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New therapeutic strategies are needed to combat the emergence of infections due to multidrug-resistant Neisseria gonorrhoeae.
In this study, fosfomycin (FOS) was tested against 89 N. gonorrhoeae isolates using the Etest method, showing MIC;,/MIC,s of
only 8/16 pg/ml (range, =<1 to 32 pg/ml). FOS in combination with ceftriaxone (CRO) or azithromycin (AZT) was then evalu-
ated using the checkerboard method for eight strains, including N. gonorrhoeae F89 (CRO-resistant) and AZT-HLR (high-level
AZT-resistant). All combinations that included FOS gave indifferent effects (fractional inhibitory concentration [FIC] index val-
ues, 1.2 to 2.3 for FOS plus CRO, 1.8 to 3.2 for FOS plus AZT). Time-kill experiments for FOS, CRO, AZT, and their combina-
tions (at 0.5X, 1%, 2X, and 4X the MIC) were performed against N. gonorrhoeae strain ATCC 49226, one N. gonorrhoeae multi-
antigen sequence typing (NG-MAST) sequence type 1407 (ST1407) strain, F89, and AZT-HLR. For all strains, at 24 h, the results
indicated that (i) FOS was bactericidal at 2 X the MIC, but after >24 h, there was regrowth of bacteria; (ii) CRO was bactericidal
at 0.5X the MIGC; (iii) AZT was bactericidal at 4 X the MIC; (iv) CRO plus AZT was less bactericidal than was CRO alone; (v) FOS
plus AZT was bactericidal at 2 X the MIC; and (vi) CRO plus AZT and FOS plus CRO were both bactericidal at 0.5 X the MIC, but

FOS plus CRO had more rapid effects. FOS is appealing for use in the management of N. gonorrhoeae infections because of its
single and oral formulation. However, our results suggest it be used in combination with CRO. After the appropriate clinical
trials are conducted, this strategy could be implemented for the treatment of infections due to isolates possessing resistance to

CRO and/or AZT.

Infections due to Neisseria gonorrhoeae are estimated to be the
most common of the curable bacterial sexually transmitted in-
fections (STIs), the number of which is identical to the number of
Chlamydia trachomatis infections (106 million cases in 2008), and
their incidence and prevalence have continued to increase world-
wide. This fact represents a serious global health problem because
gonococcal infections are frequently asymptomatic and can si-
lently progress and result in severe complications and sequelae,
such as pelvic inflammatory disease, ectopic pregnancy, and infer-
tility (1, 2).

Due to the development of resistance to all previously intro-
duced antimicrobials (e.g., penicillin, tetracyclines, quinolones,
and cefixime) (3, 4), a combination of ceftriaxone (CRO) plus
azithromycin (AZT) is now recommended in the United States
and Europe to treat gonococcal infections (5, 6). However, mul-
tidrug-resistant (MDR) and extensively drug-resistant (XDR) N.
gonorrhoeae isolates that are also highly resistant to CRO or AZT
are emerging (7-11), and clinical cases of treatment failure are
reported when CRO and AZT are used separately (10, 12-17).
Taking into account this overall threatening situation, new anti-
microbials are under development, but these drugs will require
time to become available for treatment (4).

Fosfomycin (FOS) is an old antibiotic that inhibits the first step
of peptidoglycan synthesis and shows potent bactericidal activities
against common Gram-negative and Gram-positive organisms.
This drug is an appealing choice for the management of gonococ-
cal infections because of its single and oral formulation (3 g of FOS
trometamol), low toxicity, and very high peak concentration lev-
els in different body sites. For instance, the maximum concentra-
tions of drug in serum (C,,,,,s) of 22 to 32 pg/ml in serum and 700
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pg/ml in urine are reached in ~2 h (18-20); also, intraprostatic
and bladder mucosal concentrations of 5 pg/g and 17 pg/g have
been recorded after ~10and ~6 h, respectively (21, 22). However,
data regarding the in vitro activity of FOS against N. gonorrhoeae
isolates are very scarce (23, 24).

