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Fluoroquinolones enter eukaryotic cells but the correlation between cellular accumulation and activ-
ity remains poorly established. Gemifloxacin is known to accumulate to a larger extent than most
other fluoroquinolones in tissues. Using murine J774 macrophages and human THP-1 monocytes, we
show that gemifloxacin accumulates more than ciprofloxacin and even moxifloxacin. Whilst showing

K?yWOFdSi ) indistinguishable kinetics of accumulation in J774 macrophages, gemifloxacin was released at an approx-
Clprc_Jﬂoxac_m imately two-fold slower rate than ciprofloxacin and its release was only partial. Gemifloxacin was also
g:;liffllz);g?l a weaker substrate than ciprofloxacin for the efflux transporter Mrp4 active in J774 macrophages. In
Mrp4 cells infected with Listeria monocytogenes or Staphylococcus aureus (typical cytoplasmic and phagolyso-

somal organisms, respectively), gemifloxacin was equipotent to moxifloxacin and ciprofloxacin in
concentration-dependent experiments if data are normalised based on the minimum inhibitory con-
centration (MIC) in broth. Thus, larger cellular concentrations of gemifloxacin than of moxifloxacin or
ciprofloxacin were needed to obtain a similar target effect. Fractionation studies showed a similar sub-
cellular distribution for all three fluoroquinolones, with approximately two-thirds of the cell-associated
drug recovered in the soluble fraction (cytosol). These data suggest that cellular accumulation of fluoro-
quinolones is largely a self-defeating process as far as activity is concerned, with the intracellular drug
made inactive in proportion to its accumulation level. Whilst these observations do not decrease the
intrinsic value of fluoroquinolones for the treatment of intracellular infections, they indicate that rank-
ing fluoroquinolones based on cell accumulation data without measuring the corresponding intracellular
activity may lead to incorrect conclusions regarding their real potential.

© 2011 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.
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1. Introduction when considering a given fluoroquinolone in a specific cell type,

as demonstrated for ciprofloxacin in relation to the intracellular

Fluoroquinolone antibiotics are important in the current thera-
peutic arsenal because of their broad spectrum, highly bactericidal
activity and favourable pharmacokinetic properties [1]. Their wide
tissue distribution allows them to reach therapeutic concentra-
tions in deep body compartments as well as in the intracellular
milieu, which may be an advantage in the treatment of intracellu-
lar infections. Accumulation and activity in cells are usually linked
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forms of Listeria monocytogenes in J774 macrophages in experi-
ments where the drug’s cellular concentration was modulated by
inhibition or overexpression of the constitutive ciprofloxacin efflux
transporter Mrp4 [2,3]. There is, however, alack of quantitative data
comparing distinct fluoroquinolones in this context.

Gemifloxacin [4] accumulates to high levels in human polymor-
phonuclear leukocytes and is active against intracellular bacteria
[5,6]. This prompted us to compare it with other fluoroquinolones
for cellular pharmacokinetics and activity in an established model
of murine J774 macrophages [7]. Ciprofloxacin and moxifloxacin,
when needed, were used as comparators as these antibiotics show
low and high accumulation, respectively, in relation to differen-
tial susceptibility to efflux [8-11]. We also examined THP-1 cells,
where no active fluoroquinolone efflux has been evidenced so far.
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We found that gemifloxacin accumulates to higher levels than
ciprofloxacin and moxifloxacin in both cell types and that all three
drugs have a similar subcellular distribution. Yet gemifloxacin
showed no improved activity against two types of intracellular bac-
teria, L. monocytogenes and Staphylococcus aureus, localised in the
cytosol and in phagolysosomes, respectively.

2. Materials and methods
2.1. Antibiotics and main reagents

Gemifloxacin mesylate (LG Life Sciences, Seoul, South Korea)
and ciprofloxacin HCl and moxifloxacin HCI (Bayer HealthCare AG,
Leverkusen, Germany) were obtained as microbiological standards
(potencies 79%, 85% and 91%, respectively). Gemfibrozil was from
Sigma-Aldrich (St Louis, MO), human serum was from Lonza Ltd.
(Basel, Switzerland) and cell culture media and sera were from
Invitrogen Corp. (Carlsbad, CA).

2.2. Cell lines

Murine J774 macrophages (wild-type cells [9]) and their
ciprofloxacin-resistant derivatives overexpressing the Mrp4 efflux
transporter [8,11] were used for most experiments. Human THP-1
cells (ATCC TIB-202; American Tissue Culture Collection, Manassas,
VA)[12,13] were used for comparison purposes. ATP depletion was
achieved as previously described [9].

