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Summary

The effects of calcium chloride, magnesium chloride and aluminum chloride on the octan-1-ol-water partition coefficients of
lomefloxacin and fleroxacin were studied at 25°C and pH 5.0 with an ionic strength of 0.35. Only part of the reduction of the
partition coefficients of the quinolones following the addition of those salts could be attributed to complexation with the metal
ions. The addition of metal ions also appeared to decrease the partitioning of ion-pairs formed between the cationic forms of the
quinolones and the chloride and acetate ions present in the buffer solution.

Introduction

One of the most widely quoted and frequently
investigated drug interactions of the fluoro-
quinolones arises from their apparent interac-
tions with antacids and other drugs, such as rani-
tidine that modify the intestinal pH (Flor et al.,
1985, 1990; Hoffken et al., 1985a,b, 1988; Frank
et al., 1986; Lener et al., 1987; Schentag et al.,
1988; Frost et al., 1989a,b; Grasela et al., 1989;
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Nix et al., 1989a,b; Polk, 1989; Polk et al., 1989;
Brouwers et al., 1990). Co-administration of the
fluoroquinolones with antacids has also been im-
plicated in a reduction in antimicrobial activity in
urine (Barbhaiya et al., 1982; Ratcliffe et al.,
1983; Pohlod et al., 1984; Kumada et al., 1985;
Smith et al., 1985; Blaser et al., 1988; Smith et al.,
1988; Gurdal et al., 1990; Perez-Giraldo et al.,
1990). This reduction in activity has been at-
tributed to the high concentration of magnesium
in urine. This theory was supported by the obser-
vations that the activity of the fluoroquinolones is
lower in urine than in buffer and that addition of
magnesium and other cations to urine further
reduces the antimicrobial activity (Ratcliffe and
Smith, 1983; Blaser et al., 1985; Smith and Rat-
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Fig. 1. Structures of lomefloxacin and fleroxacin.

cliffe, 1985; Blaser and Luthy, 1988; Gurdal et al.,
1990; Perez-Giraldo et al., 1990).

In a recent paper, Ross and Riley (1992b) have
shown that complexation of lomefloxacin with
Ca?*, Mg?*, Fe?** or AI** produces complexes
with increased aqueous solubility compared with
lomefloxacin itself. In contrast, complexation with
Bi®* substantially reduced the solubility of lome-
floxacin. Those results suggests that decreased
bioavailability and reduced antimicrobial activity
in urine following administration of preparations
containing Ca?*, Mg?*, Fe** or AI*" are due to
reduced hydrophobicity rather than precipitation
of the drug in the gastro-intestinal tract. To test
this hypothesis, the effects of complexation with
Ca®*, Mg?*, and AI’>* on the partitioning of
lomefloxacin and fleroxacin (Fig. 1) from water
into octan-1-ol have been investigated. Previously
this group has reported on the effects of pH on
the octan-1-ol-water partition coefficients of the
fluoroquinolones (Ross et al., 1992).

Materials and Methods

Materials

Samples of fleroxacin and lomefloxacin mesy-
late were obtained from Hoffmann-LaRoche Inc.,
Nutley, NJ and G.D. Searle and Co., Skokie, IL,
respectively. All solvents were HPLC grade and
obtained from commercial sources. All buffer
components and metal salts (in their chloride
forms) were ACS reagent grade or better and
obtained from commercial sources. All other
chemicals were reagent grade obtained from
commercial sources. Water was purified in a

Milli-Q Water System (Millipore Corp., Bedford,
MA) and stored in glass containers until use.

Dithizone test

Glassware was washed with nitric acid and
rinsed with metal-free water before use to elimi-
nate any trace metal contaminants and all buffers
were checked for the presence of heavy metal
ions using the dithizone test (Stout and Arnon,
1939).

Apparatus

All pH measurements were made using an
Orion SA 520 pH meter (Orion Research, Inc.,
Boston, MA) and a Tiny Combination pH elec-
trode (Microelectrodes, Inc., Londonderry, NH)
or a calomel pH combination glass electrode
(Markson, Phoenix, AZ). Samples were assayed
for quinolone content by LC using either a Wa-
ters chromatographic pump (Waters Associates,
Milford MA), or a Beckman Model 110A pump
(Beckman Instruments, Inc., Fullerton, CA), a
Waters Model U6K injector or an Altex 210
injector (Beckman Instruments, Inc.) fitted with a
20 w1 loop, a Waters Model 440 absorbance de-
tector with a 280 nm filter, a Spectroflow 757
Absorbance Detector (Kratos Analytical, Ram-
sey, NJ), or a Unimetric FS 970 L.C. Fluorometer
(Unimetrics Corporation, Ramsey, NJ) and an
OmniScribe Recorder (Houston Instrument,
Austin, TX).