In this study, we evaluated the in vitro activity of FOS alone and
in combination with CRO or AZT against a collection of both
susceptible and highly resistant MDR strains of N. gonorrhoeae,
and we compared the efficacies of these treatments to those of the
current standard therapeutic options.

MATERIALS AND METHODS

Clinical isolates and reference strains. We analyzed 89 N. gonorrhoeae
isolates collected from January 1998 to June 2014 at the Laboratory of
Clinical Microbiology of the Institute for Infectious Diseases, University
of Bern (Switzerland). Species confirmation was performed using matrix-
assisted laser desorption ionization—time of flight mass spectrometry
(MALDI-TOF MS) (Bruker Daltonics). The isolates found during 1998 to
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2001 (n = 26) and 2009 to 2012 (n = 34) have been described with regard
to (i) their MICs for eight antimicrobials (penicillin, cefixime, CRO, AZT,
ciprofloxacin, tetracycline, gentamicin, and spectinomycin) using the
Etest method (bioMérieux), (ii) their sequence types (STs) by N. gonor-
rhoeae multiantigen sequence typing (NG-MAST), and (iii) a molecular
analysis of their antimicrobial resistance genes (25). In the present work,
the remaining 29 N. gonorrhoeae isolates underwent the same character-
ization. The isolates were defined as MDR as previously described (9), and
susceptibility and resistance to antimicrobials were categorized using the
2014 European Committee on Antimicrobial Susceptibility Testing
(EUCAST) criteria (26). For all in vitro tests (see below), N. gonorrhoeae
ATCC 49226 was used as a control; the MDR AZT-HLR and XDR F89 N.
gonorrhoeae strains were also included because of their high-level resis-
tances to AZT and CRO, respectively (Table 1) (7, 8).

Susceptibility to fosfomycin. The MICs of FOS were obtained using
the Etest method on GC agar plates (bioMérieux), according to the man-
ufacturer’s instructions. The MICs were adjusted to whole MIC doubling
concentrations (e.g., from 12 to 16 pg/ml). Since no susceptibility criteria
for N. gonorrhoeae have been established, the FOS MICs were interpreted
according to both the EUCAST and Clinical and Laboratory Standards
Institute (CLSI) cutoffs (i.e., susceptible at MICs of =32 g/ml and =64
pg/ml, respectively) set for Enterobacteriaceae (26, 27).

Broth microdilution tests. For eight representative N. gonorrhoeae
strains (including the three control strains; see Table 1), the MICs for
CRO, AZT, and FOS were also determined by a broth microdilution
(BMD) method (96-well plates; Sarstedt) using fastidious broth (FB) (Re-
mel) supplemented with 1% IsoVitaleX (Oxoid) and glucose-6-phos-
phate (G6P) (25 pg/ml) (27, 28). The powder for each antibiotic and G6P
were purchased from Sigma. The panels were incubated with shaking for
24 h at 35°C in a humid atmosphere containing 5% CO,.

After MIC determination, the minimum bactericidal concentration
(MBC) for each antibiotic was obtained by culturing of 30 .l of the broth
from the endpoint well and from the log, dilution above the MIC onto GC
agar plates. The MBC was defined as the lowest concentration of antibiotic
able to kill =99.9% of the initial bacterial inoculum (29).

Checkerboard assay. The activity of FOS in combination with CRO or
AZT (drug B in the formula below) was analyzed using the checkerboard
broth dilution method (96-well plates) to determine the fractional inhib-
itory concentration index (FICI). The strains, media, and conditions were
the same as those used in the BMD tests (see above). The FICI was deter-
mined by the following formula: FICI = (MICpos™/MICpogM°") +
(MIC g BCO"‘I’/MICdrug 51°¢) (comb, combination) (30). The following
combinations were tested: AZT plus CRO, FOS plus AZT, and FOS plus
CRO. At least three independent experiments were performed for each
strain and each antibiotic combination. The calculated FICIs were inter-
preted as representing a synergistic, additive, indifferent, or antagonistic
effect (FICIs, <0.5, 0.5 to 1, >1 to 4, and >4, respectively) (7).

