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FR264205 is a novel parenteral 3�-aminopyrazolium cephalosporin. This study evaluated the in vitro and in
vivo activities of FR264205 against Pseudomonas aeruginosa. The MIC of FR264205 at which 90% of 193 clinical
isolates of P. aeruginosa were inhibited was 1 �g/ml, 8- to 16-fold lower than those of ceftazidime (CAZ),
imipenem (IPM), and ciprofloxacin (CIP). FR264205 also exhibited this level of activity against CAZ-, IPM-,
and CIP-resistant P. aeruginosa. The reduction in the susceptibility of FR264205 by AmpC �-lactamase was
lower than that of CAZ, indicating a relatively high stability of FR264205 against AmpC �-lactamase, the main
resistance mechanism for cephalosporins. Neither expression of efflux pumps nor deficiency of OprD decreased
the activity of FR264205. No spontaneous resistance mutants were selected in the presence of FR264205, and
the reduction in susceptibility to FR264205 was lower than that to CAZ, IPM, and CIP after serial passage,
suggesting that FR264205 has a low propensity for selecting resistance. In murine pulmonary, urinary tract,
and burn wound models of infection caused by P. aeruginosa, the efficacy of FR264205 was superior or
comparable to those of CAZ and IPM. These results indicate that FR264205 should have good potential as an
antibacterial agent for P. aeruginosa.

Nosocomial infections with gram-negative bacteria are a ma-
jor problem for immunocompromised patients. Pseudomonas
aeruginosa exhibits considerable inherent resistance, caused by
low outer membrane permeability, multiple efflux pumps, and
chromosomal AmpC �-lactamase (12). P. aeruginosa can also
acquire additional resistance mechanisms, such as constitutive
production of AmpC �-lactamase, OprD loss, and overproduc-
tion of efflux pumps. Although ceftazidime (CAZ) has been
used as a first-line drug for P. aeruginosa infection, resistant
mutants showing constitutive AmpC �-lactamase production
can be selected in clinical settings, leading to therapeutic fail-
ure (2). P. aeruginosa has developed resistance not only to
cephalosporins but also to carbapenems and quinolones. In
2003, the National Nosocomial Infections Surveillance System
reported that resistance rates of P. aeruginosa to imipenem,
quinolone, and broad-spectrum cephalosporins were 21.1,
29.5, and 31.9%, respectively. Compared to rates in the period
between 1998 and 2002, these rates were increased by 15, 9,
and 20%, respectively (15). Therefore, there is a critical need
for new anti-P. aeruginosa agents that have no cross-resistance
to currently marketed antibacterial agents and low propensi-
ties for inducing resistance.

In order to generate promising anti-P. aeruginosa agents,
research by our group has been directed toward the develop-
ment of novel cephalosporins. As a result of exploration of
structure-activity relationships of 3-(2,4-disubstituted 3-amin-
opyrazolio)methyl cephalosporins, FR264205 was discovered
(Fig. 1). The antibacterial spectrum of FR264205 was similar
to that of CAZ, and the MICs of FR264205 for Staphylococcus

aureus ATCC 29213, Streptococcus pneumoniae ATCC 6305,
Klebsiella pneumoniae IFO3512, and Haemophilus influenzae
ATCC 9334 were 32, 0.25, 0.0625, and 0.25 �g/ml, respectively.
In this study, the in vitro antibacterial characteristics of
FR264205 against P. aeruginosa were compared with those of
CAZ, imipenem (IPM), and ciprofloxacin (CIP). In addition,
the efficacy of FR264205 against pulmonary, urinary tract, and
burn wound infections caused by P. aeruginosa was evaluated
in mice.

(This work was presented in part at the 45th Interscience
Conference on Antimicrobial Agents and Chemotherapy,
2005 [6].)

