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Abstract

Tomopenem is an injectable carbapenem antibiot-
ic under development for the treatment of common
nosocomial infections. The agent shows potent,
broad-spectrum activity against both Gram-positive
and Gram-negative bacteria, including the clinically
important methicillin-resistant Staphylococcus aureus
(MRSA) and Pseudomonas aeruginosa. Tomopenem
is stable against human renal dehydropeptidase-I
(DHP-I) and has a low rate of renal tubular secretion,
endowing it with a relatively extended plasma half-life
in comparison to the other commonly used carbapen-
ems imipenem/cilastatin and meropenem. Its potent
activity and favorable pharmacokinetic properties are
predicted to contribute to clinical efficacy, especially
against infections resulting from resistant bacteria and
P. aeruginosa. Tomopenem is currently in phase Il
development.

Synthesis

Tomopenem is synthesized as follows:

3(S)-Aminopyrrolidine () is selectively protected as
the 1-Boc derivative (Il) by means of Boc,0O in MeOH (1).
Subsequent acylation of (Il) with chloroacetyl chloride (l11)
yields the chloroacetamide (IV), which is further convert-
ed to the glycinamide (V) upon treatment with ammonium
hydroxide in H,O/MeOH. Condensation of amine (V)
with the protected S-methylisothiourea (VI) affords the
p-nitrobenzyloxycarbonyl guanidine (VII), from which the
N-Boc group is removed under acidic conditions to pro-
vide the deprotected pyrrolidine (VIII) (1, 2). Pyrrolidine
(V) is then acylated with either the mixed anhydride (IX)
(1, 2) or with the thiolactone (X) (3) to furnish the
4-acetylthio- (Xla) or the 4-mercaptoprolinamide (XIb),
respectively. Coupling of thiol (XIb), optionally generated
in situ from thioacetate (Xla) and NaOMe, with the car-
bapenem phosphates (Xlla) or (XlIb) furnishes the pro-
tected tomopenem (XIII) (1-4), which is finally deprotected
by catalytic hydrogenolysis over Pd/C (1-5). Scheme 1.

The mercatoproline mixed anhydride (IX) can be pre-
pared by two related methods. Reaction of 1-Boc-4(R)-
hydroxyproline p-methoxybenzyl ester (XIV) with
methanesulfonyl chloride and DIEA gives the mesylate
(XV), which is displaced with thioacetic acid and Cs,CO,
in DMAc to yield the acetylsulfanyl derivative (XVI).
Acidic Boc group cleavage in (XVI), followed by
Eschweiler-Clarke methylation with formaldehyde and
formic acid, leads to the N-methylproline (XVII), which is
converted to the mixed anhydride (I1X) by treatment with
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Scheme 1: Synthesis of Tomopenem
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pivaloyl chloride and DIEA (2). Alternatively, the reduc-
tive methylation of 4(R)-hydroxyproline (XVIII) with
formaldehyde and H, over Pt/C gives 1-methyl-4-
hydroxyproline (X1X), which is esterified with allyl alcohol
and SOCI, to give (XX). After conversion of alcohol (XX)

to the corresponding mesylate (XXI), displacement with
thioacetic acid and Cs,CO, affords the thioacetate (XXII).
The allyl ester (XXII) is then selectively removed by
means of PPh, and Pd(PPh,), to provide the N-methyl-
proline (XVII) (1). The thiolactone (X) is obtained by
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Scheme 2: Synthesis of Intermediates (IX) and (X)
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esterification of 1-methyl-4-hydroxyproline (XIX) with Background

MeOH and HCI, followed by conversion of the resulting
hydroxyproline methyl ester (XXIll) to the mesylate
(XXIV) with methanesulfonyl chloride and DIEA. After
displacement of mesylate (XXIV) with potassium thio-
acetate in aqueous EtOH, acidic hydrolysis of the
obtained thioacetate (XXV) provides 4-mercapto-1-
methylproline (XXVI). Subsequent cyclization of (XXVI)
in hot acetic anhydride provides the target thiolactone (X)
(3). Scheme 2.

The incidence of multidrug-resistant bacterial infec-
tions is rising, particularly those acquired in the hospital.
The Infectious Disease Society of America (IDSA) esti-
mates that about 2 million people acquire bacterial infec-
tions in a U.S. hospital each year, and 90,000 die as a
result of their infection. In 2002, approximately 70% of
hospital-acquired infections were resistant to at least one
commonly used drug. The most common causes of hoso-
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comial infections in the U.S. include coagulase-negative
streptococci, Staphylococcus aureus (both methicillin-
sensitive [MSSA] and -resistant [MRSA]), Escherichia
coli, enterococci, Pseudomonas aeruginosa, Klebsiella
pneumoniae and others, many of which are resistant to at
least one commonly used antibiotic, and in some cases
many available antibiotics. Thus, there is an urgent need
for new antibiotics, particularly those with activity against
MRSA and multidrug-resistant P. aeruginosa (6-8).