Time-kill curve analyses. Time-kill curve analyses were performed
for four representative N. gonorrhoeae strains (ATCC 49226, clinical iso-
late AE-7570, AZT-HLR, and F89). Briefly, fresh overnight N. gonorrhoeae
colonies from GC agar plates were used to prepare a 0.5 McFarland inoc-
ulum in NaCl (0.85%). Next, 5 pl was transferred into 5 ml of FB supple-
mented with 1% IsoVitaleX and G6P (25 pg/ml) in 50-ml Falcon tubes
(TPP) that were incubated with shaking at 35°C in a humid atmosphere
containing 5% CO,.

The strains were tested against the following antibiotic(s): AZT, FOS,
CRO, AZT plus CRO, FOS plus AZT, and FOS plus CRO. All experiments
were performed at least three times at 0.5X, 1X, 2X, and 4X the MIC
obtained with the Etest method (Table 1). Experiments without any anti-
biotic were also done (growth control curves). The CFU count was deter-
mined at specific intervals (0, 2, 4, 6, 8, 24, 30, and 48 h) by plating 100-pl
aliquots from serial 10-fold dilutions; the limit of detection was set at =10
CFU/ml (31). The drug carryover effect on the viability count was evalu-
ated as previously described (32). Bactericidal activity was defined as a
=3-log,, decrease in CFU/ml compared to the growth control curve (29).
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RESULTS AND DISCUSSION

In this study, we assessed the in vitro activity of fosfomycin (FOS)
to elucidate whether FOS can be implemented for the treatment of
gonococcal infections, especially those due to the MDR and XDR
strains with resistance to azithromycin (AZT) and/or ceftriaxone
(CRO) (7, 8, 26, 29, 30). For this purpose, the MIC distribution of
FOS was studied testing a collection of well-characterized and
contemporary N. gonorrhoeaeisolates (25), and the activity of FOS
alone and in combination with AZT or CRO was evaluated for
several representative strains using both checkerboard and time-
kill methodologies.

Susceptibility to FOS. As shown in Fig. 1, FOS had an overall
MICy, 0f 16 pg/ml (range, =1 to 32 pg/ml). All 89 clinical isolates
(of which 10 were MDR) had MICs of =32 pg/ml, a value that is
lower than the susceptibility cutoff set by EUCAST for the oral
treatment of infections due to Enterobacteriaceae and by CLSI for
the management of urinary tract infections (UTIs) due to Esche-
richia coli or Enterococcus faecalis (26, 27). Our MIC results were
also consistent with those recently obtained by Barbee et al. (23),
who analyzed a smaller collection of 28 N. gonorrhoeaeisolates and
four control strains. Accordingly, FOS appears to be active against
N. gonorrhoeae in vitro and might also be effective in vivo for the
treatment of STIs due to N. gonorrhoeae. However, for other
Gram-negative pathogens (e.g., E. coli), FOS can rapidly lead to
resistance when used as monotherapy (19, 33). To overcome
this problem, the drug has been used in combination, showing
good clinical outcomes even for non-UTIs (18, 34). Conse-
quently, in the present study, we performed further in vitro
experiments (see below) to explore the activity of FOS in com-
bination with the standard antigonococcal antibiotics CRO
and AZT.

MIC and MBC values in broth microdilution. As shown in
Table 1, the MICs obtained with Etest and BMD showed mainly
minor differences. These were a maximum of one to two 2-fold
MIC dilutions for some isolates and were not considered to sig-
nificantly affect any results. Further studies also using the standard
agar dilution method might address these discrepancies in MICs.

For the majority of isolates, the MBCs for AZT were one 2-fold
dilution higher than the MICs obtained in BMD, whereas those
for CRO and FOS were mainly consistent with the MICs (Table 1).
These results for FOS were quite surprising, because we were ex-
pecting the MBCs to be higher than the MICs. This is based on the
fact that the drug can rapidly select for spontaneous resistant mu-
tants (19), which our current time-kill experiments also indicated
by the regrowth of FOS-resistant N. gonorrhoeae strains after the
initial killing activity (regrowth at up to 2X the MIC but not at 4 X
the MIC; see below). The frequency of spontaneous FOS-resistant
mutants might have been too low to be detected when plating only
30 pl of broth. Moreover, the regrowth of resistant N. gonorrhoeae
observed during the time-kill experiments usually appeared after
30 h, whereas the microdilution MIC/MBC test results were ob-
tained in =24 h. Subsequent studies addressing the specific mech-
anism conferring resistance to FOS and its frequency of occur-
rence in N. gonorrhoeae are needed.

