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Abstract 0 After intravenous administration of MK-826, a new
carbapenem antibiotic, the compound exhibited nonlinear pharmaco-
kinetics in rats and monkeys. In both species, time-averaged plasma
clearance (based on total concentrations) increased about 5-fold over
the 10- to 180-mg/kg dose range. MK-826 was extensively plasma
protein bound in rat and monkey plasma, and the extent of binding
was concentration dependent at plasma concentrations achieved after
administration of these doses. Rosenthal analysis of the plasma protein
binding indicated that there were two classes of binding sites. The
binding capacity of the primary site was comparable to the plasma
albumin concentration, which suggested that this primary site consisted
of a single site on albumin. The extent of binding of MK-826 to rat
albumin was similar to that in whole plasma. Clearance values based
on unbound concentrations appeared independent of dose from 10
to 180 mg/kg, which is consistent with saturation of protein binding
as the primary cause of the nonlinear pharmacokinetic behavior.

Introduction

MK-826 is a carbapenem antibiotic intended for the
parenteral treatment of bacterial infections (see Figure 1).1
Preliminary studies indicate that MK-826 is bound exten-
sively to plasma proteins. Saturable plasma protein binding
can lead to nonlinear pharmacokinetic behavior.2,3 In the
present studies, dose-dependent clearance of MK-826 was
observed following intravenous (iv) administration to rats
and monkeys. This clearance was explained by concentra-
tion-dependent protein binding to two different classes of
plasma binding sites that probably reside on albumin.

Experimental Section

SynthesissMK-826 (formula weight of monosodium salt, 497.4)
was synthesized at Merck Research Laboratories (Rahway, NJ).

Animal StudiessMale Sprague-Dawley rats weighing 0.240
to 0.280 kg were purchased from Taconic Farms (Germantown,
NY) and housed under standard conditions with free access to food
and water. On the day prior to drug administration, a silicone
rubber/polyethylene cannula was implanted in a jugular vein while
the rats were under pentobarbital [40 mg/kg, intraperitoneally (ip)]
anesthesia.4

Intravenous doses of MK-826 (monosodium salt dissolved in
saline) of 10, 30, 60, and 180 mg/kg were administered by bolus
injection into the jugular vein cannula to four rats per dose level.
Male rhesus monkeys weighing 4.2 to 6 kg (Charles River, Key
Lois, FL, n ) 4) received the same dose levels as in the rat study,
iv via a cephalic or saphenous vein. The rat study was of
noncrossover design, but the monkeys received the MK-826 doses
in a crossover fashion at least 1 week apart. Blood samples were
drawn from rats before and 1, 3, 5, 15, and 30 min, and 1, 2, 3,
and 4 h after the iv administration of MK-826. In the monkey
studies, blood samples were obtained predose and at 5 and 30 min,
and 1, 2, 4, 6, 12, 16, and 24 h post dose. Heparin was added to
the blood samples to prevent clotting, and the resultant plasma
was immediately frozen on dry ice. When stored at -70 °C, the
compound was stable in plasma for at least 44 days; all assays
were completed within that time.

Protein BindingsProtein binding of MK-826 was measured
in triplicate in rat and monkey plasma by ultrafiltration over the
10- to 2000-µg/mL concentration range as previously described.5
This range includes the concentrations observed in vivo; after the
administration of the a 180-mg/kg dose to rats and monkeys, the
concentration in plasma at the initial sampling time was about
1000 µg/mL. Briefly, stock solutions of MK-826 in water were
added to freshly drawn plasma (pH 7.4) at 1% of total volume.
After incubation at 37 °C for 10 min, aliquots of plasma were
transferred to ultrafiltration devices (30 000 molecular weight
cutoff; Centrifree, Amicon, Danvers, MA) and centrifuged at 1500
x g for 15 min. The binding of MK-826 to albumin was assessed
similarly using solutions of rat (fraction V, fatty acid free) and
rhesus (fraction V, not fatty acid free, Sigma) albumin (40 mg/
mL). Concentrations of MK-826 in plasma and ultrafiltrate were
determined by a liquid chromatographic method. A preliminary
study showed that nonspecific binding of MK-826 to the ultrafil-
tration device was minor (<4%).

The binding capacity and association constants were estimated
by fitting the protein binding data to the following equation that
describes two classes of sites:

where B and U are the concentration of bound and unbound MK-
826; n1P1 and n2P2 are the binding capacities or concentrations of
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Figure 1sChemical structure of MK-826.
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the first and second classes of binding sites, respectively; and K1
and K2 are the association constants for the first and second classes
of binding, respectively.6 This analysis assumes that the classes
of binding sites are mutually independent. The nonlinear regres-
sion analysis was performed with the RS/1 computer program
(version 4.2, BBN Software) using a weighting factor of 1/y2.

