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AT-2266 [1-ethyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-1,8-naphthyridine-
3-carboxylic acid] showed a broad spectrum of antibacterial activity against gram-
positive and gram-negative microorganisms, including Pseudomonas aeruginosa.
The in vitro antibacterial activity of AT-2266 was in general comparable to that of
norfloxacin, but much higher than that of pipemidic or nalidixic acid. The 90%
minimal inhibitory concentrations (MICygs) of AT-2266 for P. aeruginosa resist-
ant to gentamicin (MIC range, 25 to >200 p.g/ml) and Enterobacteriaceae resistant
to nalidixic acid (25 to >1,600 pg/ml) were 3.13 and 12.5 pg/ml, respectively. The
MICs of AT-2266 were only slightly affected by the addition of horse serum or
sodium cholate, by the pH of the medium, and by inoculum size. AT-2266 was
bactericidal at concentrations near its MIC value. The 50% effective doses of AT-
2266 after oral administration against systemic infections in mice were about 1/2
those of norfloxacin, about 1/10 those of pipemidic acid, and between 1/20 and

1/40 those of nalidixic acid.

AT-2266 [1-ethyl-6-fluoro-1,4-dihydro-4-oxo-
7-(1-piperazinyl)-1,8-naphthyridine-3-carboxylic
acid] is a new pyridonecarboxylic acid deriva-
tive synthesized by Matsumoto et al. (7). This
compound, like the structurally related norfloxa-
cin (1-5, 10), has a high order of activity against
a broad spectum of gram-positive, gram-nega-
tive, and glucose-nonfermenting bacteria. Its
activity is in general superior to that of pipemid-
ic acid, nalidixic acid, oxolinic acid, cephalexin,
ampicillin, carbenicillin, and gentamicin in vitro
and in vivo (11). Oral administration of AT-2266
to animals produced concentrations in body
fluids and tissues high enough to cover the
minimal inhibitory concentrations (MICs) of a
large variety of bacterial pathogens (9). Because
there was no evidence of cross-resistance with
agents such as streptomycin, chloramphenicol,
tetracycline, ampicillin, or cephalexin (11, 12),
AT-2266 might be a potentially useful drug
against various pathogens which are now resist-
ant to these antibiotics. To estimate the chemo-
therapeutic value of AT-2266, we compared its
in vitro and in vivo antibacterial activities with
those of norfloxacin, pipemidic acid, and nali-
dixic acid.

MATERIALS AND METHODS

Drugs. AT-2266 sesquihydrate and pipemidic acid
trihydrate were obtained from Dainippon Pharmaceu-
tical Co., Ltd.; norfloxacin was from Kyorin Pharma-
ceutical Co., Ltd.; nalidixic acid was from Daiichi
Seiyaku Co., Ltd.; and gentamicin was from Shionogi
Co., Ltd.

Organisms. The organisms used were reference
strains stored in our laboratories and recent clinical
isolates randomly collected in various hospitals in
Japan.

Determination of MICs. MICs were determined by
the twofold agar dilution method. The media used for
preculture and MIC determination were brain heart
infusion broth and agar (Difco Laboratories), respec-
tively, for streptococci; brain heart infusion broth and
agar (Difco) supplemented with hemin (10 pg/ml) and
B-NAD (Sigma Chemical Co.) for Haemophilus influ-
enzae; GAM broth and agar (Nissui) for obligate
anaerobes, and sensitivity test broth and agar (Nissui)
for the other microorganisms. A bacterial culture or
bacterial suspension in broth was adjusted to the
density of a 0.5 McFarland standard (about 10® cells
per ml). One loopful (5 ul) of the 102 dilutions of the
culture or suspension was inoculated onto 10-ml agar
layers containing the drugs at fixed ratios. The plates
were incubated at 37°C for 18 h, except for obligate
anaerobes, which were incubated for 48 h. H. influen-
zae was cultured in a candle jar, and obligate anaer-
obes were cultured in an anaerobic glove box. The
MIC was defined as the lowest drug concentration
which inhibited visible bacterial growth.