2.3. Determination of cellular accumulation of fluoroquinolones

A previously described protocol was used [9,14]. Cell-associated
fluoroquinolones were assayed by fluorimetry (see [10] for
ciprofloxacin and moxifloxacin; for gemifloxacin, the conditions
were Aex. =270 nm, Aem =402 nm; lowest limit of detection 50 pg/L;
linearity 0-1.5 mg/L). The cell drug content was expressed by ref-
erence to the total cell protein content [15]. The apparent total
cellular concentration was then calculated using a conversion fac-
tor of 3.08 L of cell volume per mg of cell protein [9].

2.4. Cell fractionation studies in J774 cells

The main subcellular organelles were separated by differential
centrifugation as previously described [2]. The protein and antibi-
otic content of each fraction was determined in parallel with the
activity of marker enzymes of the main organelles (cytochrome
¢ oxidase for mitochondria, N-acetyl-3-hexosaminidase for lyso-
somes, and lactate dehydrogenase for cytosol [7]).

2.5. Bacterial strains and susceptibility testing

Listeria monocytogenes strain EGD and S. aureus strain ATCC
25923 were used. Minimum inhibitory concentration (MIC) deter-
minations were made according to the Clinical and Laboratory
Standards Institute (CLSI) guidelines [16] using tryptic soy broth
for L. monocytogenes [13] and Mueller-Hinton broth for S. aureus
[14].

2.6. Cell infection and assessment of antibiotic intracellular
activities

Cell infection was performed as described previously [2], with
pharmacological comparison between drugs and bacteria based on
concentration-dependent effects analyses [14] to determine (i) the
relative minimal and maximal efficacies (E;, and Emax, respec-
tively, in logjo units) and (ii) the relative potencies (ECsq) and
static concentrations (Cs). This type of analysis and its usefulness

for comparing antibiotics and the response of different bacteria
have been described in detail in previous publications [14,17-19].
As discussed previously [20], the large dilution of samples before
spreading on agar plates for colony-forming unit (CFU) counting
ensures the absence of a carry-over effect.

2.7. Curve fitting and statistical analyses

Curve fitting analyses were done using GraphPad Prism®
4.03 (GraphPad Software Inc., San Diego, CA). Statistical anal-
yses were made with the same software for comparing
concentration-response functions, and with GraphPad InStat®
v3.06 (GraphPad Software Inc.) for other studies.

3. Results
3.1. Cellular pharmacokinetics

We first compared the cellular accumulation of gemifloxacin
with that of ciprofloxacin and moxifloxacin and examined the
influence of gemfibrozil, a broad-spectrum inhibitor of anion trans-
porters including the Mrp transporters, on this accumulation.
Fig. 1A shows that (i) gemifloxacin accumulated to a larger extent
than the other two fluoroquinolones both in J774 and THP-1 cells;
(ii) the accumulation of gemifloxacin and moxifloxacin was not
influenced by gemfibrozil; (iii) in contrast, ciprofloxacin, which
accumulated to the lowest extent in J774 macrophages, reached a
cellular concentration similar to that of moxifloxacin in these cells
in the presence of gemfibrozil, as already observed in the same
model [10]; and (iv) the level of accumulation of ciprofloxacin was
similar to that of moxifloxacin in THP-1 cells and was not influenced
by the addition of gemfibrozil.

We then compared the kinetics of accumulation and efflux of
gemifloxacin with that of ciprofloxacin using J774 macrophages
only, as this is where the largest difference of accumulation was
observed. Fig. 1B shows that the two fluoroquinolones could not
be distinguished with respect to accumulation kinetics but dis-
played marked differences for efflux. Thus, gemifloxacin release
(i) occurred at the same rate as its uptake (compare k;j, and kout
parameters); (ii) was approximately two-fold slower than that of
ciprofloxacin, including in the very initial period (see inset); (iii)
was only partial, with ca. 25% of the accumulated drug remaining
cell-associated in an apparent stable fashion after 30 min of incu-
bation in drug-free medium compared with negligible amounts for
ciprofloxacin.

We next measured the level of accumulation of gemifloxacin
compared with that of ciprofloxacin in J774 macrophages overex-
pressing the ciprofloxacin efflux transporter Mrp4 (ciprofloxacin-
resistant cells), using normal conditions and conditions of ATP
depletion (which inhibits all ATP-dependent active transporters,
including Mrp4). Fig. 2A shows that (i) gemifloxacin accumula-
tion was reduced (but in a non-statistically significant manner)
in ciprofloxacin-resistant cells compared with wild-type cells; (ii)
ATP depletion increased its accumulation both in wild-type and
ciprofloxacin-resistant cells, but with a significant difference in
the latter cells only; (iii) ciprofloxacin accumulation was signifi-
cantly reduced in ciprofloxacin-resistant cells, but was markedly
increased by ATP depletion, reaching a value similar to that
observed in wild-type cells after ATP depletion; and (iv) in line with
our previous observations [11], ATP depletion markedly increased
the accumulation of ciprofloxacin in wild-type cells.