Assessing the FIC index using the checkerboard. The mean
FICIs were obtained with the microdilution checkerboard
method to evaluate whether the combination of FOS and AZT or
FOS and CRO had synergistic effects against N. gonorrhoeae iso-
lates, as has been frequently observed for other combinations of
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TABLE 1 Susceptibility test results for five N. gonorrhoeae isolates, the ATCC 49226 control, and two strains (AZT-HLR and F89) highly resistant to azithromycin and ceftriaxone, respectively

Isolate (yr of detection): ST by
NG-MAST, main molecular
characteristics (7, 8, 25)¢

MIC (ug/ml) by Etest/susceptibility?

MIC (pg/ml) by
microdilution®*

MBC (jug/ml)**

Mean FICI®/

CIP

GEN

SPE

TET

PEN

CFX

CRO

AZT

FOS

CRO

AZT

FOS

CRO

AZT

FOS

AZT +
CRO

FOS +
AZT

FOS +
CRO

AE-7570 (2011): ST1407, PBP1
(L421P), PBP2 (XXXIV),
PorB (G120K, A121N), mtrR
promoter (deletion A)

AE-4615 (2011): ST8707,
TEM-1, PBP1 (L421P),
PBP2 (XIX), PorB (A121S),
MtrR (A39T), Tet(M)

AE-6772 (2012): ST8827,
TEM-1, PBP1 (L421P),
PBP2 (XIX), PorB (A120K,
A121D), MtrR (A39T),
Tet(M)

AE-2655 (2012): ST8826, PBP1
(L421P), PBP2 (XXXIV),
PorB (G120K, A121N), mtrR
promoter (deletion A)

AE-9562 (2012): ST437, PBP1
(L421P), PBP2 (V), PorB
(G120K, A121D), mtrR
promoter (deletion A)

ATCC 49226

AZT-HRL (2011): ST285, 23S
rRNA (3 alleles with
mutation A2059G)

F89 (2010): ST1407, PBP2
(XXXIV and A501P)

12/R

1.5/R

2/R

24/R

24/R

0.006/S

=32/R

=32/R

6/NA

4/NA

6/NA

6/NA

8/NA

12/NA

12/NA

8/NA

8/S

2/S

6/S

3/S

3/S

12/8

12/S

12/

1/1

24/R

16/R

0.25/S

0.5/1

1.5/1

4/R

3/R

0.38/1

12/R

3/R

0.38/1

0.25/1

0.75/1

2/R

0.38/1

0.125/S

=0.016/S

=0.016/S

0.094/S

0.023/S

0.023/S

0.047/S

2/R

0.023/S

0.004/S

=0.002/S

0.023/S

0.023/S

0.016/S

0.064/S

1.5/R

0.38/1

0.064/S

0.023/S

0.125/S

0.19/8

0.25/S

=>256/R/

0.25/S

6/NA

3/NA

4/NA

8/NA

4/NA

32/NA

12/NA

12/NA

0.008/S

0.004/S

0.002/S

0.008/S

0.008/S

0.008/S

0.016/S

0.5/R

1/R

0.25/S

0.064/S

0.5/1

0.5/1

1/R

512/R

1/R

8/NA

4/NA

8/NA

16/NA

8/NA

64/NA

8/NA

32/NA

0.008

0.004

0.002

0.008

0.008

0.008

0.008

1

2

0.5

0.064

1,024

16

16

64

32

1.6

1.7

1.3

2.2

2.4

1.6

1.5

2.4

1.9

3.2

1.8

2.3

2.3

2.0

2.0

2.6

1.9

1.7

2.3

1.5

1.4

1.2

1.5

1.3

“ PBP1, penicillin-binding protein 1.

