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Because of the increasing bacterial resistance of uropathogens against standard antibiotics, such as trimethoprim (TMP), older
antimicrobial drugs, such as nitroxoline (NTX), should be reevaluated. This randomized crossover study investigated the uri-
nary concentrations of parent drugs and their metabolites and their antibacterial activities (urinary inhibitory titers [UITs] and
urinary bactericidal titers [UBTs]) against uropathogens at three different urinary pH values within 24 h in six healthy volun-
teers after a single oral dose of NTX at 250 mg versus TMP at 200 mg. In three additional volunteers, urinary bactericidal kinetics
(UBK) were studied after oral administration of NTX at 250 mg three times a day. The mean urinary concentrations of NTX and
NTX sulfate in 24 h were 0.012 to 0.507 mg/liter and 0.28 to 27.83 mg/liter, respectively. The mean urinary concentrations of
TMP were 18.79 to 41.59 mg/liter. The antibacterial activity of NTX was higher in acidic urine than in alkaline urine, and that of
TMP was higher in alkaline urine than in acidic urine. The UITs and UBTs of NTX were generally lower than those of TMP ex-
cept for a TMP-resistant Escherichia coli strain, for which NTX showed higher UITs/UBTs than did TMP. UBK showed mainly
bacteriostatic activity of NTX in urine. NTX exhibits mainly bacteriostatic activity and TMP also shows bactericidal activity in
urine against susceptible strains. NTX is a more active antibacterial in acidic urine, and TMP is more active in alkaline urine. The
cumulative effects of multiple doses or inhibition of bacterial adherence could not be evaluated. (This study has been registered

at EudraCT under registration no. 2009-015631-32.)

U rinary tract infection (UTI) is one of the most common rea-
sons for medical consultation and for prescription of antibi-
otics in the community. Uncomplicated UTIs in women are
caused predominantly by Escherichia coli but also by Proteus
mirabilis and occasionally Klebsiella spp., other Enterobacteriaceae
spp., and Staphylococcus saprophyticus (<5% each) (1-3). For a
long time, the gold standard of treatment for acute uncomplicated
cystitis was trimethoprim (TMP) in combination with sulfame-
thoxazole (SMX) or TMP alone (4), at a dosage of 200 mg twice a
day, as has been evaluated in various clinical trials (5-8). Recent
studies with patients with uncomplicated cystitis, however,
showed a general increase in TMP and fluoroquinolone resistance
(3,9). Current guidelines for the treatment of uncomplicated UTI
no longer recommend TMP or TMP-SMX as first-line agents if
the regional resistance rate against TMP is higher than 20% (10—
12). In the past, fluoroquinolones have also been recommended as
first-line treatment for uncomplicated cystitis (4). Appreciation of
possible collateral damage by fluoroquinolones and also a notable
increase of fluoroquinolone resistance worldwide have led fluoro-
quinolones to no longer be considered first-line antibiotics for the
treatment of uncomplicated UTI in most international guidelines
(3,9, 11, 13). Alternatives, including older antimicrobial drugs,
for the treatment of UTI therefore need to be reevaluated.
Nitroxoline (NTX), a 5-nitro-8-hydroxy-quinoline, is used for
treatment of acute and recurrent/chronic UTIs (14-17). Its anti-
microbial efficacy is based on its ability to chelate divalent cations
(18). Although it has been in clinical use for many years, no in-
crease in resistance has been observed for Escherichia coli, the most
frequent uropathogen (19). Subinhibitory nitroxoline concentra-
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tions inhibit the bacterial adhesion of E. coli to human bladder
epithelial cells through reduction of the number of adhesins (20)
and reduce biofilm mass synthesis and viable cell counts of Pseu-
domonas aeruginosa (21). The aim of this ex vivo study was to
compare concentrations and antibacterial activity in the urine of
healthy volunteers at different pH values, which may be encoun-
tered in UTIs, after a single oral administration of 250 mg NTX
versus 200 mg TMP.

(This study was presented in part at the 51st Interscience Con-
ference on Antimicrobial Agents and Chemotherapy, Chicago, IL,
17 to 20 September 2011 [22].)

MATERIALS AND METHODS

Study design and subjects. The study was approved by the appropriate
ethics committees (Ethikkommission Justus Liebig University [Giessen,
Germany] for evaluation of urinary inhibitory titers [UITs] and urinary
bactericidal titers [UBTs] and Ethikkommission Miinchen [Munich, Ger-
many] for evaluation of urinary bactericidal kinetics [UBK]) and regis-
tered. Regulatory approval was received from the German Drug Agency
(approval no. 4035748).
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Evaluations of urinary inhibitory titers (UITs) and urinary bacteri-
cidal titers (UBT) were performed with six volunteers and evaluation of
urinary bactericidal kinetics (UBK) with three volunteers, who were
shown to be healthy by medical history, physical examination, hemato-
logical analysis, serum chemistry, and urinalysis results. The absence of
antibacterial activity in urine was shown by the lack of inhibition of
Bacillus subtilis.