MATERIALS AND METHODS

Compounds. FR264205 was synthesized at Astellas Pharma, Inc., formerly
Fujisawa Pharmaceutical Co., Ltd., Osaka, Japan. CAZ, IPM, and CIP were
purchased from Japan GlaxoSmithKline K. K. (Tokyo, Japan), Banyu Pharma-
ceutical Co., Ltd. (Tokyo, Japan), and Bayer, Ltd. (Osaka, Japan), respectively.
All drugs were prepared just before use and were used as pure free-acid equiv-
alents.

Organisms. A total of 193 clinical isolates of P. aeruginosa were isolated from
clinical specimens in 2002 in Japan. The criteria for drug resistance were MICs
of �32 �g/ml CAZ, �16 �g/ml IPM, and �4 �g/ml CIP for resistant P. aerugi-
nosa strains.

To determine the effects of classical �-lactamases and extended-spectrum
�-lactamases (ESBLs), Escherichia coli C600 was used as a host strain. TEM-1,
TEM-2, OXA-2, CTX-M-3, and CTX-M-18 were introduced by conjugation with
clinical isolates. SHV-1 was introduced by transformation of a plasmid extracted
from a clinical isolate. OXA-1 was introduced by transformation with a plasmid
containing a cloned copy of the �-lactamase gene. E. coli C600 producing
TEM-3, TEM-4, TEM-5, TEM-6, TEM-7, TEM-8, TEM-9, SHV-2, SHV-3, and
SHV-4 and plasmid-cloned OXA-1 were kindly provided by G. A. Jacoby, Mas-
sachusetts General Hospital, Boston, MA (7, 11). Clinical isolates producing
TEM-1, TEM-2, SHV-1, OXA-2, CTX-M-3, and CTX-M-18 were kindly pro-
vided by Y. Ishii, Toho University School of Medicine, Tokyo, Japan. To deter-
mine the effect of AmpC �-lactamase and metallo-�-lactamases, the following P.
aeruginosa strains were used: FP1380, a clinical isolate constitutively producing
AmpC �-lactamase; PAO4069, a parent strain that inducibly produces AmpC
�-lactamase; PAO1456, a constitutively AmpC �-lactamase-producing sponta-
neous mutant of PAO4069; and 22029, a clinical isolate producing IMP-1 me-
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tallo-�-lactamase. P. aeruginosa PAO4069 and PAO1456 were kindly provided by
H. Matsumoto, Shinshu University School of Medicine, Matsumoto, Japan. To
determine the effect of efflux pumps, the following isogenic sets of P. aeruginosa
strains were used: MexAB-OprM-expressing P. aeruginosa KG2212, containing a
disrupted mexR regulator gene, derived from PAO1 (5); MexCD-OprJ-express-
ing P. aeruginosa KG3056, formerly CDR6, a spontaneous mutant derived from
PAO selected on Mueller-Hinton (MH) II agar containing cefpirome and ofloxa-
cin (13); MexEF-OprN-expressing P. aeruginosa KG4001, containing a sponta-
neous mutation of an nfxC regulator gene, derived from PAO4222 (10); and
MexXY-expressing P. aeruginosa KG4545, containing a disrupted mexZ regula-
tor gene, derived from PAO1 (N. Gotoh, unpublished data). To determine the
effect of OprD, P. aeruginosa KG5013, containing a disrupted oprD gene, derived
from PAO1, was used (N. Gotoh, unpublished data). P. aeruginosa KG2212,
KG3056, KG4001, KG4545, KG5013, PAO1, and PAO4222 were kindly pro-
vided by N. Gotoh, Kyoto Pharmaceutical University, Kyoto, Japan. To deter-
mine the in vivo efficacy, P. aeruginosa 93, a clinical isolate from Japan, was used.

MIC determination. MICs were determined by the standard agar dilution
method according to reference method M7-A7 of the National Committee for
Clinical Laboratory Standards, now known as the Clinical and Laboratory Stan-
dards Institute, with MH agar (Becton Dickinson, Tokyo, Japan) (14). An inoc-
ulum of 104 CFU per spot was inoculated onto agar plates containing twofold
serial dilutions of antibacterial agents. After aerobic incubation for 18 to 20 h at
35°C, the MIC was defined as the lowest drug concentration that prevented
visible growth.