Factors affecting MICs. The influence of the inocu-
lum size, the pH of the medium, and the addition of
horse serum or sodium cholate on the MIC was tested
by the twofold agar dilution method.

Bactericidal activity. Bactericidal activity was tested
by the determination of minimal bactericidal concen-
trations (MBCs) and the reduction of viable cells
during exposure to the drug for 24 h. The MBCs were
determined as follows. The microorganisms were pre-
cultured in trypto-soy broth (Eiken) at 37°C for 18 h
and diluted with the same broth to a density of about
10° cells per ml. A 1-ul sample of the dilutions was
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inoculated into 0.1 ml of broth containing the drug in
twofold dilutions, the final bacterial density being
about 10* cells per ml. The MBC was determined by
inoculating 5 pl from clear wells to drug-free sensitiv-
ity test agar and was defined as the lowest concentra-
tion at which no bacterial growth was visible after 18 h
at 37°C. The reduction of viable cells during exposure
to the drug was measured as follows. The microorgan-
isms precultured as described above were suspended
in 5 ml of sensitivity test broth to a density of about 10*
cells per ml and incubated for 24 h at 37°C while being
shaken. After 2 h, the drug was added to the cultures
at a final concentration of approximately the MIC.
Samples of 0.1 ml of the cultures were taken periodi-
cally, diluted appropriately, and plated on drug-free
sensitivity test agar. After incubation at 37°C for 18 h,
the CFU were enumerated and regarded as viable
cells.

Measurement of the frequency of spontaneous resist-
ant mutants. The microorganisms were precultured in
sensitivity test broth at 37°C for 18 h. Volumes of 0.1
ml of the undiluted and the 10-times-diluted cultures
were plated on sensitivity test agar containing a drug at
a concentration of 8 times the MIC. Three plates were
used for each sample. After incubation at 37°C for 48
h, CFU were counted, and the frequency of spontane-
ous resistant mutants was calculated.

Determination of in vivoe activity. The in vivo antibac-
terial activity of the drugs was determined by measur-
ing their protective effect against systemic infections
in mice. Twenty to thirty male STD:ddy mice weighing
19 to 21 g were used for each dose. Each microorgan-
ism was cultured in nutrient broth (Eiken) at 37°C for
18 h and diluted appropriately with the same broth
containing 4% gastric mucin to a final cell density of
100 times the median lethal dose. A 0.4-ml volume of
the bacterial dilution was inoculated intraperitoneally.
The inoculum size (cells per mouse) was 1.2 X 10° for
Staphylococcus aureus Smith, 3.0 x 10? for Esche-
richia coli MLA4707, 4.3 X 10* for Klebsiella pneumo-
niae GN6445, and 1.6 X 10* for Pseudomonas aerugin-
osa GN11189. The drugs were suspended in 0.2%
carboxymethylcellulose and given as a single oral dose
to the mice immediately after infection. Survi-
vors were recorded 1 week postinfection. The 50%
effective doses (EDsos) were calculated by the probit
method (8), and the 95% confidence limits were calcu-
lated by the Litchfield and Wilcoxon method (6).

RESULTS

Susceptibility of clinical isolates. The suscepti-
bility of recent clinical isolates to AT-2266,
norfloxacin, pipemidic acid, and nalidixic acid is
shown in Table 1. The MICqys (the concentra-
tion at which more than 90% of the isolates were
inhibited) of AT-2266 ranged from 0.2 to 1.56
ng/ml for S. aureus, Staphylococcus epidermi-
dis, and most gram-negative organisms, includ-
ing P. aeruginosa and H. influenzae. For Strep-
tococcus pyogenes, some gram-negative orga-
nisms such as Citrobacter freundii and Serratia
marcescens, the glucose-nonfermenting orga-
nisms such as Pseudomonas cepacia, Pseudo-
monas maltophilia, and Acinetobacter calcoace-
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ticus, the obligate anaerobes such as
Bacteroides fragilis, Clostridium perfringens,
and Clostridium difficile, the nalidixic acid-re-
sistant strains of Enterobacteriaceae, and the
gentamicin-resistant strains of P. aeruginosa,
the MICyos ranged from 3.13 to 25 ug/ml.