Drug administration. All volunteers gave their written informed con-
sent for participation in the study. In December 2009, each of six volun-
teers received one oral dose of 250 mg NTX (batch 2233500; Rosen
Pharma GmbH, St. Ingbert, Germany) or 200 mg TMP (batch R030901.1;
Infectopharm Arzneimittel und Consilium GmbH, Heppenheim, Ger-
many), in a crossover design, to investigate UITs and UBTs. For evalua-
tion of UBK, each of three volunteers received 250 mg NTX three times a
day (t.i.d.) for 3 days. A standardized diet was provided, and alcoholic
beverages and acidic drinks (e.g., grapefruit or orange juice) were not
allowed during the study. The volunteers were asked to drink sufficient
amounts of water to ensure adequate urine production throughout the
collection periods. A physical examination and laboratory tests were per-
formed before and after the study. Adverse events were recorded through-
out the study period.

Sample collection. For UIT/UBT evaluation, all urine voided over-
night was collected prior to drug administration (to confirm that the urine
was free of antibiotics) and for the following time periods after oral ad-
ministration of the antimicrobials (NTX versus TMP): 0 to 4, 4 to 8, 8 to
12, and 12 to 24 h. For UBK evaluation, urine samples (50 ml) were
collected on the morning before and at two time periods after the oral
administration of NTX (250 mg t.i.d.), i.e., (i) on the third day, 0 to 2 h
after the second dose, and (ii) on the fourth day, 4 to 6 h after the first dose.
The volumes and pH of all urine samples were recorded, and all samples
were immediately stored at —80°C.

Test organisms. A reference strain, i.e., E. coli ATCC 25922, and five
clinical uropathogens, i.e., E. coli BN, E. coli 1135121, Klebsiella pneu-
moniae 595, K. pneumoniae 1082, P. mirabilis 1057, and S. saprophyticus
Ho94, all from patients with symptomatic lower UTI, were selected for
testing.

Determination of MICs. NTX MICs for the strains tested were de-
termined by broth microdilution assays according to the CLSI guide-
lines (23) and TMP MICs by Etest according to the manufacturer’s
instructions, using Mueller-Hinton agar (Oxoid, Basingstoke, United
Kingdom). MIC was defined as the lowest concentration inhibiting
visible growth after incubation at 37°C for 18 h in ambient air (23).
The MICs of TMP (23) and NTX (24) for Enterobacteriaceae regarded as
susceptible are =2 and =8 mg/liter and as resistant are =4 and =16
mg/liter, respectively.

Determination of UIT, UBT, and UBK. For sterility, all urine samples
were filtered before analysis (January to April 2010). The following filters
were used, depending on the amount of urine to be filtered: Steriflip
vacuum filter, 0.2 wm (up to 50 ml urine) (Millipore no. 11CGP00525,
catalog no. X348.1; Carl Roth, Karlsruhe, Germany), or Rotilabo syringe
sterile filter, 0.22 wm, polyvinylidene difluoride (catalog no. P666.1; Carl
Roth, Karlsruhe, Germany). For the determination of UIT and UBT,
2-fold serial dilutions of the urine samples collected in each time in-
terval were prepared with antibiotic-free urine collected from the
healthy subjects prior to drug administration (dilution range, 1:1 [un-
diluted] and 1:2 to 1:256). A microdilution test was used to determine
the UITs and UBTs. Each well of the microplates contained 100 pl of
the prepared urine dilution. Bacterial strains were then added to the
wells of the microplates using a multipoint inoculator (10 wl). The
final inocula, which were confirmed by actual counting, ranged from
4.5 X10° to 8 X10° CFU/ml. The plates were then incubated at 37°C
for 18 = 0.5 h in ambient air. The UIT was defined as the highest
dilution of urine with antibiotic-free urine that still inhibited visible
bacterial growth, representing bacteriostatic activity.

UBTSs were determined in a second step after transfer of 10 pl of the
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subcultured urine onto Isosensitest agar supplemented with 5% sheep
blood (Oxoid, Wesel, Germany). The plates were incubated at 37°C for 20
to 24 h before the number of colonies was counted. The UBT was defined
as the highest dilution of urine with antibiotic-free urine that still exhib-
ited bactericidal activity, described as >99.9% (>3 log; ;) reduction of the
initial counts. Each experiment was performed in native urine and in
urine with pH values adjusted to 5.5 and 8.0 with hydrochloric acid and
sodium hydroxide, respectively.

For UBK, pooled predosing urine and individual urine samples col-
lected from the three volunteers in the two time periods after dosing of
NTX at 250 mg t.i.d. were inoculated with one of the three strains tested,
to achieve a starting colony count of about 10° CFU/ml. The inoculated
urine samples were incubated at 37°C in ambient air, and bacterial counts
were determined after 2, 4, 6, 8, and 24 h. For bacterial counting, the
antibiotic needed to be removed from the urine, as follows. Appropriately
diluted urine was placed on a membrane filter (Minisart NML 26 mm, 0.2
pm, Sartorius no. 16534Q; Schubert Medizinprodukte, Wackersdorf,
Germany), and the filter was washed three times with 20 ml sterile 0.9%
NaCl. Then the filter was placed on Columbia agar (catalog no. 110455;
Merck Chemicals, Darmstadt, Germany) supplemented with 5% blood
and was incubated at 37°C for 18 to 20 h in ambient air, and the CFU were
counted.