The carbapenems (e.g., imipenem, panipenem,
meropenem, biapenem and ertapenem) are highly potent
antimicrobial agents belonging to the B-lactam class of
antibiotics. They have a broad spectrum of activity
against Gram-positive and Gram-negative pathogens, as
well as good stability to human renal dehydropeptidase-|
(DHP-1). However, available carbapenems are not partic-
ularly active against MRSA and increasing resistance has
been detected in P. aeruginosa (9-11).

Tomopenem (CS-023, R-1558, R0-4908463, formerly
R-115685) is a new parenteral 1-B-methylcarbapenem
with a unique guanidine-pyrrolidine side-chain that was
designed in an attempt to obtain potent antibacterial
activity and improved activity against P. aeruginosa. The
agent is effective against Gram-positive and Gram-nega-
tive pathogens, including MRSA and resistant P. aerugi-
nosa, and sufficiently stable to DHP-I (1, 2). It also has an
extended plasma half-life relative to the carbapenems
imipenem/cilastatin and meropenem.

Preclinical Pharmacology

Tomopenem showed in vitro bactericidal activity
against clinical isolates with a range of different -lactam
susceptibility phenotypes. Against wild-type S. aureus,
tomopenem was bactericidal at 1 ug/ml (4 x MIC), and
against two resistant strains of S. aureus it was bacterici-
dal at 32 pug/ml or less (8 x MIC). Against vancomycin-
sensitive- and -resistant Enterococcus faecalis, tomopen-
em was bactericidal at 8 and 4 ug/ml, respectively (4 x
MIC) and against both penicillin-sensitive and penicillin-
resistant Streptococcus pneumoniae, tomopenem was
bactericidal at 2 x MIC (0.06 and 1.0 ug/ml, respectively).
Tomopenem was also bactericidal against a sensitive
strain of P. aeruginosa at 2 pg/ml (2 x MIC), against a cef-
tazidime-resistant strain at 16 ug/ml (8 x MIC) and against
a ceftazidime- and imipenem-resistant strain at 8 ug/ml (4
x MIC). The carbapenem displayed bactericidal activity
against ceftazidime-sensitive and -resistant E. coli at con-
centrations of 0.06 and 0.12 ug/ml, respectively (2 and 4
x MIC, respectively) (12).

Tomopenem was tested and compared to imipenem,
meropenem, ceftazidime, amikacin and levofloxacin
against a range of P. aeruginosa mutants harboring differ-
ent resistance mechanisms. Tomopenem was more active
than the other carbapenems, ceftazidime and amikacin
against all mutants, with MIC values of 0.25-8 ug/ml. Good
stability to hydrolysis by most p-lactamases was observed.
The antibiotic exerted bactericidal activity against MRSA,
penicillin-resistant S. pneumoniae and P. aeruginosa (13).

Tomopenem

Against a panel of Gram-positive and Gram-negative
clinical isolates obtained from U.S. hospitals during 2001,
the MIC,, values for tomopenem ranged from < 0.004 to
4 ng/ml. The strains included staphylococci, streptococci,
H. influenzae, Moraxella catarrhalis and several isolates
of Enterobacteriaceae. Tomopenem had lower activity
against Enterococcus faecium, E. faecalis, Burkholderia
cepacia and Stenotrophomonas maltophilia (MIC,, > 32
ug/ml). The MIC,, against P. aeruginosa strains (n=57,
including 5 meropenem-resistant isolates) was 8 ug/ml,
half that for meropenem (MIC,, = 16 ug/ml), one-fourth
that for imipenem (MICy, = 32 pg/ml) and considerably
lower than that for ceftriaxone and levofloxacin (MIC,, >
32 pg/ml). Against the subgroup of meropenem-resistant
isolates, tomopenem was 4-8-fold more potent than
meropenem. Against oxacillin-resistant coagulase-nega-
tive staphylococci (n=39), the MICy, was 4 ug/ml, com-
pared to 16 ug/ml for levofloxacin and meropenem, 32
ug/ml for imipenem and > 32 ug/ml for ceftriaxone, ampi-
cillin and oxacillin (14, 15).

Tomopenem displayed good to excellent in vitro activ-
ity against Gram-positive clinical isolates, including
MRSA, methicillin-resistant Staphylococcus epidermidis,
penicillin-resistant S. pneumoniae and enterococci, with
MIC, values in the range 0.25-16 ug/ml, comparable to
those of imipenem. Against Gram-negative clinical iso-
lates, including M. catarrhalis, E. coli, Citrobacter freundii,
Morganella morganii and P. aeruginosa, the MIC, values
ranged from < 0.032 to 4 ug/ml, comparable to those of
meropenem. The combination of tomopenem + van-
comycin or amikacin was either synergistic or additive
against MRSA and P. aeruginosa (16).

The in vitro antibacterial activity of tomopenem was fur-
ther tested against 1,214 clinical isolates covering 32
species obtained from Japanese hospitals over the period
1996-2000. The agent was active against Gram-positive
and Gram-negative aerobes and anaerobes, and superior
to imipenem, meropenem, ceftriaxone, ampicillin, amikacin
and levofloxacin against the following strains: MRSA
(n=52; MIC,, = 8 ug/ml), methicillin-resistant S. epidermidis
(n=49; MIC,, = 4 ug/ml), penicillin-resistant S. pneumoniae
(n=47; MICy4, = 0.25 pg/ml) and P. aeruginosa (n=100,
including 21 imipenem-resistant; MICy, = 4 ug/ml; MIC,,
against the imipenem-resistant subset = 16 ug/ml).
Tomopenem also showed excellent activity against a broad
spectrum of B-lactamase-producing E. coli strains (MIC =
0.016-0.06 ug/ml), comparable to that of meropenem (17).