The MICyys of AT-2266 were equal to or two
to four times lower than those of norfloxacin for
gram-positive microorganisms, the glucose-non-
fermenting strains, and the obligate anaerobes,
except for C. perfringens, but they were equal to
or two times higher than those of norfloxacin for
the gram-negative strains. The MICyys of pipe-
midic acid and nalidixic acid were in general
much higher than those of AT-2266 and norflox-
acin. AT-2266 was also active against gentami-
cin-resistant strains of P. aeruginosa. Entero-
bacteriaceae isolates highly resistant to nalidixic
acid were moderately resistant to AT-2266 and
norfloxacin, but 90% were still inhibited at a
concentration of 12.5 pg/ml.

The MICs of AT-2266 were only slightly af-
fected by the addition of horse serum or sodium
cholate, pH of the medium, and inoculum size
(data not shown).

Bactericidal activity. The bactericidal activity
of AT-2266 compared with that of norfloxacin,
pipemidic acid, and nalidixic acid is shown in
Table 2. The 90% minimal bactericidal concen-
trations (MBCygs) of AT-2266 were equal to or
two times higher than the MICys against 20
recent clinical isolates of S. aureus, E. coli, K.
pneumoniae, and P. aeruginosa. The analogous
compounds used for reference showed a similar
ratio between MICy, and MBCy, values. AT-
2266 was also bactericidal at concentrations
twice the MIC for selected strains of S. aureus,
E. coli, K. pneumoniae, and P. aeruginosa (Fig.
1). No regrowth of the test organisms was
observed throughout 24 h of incubation.

Frequency of spontaneous resistant mutants.
Table 3 shows the frequencies of spontaneous
mutants resistant to AT-2266, norfloxacin, pipe-
midic acid, and nalidixic acid. Mutants resistant
to nalidixic acid were found in 8 of the 10
microorganisms tested. In two cases, spontane-
ous pipemidic acid-resistant strains were isolat-
ed. No mutants resistant to AT-2266 or norfloxa-
cin were found at a detectable frequency.

In vivo antibacterial activity. The protective
effects of single oral doses of AT-2266, norfloxa-
cin, pipemidic acid, and nalidixic acid against
systemic infections with S. aureus Smith, E. coli
MLA4707, K. pneumoniae GN644S, and P. aeru-
ginosa GN11189 in mice are shown in Table 4.
The EDsos of AT-2266 were about 1/2 those of
norfloxacin, 1/9 to 1/11 those of pipemidic acid,
and 1/24 to 1/42 those of nalidixic acid.

It was remarkable that AT-2266 was in general
more active than norfloxacin in vivo, irrespec-
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TABLE 1. Susceptibility of fresh clinical isolates to AT-2266, norfloxacin, pipemidic acid, and nalidixic acid