Urinary concentrations and metabolite analysis. The analysis was
performed in January 2013. Stock solutions (1 mg/ml in dimethyl sulfox-
ide [DMSQY]) of nitroxoline were diluted in acetonitrile to a final concen-
tration of 100 wg/ml (start solution). Individual stock solutions were used
for preparation of calibration standards and quality control samples. Ad-
ditional working solutions were prepared by dilution of the start solution
in acetonitrile. Calibration standard solutions in the range of 0.8 to 400
ng/ml were prepared by spiking 200 pl of drug-free blank urine with 24 pl
working solution. The calibration standards and the quality control sam-
ples (analytical solutions of 2.4, 60, and 240 ng/ml) were made in dupli-
cate.

A volume of 400 pl acetonitrile containing the internal standard (100
ng/ml griseofulvin) was added to 200-pl urine samples, calibration solu-
tions, and QC samples. Samples were shaken vigorously and centrifuged
at 6,000 X g for 10 min at 20°C. The particle-free supernatants were
diluted 1:1 with water. Aliquots were transferred to 200-ul sample vials
and subsequently subjected to liquid chromatography-mass spectrometry
(LC-MS).

Liquid chromatography. The high-performance liquid chromatogra-
phy (HPLC) pump flow rate was set to 600 wl/min, and the compounds
were separated on an Accucore RP-MS (2.6 wm, 50 by 2.1 mm; Thermo
Fisher Scientific) analytical column with a precolumn (Accucore RP-MS,
2.1 mm). Gradient elution with water—0.2% heptafluorobutyric acid
(HFBA) as the aqueous phase (solution A) and acetonitrile-0.2% HFBA
as the organic phase (solution B) was used, as follows: solution B at 5%, 0
to 0.1 min; 95%, 0.8 to 1.7 min; 5%, 1.8 to 3.0 min.

Mass spectrometry. Mass spectrometry for both test item quantifica-
tion and metabolite analysis was performed on a Q-Exactive mass spec-
trometer (Orbitrap technology with mass accuracy) equipped with an
HESI-2 interface monitoring the accurate mass (£5 mDa) of the cor-
responding [M+H] " ion at a resolution of 17,500. As the lock mass for
internal mass calibration, the [M+H]" ion of diisooctyl phthalate
(m/z 391.28429), which is ubiquitously present in the solvent system,
was used.

Statistical analyses. UIT and UBT data were represented by the recip-
rocals of the factor of the highest dilution showing bacteriostatic or bac-
tericidal activity. The value 0 was used when no urinary inhibitory (or
bactericidal) activity could be demonstrated, and the value 1 was used
when urinary inhibitory (or bactericidal) activity could be demonstrated
only in undiluted urine. The area under the 24-h UIT-time curve
(AUIT,,) and the area under the 24-h UBT-time curve (AUBT,,) were
calculated as the sums of the products of each UIT or UBT in the sampling
periods and the respective time periods (in hours) for each test organism

Antimicrobial Agents and Chemotherapy


http://aac.asm.org

Antibacterial Activity of NTX versus TMP

TABLE 1 Urinary pH values and volumes of urine from six volunteers after single oral administration of nitroxoline or trimethoprim in the UIT/

UBT study
Urinary pH Volume (ml)
Collection period Mean = SD Median (range) Mean = SD Median (range)
Before dosing 6.5+ 0.8 6.2 (5.8-7.9) 1,039 = 281 1,029 (702-1,409)
After nitroxoline (250 mg)
0-4h 6.9 £ 0.6 6.9 (6.3-8.0) 878 = 375 983 (346-1,362)
4-8h 6.4 = 0.67 6.7 (5.6-7.0) 639 + 276 593 (252-1,002)
8-12h 6.8 = 0.4 6.8 (6.3-7.5) 783 * 368 804 (322-1,302)
12-24h 6.3 £0.5 6.5 (5.5-6.7) 1,072 £ 595 924 (579-2,210)
After trimethoprim (200 mg)
0-4h 7.3 0.2 7.3 (6.9-7.6) 1,076 = 401 1,165 (327-1,452)
4-8h 7.2+ 0.4° 7.3 (6.7-7.5) 711 * 387 630 (355-1,413)
8-12h 6.8 £0.3 6.9 (6.3-7.2) 924 *+ 300 900 (466—1,259)
12-24h 6.3 +0.5 6.2 (5.7-7.1) 1,207 = 688 1,108 (328-2,277)

“ Statistically significant (P < 0.05).

and for each drug. AUIT,, and AUBT,, data were compared between
NTX and TMP at the corresponding pH values with the Mann-Whitney U
test and the median test (25). Due to the sample size of 6, the smallest
calculable P value was 0.1. If P = 0.1was reached, then an indication of a
difference between NTX and TMP regarding AUIT,, or AUBT,, values
was assumed. Global comparisons of the different pH values with the
Friedman test and subsequent pairwise comparisons were performed in
an exploratory data analysis. For statistical calculations, SAS 9.2 (SAS
Institute, Cary, NC) and IBM SPSS Statistics 19 were used. UBK data for
NTX are presented descriptively.