Tomopenem was also highly active against a panel of
European clinical isolates, with MIC,, values against
MSSA and MRSA (n=60 each) of 0.125 and 8 ug/ml,
respectively (compared to 0.03 and > 32 ug/ml, respec-
tively, for imipenem); against penicillin-sensitive and
-resistant S. pneumoniae (n=60 and 64, respectively), the
MIC,, values were 0.03 and 0.5 ug/ml, respectively (sim-
ilar to those for imipenem and meropenem), and against
imipenem-sensitive and -resistant P. aeruginosa (n=63
and 36, respectively), the respective values were 1 and 4
ug/ml (compared to 2 and 32 and 2 and 16 ug/ml for
imipenem and meropenem, respectively) (18).
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The in vitro activity of tomopenem was examined
against sensitive and resistant clinical isolates collected
during 2004 from the U.S. and the E.U. For MSSA and
MRSA, the MIC,, values were 0.25 and 8 ug/ml, respec-
tively, in the U.S. and 0.12 and 16 pg/ml, respectively, in
the E.U.; for comparison, the MIC, values for imipenem,
meropenem and ertapenem against MRSA from both
regions were 32 ug/ml or greater. For coagulase-negative
streptococci, the MIC,; values were 2 and 4 ug/ml for the
U.S. and the E.U., respectively; for penicillin-sensitive
and -resistant S. pneumoniae, they were 0.008 pg/ml or
less and 0.5 pg/ml, respectively, in both regions; for
imipenem-sensitive and -resistant P. aeruginosa, they
were 0.5 and 8 ug/ml, respectively, in the U.S. and 2 and
16 ug/ml, respectively, in the E.U., tomopenem being
more potent than ceftazidime or meropenem. The agent
was highly potent against expanded-spectrum B-lactam-
sensitive and -resistant E. coli and K. pneumoniae (MIC,,
< 0.015-0.25 ug/ml), irrespective of the region, with simi-
lar activity to other carbapenems (19, 20).

Against a collection of 1,238 clinical isolates obtained
from the U.S., Europe and Israel during 2003-2005, the
respective MICy, values for tomopenem were as follows:
MSSA/MRSA (n=312/333), 0.25/16 pg/ml; methicillin-
sensitive/resistant S. epidermidis (n=60/52), 0.06/4
uwg/ml; E. faecalis (n=105), 4 ug/ml; E. faecium (n=60), >
32 pg/ml; penicillin-sensitive/resistant S. pneumoniae
(n=65/42), 0.015/1 pg/ml; Streptococcus pyogenes
(n=101), 0.015 ug/ml; and Streptococcus agalactiae
(n=106), 0.06 pg/ml (21).

Tomopenem demonstrated good activity in an in vitro
screen of 1,438 Gram-negative pathogens collected from
hospitals in the U.S. and Europe during 2003-2005,
including those with resistance to currently available p-
lactams. Against all P. aeruginosa (n=212, including 51
ceftazidime-resistant strains and 50 imipenem-resistant
strains), the MIC,, values were 4 pg/ml for all strains and
8 and 16 ug/ml, respectively, for the resistant strains.
Against imipenem-sensitive/resistant Acinetobacter spp.
(n=91/12), the MIC,, values were 16/> 32 ug/ml. Against
H. influenzae (n=106, including 18 B-lactamase-positive
strains), the MIC,, was 0.06-0.12 ug/ml. Against a wide
range of Enterobacteriaceae (n=1,285, including 130 cef-
tazidime-resistant strains), the MICy, was 0.12 ug/ml,
except against M. morganii (n=95), with an MIC,, of 1
ng/ml (22).

In vitro assays using P. aeruginosa and S. aureus
revealed a postantibiotic effect (PAE) for tomopenem of
approximately 60 min for MSSA and 100-200 min for
MRSA. Against imipenem-susceptible P. aeruginosa, the
PAE was about 70 min, and against imipenem-resistant
strains it was 45-80 min. The PAE for tomopenem was
generally similar to or greater than that of comparative
agents (meropenem, imipenem, vancomycin and cef-
tazidime) (23).

To identify the rate at which tomopenem-resistant
mutants arise, bacteria were cultured overnight on plates
containing increasing concentrations of the antibiotic. No
mutants were obtained among S. aureus, S. pneumoniae,
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E. coli or K. pneumoniae, including fB-lactam-resistant
variants. Stable mutants were obtained with ceftazidime-
resistant, imipenem-sensitive P. aeruginosa at a frequen-
cy of 3.4 x 108. In these tomopenem-resistant strains, the
MIC increased from 2 to 8 ug/ml and was stable after 3
days’ passage in drug-free media. Tomopenem-resistant
mutants were also obtained from Enterobacter cloacae,
but they were not stable (24).