Organism (no. of strains) Druy, MIC (pg/miy
. ’ £ Range 50% 90%
S. aureus (104) AT-2266 0.39-3.13 1.56 1.56
Norfloxacin 0.39-12.5 1.56 3.13
Pipemidic acid 6.25-100 50 50
Nalidixic acid 12.5-100 25 50
S. epidermidis (54) AT-2266 0.39-1.56 0.78 0.78
Norfloxacin 0.39-1.56 0.78 1.56
Pipemidic acid 12.5-100 50 50
Nalidixic acid 12.5-50 50 50
S. pyogenes (101) AT-2266 1.56-50 3.13 12.5
Norfloxacin 0.78-50 1.56 12.5
Pipemidic acid 100->100 >100 >100
Nalidixic acid >100 >100 >100
E. coli (98) AT-2266 0.05-3.13 0.2 0.78
Norfloxacin 0.025-1.56 0.2 0.39
Pipemidic acid 0.78-25 1.56 3.13
Nalidixic acid 0.78->100 3.13 6.25
K. pneumoniae (44) AT-2266 0.1-3.13 0.39 0.39
Norfloxacin 0.1-1.56 0.2 0.39
Pipemidic acid 0.78-25 3.13 6.25
Nalidixic acid 0.78->100 3.13 6.25
Klebsiella oxytoca (41) AT-2266 0.1-1.56 0.2 0.78
Norfloxacin 0.1-0.78 0.2 0.39
Pipemidic acid 0.78-12.5 1.56 6.25
Nalidixic acid 1.56->100 3.13 6.25
C. freundii (51) AT-2266 0.1-12.5 0.39 6.25
Norfloxacin 0.1-12.5 0.2 6.25
Pipemidic acid 0.78-100 3.13 50
Nalidixic acid 1.56->100 6.25 >100
Enterobacter cloacae (99) AT-2266 0.1-12.5 0.39 1.56
Norfloxacin 0.05-6.25 0.2 0.78
Pipemidic acid 0.78-100 1.56 12.5
Nalidixic acid 1.56->100 3.13 100
Proteus mirabilis (100) AT-2266 0.1-1.56 0.39 0.39
Norfloxacin 0.05-0.78 0.2 0.2
Pipemidic acid 0.78-12.5 3.13 3.13
Nalidixic acid 1.56->100 3.13 6.25
Indole-positive Proteus spp. (205)° AT-2266 0.05-6.25 0.39 0.78
Norfloxacin 0.025-6.25 0.1 1.56
Pipemidic acid 0.78-100 1.56 6.25
Nalidixic acid 0.78->100 1.56 25
Salmonella spp. (100) AT-2266 0.1-0.78 0.39 0.39
Norfloxacin 0.05-0.39 0.2 0.2
Pipemidic acid 0.78-6.25 1.56 1.56
Nalidixic acid 1.56-12.5 3.13 6.25
Shigella spp. (105) AT-2266 0.05-1.56 0.1 0.2
Norfloxacin 0.025-0.39 0.1 0.1
Pipemidic acid 0.39-12.5 0.78 1.56
Nalidixic acid 0.39-100 1.56 1.56
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TABLE 1—Continued

] ¢ strai Dru MIC (pg/ml)*
Organism (no. of strains) g Range 0% 0%
S. marcescens (105) AT-2266 0.2-50 0.78 25
Norfloxacin 0.1-50 0.78 25
Pipemidic acid 1.56->100 6.25 >100
Nalidixic acid 0.78->100 3.13 >100
Nalidixic acid-resistant Enterobacteriaceae (62)°  AT-2266 0.39-100 3.13 12.5
Norfloxacin 0.2-100 1.56 12.5
Pipemidic acid 6.25-400 25 100
Nalidixic acid 25->1600 400 >1,600
P. aeruginosa (97) AT-2266 0.39-6.25 0.78 1.56
Norfloxacin 0.39-6.25 0.78 1.56
Pipemidic acid 6.25-50 12.5 25
Nalidixic acid 25->100 50 100
Gentamicin 0.2->100 1.56 6.25
Gentamicin-resistant P. aeruginosa (56) AT-2266 0.39-25 1.56 3.13
Gentamicin 25->200 200 >200
P. cepacia (51) AT-2266 3.13-50 12.5 25
Norfloxacin 6.25-50 25 25
Pipemidic acid 50->100 100 >100
Nalidixic acid 12.5-100 25 50
P. maltophilia (52) AT-2266 1.56-50 12.5 25
Norfloxacin 3.13-100 25 100
Pipemidic acid 25->100 100 >100
Nalidixic acid 1.56-100 12.5 25
A. calcoaceticus (39) AT-2266 0.39-25 1.56 12.5
Norfloxacin 0.78-25 3.13 25
Pipemidic acid 6.25->100 50 >100
Nalidixic acid 1.56-50 3.13 12.5
H. influenzae (41) AT-2266 0.05-0.2 0.2 0.2
Norfloxacin 0.025-0.2 0.05 0.1
Pipemidic acid 1.56-6.25 3.13 3.13
Nalidixic acid 0.78-3.13 1.56 3.13
B. fragilis (34) AT-2266 6.25-50 12.5 25
Norfloxacin 25->100 50 100
Pipemidic acid 50->100 100 >100
Nalidixic acid 100->100 100 >100
C. perfringens (27) AT-2266 1.56-3.13 1.56 3.13
Norfloxacin 0.78-1.56 1.56 1.56
Pipemidic acid 12.5-50 25 50
Nalidixic acid 6.25-50 25 50
C. difficile (17) AT-2266 12.5-25 25 25
Norfloxacin 25-50 50 50
Pipemidic acid 50-100 10Q 100
Nalidixic acid >100 >100 >100

