
weight, which is known as allometry (1). This allometric
technique has been developed by Dedrick (4) and extended
by Boxenbaum (2) and others (14, 18). Recently, on the basis
of allometric animal scale-up, the pharmacokinetics of some
beta-lactam antibiotics has been successfully extrapolated
from animals to humans (10).

In the present study, we examined the pharmacokinetics
of PAPM-BP, a new carbapenem, in six animal species and
predicted its pharmacokinetics in humans from animal data.
We used allometric equations to predict CL,,, and Vgs.
Then, we tried to predict two-phase plasma disposition
kinetics of PAPM-BP by the complex Dedrick plot. In their
paper on comparative methotrexate pharmacokinetics, De-
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FIG. 6. Complex Dedrick plot of concentrations of PAPM and BP in plasma in mice (A), guinea pigs (A), rats (OJ), rabbits (), monkeys
(O), and dogs (®). Each point represents the data in Fig. 2 replotted after normalizing concentration in plasma and time for humans. All points
in each figure were fitted to the two-exponent equations indicated by solid lines.
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FIG. 7. Comparison of predicted and observed concentrations of PAPM and BP in human plasma after i.v. drip infusion of PAPM-BP
(750/750 mg per body) for 30 min. Each point and vertical bar represents the mean + standard deviation for five healthy male volunteers. Each
line represents the values predicted by complex Dedrick plot. Predicted lines were obtained from the fitted lines in Fig. 6.

drick showed that biexponential concentration in plasma-
time curves from every species studied were superimposable
once concentrations in plasma were normalized for the dose
administered and chronological times were normalized for
the allometry of clearance (CL,,,) (4). This approach graph-
ically demonstrated the basic similarities between species
with regard to drug elimination processes. Boxenbaum has
named this approach the Dedrick plot (1). It can be applied
to drugs with no species difference for Vgg divided by BW,
and he has explored its ramifications as the complex Dedrick
plot. As with the Dedrick plot, superimposabilities of biex-
ponential data from several species occur in the complex
Dedrick plot provided that concentration in plasma and
chronological times are normalized for the dose and for the
allometry of CL,,, and the Vg, as described in the prediction
procedures above in Materials and Methods.

In extrapolating animal data to humans by the allometric
technique, it is important to examine the linearity of the
pharmacokinetics. As shown in Fig. 3, the pharmacokinetics
of PAPM and BP are both linear. It is reported that the
prediction is more successful when serum protein binding of
a drug is considered in allometric scaling (12). Serum protein
binding of PAPM in each animal species examined was less
than 10%; therefore, CL,,, and Vg of PAPM extrapolated
well. On the other hand, serum protein binding of BP varied
among the species, including humans. Considering the high
level of urinary excretion, CL,,, of BP is mainly dominated
by urinary excretion. CLy of BP in each animal species
exceeded the glomerular filtration rate and was close to renal
plasma flow. Therefore, BP is extensively secreted from
renal tubular cells, suggesting that the renal excretion of BP
is independent of serum protein binding. In addition, the Vg
of BP in each species is relatively small and might be
independent of the extent of serum protein binding. Taking
these facts into account, we extrapolated CL,,, and Vg of
BP to humans without serum protein binding data and
obtained good predictions.

In the studies of human pharmacokinetics, the BWs of
human subjects varied minimally, which is normally not the
case in the clinical situation. Therefore, in order to estimate
the pharmacokinetics of PAPM-BP in patients whose BWs
are far from 60 kg, actual BWs must be considered, as
described in the prediction procedures.

In contrast to cilastatin, BP is not an inhibitor of renal
dehydropeptidase-I (15). Cilastatin is combined with imi-
penem to lessen hydrolysis of imipenem by dehydropeptid-
ase-I in the kidney (8). Therefore, urinary recoveries of
PAPM after PAPM-BP administration are low compared
with those of imipenem after imipenem-cilastatin administra-
tion in animals and humans (17). Clinical efficacies of
PAPM-BP and imipenem-cilastatin, however, have been
reported to be comparable for urinary tract infections.
According to the Japanese Urinary Tract Infection Commit-
tee criteria, efficacy rates have been calculated to be 86.3
and 79.8% for PAPM-BP and imipenem-cilastatin, respec-
tively, suggesting that urinary concentrations of PAPM are
high enough to exert antimicrobial effects in spite of the low
level of urinary recovery (9).
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