The time above MIC (T>MIC) is an important pharma-
codynamic parameter for the efficacy of B-lactams. In an
in vitro model of S. aureus bacterial infection, the mean
T>MIC for tomopenem giving a 3-log reduction in bacter-
ial count at 24 and 48 h was estimated to be 21% (range
= 9.4-43% for 1 MSSA and 5 MRSA strains) and 25.6%
(6.6-47.0%), respectively. Using the area under the bac-
terial kill curve, the mean T>MIC to achieve a 90% maxi-
mal response at 0-24-h and 0-48-h intervals was calcu-
lated to be 22.8% (range = 1.7-36.2%) and 24.9% (range
= 9.0-54.7%), respectively (25).

The antibacterial effect of tomopenem was estimated
in an in vitro pharmacokinetic model of S. aureus infec-
tion. Simulating the serum concentrations of tomopenem
in a 750 mg t.i.d. i.v. dosing regimen, a > 3.5 log CFU/ml
reduction in bacterial counts occurred by 24 h for 1 MSSA
and 6 MRSA strains tested. Similar results were obtained
using a dosing regimen of 1500 mg t.i.d. and irrespective
of the MIC of the strain tested (MIC = 0.06-16 ug/ml).
T>MIC was > 70% in all simulatoins (26).

Population pharmacodynamic modeling using the
MICs of tomopenem against European and U.S. clinical
isolates and pharmacokinetic data from phase | studies
were used to estimate the probability of achieving bacte-
ricidal exposures (> MIC for > 40% of the dosing interval)
against S. aureus and P. aeruginosa. At exposures
obtained with the 1500 mg b.i.d and 750 mg t.i.d. regi-
mens, the drug was estimated to be bactericidal against
96.0% and 96.3% of S. aureus and 93.1% and 93.5% of
P. aeruginosa isolates in the U.S., respectively. The high-
er dose of 1500 mg t.i.d. was required to provide bacteri-
cidal activity against 98.7% of S. aureus and 94.0% of P.
aeruginosa isolates in Europe (27).

Pharmacodynamic modeling was also used to esti-
mate the empiric bactericidal exposure rates of tomopen-
em against the combined major bacterial causes of noso-
comial pneumonia in the U.S. (weighted according to the
reported incidence of S. aureus [including MRSA], P.
aeruginosa, S. pneumoniae, K. pneumoniae and E. coli).
At a dose of 750 mg b.i.d., tomopenem would be expect-
ed to be bactericidal against 83.7% of strains, increasing
to 96.5% at 1500 mg b.i.d., 96.7% at 750 mg t.i.d. and
99.0% at 1500 mg t.i.d. (28).

In an in vitro pharmacodynamic model simulating the
conditions of a 350 mg b.i.d. dose in humans, tomopen-
em caused a maximal decrease in P. aeruginosa of 3.56
log,, CFU/ml or more, with a final reduction of 0.03 log,,
CFU/ml and an area under the killing curve of 27.8 log,,
CFU/ml x h. Similar bactericidal activities were achieved
for meropenem and imipenem at the simulated dosing
regimen of 500 mg t.i.d. In a neutropenic mouse model of
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thigh muscle infection, tomopenem suppressed the
growth of P. aeruginosa at doses equivalent to 350 mg or
above in humans and equivalent to 125 mg or above in
normal mice (29).

Another in vitro pharmacodynamic model of MRSA
infection using doses simulating a human regimen of 350
mg b.i.d. tomopenem showed a maximal decrease in
MRSA of 3.25 log,, CFU/ml or more, with a final reduction
of 0.68 log,, CFU/ml and an area under the killing curve
of 37.5 log,, CFU/mI x h. Respective values for meropen-
em at the simulated dosing regimen of 500 mg t.i.d. were
2.55 log,, CFU/ml, 0.50 log,, CFU/ml and 73.0 log,,
CFU/ml x h, and for imipenem they were 1.90 log,,
CFU/ml, 0.84 log,, CFU/ml and 8.70 log,, CFU/ml x h. In
a mouse model of sepsis caused by MRSA, > 80% sur-
vival was achieved in immunocompetent and neutropenic
mice at doses equivalent to 500 mg or more in humans
(30, 31).

Using mouse models of systemic infection (urinary
and respiratory tract infections), tomopenem was effec-
tive against all strains tested, including penicillin-resistant
S. pneumoniae (ED, = 0.55 mg/kg s.c.), MRSA (ED, =
7.9 mg/kg s.c.) and P. aeruginosa (EDg, = 0.95 mg/kg
s.c.). These values were comparable to those for imipen-
em/cilastatin and superior to those for meropenem, ceftri-
axone and ceftazidime in the same models. In murine
models of pneumonia caused by penicillin-resistant S.
pneumoniae, significant reductions in viable counts were
seen at 2 and 10 mg/kg tomopenem (17, 32).

In mouse models of systemic infection caused by
MRSA or P. aeruginosa, the ED,, could be achieved
when the plasma concentration of tomopenem remained
above the MIC for < 20% of the dosing interval.
Extrapolating from this figure, a 700 mg b.i.d. dose in
humans would be expected to achieve plasma levels of
13 ug/ml for 20% of the dosing interval, therefore cover-
ing most clinical isolates of MRSA or P. aeruginosa at this
dose (33).