RESULTS

Volunteers. The volunteers were three Caucasian men and three
Caucasian women for UIT and UBT investigations and one Cau-
casian man and two Caucasian women for UBK investigations.
Volunteers participating in the UIT and UBT investigations had a
mean age of 25 years (median, 24 years [range, 22 to 30 years]) and
a mean body mass index of 22.2 kg/m*® (median, 22.6 kg/m’
[range, 17.5 to 27.1 kg/m?]). The three additional volunteers par-
ticipating in the UBK investigations were 37, 40, and 43 years of
age and had body mass index values of 23, 24, and 25 kg/mz,
respectively.

Safety and laboratory test results. NTX and TMP were well
tolerated by all volunteers. No serious adverse events occurred
during the study. There were no clinically relevant changes in the
laboratory test results for blood and urine.

Urinary pH and volumes. For the UIT/UBT study, the mean
values, medians, and ranges of urinary pH values and volumes
following NTX or TMP administration are given in Table 1. Mean
urinary pH values were between 6.3 and 7.3 and were lowest in the
collection periods 12 to 24 h after dosing (i.e., during the evening
and night of the study). In most collection periods, the urinary pH

TABLE 2 Urinary pH values for three volunteers after oral
administration of 250 mg nitroxoline t.i.d. in the UBK study

Urinary pH for subject:

Time A B C
Before dosing (0 h) 5.49 6.11 5.39
0-2 h after 8th dose 6.73 7.58 5.20
4-6 h after 10th dose 5.20 5.30 6.84
February 2014 Volume 58 Number 2

was slightly acidic. In the collection period of 4 to 8 h, the pH was
significantly lower in the NTX group than in the TMP group. The
mean hourly urine volumes were highest at 220 ml/h for NTX and
269 ml/h for TMP in the collection periods of 0 to 4 h. For the UBK
study, the pH values are given in Table 2.

MICs. The MICs of NTX and TMP are shown in Table 3. The
MICs of NTX ranged between 2 and 8 mg/liter and were in the
susceptible range. The MICs of TMP were 0.25 to 1 mg/liter for the
susceptible strains and >32 mg/liter for the resistant E. coli strain
1135121.

UIT, AUIT,,, UBT, and AUBT,,. The UITs and UBTs, as well
as the areas under the 24-h UIT-time and UBT-time curves
(AUIT,, and AUBT,,, respectively) of NTX and TMP for the test
organisms in native urine and in urine adjusted to pH 5.5 and pH
8.0 are given in Tables 4 and 5. The median AUIT,, value of NTX
at pH 5.5 for E. coli 1135121 was higher than that of TMP. The
median AUIT,, values of TMP at pH 5.5 and pH 8.0 for E. coli
ATCC 25922, K. pneumoniae, and S. saprophyticus were higher
than those of NTX. At all three pH values, the median AUIT,,
values of TMP for E. coli BN were higher than those of NTX (each
with P = 0.1 with the Mann-Whitney U test and P = 0.1 with the
median test). Global comparisons of the media at the three pH
values after administration of NTX indicated differences for E. coli
ATCC 25922, E. coli BN, E. coli 1135121, K. pneumoniae, and S.
saprophyticus. The median AUIT,, values of NTX were each

TABLE 3 MIC:s of nitroxoline and trimethoprim for the test strains

MIC (mg/liter) of:
Bacterial strain Nitroxoline Trimethoprim
E. coli ATCC 25922° 2 0.25
E. coli BN® 4 0.25
E. coli 1135121" 2 >32
K. pneumoniae 595° 4 NA
K. pneumoniae 1082° 4 1
Proteus mirabilis 1057° 8 1
S. saprophyticus Ho94" 8 1

@ Evaluation of urinary inhibitory titers (UITs), urinary bactericidal titers (UBTs), and
urinary bactericidal kinetics (UBK).

b Evaluation of UIT and UBT.

¢ Evaluation of UBK only. NA, not applicable.
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TABLE 4 Reciprocal UITs and areas under the 24-h UIT-time curve for nitroxoline and trimethoprim in the 6 volunteers tested

UIT (median [range]) for the indicated collection period (h)