Selection of spontaneous mutants. Spontaneous mutants were selected by
plating duplicate overnight broth cultures of P. aeruginosa PAO1 onto MH agar
containing antibacterial agents at doubling concentrations to 4� to 16� MIC.
After incubation for 48 h, colonies that grew on the plate were counted. Muta-
tion frequencies were calculated, with results of triplicate plate counts on anti-
biotic-free agar used as the denominator.

Development of resistance by serial passage. Serial passage of P. aeruginosa
PAO1 was performed daily using freshly prepared MH broth containing a series
of twofold dilutions of antibacterial agents. For each subsequent daily passage,
the inoculum was taken from the tube which had a concentration of one-fourth
the MIC. Strains were passaged for five consecutive days.

In vivo efficacy against experimental infection. ICR mice (4 weeks of age)
were purchased from Japan SLC, Inc. (Hamamatsu, Japan), housed in cages, and
given food and water ad libitum in animal rooms maintained at 23 � 2°C with
55% � 20% relative humidity. On the day of infection, the mice were anesthe-
tized intravenously with pentobarbital at 50 mg/kg of body weight. On the day
after the last treatment, the mice were sacrificed by CO2 asphyxiation. Six mice
were used for each dose. All animal experimental procedures complied with the
guidelines of the Animal Experiment Committee, Astellas Pharma, Inc. To
prepare inoculum, P. aeruginosa 93 was grown on tryptic soy agar (Eiken Chem-
ical Co., Ltd., Tokyo, Japan) at 35°C for 20 h and then suspended in saline.

(i) Pulmonary infection. Neutropenia was induced in male mice by intraper-
itoneal administration of 200 mg/kg cyclophosphamide 4 days before infection.
Anesthetized mice were challenged intranasally with 3.30 log10 CFU of P. aerugi-
nosa 93. FR264205, CAZ, and IPM at doses of 2 and 10 mg/kg were administered
by subcutaneous injection twice daily for 3 days, starting at 3 h after infection.
Lungs from sacrificed mice were removed aseptically, and viable bacterial counts
were determined.

(ii) Urinary tract infection. Female mice were denied water for 1 day before
bacterial challenge. Anesthetized mice were challenged via the uterine opening
with 4.32 log10 CFU of P. aeruginosa 93, and the uterine opening was then

clamped for 5 h to prevent urine flow. FR264205, CAZ, and IPM at doses of 0.5
and 2 mg/kg were administered by subcutaneous injection at 5 h postchallenge
plus twice daily for 2 days. Bilateral kidneys from sacrificed mice were removed
aseptically, and viable bacterial counts were determined.

(iii) Burn wound infection. Male anesthetized mice were given an ethanol
flame burn injury (0.1 ml of flaming ethanol was applied twice to their shaved
backs) and then challenged with 4.60 log10 CFU of P. aeruginosa 93 at the site of
the burn wound. FR264205, CAZ, and IPM at doses of 10 and 50 mg/kg were
administered by intravenous injection twice daily for 3 days, starting at 3 h after
infection. Burn wound lesions from sacrificed mice were removed aseptically,
and viable bacterial counts were determined.

Statistical analysis. Tukey’s multiple-comparison test was performed to de-
termine statistically significant differences between treatment groups at the same
doses. A P value of �0.05 was considered significant.

RESULTS

Antibacterial activity against clinical isolates of P. aerugi-
nosa. In Table 1, the MIC of FR264205 is compared to those of
CAZ, IPM, and CIP for clinical isolates of P. aeruginosa.
Against 193 isolates of P. aeruginosa, the MIC of FR264205 at
which 90% of isolates were inhibited (MIC90) was 1 �g/ml, 8-
to 16-fold more potent than other agents. Also, the MIC range
of FR264205 was 0.25 to 4 �g/ml, the narrowest range of
agents tested. FR264205 exhibited this level of activity against
CAZ-, IPM-, and CIP-resistant P. aeruginosa strains.