Pharmacokinetics and Metabolism

In the presence of DHP-I in human kidney
homogenates, tomopenem exhibited a comparable rate
of hydrolysis to meropenem and a lower rate compared to
imipenem, suggesting the possibility of dosing without
cilastatin (a DHP inhibitor) (1, 2).

Following s.c. injection in mice, the urinary recovery of
tomopenem (50 mg/kg) was 52.8% (0-24 h) compared to
29.2% for meropenem at the same dose (1).

After a single s.c. injection of 20 mg/kg in mice,aC_ .
of 20 pg/ml was reached at 0.25 h; plasma levels of
tomopenem were higher than those for meropenem and
similar to imipenem/cilastatin. The half-life was 0.18 h,
similar to that for imipenem/cilastatin (0.14 h) and
meropenem (0.10 h) (17).

The renal handling of tomopenem was explored in
male Japanese White rabbits. Following i.v. infusion of
tomopenem (2 mg/kg + 0.121 mg/min), the renal clear-
ance/glomerular filtration rate ratio was 1. This ratio was

Tomopenem

not affected by co-administration of probenecid, an agent
known to reduce the renal tubular secretion of some
drugs. By comparison, the renal clearance/glomerular fil-
tration rate following meropenem (5 mg/kg + 0.3 mg/min)
infusion was 3, which was reduced to about 1 upon co-
administration with probenecid. The ratio of tomopenem in
the renal cortex/plasma was 0.6, while that for meropen-
em was 3, decreasing to 0.6 upon co-administration with
probenecid. Cells expressing the human organic anion
transporters hOAT1 and hOAT3 took up meropenem, but
not tomopenem. These data suggest that the rate of renal
tubular secretion of tomopenem via organic anion trans-
porters is relatively low compared to that of meropenem,
which may possibly explain the longer plasma half-life of
tomopenem in man (approximately 2 h) compared to the
latter (approximately 1 h) (34, 35).

Using [**C]-labeled tomopenem, the distribution,
metabolism and excretion were studied in rats, dogs and
monkeys. Whole-body autoradioluminograms of rats
showed distribution of the agent throughout the body,
except for the central nervous system and testes. In
rat plasma, the primary metabolite of tomopenem
(R-131624, with an open B-lactam ring and pharmacolog-
ically inactive) became the dominant metabolite within 30
min of administration; only low levels of R-131624 were
detected in the plasma of dogs and monkeys.
Tomopenem was concentrated in the kidneys, the site of
its excretion, and around 80-90% of the radioactive mate-
rial administered was recovered in the urine of all
species. In rat urine, tomopenem accounted for 30% of
the dose and R-131624 for another 30%, while in monkey
urine, tomopenem accounted for approximately 50% of
the dose and R-131624 for 20%. In rats, dogs and mon-
keys, the plasma half-life of tomopenem was 0.16, 0.75
and 1.4 h, respectively. The AUC,_ at 10 mg/kg was
10.2, 18.8 and 103.9 pg.h/ml in rats, dogs and monkeys,
respectively, and the total clearance was 16.9, 4.19 and
1.62 ml/min/kg, respectively. The steady-state volume of
distribution was comparable among the different animals
(172-259 ml/kg), as was protein binding (5-15.6%) (36,
37). Using these and additional data from mice and rab-
bits, a pharmacokinetic model was built to predict the dis-
position of tomopenem (simulated dose of 700 mg by 30-
min i.v. infusion) in humans. The t,,, in man was predicted
to be > 2 h, longer than for imipenem/cilastatin or
meropenem. Total plasma clearance, however, was sig-
nificantly underestimated due to inclusion of data from
monkeys. It was suggested that net renal clearance in
monkeys may be predominantly due to tubular reabsorp-
tion, which is not the case in the other animals, and prob-
ably not in humans. Excluding the monkey data, the
clearance value was calculated to be 138 ml/min, much
closer to the actual mean value of 137 ml/min, and the
volume of distribution was 19.5 | (actual mean value from
phase | studies = 17.4 1). This allowed a plasma concen-
tration-time profile to be modeled that was in good agree-
ment with the profile observed in humans (38).

In a double-blind, placebo-controlled pharmacokinet-
ic and safety study, 56 healthy Caucasian male volun-
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teers were administered tomopenem (50, 100, 200, 350,
700, 1400 and 2100 mg) or placebo (6 active and 2
placebo per dose group) as a 30-min i.v. infusion. The
active agent was well tolerated and there were no serious
adverse events or changes in clinically important mea-
sures such as ECG, vital signs or laboratory tests. The
C,.ax @nd AUC increased proportionally with the dose,
and the clearance and steady-state volume of distribution
remained constant over the dose range, suggesting lin-
ear pharmacokinetics. The elimination half-life (1.47-2.04
h) was greater than that reported for imipenem/cilastatin
and meropenem (< 1 h). The cumulative urinary excre-
tion rate reached 51.6-74.1% of the dose within 24 h of
administration, and the mean renal clearance was 4.87
I/h. It was suggested that a relatively low rate of tubular
secretion may contribute to the extended half-life of the
agent (39, 40).