b CIp, ciprofloxacin; GEN, gentamicin; SPE, spectinomycin; TET, tetracycline; PEN, penicillin; CFX, cefixime; CRO, ceftriaxone; AZT, azithromycin; FOS, fosfomycin; R, resistant; NA, not available; S, susceptible; I, intermediate. The
MIC interpretation according to the 2014 EUCAST criteria (26) was determined as follows: for PEN, S at <0.06 pg/ml and R at =2 pg/ml; for CFX and CRO, S at =0.125 pg/ml and R at =0.25 pg/ml; for AZT, S at =<0.25 pg/ml and R
at =1 pg/ml; for CIP, S at =0.025 pg/ml and R at =0.125 ug/ml; for GEN, not available; for SPE, S at =64 pg/ml and R at =128 wg/ml; and for TET, S at =0.25 pg/ml and R at =2 pg/ml.
€ All tests in broth microdilution were performed with FB broth supplemented with 1% IsoVitaleX and G6P (25 pg/ml).
4 MBC, minimum bactericidal concentration.
¢ FICI, fractional inhibitory concentration index. The mean FICI was obtained by calculating the average from at least three independent checkerboard tests. It was interpreted as synergistic, additive, indifferent, or antagonist effect
(<0.5,0.5t0 1, >1 to 4, and >4, respectively) (7).
/For the time-kill experiments, the MIC was 256 p.g/ml.
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O All (n=89) N. gonorrhoeae isolates: MICs, of 8 and MICg, of 16 pg/ml, respectively

%

. MDR (n=10) N. gonorrhoeae isolates: MICs, of 16 and MICgy, of 16 pg/ml, respectively

70
—
60.0 s, CLsl
- 58.4 s
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S, EUCAST
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40.0
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30 A 281
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11 1.1
0 +——=— T r ' —

<1 2 4 8 16 32 264  MICs

FIG 1 MIC distributions of fosfomycin (FOS) obtained using the Etest on GC agar (MICs were adjusted to the whole MIC doubling concentrations, e.g., from
12 to 16 pg/ml). Eighty-nine clinical isolates (of which 10 had an MDR phenotype) were evaluated. Notably, the MICs of the three control strains (F89,
AZT-HLR, and ATCC 49226) were not included in the distribution. According to the CLSI or the EUCAST criteria set for Enterobacteriaceae (26, 27), all N.

gonorrhoeae isolates were susceptible (S) to FOS in vitro.

FOS against classic MDR Gram-negative pathogens (34). We im-
plemented this methodology because (i) it is more standardized
than that using two Etest strips, (ii) it is significantly more rapid
and less labor-consuming than the agar dilution method (23, 29),
and (iii) the results can be more adequately linked with those of
time-kill experiments due to the same growth conditions.

Overall, our analysis showed that none of the eight strains
tested with the AZT plus CRO, FOS plus CRO, or FOS plus AZT
combinations demonstrated synergistic, additive, or antagonistic
properties but only indifferent effects (FICI ranges: AZT plus
CRO, 1.3 to 2.4; FOS plus CRO, 1.2 to 2.3; and FOS plus AZT, 1.8
to 3.2) (Table 1). Furuya et al. (35) obtained analogous results for
AZT plus CRO using the same methodology. Other authors have
also obtained consistent results using two Etest strips or agar di-
lution (FICI ranges: AZT plus CRO, 1.5 to 2; FOS plus CRO, 1 to
1.5) (23, 30). These overall figures indicate that synergy testing by
Etest strips might be used to rapidly and easily obtain the FIC
indexes for antibiotic combinations against MDR N. gonorrhoeae.
However, larger studies comparing the three methodologies are
required.

Time-kill results for AZT, CRO, and AZT plus CRO. As
shown in Fig. 2, at 0.5X, 1X, and 2X the MIC, AZT alone was
unable to inhibit bacterial growth of the four tested strains. Only
at 4 X the MIC were bactericidal effects observed, but for the AZT-
HLR and F89 strains, regrowth was recorded after 1 day of incu-
bation. The initial bactericidal effects observed within the first 24
h for AZT-HLR at 2X and 4 X the MIC (i.e., 512 and 1,024 p.g/ml,
respectively) were surprising, because this strain was the only one
highly resistant to the antibiotic. These data are difficult to ex-
plain, but one could hypothesize they are due to nonspecific phys-
ical and/or chemical antibacterial effects of the very high AZT
concentrations used.