¢ Determined by the agar dilution method. 50% and 90%, MIC inhibiting 50 and 90% of strains, respectively.
® This group included 53 Proteus morganii strains, 49 Proteus vulgaris strains, 49 Proteus rettgeri strains, and

54 Proteus inconstans strains.

¢ This group included 9 E. coli strains, 6 K. pneumoniae strains, 2 Shigella flexneri strains, 2 Shigella sonnei
strains, 2 P. mirabilis strains, 1 P. vulgaris strain, 3 P. morganii strains, 7 P. rettgeri strains, 11 E. cloacae

strains, and 19 S. marcescens strains.
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TABLE 2. Bactericidal activities of AT-2266, norfloxacin, pipemidic acid, and nalidixic acid against fresh

clinical isolates

ism MIC (ug/ml)® MBC (ug/ml)’®
(no. of strains) Drug Range 90% Range 90%
S. aureus (20) AT-2266 0.39-3.13 1.56 0.78-3.13 1.56
: Norfloxacin 0.78-3.13 1.56 0.78-3.13 3.13
Pipemidic acid 25-100 50 25-100 100
Nalidixic acid 25-50 50 25-100 100
E. coli (20) AT-2266 0.05-0.39 0.2 0.05-0.39 0.2
Norfloxacin 0.025-0.2 0.1 0.025-0.39 0.1
Pipemidic acid 0.78-1.56 1.56 0.78-3.13 3.13
Nalidixic acid 0.39-6.25 3.13 0.78-6.25 3.13
K. pneumoniae (20) AT-2266 0.05-0.39 0.2 0.05-0.39 0.2
Norfloxacin 0.025-0.1 0.05 0.05-0.2 0.1
Pipemidic acid 0.78-3.13 1.56 0.78-6.25 6.25
Nalidixic acid 1.56-25 12.5 3.13-50 12.5
P. aeruginosa (20) AT-2266 0.2-1.56 0.78 0.2-3.13 1.56
Norfloxacin 0.2-1.56 0.78 0.39-3.13 1.56
Pipemidic acid 3.13-25 12.5 6.25-50 12.5
Nalidixic acid 50->100 >100 50->100 >100

@ Determined by the broth dilution method. 90%, MIC inhibiting 90% of strains.
5 90%, MBC killing 90% of strains.

tive of its lower in vitro activity against the

microorganisms used.