In another similar study, 60 healthy Japanese male
volunteers were administered tomopenem (100, 200,
375, 750, 1500 and 2100 mg) or placebo (8 active and 2
placebo per dose group) as a 30-min i.v. infusion. The
active agent was well tolerated, and there were no seri-
ous adverse events or changes in ECG, vital signs or lab-
oratory tests. The increase in C_,, and AUC was linear
and proportional to dose, and the elimination half-life was
1.51-1.86 h. The cumulative urinary recovery within 24 h
of administration was 63.9-73% for the parent compound
and 13.6-16% for its major metabolite (41).

Safety

The safety of tomopenem was studied in rats and
rabbits. In a single-dose toxicity study, tomopenem was
not lethal up to 2 g/kg i.v. in rats. After 4 days of repeat-
ed dosing, no toxicity was observed in rats even at 1
g/kg. After a single i.v. infusion of 200 mg/kg in rabbits,
there were no signs of nephrotoxicity. In neurotoxicity
studies, sharp waves in spontaneous electroencephalo-
gram (EEG) were observed in 1 of 5 rats after single i.v.
doses of 100 or 200 ug tomopenem; this compares
favorably with cefazolin and imipenem, which evoked
seizure discharge in 2 of 5 rats at 50 and 10 ug, respec-
tively (42).

Sources

Daiichi Sankyo Co., Ltd. (JP); licensed to F.
Hoffmann-La Roche, Ltd. (CH).

References

1. Kawamoto, |., Shimoji, Y., Kanno, O. et al. Synthesis and
structure-activity relationships of novel parenteral carbapenems,
CS-023 (R-115685) and related compounds containing an ami-
dine moiety. J Antibiot 2003, 56(6): 565-79.

2. Kawamoto, I., Shimoji, Y., Kanno, O. et al. R-115685, a novel
parenteral carbapenem: Synthesis and structure-activity relation-
ships. 40th Intersci Conf Antimicrob Agents Chemother (ICAAC)
(Sept 17-20, Toronto) 2000, Abst F-1229.

43

3. Kasai, T., Fujimoto, K. (Sankyo Co., Ltd.). Process for pro-
ducing carbapenem-type antibacterial. EP 1338596, JP
2002212183, US 2003225055, US 2006009508, US 7091363,
WO 0240482.

4. Kawamoto, I., Fukuhara, H., Shimoji, Y. (Sankyo Co., Ltd.).
Crystalline 1-methylcarbapenem derivatives. JP 2001072681,
US 2002128254, US 2003158174, US 2003232803, US
6924279, WO 0102401.

5. Kawamoto, I., Shimoji, Y., Fukuhara, H. (Sankyo Co., Ltd.).
Antimicrobial agent comprising crystalline carbapenem com-
pound. JP 2002161034.

6. Bad bugs, no drugs. As antibiotic discovery stagnates, a pub-
lic health crisis brews, July 2004. http://www.idsociety.org.

7. Guignard, B., Entenza, J.M., Moreillon, P. B-Lactams against
methicillin-resistant Staphylococcus aureus. Curr Opin Pharmacol
2005, 5(5): 479-89.

8. Hooper, D. New antibiotics against multi-resistant Gram-neg-
ative bacteria. 5th Int Symp Antimicrob Agents Resist (ISAAR)
(April 27-29, Seoul) 2005, Lecture No. N-2.

9. Hikida, M., Terashima, S., Sato, Y., Okamoto, R., Inoue, M.
Comparative antibacterial activity of carbapenems against P.
aeruginosa (1). Jpn J Anbitiot 2001, 54: 571-9.

10. Sader, H.S., Cerbara, E.F., Luz, D. et al. Evaluation of the
cephalosporins, cefepime, cefpirome and ceftazidime, against
clinical isolates of imipenem-resistant Pseudomonas aerugi-
nosa. Braz J Infect Dis 1999, 3: 231-7.

11. Quinn, J.P., Dudek, E.J., DiVincenzo, C.A., Lucks, D.A.,
Lerner, S.A. Emergence of resistance to imipenem during thera-
py for Pseudomonas aeruginosa infections. J Infect Dis 1986,
154: 289-94.

12. Jones, M.E., Cohen, M.A., Brown, N.P., Dannemann, B.,
Sahm, D.F. Bactericidal activity of RO4908463 (CS-023) against
beta-lactam-susceptible and resistant target species. 46th
Intersci Conf Antimicrob Agents Chemother (ICAAC) (Sept 27-
30, San Francisco) 2006, Abst E-227.

13. Masuda, N., Ohya, S., Takenouchi, T. et al. R-115685, a
novel parenteral carbapenem: Mode of action and resistance
mechanisms. 40th Intersci Conf Antimicrob Agents Chemother
(ICAAC) (Sept 17-20, Toronto) 2000, Abst F-1231.

14. Thomson, K.S., Moland, E.S. CS-023 (R-115685), a novel
carbapenem with enhanced in vitro activity against oxacillin-
resistant staphylococci and Pseudomonas aeruginosa. J
Antimicrob Chemother 2004, 54(2): 557-62.