CRO was rapidly (within 4 to 6 h) bactericidal already at 0.5X
the MIC (including for the resistant strain F89 of ST1407). How-
ever, for isolates with high MICs for CRO and that infect/colonize
anatomical sites where N. gonorrhoeae is difficult to eradicate (e.g.,

1608 aac.asm.org

Antimicrobial Agents and Chemotherapy

the tonsillopharyngeal tissue), CRO may still fail clinically, as has
rarely been reported (e.g., for isolates of genogroup 1407) (17). As
previously observed (36), the MICs for F89 obtained by Etest (1.5
pg/ml) and by BMD (0.5 pg/ml) can differ notably, emphasizing
that the strain might be particularly susceptible to different
growth conditions and/or have suboptimal biological fitness. This
might explain our results of CRO being bactericidal at only 0.5X
the MIC for F89.

The standard combination of AZT plus CRO was bactericidal
at all concentrations and for all tested strains. However, its overall
killing effects were slower than those of CRO alone when tested at
the same concentrations. This paradoxical phenomenon might be
due to the bacteriostatic effect of AZT that inhibits the required
exponential growth of gonococcus for the adequate mechanism of
action of CRO (37, 38). This type of antagonistic effect was not
recorded by calculating the FICIs, but it was instead clearly indi-
cated from the killing curves obtained for ATCC 49226 and the
clinical N. gonorrhoeae strain AE-7570 of ST1407: the bactericidal
action was more rapid for AZT plus CRO at 0.5X the MICs than at
4X the MIC (Fig. 2).

Time-kill results for FOS, FOS plus AZT, and FOS plus CRO.
For all tested strains, at 24 h, FOS was bactericidal at 2 X the MIC
(i.e., between 8 and 64 pg/ml for the four tested strains), but
regrowth was constantly observed during the second day of incu-
bation (Fig. 2). This effect was due to the spontaneous emergence
of resistant strains, as verified with the Etest for strains regrowing
between 24 and 48 h (i.e., all with MICs of =64 pg/ml; data not
shown) (26, 27). In contrast, at 4X the MIC, no regrowth of N.
gonorrhoeae strains was recorded at the end of the 48 h of incuba-
tion; moreover, in the first 6 to 8 h, FOS showed potent bacteri-
cidal effects. Such antibiotic concentrations (i.e., between 24 and
128 pg/ml for the four tested strains) are significantly lower than
the peak concentration of FOS in urine and in the same range of
that in serum (18-20, 27); it should also be noted that the MIC,,,
for N. gonorrhoeae isolates was only 16 pug/ml. Therefore, the pres-
ent time-kill data for FOS at 4X the MIC might be representative
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ATCC 49226

AE-7570
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30 48

30 48

<10!

ATCC 49226

6 8

AE-7570

105 RS

104

10°

102

<10'
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104

103 10°
102 102
<10 <10
6 8 24 30 48 0 4 6 8 24 30 48 hrs
AZT FOS CRO FOS+AZT AZT+CRO FOS+CRO No antibiotic
05xMIC -~ T —— —yme —- ——
1xMIC  ---m-- —.— o - ——
2xMIC  --e-- —o— o —_—
4x MIC O o O -——O-- —— @ - ——