Because the ciprofloxacin efflux transporter is saturable
in a 10-200mg/L range [9], we measured the accumulation
of gemifloxacin both in wild-type ]774 macrophages and in
ciprofloxacin-resistant cells over increasing concentrations of
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Fig. 1. Accumulation and efflux of fluoroquinolones. (A) Accumulation of gemifloxacin (GMF), moxifloxacin (MXF) and ciprofloxacin (CIP) in wild-type J774 mouse
macrophages (left) and human THP-1 monocytes (right) incubated for 2 h with 20 mg/L in control conditions or in the presence of the Mrp inhibitor gemfibrozil (500 wM).
All values are the mean of three independent determinations & standard deviation. Statistical analysis (ANOVA): control vs. gemfibrozil, ***P<0.001; comparison between
fluoroquinolones, bars with different letters are different from one another (P<0.001; upper case letters, control conditions; lower case letters, + gemfibrozil). (B) Kinetics
of accumulation (left) and efflux (right) of gemifloxacin compared with ciprofloxacin in 774 macrophages (see [10] for efflux of moxifloxacin). For accumulation studies,
cells were transferred to medium containing a fixed amount of drug (20 mg/L) and were collected at the times indicated on the abscissa. For efflux, cells were first exposed
to the drug for 2 h at a concentration of 20 mg/L, gently washed, transferred to drug-free medium and collected at the times indicated on the abscissa. Data were used to
fit a one-phase exponential association function for influx [y =ymaxX(1 — e *»*)] and a one-phase exponential decay function for efflux [y =ymaxXe %u* + plateau)] by non-
linear regression. Regression parameters for influx: (a) gemifloxacin, R? =0.780, ki, =0.386 +0.123 min~!; (b) ciprofloxacin, R? =0.922, k;, =0.348 + 0.066 min~!. Regression
parameters for efflux: (i) main graph, (a) gemifloxacin, R? =0.897, kout =0.403 +0.122 min~!, plateau=25.71+4.63; (b) ciprofloxacin, R? =0.949, Koy =0.949 +0.204 min~!,
plateau=3.56 4+ 3.24; (ii) inset: data for the initial stage of efflux (0-5min) and corrected for differences in plateau reached after 10 min, (a) gemifloxacin, R? =0.658,
kout =0.571+0.138 min~'; (b) ciprofloxacin, R? =0.909, kou =1.216+0.209 min~". Statistical analysis (paired t-test two-tailed): influx, no significant difference in rate con-
stants; absolute values of plateaus of accumulation were different and in line with data of Fig. 1. Efflux: main graph, comparison of all values, P<0.001; plateaus values only,
P<0.001; k values only, P<0.001; inset, comparison for all values, P=0.016; ko values only, P<0.001.

gemifloxacin in that range. Fig. 2B shows that whilst gemi- in both cases, its rate of efflux was significantly accelerated

floxacin accumulation was not significantly influenced by its
extracellular concentration in wild-type cells, there was a sig-
nificant increase over the range of concentrations investigated
for ciprofloxacin-resistant cells. In contrast, and as described
previously [9], ciprofloxacin showed a marked increase in its accu-
mulation over the same concentration range in wild-type cells. For
ciprofloxacin-resistant cells, the increase in cell accumulation of
ciprofloxacin was much less marked in the range of drug concentra-
tions investigated owing to overexpression of the Mrp4 transporter
(see [11]).

These results suggest that gemifloxacin could be a poor, albeit
still recognised, substrate for efflux transport in J774 macrophages
if Mrp4 is overexpressed. We therefore compared the kinetics of
gemifloxacin efflux in ciprofloxacin-resistant vs. wild-type cells.
Whilst the plateau values observed at 30 min remained close
to each other, denoting an incomplete release of gemifloxacin

in ciprofloxacin-resistant cells compared with wild-type cells
(kout =2.393 +0.907 min~! vs. 0.403 +£0.122min"!; P<0.001) (see
graphical representation in Supplementary Fig. 1).

3.2. Intracellular activity

To examine the correlation between cellular accumulation and
intracellular activity, we compared all three fluoroquinolones in a
pharmacological model of intracellular infection [14,17] using J774
macrophages as host cells since this is where the largest differences
in accumulation levels had been observed. Listeria monocytogenes
and S. aureus were selected as bacterial targets as they represent
a typical cytoplasmic and phagolysosomal organism, respectively.
Data presented in Fig. 3A (with analysis of the key pharmacological
descriptorsinTable 1) show thatall three antibiotics induced essen-
tially a similar response when expressed as a function of equipotent
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Fig. 2. Cellular accumulation of gemifloxacin compared with ciprofloxacin in wild-type (WT) or ciprofloxacin-resistant (CIP-R) J774 mouse macrophages (see [11] for the
corresponding data for moxifloxacin). (A) Cells were incubated for 2 h in control conditions or ATP-depleted with a fixed concentration (20 mg/L) of gemifloxacin (left) or
ciprofloxacin (right) with WT or CIP-R cells. Data are expressed as percentage of the value measured in WT cells in control conditions for each fluoroquinolone. All values
are the means of three independent determinations + standard deviation (S.D.). Statistical analysis (ANOVA): control vs. ATP depletion, ***P<0.001; WT vs. CIP-R cells: bars
with different letters are different from one another (P<0.05; upper case letters, control conditions; lower case letters, ATP depletion). (B) Influence of the extracellular
concentration of gemifloxacin (left) and ciprofloxacin (right) on their cellular-to-extracellular concentration ratio in WT or CIP-R J774 mouse macrophages measured after
2h of incubation. The cellular concentration was expressed as g per mg protein. Data are expressed as percentage of the highest value observed in WT cells for each