15. Moland, E.S., Black, J.A., Lockhart, T.J., Thomson, K.S. CS-
023: An investigational carbapenem with enhanced activity
against resistant pathogens. 42nd Intersci Conf Antimicrob
Agents Chemother (ICAAC) (Sept 27-30, San Diego) 2002, Abst
F-325.

16. Ohya, S., Abe, T., Ishii, C., Kakuta, M., Masuda, N.,
Kuwahara, S. R-115685, a novel parenteral carbapenem: In vitro
antibacterial activity. 40th Intersci Conf Antimicrob Agents
Chemother (ICAAC) (Sept 17-20, Toronto) 2000, Abst F-1230.

17. Koga, T., Abe, T., Inoue, H. et al. In vitro and in vivo antibac-
terial activities of CS-023 (RO4908463), a novel parenteral car-
bapenem. Antimicrob Agents Chemother 2005, 49(8): 3239-50.

18. Fukuoka, T., Puechler, K., Rennecke, J., Kuwahara, S. In
vitro activity of CS-023 against European clinical relevant bacte-



44

rial isolates. 42nd Intersci Conf Antimicrob Agents Chemother
(ICAAC) (Sept 27-30, San Diego) 2002, Abst F-326.

19. Jones, M.E., Draghi, D.C., Thornsberry, C., Flamm, R.K,,
Karlowsky, J.A., Sahm, D.F. Activity of RO4908463 (CS-023), an
investigational carbapenem, against select Gram-positive and
Gram-negative pathogens. 44th Intersci Conf Antimicrob Agents
Chemother (ICAAC) (Oct 30-Nov 2, Washington, D.C.) 2004,
Abst E-2017.

20. Jones, M.E., Nicolau, D.P., Kuti, J.L., Nightingale, C., Draghi,
D.C., Flamm, R.K., Sahm, D.F. Activity and pharmacodynamics
of RO490-8463 (CS-023), a carbapenem with activity against
MRSA. Clin Microbiol Infect [15th Eur Congr Clin Microbiol Infect
Dis (ECCMID) (April 2-5, Copenhagen) 2005] 2005, 11(Suppl.
2): Abst P1573.

21. Jones, M.E., Cohen, M.A., Brown, N.P., Dannemann, B., Sahm,
D.F. Baseline profile of RO4908463 (CS-023) against recent iso-
lates of target Gram-positive pathogens exhibiting key resistance
phenotypes. 46th Intersci Conf Antimicrob Agents Chemother
(ICAAC) (Sept 27-30, San Francisco) 2006, Abst E-228.

22. Jones, M.E., Cohen, M.A., Brown, N.P., Dannemann, B.,
Sahm, D.F. Baseline profile of RO4908463 (CS-023) against
recent isolates of target Gram-negative pathogens exhibiting
beta-lactam resistance phenotypes. 46th Intersci Conf
Antimicrob Agents Chemother (ICAAC) (Sept 27-30, San
Francisco) 2006, Abst C2-1835.

23. Tomozawa, T., Sugihara, C., Oyama, T., Koga, T., Fukuoka,
T., Kuwahara, S. Postantibiotic effects (PAEs) of CS-023
(RO4908463) against Staphylococcus aureus and Pseudomonas
aeruginosa. 46th Intersci Conf Antimicrob Agents Chemother
(ICAAC) (Sept 27-30, San Francisco) 2006, Abst A-632.

24. Jones, M.E., Cohen, M.A., Brown, N.P., Dannemann, B.,
Sahm, D.F. RO4908463 (CS-023) demonstrates a low potential for
in vitro selection of resistance in S. aureus (SA) E. coli (EC) and P.
aeruginosa (PA). 46th Intersci Conf Antimicrob Agents Chemother
(ICAAC) (Sept 27-30, San Francisco) 2006, Abst C1-35.

25. Noel, A.R., Bowker, K.E., MacGowan, A.P. The RO4908463
(CS-023) T>MIC antibacterial effect relationship for MRSA
established in an in vitro pharmacokinetic model of infection.
46th Intersci Conf Antimicrob Agents Chemother (ICAAC) (Sept
27-30, San Francisco) 2006, Abst A-638.

26. Noel, A.R., Bowker, K.E., MacGowan, A.P. The antibacterial
effect of RO4908463 (CS-023) on MRSA studied in an in vitro
pharmacokinetic model of infection. 46th Intersci Conf
Antimicrob Agents Chemother (ICAAC) (Sept 27-30, San
Francisco) 2006, Abst A-637.

27. Kuti, J.L., Nightingale, C., Nicolau, D.P. Pharmacodynamics
of RO4908463 (CS-023), a novel carbapenem, against
Staphylococcus aureus (SA) and Pseudomonas aeruginosa
(PSA). 44th Intersci Conf Antimicrob Agents Chemother (ICAAC)
(Oct 30-Nov 2, Washington, D.C.) 2004, Abst A-141.