Pharmacokinetic AnalysissBecause of blood sample volume
constraints, unbound concentrations were calculated from total
concentrations in plasma (measured in vivo after administration
of MK-826) using the binding capacities and association constants
for the binding of MK-826 to plasma proteins. The relationship
between bound and unbound concentrations for two classes of
binding sites is described by

Substitution for bound concentration (Bound ) Total - Unbound)
permits calculation of unbound concentrations from total concen-
trations. In this study, K2 × U , 1, so eq 2 reduces to

which is a quadratic equation with one positive solution for
unbound concentration. This equation for calculating the unbound
concentrations for a drug that has two classes of binding sites is
similar to that reported previously for a drug with single binding
site.2

The terminal t1/2 of MK-826 was determined by linear regression
of the log-linear portion of the plasma concentrationstime profile.
Clearance (CL), based on either total or unbound plasma concen-
trations, was calculated as

where AUC is the area under the curve from time zero to infinity.
Clearance based on total concentration was shown to be dose-
dependent, so these are time-averaged values. The standard
method of calculating the volume of distribution at steady state
(Vdss) based on total drug concentrations is invalid when nonlinear
protein binding exists because it overestimates the steady-state
distribution volume of total drug.7,8 However, a corrected distribu-

tion volume Vdss
t may be calculated that theoretically better

reflects the distribution volume of total drug at steady state:8

where fp corresponds to the area-weighted average fraction un-

bound in the plasma7 and Vdss
u is the steady-state distribution

volume for unbound drug calculated by the standard method from
the unbound concentrations.7,8

Liquid Chromatographic Method for MK-826sPlasma
concentrations of MK-826 were measured by a direct-injection,
column-switching method with UV absorption detection at 298 nm.
Briefly, two columns connected by a switching valve provided
automated sample cleanup and analysis; the columns were a
Phenomenex (Torrance, CA) C18 Maxil-10 extraction column (50
× 4.6 mm) and a Whatman (Clifton, NJ) C18 Partisphere analyti-
cal column (125 × 4.6 mm). Plasma, buffered by the addition of

one volume of 1 M 2-[N-morpholino]ethanesulfonate (pH 6.5)
buffer, was injected directly onto the extraction column. Endog-
enous interfering components were diverted to waste for 5 min,
and then from 5 to 10 min the mobile phase was switched to
transfer MK-826 from the extraction column to the analytical
column. Mobile phase for the extraction column consisted of 0.025
M sodium phosphate (pH 6.5) buffer at a flow rate of 2 mL/min.
The analytical mobile phase consisted of the preceding buffer and
acetonitrile (95/5, v/v) at a flow rate of 2 mL/min. Under these
conditions, the retention time of MK-826 was 12 min. Replicate
analysis of calibration standards and spiked quality control
samples (n ) 5 per concentration) indicated that the method
provided >90% accuracy and variability of <10% over the 0.1- to
100-µg/mL concentration range.

Statistical AnalysissOne-way analysis of variance (ANOVA)
was used to assess the effect of dose on pharmacokinetic param-
eters. A log transformation of data was made when unequal
variances across dose levels were detected. Differences between
dose levels were evaluated using the Tukey multiple comparison
test.9

Results and Discussion
Following the iv administration of MK-826 to rats,

plasma concentrations increased less than dose-proportion-
ally, as shown by the dose-normalized AUC that decreased
with dose (Table 1). Over this 18-fold range of doses, the
dose-normalized AUC decreased by 5- to 6-fold. This
decrease was due to a 5-fold increase in the time-averaged
plasma clearance. A similar dose-dependent trend was
observed in monkeys. Because for drugs with a low extrac-
tion ratio the plasma clearance is proportional to the

Table 1sPharmacokinetic Parameters of MK-826 Based on Total Plasma Concentrationsa

rat monkey

dose, mg/kg
dose-normalized AUC,
(µg x min/mL)/(mg/kg) CL, mL/min/kg terminal t1/2, min

dose-normalized AUC,
(µg x min/mL)/(mg/kg) CL, mL/min/kg terminal t1/2, min

10 203 ± 50a,b,c 5.17 ± 1.30a,b,c 25 ± 9 3458 ± 696a,b,c 0.299 ± 0.061a,b,c 301 ± 24
30 107 ± 10c,d 9.34 ± 0.83c,d 34 ± 10 1475 ± 302b,e 0.700 ± 0.142b,e 290 ± 25
60 97.1 ± 11.8b,c 10.4 ± 1.3b,e 35 ± 5 1276 ± 181c,f 0.795 ± 0.102c,f 314 ± 38

180 38.1 ± 9.5a,d,e 27.5 ± 6.9a,d,e 48 ± 9 594 ± 53a,e,f 1.70 ± 0.15a,e,f 282 ± 13

a Shown as the mean (SD) of n ) 4 per group. Dose-normalized AUC, CL, and terminal t1/2 were evaluated by one-way ANOVA and Tukey’s multiple
comparison test. Values bearing the same superscript were judged to be different at p < 0.05. Abbreviations: AUC, area under the concentration−time curve from
time 0 to infinity; CL, time-averaged plasma clearance. Values for half-lives are harmonic mean. Standard deviation was calculated using the jackknife method.10
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Figure 2sMean plasma concentrations of MK-826 in rhesus monkeys after
iv administration of 10 to 180 mg/kg.