fluoroquinolone. All values are the means of three independent determinations + S.D.

extracellular concentrations (multiples of the MIC). Thus, in all
cases, a single sigmoid function could be fitted to the individual
responses of each antibiotic (see Supplementary Fig. 2 and the
pertinent regression parameters and pharmacological descriptors
in Table 1). As no statistically significant difference was observed
between the three sets of experiments with respect to relative min-
imal efficacies (Enjn; growth in the absence of antibiotic), maximal
relative efficacies (Emax; maximal antibiotic-related killing), rela-
tive potencies (ECsg) and static concentrations (Cs; in multiples of
the MIC), all data were pooled to fit a single function shown in
Fig. 3A. We then calculated for each fluoroquinolone which cellular
drug concentration would be needed to reach two predefined phar-
macodynamic targets (static effectand a 1 or 2 log;( CFU decrease).
The results (with the mode of calculation) are presented in Fig. 3B
and show that the potencies of the drugs with respect to their
intracellular targets were in inverse proportion to their respective
cellular accumulations.

3.3. Subcellular distribution

Lastly, we compared the subcellular distributions of
ciprofloxacin, moxifloxacin and gemifloxacin. Fig. 4 shows
that all three fluoroquinolones shared essentially the same dis-

tribution, with ca. 70% recovered in the soluble fraction, ca. 10%
of ciprofloxacin and gemifloxacin and 18% of moxifloxacin in
the nuclei/unbroken cells fraction, and the remainder in the
organelles/membranes fraction. As previously described [7], lac-
tate dehydrogenase was mostly recovered in the soluble fraction,
and cytochrome oxidase and N-acetyl--hexosaminidase in the
granules/membranes fraction, indicating that the fractionation
method effectively separated the corresponding subcellular enti-
ties with only a very low proportion of unbroken cells left after
homogenisation.

4. Discussion

Gemifloxacin, approved for clinical use in over 27 countries [21],
is characterised by very low MICs against Gram-positive bacte-
ria [22,23], related to the presence of an oximinomethyl group
[4] in its C7 side chain, and by a high tissue accumulation [24].
Human pharmacokinetic/pharmacodynamic studies show that
gemifloxacin achieves higher area under the concentration-time
curve (AUC)/MIC ratios in epithelial lining fluid and alveolar
macrophages than other currently used fluoroquinolones, suggest-
ing an advantage in terms of availability and efficacy at the site
of infection [25,26]. However, the present study shows that the
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aureus ATCC 25923 (right) in wild-type J774 macrophages. (A) After phagocytosis and elimination of extracellular bacteria, cells were incubated for 24 h with increas-
ing concentrations of antibiotic (total drug) covering a minimum inhibitory concentration (MIC) range of ca. 0.01x to ca. 1000x MIC [MICs were 1 mg/L and 0.125 mg/L
(ciprofloxacin), 0.5 mg/L and 0.03 mg/L (moxifloxacin) and 0.5 mg/L and 0.008 mg/L (gemifloxacin) for L. monocytogenes and S. aureus, respectively]. The graphs show the
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extracellular concentration of each drug expressed in multiple of its MIC (abscissa). In each graph, the horizontal dotted line corresponds to an apparent static effect and
the vertical line to the MIC of the drug. A single sigmoidal regression has been fit to all data sets (see Supplementary Fig. 2 for individual regression curves). The pertinent
regression parameters and numerical values of the four key pharmacological descriptors (Epin, Emax, ECs0 and Cs) are shown in Table 1 for each drug-bacteria combination.
(B) The ordinates show the calculated cellular concentrations (total drug, in multiples of MIC) needed to achieve two predefined activity levels (targets) shown on the
abscissa [static effect (no apparent change in CFU) and 2 (L. monocytogenes) or 1 (S. aureus) log;o CFU decrease compared with the initial post-phagocytosis inoculum]. The
cellular concentrations were calculated by (i) using the concentration-response curves shown in (A) to determine the extracellular concentrations needed to achieve the
target effects (graphical interpolation) and (ii) using the data of Fig. 2 (lower panel; wild-type cells) to calculate the corresponding apparent total cellular concentrations
of gemifloxacin and ciprofloxacin (for moxifloxacin, the accumulation data published in [10] was used) based on a conversion factor of 3.08 L of total cell volume per mg
protein as determined experimentally for wild-type J774 macrophages in previous studies [9].