Drug, urine type, and strain 0-4 4-8 8-12 12-24 AUIT,,
Nitroxoline
Native urine
Escherichia coli ATCC 25922 1(0-2) 0.5 (0-2) 0(0-1) 0(0-1) 8 (0-24)
E. coli BN 1(0-2) 0 (0-1) 0 (0-0) 0 (0-0) 4 (0-8)*
E. coli 1135121 0 (0-1) 0 (0-1) 0 (0-0) 0 (0-0) 2 (0—4)
Klebsiella pneumoniae 1082 0.5 (0-1) 0 (0-1) 0 (0-0) 0 (0-0) 4 (0-4)
Proteus mirabilis 1057 0 (0-1) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-4)
Staphylococcus saprophyticus Ho94 0 (0-2) 0 (0-1) 0 (0-0) 0 (0-0) 0 (0-8)°
Urine at pH 5.5
E. coli ATCC 25922 3 (1-8) 1(0-8) 0.5 (0-1) 0 (0-0) 18 (4—68)”‘b
E. coli BN 2 (0-2) 1(0-2) 0(0-1) 0 (0-0) 12 (0-20)"
E. coli 1135121 1(0-2) 0(0-2) 0 (0-1) 0 (0-0) 8 (O—lG)”’b
K. pneumoniae 1082 1(1-2) 0.5 (0-1) 0 (0-1) 0 (0-0) 8 (4-12)™t
P. mirabilis 1057 0 (0-1) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0—4)
S. saprophyticus Ho94 2 (1-4) 1(0-4) 0(0-1) 0 (0-0) 12 (4-36)""
Urine at pH 8.0
E. coli ATCC 25922 0.5 (0-2) 0 (0-1) 0 (0-0) 0 (0-0) 2 (0-12)"0
E. coli BN 0 (0-1) 0 (0-0) 0 (0-0) 0 (0-0) 0 (O—4)”’b
E. coli 1135121 0 (0-1) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0—4)b
K. pneumoniae 1082 0 (0-1) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-4)*>*
P. mirabilis 1057 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)
S. saprophyticus Ho94 0 (0-1) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0—4)**
Trimethoprim
Native urine
E. coli ATCC 25922 64 (32-256) 160 (32-256) 48 (16-256) 128 (128-128) 2,944 (2,176-3,840)
E. coli BN 64 (32-256) 256 (32-256) 48 (16-256) 80 (32-128) 2,368 (768—4,608)"
E. coli 1135121 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)
K. pneumoniae 1082 8 (4-16) 8 (2-16) 8 (2-16) 8 (4-64) 208 (80-544)
P. mirabilis 1057 2 (2-4) 2 (1-4) 2 (2-4) 2 (2-4) 56 (44-88)
S. saprophyticus Ho94 8 (4-64) 8 (4-32) 8 (4-16) 8 (4-32) 200 (112-832)
Urine at pH 5.5
E. coli ATCC 25922 32 (16-256) 32 (16-256) 24 (8-256) 128 (32-128) 1,856 (608—4,608)"
E. coli BN 24 (8-256) 48 (8-256) 16 (8-64) 96 (16-128) 1,840 (51273,072)"’}3
E. coli 1135121 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)"
K. pneumoniae 1082 4(2-8) 4 (1-8) 2.5 (1-4) 8 (2-16) 124 (72-248)"
P. mirabilis 1057 4 (2-4) 4 (2-4) 2 (1-4) 4 (4-4) 88 (68-96)
S. saprophyticus Ho94 4 (1-16) 4 (1-4) 1(1-4) 4 (2-16) 88 (52-288)"
Urine at pH 8.0
E. coli ATCC 25922 256 (128-256) 256 (128-256) 64 (64-256) 128 (128-128) 3,840 (2,816—4,608)"
E. coli BN 160 (64-256) 256 (16-256) 160 (32-256) 128 (32-128) 3,840 (832-4,608)"
E. coli 1135121 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)
K. pneumoniae 1082 16 (4-64) 16 (2-32) 8 (2-16) 16 (4-128) 384 (80-1,728)"
P. mirabilis 1057 4 (4-64) 10 (4-16) 4(2-8) 6 (4-16) 144 (88-544)
S. saprophyticus Ho94 16 (8-64) 24 (8-64) 16 (8-16) 32 (8-64) 640 (224-992)¢

“ Indication of difference (P = 0.1 with the Mann-Whitney U test and P = 0.1 with the median test) for nitroxoline versus trimethoprim in urine at the same pH.
b Indication of difference for native pH versus pH 8.0 versus pH 5.5 for nitroxoline or trimethoprim.

higher at pH 5.5 than at pH 8.0. For TMP, global testing indicated
differences for E. coli BN, whereas median AUIT,, values were
higher at pH 8.0 than at pH 5.5.

Atall three urinary pH values, median AUBT,, values for TMP
were higher than those for NTX for all tested strains except for the
resistant E. coli strain 1135121 (each with P = 0.1 with the Mann-
Whitney U test and P = 0.1 with the median test). Global com-
parisons of the media at the three pH values after administration
of NTX indicated differences for E. coli ATCC 25922. The median
AUBT,, values were higher at pH 5.5 than at pH 8.0. For TMP,
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global testing indicated differences for E. coli ATCC 25922, E. coli
BN, P. mirabilis, and S. saprophyticus, whereas AUBT,, values
were each higher at pH 8.0 than at pH 5.5.

UBK. The UBK for NTX are shown in Fig. 1 to Fig. 3. The UBK
showed that NTX has mainly bacteriostatic urinary activity.

Urinary concentrations and excretion of nitroxoline and me-
tabolite analysis. The mean urinary concentrations of NTX and
NTX sulfate in the collection periods of 0 to 4, 4 to 8, 8 to 12, and
12 to 24 h were 0.507 and 27.83, 0.200 and 8.42, 0.028 and 1.43,
and 0.012 and 0.28 mg/liter, respectively (Table 6). The metabo-
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TABLE 5 Reciprocal UBTs and areas under the 24-h UBT-time curve for nitroxoline and trimethoprim in the 6 volunteers tested

UBT (median [range]) for the indicated collection period (h)