Table 2sBinding Capacities and Association Constants for the
Protein Binding of MK-826 in Rat and Monkey Plasmaa

animal n1P1, M K1, M-1 n2P2, M K2, M-1

rat 2.89 × 10-4 9.07 × 104 8.50 × 10-3 2.17 × 102

monkey 6.52 × 10-4 11.5 × 104 1.36 × 10-3 1.37 × 102

a Symbols: n1P1 and n2P2 are the binding capacities or concentrations of
the first and second class of binding sites, respectively; K1 and K2 are the
association constants for the primary and secondary classes of binding sites,
respectively.
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unbound fraction in plasma, the concentration dependence
of plasma protein binding was examined as a potential
mechanism for the nonlinear clearance.

MK-826 was bound extensively to rat and monkey
plasma proteins and the extent of protein binding was
concentration dependent. In rat plasma, the unbound
fraction was ca. 4% and remained constant up to 75 µg/
mL; however, the unbound fraction increased to 40% at
2000 µg/mL. In monkey plasma, the unbound fraction in
the linear range was 1.5% and then increased to 32% at
2000 µg/mL. The nonlinear binding range extended to
concentrations achieved in the dose proportionality study
(Figure 2). Rosenthal plots of the bound/unbound concen-
tration ratio versus bound concentration were biphasic,
consistent with two different classes of binding sites (Figure
3). When the data were fit to the equation describing two
classes of binding sites, there was good agreement between
the theoretical and observed values (the residual errors
were e11% and there was no systematic deviation between
the observed and calculated values). The binding capacities
of the primary binding sites (n1P1) in rat and monkey
plasma were 289 and 652 µM, respectively (Table 2), values
which are comparable to physiological albumin concentra-
tions.11 Binding capacity is the product of the number of
binding sites per protein molecule times the protein
concentration, so this similarity implied that the higher
affinity binding was to a single site on albumin. The
binding of MK-826 (25 µg/mL) to rat albumin was assessed
directly and found to be extensive (2.0 ( 0.1% unbound
fraction, n ) 3). Binding of MK-826 to monkey albumin
also was extensive, however, the unbound fraction was
higher than the free fraction in plasma (18 ( 0.5% versus
1.5 ( 0.2%). The reason for this result is unknown but could

be due to the presence of endogenous competitive displac-
ers, such as fatty acids, that form during the isolation of
albumin.

Pharmacokinetic parameters based on unbound concen-
trations would be independent of dose if saturation of
plasma protein binding was the primary cause of the dose-
dependent plasma clearance. Determination of the associa-
tion constants and binding capacities for the plasma protein
binding permitted the calculation of unbound pharmaco-
kinetic parameters from total plasma concentrations. In
rats, dose-normalized AUC and clearance based on calcu-
lated unbound concentrations in plasma appeared inde-
pendent of dose, confirming that the concentration-
dependent plasma protein binding was the primary cause
of the nonlinear plasma clearance (Table 3). The unbound
clearance in rats was very high (110-159 mL/min/kg) and
exceeded hepatic blood flow. However, preliminary studies
in rats indicate that dehydropeptidase-I, an enzyme that
is present in highest concentration in rodent lungs and
kidneys, is important to the clearance of MK-826 in this
species (data not shown). Kinetic analysis of unbound
concentrations showed similar results in monkeys over the
dose range examined, although the unbound clearance at
30 mg/kg appeared slightly higher than in the other dose
groups. During the initial period after administration of
MK-826 (30 min in mice and 4 h in monkeys after 180 mg/
kg), the unbound fraction in the nonlinear dose range was
increased because the concentrations achieved saturated
the primary albumin binding site. Clearance based on total
concentrations increased because of the higher unbound
fraction available for elimination.

Despite the dose-dependent plasma clearance, terminal
half-life was dose independent because this parameter
reflected decline during a period when concentrations were
within the linear protein binding range. The calculated

steady-state distribution volume (Vdss
t ), corrected for the

nonlinear protein binding, was relatively unchanged with
dose (ranges of means across the dose levels were 145-
151 and 84-122 mL/kg in rats monkeys, respectively). This
result suggested that despite the saturation of plasma
protein binding, the net shift of MK-826 out of the plasma
into the tissues was minor.

In summary, the dose-dependent increases in plasma
clearance of MK-826 in rats and monkeys were shown to
be the result of concentration-dependent plasma protein
binding. Initial clinical studies suggest that after high doses
of MK-826, the AUC in plasma also increases less than dose
proportionally.12
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