higher accumulation of gemifloxacin in 774 macrophages (i) is not
associated with differences in influx rates compared with a fluo-
roquinolone with lower accumulation (ciprofloxacin); (ii) does not
preclude and cannot be explained by differences in active efflux
transport (in comparison with moxifloxacin); and (iii) does not
lead to higher intracellular activity. This goes against commonly
accepted pharmacokinetic and pharmacodynamic concepts that
tend to link accumulation and lack of efflux on the one hand, and
accumulation and activity on the other hand. Our model may be
questioned, but it is important to note that it reproduces (i) with
respect to pharmacokinetics, what is observed in human alveolar
macrophages where the concentrations of ciprofloxacin, moxi-
floxacin and gemifloxacin are, respectively, 2-5x, 20-40x and 90 x
higher than serum levels [26-28] and (ii) with respect to intracellu-

lar activity, what has been observed in human polymorphonuclear
leukocytes infected by S. aureus [5].

Mechanistically, differences in accumulation of drugs in cells
and tissues usually result from commensurate differences in
influx or efflux rates, or from differential trapping by intracellular
organelles or constituents.

Considering influx first, a faster drug accumulation is usually
related to a higher lipophilicity (which is supposed to facilitate
transmembrane diffusion) or due to the activity of transporters.
This does not seem to apply to gemifloxacin, as this fluoro-
quinolone (i) is not globally more lipophilic than ciprofloxacin (see
Supplementary Table 1 for experimental and calculated log P and
log D values) and (ii) is probably not the substrate of a specific influx
transporter when compared with ciprofloxacin (same rate accu-



C.M. Vallet et al. / International Journal of Antimicrobial Agents 38 (2011) 249-256

254

K}IAIOR 10 JUIBUOD PBIBA0IAI JO Y,

LR R ET R EE8=S HLEERLEORBGEEL
SoLLZE<ga = R S8 T8=5m9¥%Ycscc=o0
)QmWhMNW@ T2E©° mmm.mwwetomAm
@ ~ v — =
mmmmamwwm Emlg £88@T°LET2C 0
o]
(SUHNWM_.mt %_mm .loeawoym.lmSl
cc8TFAYESE 2R s55 mm.mhAMbsWamo
= X0 ~.= = —_—
cwummlom.mn o —=75 0o B I R = =
] S vuzasg®e 32 RN L v 2] Oet_lm.la
7, Xo o538 8% 5 N =] o v © O 9
D — (=] LY 9 £ g 0 = = L2 o0 = = g = A 5 5 o =
11] = N g u >R ~5 T > O = U — © T o 5
< T = 0uwlge L€ T %] O > __ o = Q9 8
2 z L=y LSSt CoYd mcgUETEE_ OO0
3 EgCE_ ZaR? 2R5E8E TPSEE5SCETRE >
o $ ~E2SE5:Ec=ic= o g on'E 2PSEScES5_0 €8N
c c = (] L oe Y gD ) = = o— © o= > = O = O
o S o E =S555EL83¢% © 5 E SzE0ETaS2 a
X Q o 500 EX VT & - S 0 .= (=) 'S mt - 2 a8
° B o 7 > CE2°atEFEd s 87 SEXZ2TEE Yo O wnr
g£8¢ £ \\\ o N cSgriezsg xE&2 B5-SEHCE2TECE
c O & = 1 ks R =] =] = = = = .2
= =] () g L= U g3 = v ®© o O X — E = S T U
Soe T Wr S ¥SPun e S 2.5 g®%E820F 55 L oo
2s% o ©g EEcgs2=d3 CEEer B cegchwg ¥ Su
S92% o L EooZS8E5gs E32N L, 2P epST_£55°
Z0wn 3 8 §J&£faoEc3y T9em @Z3=dsEviSESry
% i S ®HET825°%F = gEgv - 22T - B0 E 20
-M_H_ 4 - 5958588 c% e M.emtm.mmMMm g
$9E8=2 L@ = 5 <
(=] mmth.Wmeh m...m.hm r...mOMhe.Ur E,v7%
Dt - EE2ERESET Mudcm Mrcewhhcm.mmﬂm
S, duocgoyvo [T F O VT = 3 =
EXEs3e8te ST 2085 C YES pEPEEES L
2 =¥ r ¥ < .2 O = Vv o .8 = .
s & 3 s 'y s o > 2o SEERESY ESERREREcRSCTIYE®
e ~ © e ~ © o rinmmmmm SS9l 5203838 c5§s
SE SE SN ES 17y S =92 = o .= X
SC2:ESK52 BESEC8E55REEcegdEd .
ToE=sSE§S SE8Z 28 3ES38EC822% 2
ZEFTRECEE CELRETOETSEZRTEE e
FEFESRgs e .mm.IDc mmMmdr%Molmm
S E = S = = = o O =
. = =} o] %] © = o —_— [o°] v
fS - gZ8ELE E520c8908"T 2" £ =
$ETEEC8EE SSeRE 5 2z 58wEES D
Nz T S = o .=
F_C&wauhtcm.m mD._D._O D.Amaktc.m..hla;hld

which was not the case here.

panel).