Drug, urine type, and strain 0—4 4-8 8-12 12-24 AUBT,,
Nitroxoline
Native urine
Escherichia coli ATCC 25922 0(0-2) 0 (0-0) 0(0-1) 0 (0-0) 0 (0-12)*
E. coli BN 0.5 (0-8) 0 (0-0) 0(0-2) 0 (0-2) 2 (0-36)"
E. coli 1135121 0 (0-0) 0 (0—4) 0 (0-0) 0 (0-0) 0(0-16
Klebsiella pneumoniae 1082 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)*
Proteus mirabilis 1057 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)*
Staphylococcus saprophyticus Ho94 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)*
Urine at pH 5.5
E. coli ATCC 25922 1(1-2) 0 (0-1) 0 (0-0) 0 (0-0) 4 (4-12)*b
E. coli BN 1(0-2) 0 (0-2) 0(0-1) 0 (0-0) 4(0-16)°
E. coli 1135121 0 (0-1) 0 (0-1) 0 (0-0) 0 (0-0) 0 (0-8)
K. pneumoniae 1082 0(0-2) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-8)”
P. mirabilis 1057 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)"
S. saprophyticus Ho94 0(0-2) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-8)*
Urine at pH 8.0
E. coli ATCC 25922 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)*
E. coli BN 0 (0-1) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-4)°
E. coli 1135121 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)
K. pneumoniae 1082 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)*
P. mirabilis 1057 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)°
S. saprophyticus Ho94 0 (0-0) 0 (0-0) 0(0-0) 0 (0-0) 0 (0-0)*
Trimethoprim
Native urine
E. coli ATCC 25922 96 (32-128) 96 (32-128) 32 (16-128) 64 (64-64) 1,664 (1,280-2,304)"
E. coli BN 48 (32-128) 128 (32—-128) 48 (16-64) 64 (32-64) 1,600 (704-2,048)"
E. coli 1135121 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)
K. pneumoniae 1082 12 (4—64) 12 (2-16) 8 (2-16) 8 (0-64) 248 (80-928)"
P. mirabilis 1057 3 (0-16) 3 (0-16) 2 (0-16) 2 (1-64) 54 (12-912)°
S. saprophyticus Ho94 8 (2-32) 8 (4-16) 6 (2-16) 8 (2-32) 192 (72-640)°
Urine at pH 5.5
E. coli ATCC 25922 32 (16-128) 48 (16-64) 24 (8-128) 64 (32-64) 1,088 (736—2,048)""’
E. coli BN 24 (8-64) 24 (8-64) 16 (8-64) 48 (16-64) 880 (512—1,408)%"
E. coli 1135121 0(0-1) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0—4)
K. pneumoniae 1082 4 (1-8) 4 (1-8) 2 (1-4) 6 (2-16) 112 (64-240)"
P. mirabilis 1057 2 (0-16) 2.5 (0-8) 2 (0-8) 2 (1-32) 48 (127464)“‘b
S. saprophyticus Ho94 2 (1-16) 2 (1-4) 2 (1-4) 4 (2-16) 74 (40-288)*"
Urine at pH 8.0
E. coli ATCC 25922 128 (64-128) 128 (64-128) 64 (64—128) 64 (64-64) 2,048 (1,792-2,048)%"
E. coli BN 96 (32-256) 128 (16-256) 64 (32-256) 64 (32-64) 1,920 (704-3,840)"
E. coli 1135121 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-1) 0(0-12)
K. pneumoniae 1082 12 (4-64) 24 (2-32) 8 (2-16) 8 (1-64) 248 (56-1,024)"
P. mirabilis 1057 3 (0-32) 5 (0-16) 2 (0-16) 3 (1-64) 74 (12-928)*"
S. saprophyticus Ho94 16 (8-32) 24 (8-32) 12 (8-16) 32 (8-64) 592 (224-960)*

“ Indication of difference (P = 0.1 with the Mann-Whitney U test and P = 0.1 with the median test) for nitroxoline versus trimethoprim in urine at the same pH.
b Indication of difference for native pH versus pH 8.0 versus pH 5.5 for nitroxoline or trimethoprim.

lism of NTX is shown in Fig. 4. In the urinary metabolite analysis,
the mean relative signal area for the parent component NTX ac-
counted for about 1.0% and those for the metabolites O (M1),
0+CH, (M2), C,H,0 (acetyl) (M3), C;H;NOS (cysteine) (M4),
SO; (NTX sulfate) (M5), O+SO; (M6), CgHgOg (NTX glucu-
ronide) (M7), and O+C4HO, (M8) accounted for 3.4%, 0.03%,
0.1%, 0.1%, 38.4%, 0.8%, 55.7%, and 0.5%, respectively (Table 7).
These calculations are based on qualitative data and do not di-
rectly correlate with absolute (quantitative) metabolite concen-
trations. Only for the parent compound NTX and for NTX sulfate
was enough reference material available for calibration. The mean
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total urinary excretion of NTX within 24 h was about 0.5 mg,
corresponding to 0.2% of the oral dose administered (250 mg),
and that of NTX sulfate (M5) was about 30 mg, corresponding to
about 12% of the oral dose administered. Unfortunately, the total
urinary excretion of the glucuronide metabolite could not be cal-
culated, for the reasons mentioned earlier, but excretion can be
expected to far exceed that of the parent drug and the sulfate
metabolite.

Urinary concentrations of trimethoprim and metabolite
analysis. The mean urinary concentrations of TMP in the collec-
tion periods of 0 to 4, 4 to 8, 8 to 12, and 12 to 24 h were 36.648,
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FIG 1 Urinary bactericidal kinetics for E. coli ATCC 25922 in volunteers A, B,
and C, using urine samples collected 0 to 2 h after the eighth dose (a) and 4 to
6 h after the 10th dose (b) of nitroxoline at 250 mg t.i.d.