28. Sun, H.K., Kuti, J.L., Nightingale, C., Nicolau, D.P.
Pharmacodynamics of RO4908463 (CS-023) for the empiric
treatment of nosocomial pneumonia. 42nd Annu Meet Infect Dis
Soc Am (IDSA) (Sept 30-Oct 3, Boston) 2004, Abst 320.

29. Koga, T., Fukuoka, T., Ishii, C. et al. CS-023 (R-115685), a
novel parenteral carbapenem: |. In vitro and in vivo pharmaco-
dynamic (PD) evaluations against Pseudomonas aeruginosa.
41st Intersci Conf Antimicrob Agents Chemother (ICAAC) (Sept
22-25, Chicago) 2001, Abst F-365.

Tomopenem

30. Fukuoka, T., Koga, T., Ishii, C. et al. CS-023 (R-115685), a
novel parenteral carbapenem: Il. In vitro and in vivo activities
against methicillin-resistant Staphylococcus aureus. 41st Intersci
Conf Antimicrob Agents Chemother (ICAAC) (Sept 22-25,
Chicago) 2001, Abst F-366.

31. Namba, E., Inoue, H., Koga, T., Fukuoka, T., Simpson, I.
High affinity for PBP 2’ enables RO490-8463 (CS-023), a unique
guanidine-pyrrolidine carbapenem, to achieve good in vitro activ-
ity against MRSA, which is confirmed in murine infection models.
Clin Microbiol Infect [15th Eur Congr Clin Microbiol Infect Dis
(ECCMID) (April 2-5, Copenhagen) 2005] 2005, 11(Suppl. 2):
Abst P1572.

32. Ohya, S., Fukuoka, T., Kawada, H., Kubota, M., Kitayama,
A., Abe, T., Kuwahara, S. R-115685, a novel parenteral car-
bapenem: In vivo antibacterial activity. 40th Intersci Conf
Antimicrob Agents Chemother (ICAAC) (Sept 17-20, Toronto)
2000, Abst F-1232.

33. Fukuoka, T., Koga, T., Ishii, C. et al. Antibacterial activity of
CS-023 against MRSA and Pseudomonas aeruginosa. 42nd
Intersci Conf Antimicrob Agents Chemother (ICAAC) (Sept 27-
30, San Diego) 2002, Abst F-324.

34. Shibayama, T., Yamamura, N., Matsushita, Y., Tokui, T.,
Hirota, T., Ikeda, T. Renal handling of CS-023 (RO4908463), a
novel parenteral carbapenem antibiotic, in rabbits in comparison
with meropenem. Xenobiotica 2006, 36(12): 1273-87.

35. Yamamura, N. CS-023 (RO4908463) and meropenem exhib-
it different renal excretion behaviour in rabbits. 46th Intersci Conf
Antimicrob Agents Chemother (ICAAC) (Sept 27-30, San
Francisco) 2006, Abst A-1940.

36. Shibayama, T., Matsushita, Y., Kawai, K., Hirota, T., Ikeda,
T., Kuwahara, S. Pharmacokinetics and disposition of CS-023
(RO4908463), a novel parenteral carbapenem, in animals.
Antimicrob Agents Chemother 2007, 51(1): 257-63.

37. Shibayama, T., Matsushita, Y., Kikuchi, N., Kawai, K., Hirota,
T., Kuwahara, S. R-115685, a novel parenteral carbapenem:
Pharmacokinetics and metabolism in laboratory animals. 40th
Intersci Conf Antimicrob Agents Chemother (ICAAC) (Sept 17-
20, Toronto) 2000, Abst F-1233.

38. Shibayama, T., Matsushita, Y., Kurihara, A., Hirota, T., Ikeda,
T. Prediction of pharmacokinetics of CS-023 (RO4908463), a
novel parenteral carbapenem antibiotic, in humans using animal
data. Xenobiotica 2007, 37(1): 91-102.

39. Rennecke, J., Hirota, T., Shibayama, T. et al. Safety, tolera-
bility, and pharmacokinetics (PK) of CS-023, a new parenteral
carbapenem, in healthy male volunteers. 42nd Intersci Conf
Antimicrob Agents Chemother (ICAAC) (Sept 27-30, San Diego)
2002, Abst F-327.

40. Shibayama, T., Matsushita, Y., Hirota, T., lkeda, T.,
Kuwahara, S. Pharmacokinetics of CS-023 (RO4908463), a
novel parenteral carbapenem, in healthy male Caucasian volun-
teers. Antimicrob Agents Chemother 2006, 50(12): 4186-8.

41. Sesoko, S., Morita, K., Tajima, N., Nakashima, M. Safety, tol-
erability, and pharmacokinetics of CS-023 (RO4908463), a new
parenteral carbapenem in healthy Japanese male volunteers.
46th Intersci Conf Antimicrob Agents Chemother (ICAAC) (Sept
27-30, San Francisco) 2006, Abst A-1941.

42. Maeda, N., Hosokawa, T., Sharo, S., Manabe, S., Kuwahara,
S. R-115685, a novel parenteral carbapenem: Preclinical safety
studies. 40th Intersci Conf Antimicrob Agents Chemother
(ICAAC) (Sept 17-20, Toronto) 2000, Abst F-1234.



