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This study assessed the pharmacokinetic profiles for intramuscular and intravenous ceftaroline treatment
for rats, rabbits, and monkeys. Ceftaroline, a novel cephalosporin with broad-spectrum activity against
Gram-positive and Gram-negative pathogens, demonstrated favorable pharmacokinetic profiles following
intramuscular administration in all 3 animal species, comparable to the levels for intravenous dosing. The
areas under the plasma concentration-time curve obtained after intramuscular administration were increased
in rats and similar in rabbits and monkeys, compared with the levels obtained after intravenous dosing (129%,
7.29%, and 12.7% greater in rats, rabbits, and monkeys, respectively). The data reported here support the
development of an intramuscular formulation for ceftaroline.

Ceftaroline is a novel, parenteral, broad-spectrum cephalo-
sporin exhibiting bactericidal activity against Gram-positive or-
ganisms, including methicillin-resistant Staphylococcus aureus
(MRSA) and multidrug-resistant Streptococcus pneumoniae, as
well as common Gram-negative pathogens (1, 13). Ceftaroline
has also demonstrated in vitro bactericidal activity against eti-
ologic pathogens frequently associated with complicated skin
and skin structure infections (cSSSIs), community- and hospi-
tal-associated pneumonia (CAP and HAP), and other serious
infections (4, 10). In vivo, the water-soluble prodrug ceftaroline
fosamil is rapidly dephosphorylated in the plasma into the
bioactive metabolite (ceftaroline), which exhibits antibacterial
properties. To date, phase 3 trials utilizing intravenous (i.v.)
administration of ceftaroline fosamil have been completed for
¢SSSI and are in progress for CAP (8). Like other cephalospo-
rins, ceftaroline may be administered by both intramuscular
(i.m.) and i.v. routes (2, 6). The availability of ceftaroline in an
i.m. formulation would allow for more-convenient dosing, par-
ticularly in an outpatient setting. As established for other
broad-spectrum antibiotics, it is desirable to determine the safety,
tolerability, and pharmacokinetic (PK) profile of ceftaroline
after i.m. administration (2, 6). This study assessed the PK
profile of a single dose of ceftaroline fosamil administered via
the i.m. route, compared with that of a single dose adminis-
tered by the iv. route, for 3 different animal species.

(A preliminary report of these results was presented at the
48th Interscience Conference on Antimicrobial Agents and
Chemotherapy in Washington, DC, 25 to 28 October 2008.)

This study was approved by the Institutional Animal Care
and Use Committee. Totals of 18 male Sprague-Dawley rats, 4
female New Zealand White rabbits, and 4 cynomolgus mon-
keys (3 male and 1 female) were included in this study, which
was conducted at LAB Research, Inc. (Laval, Quebec, Can-
ada). Rats were assigned to either im. or iv. dosing with
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ceftaroline by block randomization based on body weight. For
rabbits and monkeys, a crossover design with a 3-day washout
period between i.m. and i.v. dosing was used. Ceftaroline fos-
amil powder was dissolved in 1.9% L-arginine solution. The
amount of weighed powder was adjusted using a conversion
factor of 1.115 for ceftaroline acetate-free base to salt.