38.641, 18.785, and 41.590 mg/liter, respectively (Table 8). The
urinary metabolite analysis showed that the mean relative signal
area for the parent component TMP accounted for 89.4% of the
total drug in the urine and those for the metabolites O (M1), CH,
(M2), CiHgO4 (M3), CHgO, (M4), CH,+SO; (M5), and
CH,+CHzO4 (M6) accounted for 7.4%, 1.2%, 0.8%, 0.2%, 0.3%,
and 0.8%, respectively (Table 9). Thus, from the qualitative anal-
ysis, it can be concluded that the TMP metabolites play only minor
roles in urinary excretion. The mean total urinary excretion of
TMP within 24 h was about 122 mg, corresponding to about 61%
of the oral dose administered (200 mg).

DISCUSSION

In order to integrate pharmacokinetic and pharmacodynamic
parameters, the urinary inhibitory titers (UITs), urinary bac-
tericidal titers (UBTs), and urinary bactericidal kinetics (UBK)
for common uropathogens were determined after oral admin-
istration of recommended therapeutic doses of 250 mg NTX
and 200 mg TMP (26-28). NTX is excreted in the urine in
unconjugated as well as conjugated (e.g., glucuronide and sul-
fate) forms (29, 30). After oral administration of 250 mg to
volunteers, about 99% of the excreted NTX is eliminated in
urine as metabolites and only 1.0% as the parent component
(Table 7), which is in line with other investigations (29, 30). In
this study, the mean urinary concentrations of parent NTX
during the first collection period (0 to 4 h) averaged about 0.5
mg/liter (Table 6), with the mean urinary excretion within 24 h

9
—e—control (A,B,C)
--Aa
E -=-A--= A-b
:;_ —x—-B-a
,.3 —%-B-b
..... o C-a
—+—C-b
4
1 2 3 4 5 6
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FIG 2 Urinary bactericidal kinetics for K. pneumoniae 595 in volunteers A, B,
and C, using urine samples collected 0 to 2 h after the eighth dose (a) and 4 to
6 h after the 10th dose (b) of nitroxoline at 250 mg t.i.d.
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FIG 3 Urinary bactericidal kinetics for S. saprophyticus Ho94 in volunteers A,
B, and C, using urine samples collected 0 to 2 h after the eighth dose (a) and 4
to 6 h after the 10th dose (b) of nitroxoline at 250 mg t.i.d.

of 0.5 mg corresponding to about 0.2% of the oral dose admin-
istered, which is about 8-fold lower than the value (1.6%)
found by Mrhar et al. (30), with total urinary recovery of about
50% (including the conjugated forms of nitroxoline). The dif-
ferent findings may be due to different analytical methods or
the longer elapsed time between sample collection and concen-
tration analysis. In contrast, the UIT and UBT determinations
were performed immediately after sample collection. Since
early investigations showed that antimicrobial activity can be
demonstrated in the urine after administration of 200 mg NTX
(26, 29), it is hypothesized that some of the metabolites also
exhibit antimicrobial activity. According to the relative peak
area signals, the two main metabolites, i.e., NTX sulfate and
glucuronide, contribute most to the urinary excretion of NTX.
Unfortunately, the metabolites were not available for determi-
nation of the corresponding MICs for our tested stains. There-
fore, the specific contributions of NTX and its two main me-
tabolites to urinary antimicrobial activity could not be
elucidated in this study. Further dose finding studies, however,
led to the current recommendation of 250 mg NTX t.i.d. for
treatment of uncomplicated cystitis (30).

The pharmacokinetics after oral administration of 200 mg
TMP showed that around 90% of the excreted trimethoprim is
eliminated as parent drug (Table 9). The mean urinary concentra-
tions of parent trimethoprim during the first collection period (0
to 4 h) averaged about 40 mg/liter (Table 8).

The MICs of NTX ranged from 2 to 8 mg/liter for the TMP-
susceptible and -resistant strains tested. The AUIT,, values in
acidic urine for the two susceptible E. coli strains were about 100
to 150 times greater (median values) for TMP than for NTX. This
proportion can be only partly explained by the lower urinary ex-
cretion of unconjugated NTX and the higher MICs of NTX versus
TMP. The contributions of the NTX metabolites remain unclear,
because specific MICs for the strains tested were not available.

UBTs have been shown to serve as valuable pharmacoki-
netic/pharmacodynamic parameters predicting urinary anti-
bacterial efficacy in the assessment of fluoroquinolones (28,
31-33). In a study with patients with complicated UTIs, the
UBT and AUBT,, values for levofloxacin were highly corre-
lated with clinical and/or microbiological success or failure
(34). A calculated target attainment rate for levofloxacin pre-
dicting therapeutic success in patients with complicated UTIs
approximated a median UBT of 100 over 24 h or an AUBT,,
value of 2,240 (34). Whether bactericidal activity is also neces-
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FIG 4 Metabolism of nitroxoline in urine.

sary for the treatment of uncomplicated cystitis is not known.
Considering the clinical efficacy of mainly bacteriostatic anti-
bacterials such as nitrofurantoin in uncomplicated cystitis (5,
27, 35), urinary bacteriostatic activity was also measured in this
study, represented by the UIT or AUIT,,.