Antibacterial activity against strains producing �-lactama-
ses. Table 2 shows the MICs of FR264205 for strains producing
various �-lactamases. Classical �-lactamases, such as TEM-1,
TEM-2, SHV-1, and OXA-1, had minimal effects on the MIC
of FR264205. ESBLs reduced the activity of FR264205, but
FR264205 showed higher activity than CAZ against strains
producing TEM-3, TEM-4, TEM-8, SHV-2, SHV-3, and
SHV-4. ESBLs had no effect on the MIC of IPM, as expected.
Against P. aeruginosa-producing metallo-�-lactamase, FR264205
had no activity, similar to CAZ and IPM. Against P. aeruginosa
FP1380 constitutively producing AmpC �-lactamase, FR264205
showed �32-fold-higher activity than CAZ. The MIC of
FR264205 for P. aeruginosa PAO1456, constitutively producing

TABLE 1. Antibacterial activity of FR264205 against clinical
isolates of P. aeruginosa

Strain (no. of isolates) Compound
MIC (�g/ml)

Range 50% 90%

P. aeruginosa (193) FR264205 0.25–4 0.5 1
CAZ 0.125–128 2 16
IPM 0.125–64 2 16
CIP �0.0313–�128 0.25 8

P. aeruginosa, CAZ FR264205 1–4 2 4
resistant (13) CAZ 32–128 64 128

IPM 1–32 16 32
CIP 0.0625–64 2 64

P. aeruginosa, IPM FR264205 0.5–1 0.5 1
resistant, CAZ CAZ 1–16 4 16
susceptible (35) IPM 16–64 16 32

CIP 0.0625–32 1 8

P. aeruginosa, CIP FR264205 0.5–4 1 2
resistant (30) CAZ 1–128 8 64

IPM 1–32 8 16
CIP 4–�128 8 64

FIG. 1. Chemical structure of FR264205.
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AmpC �-lactamase, was twofold higher than it was for
PAO4069, the parent strain, while the MIC of CAZ was16-fold
higher, suggesting a relatively high stability of FR264205
against AmpC �-lactamase.

Antibacterial activity against P. aeruginosa-producing efflux
pumps and P. aeruginosa lacking OprD. Table 3 shows the
MIC of FR264205 for P. aeruginosa, which overexpresses
MexAB-OprM, MexCD-OprJ, MexEF-OprN, or MexXY. Ex-
pression of efflux pumps had no effect on the MIC of
FR264205, while MexCD-OprJ and MexEF-OprN increased
the MIC of CIP 16-fold.

The MICs of FR264205 and IPM for P. aeruginosa KG5013,
an OprD� mutant of P. aeruginosa PAO1, were 0.5 and 16
�g/ml, respectively. Compared with the effect on the MICs for
P. aeruginosa PAO1, OprD loss had no effect on the MIC of
FR264205 but increased the MIC of IPM 16-fold.

Frequency of spontaneous resistance. Table 4 shows the
frequency of spontaneous resistance of P. aeruginosa PAO1.

No colonies were selected on agar plates containing FR264205.
The frequency of resistance to FR264205 was lower than that
to CAZ at every tested concentration and lower than those to
IPM and CIP at 4� MIC.

Development of resistance by serial passage. Figure 2 shows
the reduction in the susceptibility of P. aeruginosa PAO1 to
FR264205 from serial passage. After five serial passages, the
reduction in susceptibility to FR264205 was at its lowest (four-
fold reduction), and the final MIC was 2 �g/ml. In contrast, the
susceptibilities of CAZ, IPM, and CIP were reduced 32-, 16-,
and 16-fold, respectively. A significant reduction in suscepti-
bility was seen after a single passage of the strain in dilutions
of CAZ and IPM.