For all 3 animal species, ceftaroline was administered at a
dose of 20 mg/kg of body weight, calculated based on the most
recent body weight of the animal. i.m. doses were administered
in the thighs of the animals, whereas i.v. doses were adminis-
tered over a period of approximately 1 min through the tail
vein, marginal ear vein, and saphenous vein in rats, rabbits, and
monkeys, respectively. Mortality and clinical signs were evalu-
ated for all 3 animal species. Blood samples of approximately
0.5 ml were collected from the animals prior to dosing and at
5, 15, 30, 60, and 90 min and 2, 4, and 8 h postdose for PK
analysis. For rats, blood samples were collected from 3 rats per
time point. Samples were placed in prechilled tubes containing
sodium heparin as an anticoagulant and stored on wet ice until
processing. The blood samples were centrifuged within 1 h of
collection at approximately 1,500 X g for 10 min in a refriger-
ated centrifuge. An aliquot of 200 pl of plasma was transferred
into a prelabeled 0.5-ml polypropylene tube containing 2.0 pl
of phosphatase inhibitor cocktail 2 (Sigma-Aldrich, St. Louis,
MO), placed on dry ice, and stored at approximately —70°C
within 30 min after processing. The samples were shipped on
dry ice for determination of ceftaroline plasma concentrations
(MicroConstants, Inc., San Diego, CA). Plasma samples were
analyzed by validated liquid chromatography-tandem mass
spectrometry (LC-MS-MS) methods having lower limits of
quantitation of 10 ng/ml in rabbits and monkeys and 50 ng/ml
in rats for ceftaroline. PK parameter values were calculated
using noncompartmental analysis with the software program
WinNonlin (Pharsight Corporation, Mountain View, CA). The
area under the plasma concentration curve from time zero to
infinity (AUC,_..), terminal half-life (¢,,,), highest plasma con-
centration observed (C,,..), and time to C,,. (Tm..) for
ceftaroline were determined. Plasma clearance and volume of
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FIG. 1. Mean * standard deviation (SD) plasma concentrations of
ceftaroline in rats after i.m. and i.v. administration.

distribution at steady state were also determined after i.v. ad-
ministration but are not reported here.

Injections of ceftaroline by the 2 routes of administration
were well tolerated among all 3 animal species. There were no
mortalities in the study. Various clinical signs were observed
(e.g., skin and fur discoloration, fur loss, decreased appetite,
and soft feces), but they were considered incidental or com-
monly observed in normal populations of the 3 animal species.
These signs were also comparable between the i.m. and i.v.
dosing groups for all species. The mean plasma concentrations
of ceftaroline observed after i.m. and i.v. administration in rats,
rabbits, and monkeys are presented in Fig. 1, 2, and 3, respec-
tively. For all 3 animal species, the plasma concentrations of
ceftaroline observed after i.m. dosing were sustained and were
slightly higher than the mean plasma concentrations observed
after i.v. administration. The PK parameter values for ceftaro-
line observed after i.m. and i.v. administration are presented in
Table 1. The AUC:s for i.m. dosing were similar to those for i.v.
dosing for rabbits and monkeys and greater than those for i.v.
dosing for rats, indicating excellent bioavailability. For rabbits
and monkeys, the mean AUCs were 7.3% and 12.7% greater,
respectively, following i.m. administration than following i.v.
administration. For rats, the mean AUC was 129% greater
following i.m. administration than following i.v. dosing. It is not
clear why there was a significant difference in AUC for rats
versus rabbits and monkeys between the i.m. and i.v. adminis-
tration groups. The metabolism and elimination of ceftaroline
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FIG. 2. Mean = SD plasma concentrations of ceftaroline in rabbits
after i.m. and i.v. administration.
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FIG. 3. Mean =+ SD plasma concentrations of ceftaroline in mon-
keys after i.m. and i.v. administration.

were faster for rats than for rabbits or monkeys. The AUC
values observed after i.m. dosing for rabbits and monkeys were
likely within the experimental error of the AUC values ob-
served after i.v. dosing. The time required to reach C,,,, was
longer following i.m. administration than following i.v. admin-
istration, and the ceftaroline ¢,,s were longer for rats and
rabbits following i.m. administration. These findings may be
explained by a slow release from the injection site and/or a
limited conversion of the prodrug in the i.m. space, which may
contribute to a long and sustainable drug concentration in the
plasma, resulting in a higher percentage of dosing interval
during which the antibiotic concentration is above the MIC
(%T>MIC) than that obtained with i.v. administration of the
drug.