Since the composition of urine is highly variable over time,
as exemplified by the physiological pH variations ranging from
pH 5.5 to 8.0, UITs and UBTs were also measured at adjusted
pH values of pH 5.5 and 8.0. Comparing NTX versus TMP,
AUIT,, values were higher for NTX than for TMP for the TMP-
resistant strain at pH 5.5. Conversely, the AUIT,, values of all
TMP-susceptible strains tested were higher for TMP than for
NTX, including at pH 5.5 and pH 8.0. In media at all three pH
values, the AUBT,, values for TMP were higher than those for
NTX for all tested strains except for the resistant E. coli strain
1135121.

For NTX, AUIT,, values were higher in urine at pH 5.5 than in
urine at pH 8.0 (except for P. mirabilis). P. mirabilis not showing
higher bacteriostatic activity could be due to its enzyme urease,
which creates its own alkaline environment. A higher AUBT,, in

TABLE 7 Metabolite analysis of nitroxoline in the urine of 6 volunteers
at0to24h

Metabolite” Metabolite reaction Relative area (%)
Nitroxoline NAY 1.0

M1 +0 3.4

M2 +0+CH, 0.03

M3 +C,H,0 (acetyl) 0.1

M4 +C,H;NOS (cysteine) 0.1

M5 +50, 38.4

M6 +0+80, 0.8

M7 +CH,0, 55.7

MS +0+CH,0, 0.5

@ M5, nitroxoline sulfate; M7, nitroxoline glucuronide.
? NA, not applicable.
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TABLE 8 Urinary concentrations and excretion levels of trimethoprim in 6 volunteers

Urinary concentration®

Urinary excretion level”

Collection

time (h) Mean = SD (mg/liter) CV (%) Median (range) (mg/liter) Mean = SD (mg) CV (%) Median (range) (mg)
04 36.65 *+ 21.9 59.9 27.43 (21.71-78.46) 32.38 = 6.31 19.5 30.05 (25.66—44.55)
4-8 38.64 = 16.90 43.7 37.71 (15.55-65.86) 22.93 =393 17.1 21.54 (19.64-31.30)
8-12 18.79 £ 3.50 18.6 18.68 (14.39-22.94) 33.02 = 9.34 28.3 30.81 (22.64-51.49)
12-24 41.59 £ 35.10 84.4 28.04 (17.99-110.49) 34.38 + 3.88 11.3 34.55 (28.48-40.95)
0-24 (total) 122.70 = 11.47 9.3 118.03 (108.74—140.47)

“ CV, coefficient of variation.

b Percentage of dose: mean = SD, 61.35% = 5.74%; median, 59.0%; range, 54.37% to 70.24%.

acidic urine for NTX was demonstrated only for E. coli ATCC
25922. The finding of more-pronounced antibacterial activity in
an acidic environment for NTX was also shown in other investi-
gations (18). Therefore, there should be a call for pH measure-
ment if NTX is to be employed, or an acidifying agent may be
added to NTX treatment to improve antibacterial activity. For
TMP, the AUIT,, of E. coli BN after TMP administration was
higher at pH 8.0 than at pH 5.5. The AUBT,, values of TMP for E.
coli ATCC 25922, E. coli BN, P. mirabilis, and S. saprophyticus were
higher in alkaline urine than in acidic urine as well. Higher anti-
microbial activity in an alkaline environment for TMP is consis-
tent with prior investigations (36).

In order to assess the quality of the antibacterial activity of
NTX, urinary bactericidal kinetics (UBK) were investigated at
steady state after multiple oral doses of 250 mg NTX were admin-
istered to healthy volunteers. The UBK study showed that NTX
exhibited mainly bacteriostatic urinary activity. Furthermore,
subinhibitory concentrations of NTX have major inhibitory ef-
fects on adhesin expression and bacterial attachment (37-39),
which may add an important antibacterial mechanism for NTX,
although it was not tested in this study. The antiadhesive proper-
ties would perhaps enable NTX to be optimally used for preven-
tion of recurrent UTIs.

NTX exhibited mainly bacteriostatic activity in urine. TMP
showed both bacteriostatic and bactericidal activity in urine
against susceptible strains. The antibacterial activity of NTX was
more pronounced in acidic urine and that of TMP in alkaline
urine. TMP showed higher antibacterial urinary activity than did
NTX for susceptible strains. Cumulative effects of multiple dosing
or other effects (e.g., inhibition of bacterial adherence) could not
be evaluated in this study. UBK showed that NTX exhibits mainly
bacteriostatic urinary activity, which seems to be sufficiently effi-
cacious in the treatment of acute uncomplicated cystitis and espe-

TABLE 9 Metabolite analysis of trimethoprim in the urine of 6
volunteers at 0 to 24 h

Metabolite Metabolite reaction Relative area (%)
Trimethoprim NA* 89.4

M1 +0 7.4

M2 —CH, 1.2

M3 +C4H,O, 0.8

M4 +C,H,0, 0.2

M5 —CH,+S0, 0.3

M6 —CH,+C,H,O, 0.8

“NA, not applicable.
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cially for prophylaxis of recurrent UTIs, as shown in clinical stud-
ies (14-17).
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