Efficacy against pulmonary infection. The MICs of FR264205,
CAZ, and IPM for P. aeruginosa 93 were 0.25, 1, and 1 �g/ml,
respectively. After infection with the strain at 3.30 log10 CFU,
the bacterial count in the lungs of untreated control mice
increased to 6.93 � 0.22 log10 CFU. As shown in Fig. 3A,
FR264205 (2 and 10 mg/kg) was highly effective, and the effi-
cacy of FR264205 was comparable to that of IPM and signif-
icantly better than that of CAZ (P � 0.01).

Efficacy against urinary tract infection. Figure 3B shows
the efficacy of FR264205 in a urinary tract infection model.
FR264205 exhibited efficacy at doses from 0.5 mg/kg, and the
efficacy was significantly better than that of IPM (P � 0.05).

TABLE 2. Antibacterial activity of FR264205 against strains
producing �-lactamases

Strain and �-lactamase
produced �-Lactamase

MIC (�g/ml)

FR264205 CAZ IPM

E. coli C600
TEM-1 Group 2ba 0.25 0.25 0.125
TEM-2 Group 2ba 0.5 1 0.25
SHV-1 Group 2ba 0.5 1 0.25
OXA-1 Group 2da 0.5 0.5 0.25
TEM-3 ESBL 1 32 0.25
TEM-4 ESBL 2 32 0.25
TEM-5 ESBL 32 32 0.25
TEM-6 ESBL 32 64 0.25
TEM-7 ESBL 32 64 0.25
TEM-8 ESBL 16 128 0.25
TEM-9 ESBL 32 32 0.25
SHV-2 ESBL 32 128 0.25
SHV-3 ESBL 32 �128 0.25
SHV-4 ESBL 16 128 0.25
OXA-2 ESBL 4 4 0.25
CTX-M-3 ESBL 16 4 0.25
CTX-M-18 ESBL 16 4 0.25

E. coli C600 host 0.25 0.25 0.25

P. aeruginosa
22029 Metallo �128 �128 128
FP1380 Constitutive 4 �128 0.5

AmpC
PAO1456 (spontaneous Constitutive 1 32 1

mutant of PAO4069) AmpC
PAO4069 Inducible 0.5 2 1

AmpC

a Bush-Jacoby-Medeiros group (1).

TABLE 3. Antibacterial activity of FR264205 against P. aeruginosa
isolates producing efflux pumps

Strain Efflux pump
MIC (�g/ml)

FR264205 CAZ IPM CIP

KG2212 MexAB-OprM 0.5 2 1 0.25
KG3056 MexCD-OprJ 0.25 0.5 0.5 2
KG4545 MexXY 0.5 2 1 0.25
PAO1 Parent 0.5 2 1 0.125
KG4001a MexEF-OprN 0.5 2 4 2
PAO4222 Parent 0.5 2 1 0.125

a The expression of OprD is decreased.

TABLE 4. Frequencies of spontaneous mutations in
P. aeruginosa PAO1

Concn
Mutation frequency (10�9)

FR264205 CAZ IPM CIP

4� MIC �6.1 430 �1,000 34
8� MIC �6.1 370 �6.1 �6.1
16� MIC �6.1 120 �6.1 �6.1

FIG. 2. Development of resistance in P. aeruginosa PAO1 after
serial passage. P. aeruginosa PAO1 was cultured in medium containing
FR264205 (F), CAZ (E), IPM (‚), and CIP (�).
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The reduction in the bacterial count was more marked following
treatment with FR264205 than with CAZ, although the difference
was not significant.

Efficacy against burn wound infection. Figure 3C shows the
efficacy of FR264205 in a burn wound infection model. The
efficacy of FR264205 (10 and 50 mg/kg) was significantly better
than those of CAZ and IPM (P � 0.01). FR264205 at a dose of
50 mg/kg reduced the bacterial count by approximately 6 log
CFU/g per lesion compared with that for untreated controls.