‘[A19A1309dsaz1 ‘snaunp s pue sauaSojAdouow 7 10§ (uexoyIwag) 7/8w 8o o pue 1/Sw 6'g pue (uexopyxow) /8w £0°0 pue 1/Sw 6o ‘(upexoyoldn) 7/Sw gz pue 7/3w |
a1e sanjea DA | uonejodiaur [edrydeld Aq paunwialap se (wnpnaour sisojA>08eyd-isod [eniul ayl wodj N4 ul a8ueyd ou) yimols [er1aldeq juaredde ou ur Sunnsal (J[A Jo S9dIINW UI) UOIILIIUIIUOD UOIJBIIUIIUOD J1IBIS 5
“xewqg pue "7 usamiaq Aem jiey y g 3e N4 ur a8ueyd e Surp[alA (JIIA Jo a[dnnw ur) UOHIBIIUIUOD Je[N[[20e1X3 (Adudlod aAneRY ,
‘UOIRIIUIIUO0D d1jolqiiue I31e| A[yuyur ue 10§ pajejodesIxa se ‘wnnooul sisojA>o8eyd-ysod [eniul ay) woly Yz Je (sytun 01301 ur) N4 ur adueyd :AoedyJo [eWIXewW JANeRY ,
"UOIBIIUAIUOD d30IqIue Mo[ A[231ugul ue 10§ pajejoderixa se ‘wnindour sisoyfd03eyd-isod [enrur ay3 wodj Y ¢ 3e (syun 013o[ ur) N4D ul a8ueyd :A3edyJa [EWIUIW dANE[Y q
[(snaunp -5) 1/3W 0Z-8000°0 PUE (sauagoifrouows *T) 1/3W 0S1-S00°0 UDEXOPIWSS pue (snainp °s) 1/3W 0011000
pue (sauaSoifrouow *7) T/SW QE-G0O0'Q UIDBXOPIXOW ‘(Snaunp °S) 1/8W QO L-100'0 Pue (sauagoifoouow “7) /8w 001100 urexoyoldd] JIA X000 "B 03 X [0°0 'Bd wolj SuiSuel SUOIILIIUIIU0D J1I0IQIIUE 10J BIBP [[B JO asn Ag .
‘(81°0 <d) uostredwod Aue 10J 90UIIPIP JULIYIUSIS OU PIMOYS PUP 1$33-] pairedun 3uisn (UIDEXOPIWIS *SA UIDBXO[JIXOW PUB UIDBXOJIXOW ‘SA UDEX0[JoIdId ‘UDeX0o[Iuad
‘sa upexopjoidid) sited dnjoiquue jo uostiedwod 10j pajeadal uayy sem sisAeue sy ((A[9A1329dsal ‘6120 PUB 1GE'0=d Sna.np 'S :A[9A1323dsal ‘ZG1°0 PUe 0z’ 0=d Souagoifoouow *T) JUIJIP A[Juedyiusis Jou 3q 03 punoy alam
$359) (d1nowrered-uou) sijepz—[eysnay pue (drawelted) (YAONY) 9oUeLIeA Jo sisA[eue Aem-auo 3uisn patedwod ‘suonduny [[IH Surpuodsaliod ay) pue ‘O10IqIIue [enplAIpUl YIBa 10J paulelqo elep mel dy) :SisAipup [poiIsivis
‘sjun SuruIoj-Auojod ‘N 4D {UoNeIIUdU0D AIOJIqIYUT WNUWIUIW D[N

43 (61'20166°0) P11 (671- 0118 1-) G5 1~ (¥6'c0166'T) e ¥6°0 €60 (61'20156°0) ¥i'L (zee— 01 esh—)T6e— (¥6'€01G6'T) Phe 160 sauojournboiony 32143 [V
374 (€07 01 10°1) 20T (L6'0— 03 %9 1) 0E'1— (€8'€012€77) LO'E 860 vL0 (65103 LZ°0) S9°0 (z8'z— 018TH—) SSe— (Lzvor6L1)€0°€E L60 uEXoJIwan
9T (8€°€0182°0) 79’1 (ev'1—0187C—) S8 1~ (98°€0111°7) 86'C S6'0 LY'0 (PL'T0129°0) 0’1 (96°€— 03 17°6—) 8¥'v— (€9°€0150°T) ¥8'C S6°0 UIDEXO[JIXOIA
re (68'201%9°0)9¢'L (¥6'0— 0392°2-) 09'1— (897 03 26'2) 08°€ 96'0 6v°0 (99'803100'1) ¥6°C (8¥'7— 03 pb's—) 96'c— (18°€01€8'1)28°C S6°0 upexopordy
2 (D) p%D9 (D) ,**7 (D) "7 A Exe) (1D) p209 (1D) ,**7 (D) "7 2