DISCUSSION

AT-2266 showed a broad antibacterial spec-
trum covering gram-positive and gram-negative
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ty was comparable to that of norfloxacin but
higher than that of pipemidic acid or nalidixic
acid. The MICs of AT-2266 were only slightly
affected by the addition of horse serum or sodi-

um cholate, pH of the medium, and inoculum
size. AT-2266, like other pyridone-derived car-
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FIG. 1. Bactericidal activity of AT-2266. (A) S. aureus Smith (MIC, 0.78 pg/ml); (B) E. coli MLA4707 (MIC,
0.1 pg/ml); (C) K. pneumoniae GN6445 (MIC, 0.2 pg/ml); (D) P. aeruginosa GN11189 (MIC, 1.56 ug/mi). The
numbser of viable cells at the appropriate time intervals after addition of AT-2266 (arrow) was counted on drug-

free agar.
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TABLE 3. Frequency of spontaneous mutants resistant to AT-2266, norfloxacin, pipemidic acid, and
nalidixic acid®

Frequency of spontaneous mutants resistant to:

sm AT-2266 Norfloxacin Pipemidic acid Nalidixic acid
S. aureus FDA209P JC-1 <6.8 x 10~° <6.8 x 10~° 2.7 x 10°¢ 9.9 x 10~¢
E. coli NUH JC-2 <71x107° <71x10°  <71x107° 43 x 107
K. pneumoniae PCI-206 <3.0 x 1078 <3.0 x 1078 <3.0 x 10~ 2.8 x 107
Salmonella typhimurium 11ID971 <8.7 x 10~° <8.7 x 107° <8.7 x 10~° 2.3 x 1078
P. mirabilis IFO3949 <5.6 x 10~° <5.6 x 107° <5.6 x 10~° <5.6 x 10~°
P. vulgaris 0X19 <9.7 x 10~° <9.7 X 10~° <9.7 x 10~° 4.4 %1078
P. morganii IFO3848 <6.7 x 10° <6.7 x 10~° <6.7 x 1Q~° <6.7 x 10~°
E. cloacae 963 <4.1 x107° <4.1 x 10~° <4.1 x107° 1.3 x 1078
S. marcescens IAM184 <5.0 x 10~° <5.0 x10°° <5.0 x 107° 6.9 x 1078
P. aeruginosa NCTC10490 <1.6 X 107° <1.6 x 10~° 7.8 x 1078 2.9 x 1077

2 The selective concentration of drug was eight times the MIC.

TABLE 4. In vivo antibacterial activities of AT-2266, norfloxacin, pipemidic acid, and nalidixic acid on
systemic infections in mice

. MIC ED. 95% Confidence
Organism Drug? (wg/ml) (mg/kg per dose) limit
S. aureus Smith AT-2266 0.78 10.3 8.14-12.8
Norfloxacin 0.39 16.4 12.8-20.9
Pipemidic acid 6.25 94.4 70.5-126
Nalidixic acid 12.5 443 308-638
E. coli MLA4707 AT-2266 0.1 1.73 1.30-2.30
Norfloxacin - 0.05 2.92 1.97-4.31
Pipemidic acid 0.78 15.1 11.8-19.2
Nalidixic acid 1.56 40.8 34.0-49.0
K. pneumoniae GN6445 AT-2266 0.2 0.983 0.592-1.63
Norfloxacin 0.1 1.86 1.18-2.94
Pipemidic acid 0.78 8.53 6.85-10.5
Nalidixic acid 1.56 34.8 25.6-47.5
P. aeruginosa GN11189 AT-2266 1.56 12.2 8.24-17.9
Norfloxacin 0.78 24.8 17.4-35.5
Pipemidic acid 12.5 130 96.5-175
Nalidixic acid 100 308 235-402

2 Single oral administration immediately after infection.

boxylates, was bactericidal. In general, the anti-
bacterial properties of AT-2266 were very simi-
lar to those of norfloxacin (3, 9). However, it
was interesting that irrespective of the in vitro
susceptibility of the microorganisms to AT-2266
or norfloxacin, AT-2266 showed a higher in vivo
activity (Table 4). This might reflect better oral
absorption and broader tissue distribution (9).
The data in this and previous studies (9, 11)
suggest that AT-2266 would be useful in the
treatment of systemic infections in addition to
localized ones where structurally related com-
pounds have been applied. The toxicity of AT-
2266 appears to be rather low (9), a finding that,
with others, favors clinical testing of the agent.
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