DISCUSSION

In this study, the antibacterial activity against P. aeruginosa
of FR264205, a new cephalosporin, was evaluated. Results
indicate that FR264205 possesses superior activity with a mark-
edly lower MIC90 than CAZ, IPM, and CIP. It was also note-
worthy that FR264205 was strongly effective against P. aerugi-
nosa strains resistant to CAZ, IPM, and CIP.

The main resistance mechanisms for P. aeruginosa are con-
stitutive AmpC �-lactamase overproduction, efflux pumps, loss
of OprD, ESBLs, and metallo �-lactamase (8, 12); therefore,
the effect of these mechanisms on the antibacterial activity of
FR264205 was analyzed. The MIC of FR264205 against P.
aeruginosa constitutively producing AmpC �-lactamase was
more potent than that of CAZ. Also, the reduction in the

susceptibility of FR264205 by overproduction of AmpC �-lac-
tamase was lower than for CAZ, suggesting a relatively high
stability of FR264205 against AmpC �-lactamase. Efflux
pumps and OprD had no effect on the MIC of FR264205, as
expected, as these are the main resistance mechanisms against
quinolones and carbapenems, respectively. These results pro-
vide evidence that FR264205 shows no cross-resistance to
CAZ, IPM, and CIP. On the other hand, ESBLs and a metallo-
�-lactamase reduced the activity of FR264205. Considering the
MIC90 values of FR264205, the clinical isolates of P. aeruginosa
used in this study probably did not include strains producing
ESBLs or metallo-�-lactamases.

In addition to activity against strains with known resistance
mechanisms, the incidence of mutants resistant to FR264205
was analyzed in two experiments testing the frequency of spon-
taneous resistance and the development of resistance by serial
passage. Both experiments showed that FR264205 has a lower
propensity for inducing resistance than CAZ, IPM, and CIP.
With FR264205, it is difficult to select resistant mutants, per-
haps due to its high stability against AmpC �-lactamase. Re-
cent clinical failures in treatments for P. aeruginosa infections
have been caused mainly by resistance developing during treat-
ment (9), so we can expect a lower possibility of clinical failures
during FR264205 treatment.

P. aeruginosa is a frequent clinical cause of pulmonary, uri-

FIG. 3. Therapeutic activity of FR264205 in pulmonary infection (A), urinary tract infection (B), and burn wound infection (C) caused by P.
aeruginosa 93. Gray and filled columns indicate 2-mg/kg and 10-mg/kg doses, respectively (A), 0.5-mg/kg and 2-mg/kg doses, respectively (B), and
10-mg/kg and 50-mg/kg doses, respectively (C).
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nary tract, and burn wound infections; therefore, the in vivo
therapeutic efficacy of FR264205 was assessed in murine in-
fection models (1a, 3, 4, 16). The efficacy of FR264205 was
superior or comparable to those of CAZ and IPM, with a
marked reduction in bacterial count. Also, the efficacy of
FR264205 against a clinical isolate of P. aeruginosa resistant to
CAZ and IPM was determined. As expected from the lack of
cross-resistance of FR264205 with CAZ and IPM in vitro,
FR264205 was effective in all infection models, with the effi-
cacy of FR264205 superior to that of CAZ and IPM (unpub-
lished results). The pharmacokinetics of FR264205 were sim-
ilar to those of CAZ in animals (unpublished results), and we
assume that human pharmacokinetics will be similar. If so,
FR264205 should exhibit therapeutic effects at clinically avail-
able doses.

In conclusion, FR264205 has potent in vitro and in vivo
antibacterial activities against P. aeruginosa, with no cross-
resistance to currently marketed antibacterial agents and a
lower propensity for inducing resistance. FR264205 is a prom-
ising compound suitable for further evaluation as a new anti-
bacterial cephalosporin candidate against P. aeruginosa.
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