Sna.np sn22020jAydnis sauagojfoouow vl12ISIT onoiqnuy

‘ejep pajood [[e 10j apew SISA[PUP 3U) SMOYS MOI 1SB] 3] PUB J1OIqIIUE [ENPIAIPUL I3 10J SISA[PU 3U) MOYS SMOI 99143 351y YL (V€ 814
Ul UMOYS) UIDEXOJIWdS pue UeXo[jIxow ‘urnexopjoldd Jo SaNIANIE 3suodsaI-UoNeIIUIIU0D Y SUIUIWEXS SJUIWLIAAXD Wol) eIep Jo sasA[eur [ed13s1iels pue [([DJ) S[PAIIUI JUIPYUOI YIM] ps1939wered UoISSaIZaT JuUaULId]
L olqelL



C.M. Vallet et al. / International Journal of Antimicrobial Agents 38 (2011) 249-256 255

1 macrophages in which no gemfibrozil-inhibited efflux can be
demonstrated. Another compelling reason to disregard efflux as
being the main cause for the differential accumulation of gemi-
floxacin vs. ciprofloxacin and moxifloxacin is that gemifloxacin
actually appears to be a weak but nevertheless effective substrate
of Mrp4 in J774 macrophages, whereas we know that moxifloxacin
is not. Thus, globally and in contrast to what we proposed for
moxifloxacin, the higher cellular concentration of gemifloxacin
compared with other fluoroquinolones must find an explanation
beyond considerations of influx and efflux rates only.

Considering intracellular trapping, a model has been presented
[33] that relates fluoroquinolone accumulation in eukaryotic cells
to their trapping under a protonated form in lysosomes owing to
the acid pH (~5.4) prevailing therein. This, however, is unlikely
because fluoroquinolones are not weak bases but zwitterionic com-
pounds. Moreover, differences in accumulation of drugs in acidic
membrane-bounded compartments should result from commen-
surate differences in the number and/or the pK; of their basic
functions (see [34]), which is not the case for the three fluo-
roquinolones studied here (see individual basic pK, values in
Supplementary Table 1). More factually, cell fractionation studies
show a predominant association of the cell-associated fluoro-
quinolones with the cytosol rather than with lysosomes, in line with
the results of previous studies with ciprofloxacin [2,35] (studies
using the same technique have shown that macrolides, which are
weak bases, are predominantly associated with lysosomes in J774
macrophages [2,36,37]). Lastly, experimental studies have shown
a lack of effect of monensin (an H* ionophore that collapses the
cytosolic-lysosomal ApH) on ciprofloxacin accumulation under
conditions in which it drastically reduces the accumulation of
azithromycin in J774 macrophages [9].

Actually, a more likely explanation for the larger cellular
accumulation of gemifloxacin compared with moxifloxacin and
ciprofloxacin could be its tighter binding to still undefined cellu-
lar constituents such as soluble proteins. This hypothesis would
account for the pharmacokinetic and subcellular distribution data
presented here, including (i) the lower efflux rate of gemifloxacin
compared with ciprofloxacin (which, however, may also result from
the less efficient recognition of gemifloxacin by the Mrp4 efflux
transporter, both mechanisms being not mutually exclusive) and
(ii) its incomplete release upon transfer of the cells to drug-free
medium. It is also consistent with the larger serum protein binding
of gemifloxacin (55-73%) compared with moxifloxacin (39-52%)
and ciprofloxacin (30% only) [38,39].

Determining the molecular nature of the intracellular binding
sites for fluoroquinolones still requires further investigation, but
the mechanism proposed provides a rational explanation for the
main critical observation made here, namely that all three fluo-
roquinolones are equipotent against intracellular bacteria despite
their differences in cellular accumulation. Indeed, we show that
it is the MIC of each drug that drives its intracellular potency (as
defined by the Cs and ECsg pharmacological descriptors) since all
three fluoroquinolones show superimposable concentration-effect
relationships once the data are normalised on the basis of multi-
ples of the MIC. MICs are measured in broth where little protein
binding takes place, which means that their values must essentially
be interpreted as corresponding to free drug levels [40]. Intracel-
lularly, a static effect (Cs) for gemifloxacin was obtained for an
extracellular concentration corresponding to its MIC, although its
intracellular concentration is much higher. It is therefore tempting
to speculate that only a fraction of the total intracellular gemi-
floxacinis available for activity, corresponding essentially to its free
form. Moxifloxacin should show an intermediate behaviour with
intracellular activity also driven by its MIC (as measured in broth),
which is what we observe. Thus, the larger cellular accumulation of
some fluoroquinolones, taking gemifloxacin as an example, would

essentially be a self-defeating process as far as activity is concerned
(assuming all comparisons are made on basis of the MIC), leading
to a larger concentration of bound drug with, however, no or little
difference in their free form. This confirms and extends previous
work showing that the intracellular activity of fluoroquinolones
was weaker and not in proportion to what could be anticipated
from the level of their cellular accumulation [13,41-43].