FIG 2 Time-kill curve analyses for azithromycin (AZT), fosfomycin (FOS), and ceftriaxone (CRO) and their combinations. For all strains, at 24 h, the results
indicated that (i) FOS was bactericidal at 2X the MIC, but at >24 h, there was regrowth of bacteria; (ii) CRO was bactericidal at 0.5 X the MIC (including for strain
F89); (iii) AZT was bactericidal only at 4X the MIC; (iv) CRO plus AZT was less bactericidal than CRO alone; (v) FOS plus AZT was bactericidal at 2X the MIC;
(vi) CRO plus AZT and FOS plus CRO were both bactericidal at 0.5X the MIC, but FOS plus CRO had more rapid effects.
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of what can occur in vivo, especially for urethral infections. Even
s0, the emergence of resistance during therapy argues against FOS
as a monotherapy, despite the fact that in a small early study, an
intramuscular dose of 2 g in each buttock (4 g in total) was shown
to be relatively successful (86% cure rate in 43 patients) for gono-
coccal urethritis (39). In this context, we also note that after a
single intramuscular dose of 2 g, the serum C,,,, after ~2 h is
37.6 = 4.5 pg/ml (40), a value significantly higher than the MIC,,
of the tested N. gonorrhoeae isolates. Unfortunately, further con-
clusions about the hypothetical use of intramuscular FOS cannot
be made due to the lack of tissue pharmacokinetic data (e.g., con-
centration in urethra, tonsillopharynx, rectum, or even synovial
fluid) after intramuscular administration. This lack of data about
the tissue distribution of FOS for the key tissues involved in gono-
coccal infections is also true for the oral formulation of the drug.

FOS plus AZT was evaluated, because in a real clinical scenario,
coinfections of N. gonorrhoeae and C. trachomatis can be com-
mon, and AZT is one of the antibiotics in the currently recom-
mended dual-antibiotic-therapy regimens (1, 41). At 24 h, the
combination of FOS plus AZT was bactericidal at 2X the MIC,
and no regrowth of bacteria was recorded (Fig. 2). As for AZT
alone, a very good bactericidal effect of FOS plus AZT (even at 1X
the MIC) was observed for isolate AZT-HLR. The addition of AZT
did not antagonize the effect of FOS, as was indicated for CRO.
Although both FOS and CRO inhibit cell wall synthesis, FOS is a
concentration-dependent antibiotic (18-20, 27), whereas CRO is
a time-dependent drug that is probably more affected by the de-
cline in exponential growth determined by AZT and other bacte-
riostatic antibiotics (37, 38, 42).

As shown in Fig. 2, FOS in combination with CRO demon-
strated strong and rapid bactericidal action in the first 4 to 6 h of
incubation for all tested strains. This effect was also substantially
more rapid than that with the standard combination of AZT plus
CRO, even when the concentration of FOS plus CRO was lower
than that of AZT plus CRO. For instance, for the clinical isolate
AE-7570, the combination of FOS plus CRO at 0.5X the MIC was
significantly more bactericidal than AZT plus CRO at 4X the
MIC. These data indicate that CRO can reach the same bacteri-
cidal performance at lower concentrations if combined with FOS
rather than AZT. However, this aspect needs to be evaluated fur-
ther (e.g., in an animal model) because it might have important
clinical implications, especially regarding the dose and route of
administration of CRO.

Conclusions. This is the first study that extensively analyzed
the in vitro activity of FOS alone and in combination with AZT
and CRO against clinical N. gonorrhoeae isolates and MDR/XDR
strains (e.g., F89 and AZT-HLR) that may represent a future chal-
lenge in the treatment of gonococcal infections (7, 9, 43). Our
results confirm that CRO is the current mainstay of gonorrhea
treatment. However, FOS may be a potential substitute of AZT to
be given with CRO. The high oral bioavailability, excellent safety,
and good track record of FOS in the treatment of UTIs further
support this. In particular, oral FOS plus CRO could be imple-
mented for the treatment of STIs due to the emerging MDR/XDR
N. gonorrhoeae isolates possessing resistance to CRO (e.g., strain
F89) and AZT (e.g., strain AZT-HLR) (7, 8). However, the follow-
ing additional studies are crucial in the preparation for the poten-
tial future implementation of FOS in the treatment of gonorrhea:
(i) testing of activity in vitro against a wider variety of N. gonor-
rhoeae strains representing the current clones in circulation
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worldwide, (ii) the characterization of mechanisms of FOS resis-
tance in N. gonorrhoeae, (iii) the provision of pharmacokinetic
and pharmacodynamic data for the tissues involved in gonococcal
infections, and finally, (iv) randomized controlled clinical trials in
patients with genital and extragenital (especially pharyngeal) gon-
orrhea, while evaluating optimal dosing and efficacy.
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