The excellent PK profile observed for ceftaroline following
i.m. administration in these animal models predicts an out-
come better than or comparable to that provided by i.v. ad-
ministration in terms of the pharmacodynamic (PD) parameter
%T>MIC. As previous studies have demonstrated, %T>MIC
is an important parameter for predicting efficacy for cephalo-
sporins, including ceftaroline (1, 5, 9, 12, 14). The PK/PD index
of ceftaroline has been established in a neutropenic mouse
thigh infection model; the ceftaroline mean free-drug
%T>MICs associated with the static effect end point for S.
pneumoniae, S. aureus, and Gram-negative isolates were ap-
proximately 39%, 26%, and 32%, respectively (1). One study,
conducted in a rabbit endocarditis model using a simulated
human therapeutic dosing regimen (600 mg every 12 h [q12h]
over 1 h of infusion), demonstrated a correlation between
%T>MIC attained after i.m. administration and bactericidal
activity against MRSA observed after a 4-day treatment regi-
men of ceftaroline (7). The %T>MICs achieved after a single
i.m. dose of ceftaroline at 20 mg/kg were 46.3% = 2.0% and
30.9% * 1.3% at 8 h and 12 h postdose, respectively. In
addition, the values for this parameter have been found to be
similar in animal infection models and human infections (1, 3).
Ceftaroline has been developed for the treatment of cSSSIs
and CAP. The MICys of ceftaroline for the main target patho-
gens (staphylococci and pneumococci) from those infections
were 2 pg/ml or less (4). For humans, preliminary data from a
phase 1 study suggest that a dosing regimen of ceftaroline at
600 mg i.m. administered every 12 h results in favorable
%T>MICs (assuming 20% binding to human plasma pro-
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TABLE 1. PK parameter values for ceftaroline observed after i.m. and i.v. administration”

Route and animal

group AUC,. (h * pg/ml) Crnax (ng/ml) 1y (h) Trnax (h)
im.
Rat (n = 9)° 374 255 0.621 0.500
Rabbit (n = 4) 39.7+11.4 258 = 11.6 0.833 = 0.181 0.438 = 0.125
Monkey (n = 4) 72.1 =21.4 25.6 = 7.82 1.17 = 0.152 0.500
iv.©
Rat (n = 9)" 16.3 27.1 0.426 0.0830
Rabbit (n = 4) 37.0 = 7.84 67.8 =3.77 0.410 = 0.00701 0.0830
Monkey (n = 4) 64.0 = 12.1 69.1 = 12.8 1.16 = 0.0676 0.0830

“ Values shown are means * SD. AUC,._.., area under the plasma concentration-time curve from time zero to infinity; C,,,,,, highest plasma concentration observed;

ty5, terminal half-life; T,,,,, time at which C,,, occurred.

> The PK parameter values for rats are composite values.
¢ The first measured time point following the i.v. bolus was 0.083 h.

teins), ranging from 99.82% = 0.63% to 64.65% = 12.39%
for MICs of 0.12 to 2.0 pg/ml, respectively, following multiple
im. doses (11). An i.m. formulation could provide flexibility
and convenience in outpatient or institutional settings, in
which a route of administration other than the i.v. route might
be preferred.

In conclusion, for rats, rabbits, and monkeys, the favorable
pharmacokinetic profile for ceftaroline seen after i.m. admin-
istration was comparable to that seen after i.v. dosing. It ap-
pears that a longer %T>MIC was achieved with i.m. dosing
than with i.v. dosing. C,,. was lower for i.m. dosing than for i.v.
dosing, but AUC was similar or greater for i.m. dosing. The
time required to reach C,,, was longer for i.m. dosing but
should have a minimal impact on the efficacy and pharmaco-
kinetics/pharmacodynamics of ceftaroline because its efficacy is
correlated with %T>MIC and not C,,,,. The data fully support
clinical development of ceftaroline by the i.m. route of admin-
istration.

Scientific Therapeutics Information, Inc., Springfield, NJ, provided
editorial assistance with the manuscript.
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