In conclusion, the present work documents that (i) record-
ing the cellular accumulation of fluoroquinolones does not allow
prediction of their intracellular activity and (ii) higher cellu-
lar accumulation may depend on other parameters than influx
and efflux rates and/or the activity of specific transporters. This
calls for both more mechanistic studies and more comprehensive
structure-activity analyses where these two important elements of
the pharmacological properties of fluoroquinolones will be exam-
ined in a systematic fashion.
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Caption to Figure SP1: Kinetics of efflux of gemifloxacin from wild-type and

ciprofloxacin-resistant J774 cells. Cells were exposed to gemifloxacin (20 mg/L) for
2 h and then transferred to antibiotic-free medium for up to 30 min. Regression
parameters: (a) wild-type cells (same data as in Figure 2), R? = 0.896,

kout = 0.403 £+ 0.122 min™, plateau = 25.71 * 4.63; (b) ciprofloxacin-resistant cells,

R? = 0.830, Koy,e = 2.39 +0.907 min?, plateau = 31.6 + 4.0).
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Figure SP2
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Caption to Figure SP2: Concentration-response of the activities of gemifloxacin,

moxifloxacin, and ciprofloxacin (CIP) against S. aureus ATCC25923 (top) and

L. monocytogenes EGD (bottom) in wild-type J774 macrophages. Cells were

incubated with increasing concentrations of antibiotic (total drug) for 24 h. Each

graph shows the change in the number of cfu (log scale) per mg of cell protein

compared to the initial post-phagocytosis inoculum (ordinate) as a function of the

extracellular concentration of each drug expressed in multiples of its MIC (abscissa).
In each graph, the horizontal dotted line corresponds to an apparent static effect and
the vertical line to the MIC of the drug. A sigmoidal regression has been fitted to

each set of data (see Table 1 for the pertinent regression parameters and numerical

values of the four key pharmacological descriptors (Emin, Emax; ECso, Cs).
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Table SP1: Physico-chemical properties of fluoroquinolones and azithromycin at physiologically-relevant pHs

The data indicate that (i) ciprofloxacin, moxifloxacin, and gemifloxacin display quite similar biophysical properties although showing distinct cellular
accumulation levels (gemifloxacin > moxifloxacin > ciprofloxacin; see Results) that are not correlated to the minor differences seen; (ii) these
properties are very different from those of azithromycin, a drug known to accumulate extensively in lysosomes by proton-trapping (see

Discussion). The pHs considered are those of the extracellular (7-7.4) and of the lysosomal (5-5.4) milieus, respectively.

species in solution (calculated %) ? logP ® calculated logD 2,°
pKa;? pKa,®
Drug (acidic) | (basic) pH 7.4 pH 5.4
calculated ®® | experimental pH 7 pH5
cationic | zwitterionic | anionic | cationic zZwitterionic | anionic
ciprofloxacin 5.8 8.7 2 93 5 69 30 0 1.63 2.30 -1.38 -1.62
moxifloxacin 5.6 9.4 2 97 1 66 34 0 1.90 2.90 -1.72 -1.33
gemifloxacin 5.5 9.5 1 98 1 47 52 0 1.04 2.30 -2.54 -1.78
azithromycin - 8.9" 96.98 ¢ 0.02 0 99.97 ¢ 0 0 2.44 4.02 -1.99 -4.41
9.6

& calculated using Reaxys (http://www.reaxys.com) with the ChemAxon’s Marvin plug-in calculators (http://www.chemaxon.com/marvin). The

actual values of the pK, of the acidic function may be about 0.5 units higher due to the influence of the vicinal carbonyl function [1].
® logP: partition coefficient (log of the ratio of the concentrations of the unionized compound between a non polar [octanol] and a polar [water]

phases);
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¢ logD: distribution coefficient (log of the ratio of the sum of the concentrations of all forms of the compound [ionized plus un-ionized] in each of
thee two phases at a given pH)
4 These values are the arithmetic average of three methods of calculations (Viswanadhan's fragmentation; Klopman’s fragmentation; and

PHYSPROP® database [see https://www.reaxys.com/static/marvin/marvin_5 3 _7/help/calculations/partitioning.html for details]).

® value as reported in Drugbank (see http://www.drugbank.ca and [2]

" azithromycin is a dicationic drug

9 dicationic form (monocationic form: 3 % at pH 7.4 and 0.03 % at pH 5.4; a zwitterionic form is virtually inexistent (< 0.001 %) at these pH
values).
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