Chromatographic conditions

The LC assays were conducted using an MOS
Hypersil (C8) reversed-phase column (5 um, 15
cm X 4.6 mm, i.d.) and either UV detection at
280 nm or fluorescence detection (excitation, 288
nm; emission, 418 nm cutoff filter). The mobile
phase was THF-acetonitrile-H ; PO, (100 mM)-tri-
ethylamine-water (10:30:10:0.03:gs 100) with a
flow rate of 1.5 ml min~'. All injections were
made in duplicate.

Partition coefficient determinations

The partition coefficient of lomefloxacin in the
presence of Ca?*, Mg?*, and Al>* was studied at
25°C. A series of solutions were prepared in pH 5
buffer (acetate, 0.1 M, p = 0.35; equilibrated with



octan-1-ol) in which the concentration of metal
ion was increased incrementally while the drug
concentration was held constant at 10 pg ml™!,
Equal volumes of the aqueous solution and oc-
tan-1-ol (equilibrated with acetate buffer) were
mixed, protected from light by wrapping the vials
in aluminum foil, and agitated for 24 h in a water
bath at 25°C. After equilibrium was achieved, the
samples were centrifuged and the two phases
were separated. The aqueous layer was diluted
with mobile phase and assayed by LC. 1 ml of the
octanol layer was back-extracted with 5 ml of
mobile phase by vortexing for 1 min. The mobile
phase fraction was injected directly into the chro-
matograph to determine the concentration in the
octanol phase. The recovery of each quinolone
from octan-1-ol into mobile phase was 100% un-
der all conditions studied. All partition coeffi-
cient determinations were conducted in triplicate.

Results and Discussion

Effects of magnesium or calcium on partitioning

The presence of Mg?*, or Ca?* resulted in a
decrease in the apparent partition coefficient of
lomefloxacin (Fig. 2a). At pH values equal to or
Iess than 7 the second dissociation constant of the
fluoroquinolones corresponding to deprotonated
of the 4’-piperazinyl nitrogen may be ignored and
the relationship between the apparent partition
coefficient (D), the dissociation constants (Kal),
and K,; can be described by:

D= tot,0 =K Kal

(1)
tot,w P [H+] + Kal +K11[M]

C

where K, is the thermodynamic distribution co-
efficient of the zwitterionic form, HQ *, and [M]
denotes the concentration of metal ions. Eqn 1
may be rearranged to give Eqn 2 which predicts a
linear relationship between the function K,/D
and [M].

[H*]
K

a;

=[1+ + K,[M] (2)
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Fig. 2. Lomefloxacin apparent partition coefficient (D) be-
tween octan-1-ol and water (25°C) as a function of metal ion
concentration plotted according to Eqns 1 (upper) and 2
(lower): Ca?* (m) (pH 5.2, u=0.35 with NaCl) and Mg?*
(®) (pH 5.3, u = 0.35 with NaCl). The points are experimental
and the lines are the best fit lines obtained by least-squares
linear regression analysis of the data according to Eqn 2.

For Eqns 1 and 2 to apply, it is necessary to
assume that the metal-ion complex does not par-
tition into the octanol phase and that complexa-
tion with the zwitterionic form (HQ<*) of the
drug is much greater than the complexation with
the cationic species (H,Q™*). The second assump-
tion has been verified in the preceding article
(Ross and Riley, 1993). That assumption cannot
be made for the aluminum complexes which form
higher order complexes (Ross and Riley, 1992b).
Aluminum ions also bind to each of the Bjerrum
species of the fluoroquinolones.

Fig. 2b shows the linear relationships between
the values of K,/D for lomefloxacin and the
concentration of added magnesium or calcium
ions. Least-squares linear regression of the data
(Eqn 2, Fig. 2b) gave the following values for the
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TABLE 1

Equilibria constants for the ionization (K ,), metal-ion complex-
ation (K;;) and octan-1-ol-water partitioning (Kp) of lome-
floxacin and temafloxacin at 25°C (u = 0.35)

Parameter Analytical Value Ref.

method Lome-  Flerox-

floxacin acin

pK., UV spectroscopy 5.82 5.46 a
pK az UV spectroscopy 9.30 8.10 a
Ky Mg?h)

M™h fluorescence 432 465 b
K, (MgZ*)

M™H partitioning 151 592 c
K, (Ca*h)

(Y ] fluorescence 69 not done b
K, (Ca*h)

MY partitioning 17.8 not done ¢
Kp partitioning 0.146 0294 d

2 Ross and Riley (1990).
® Ross and Riley (1992b).
¢ This study.

9 Ross et al. (1992).

association constants of the lomefloxacin: mag-
nesium and lomefloxacin : calcium complexes: K,
(Mg?*) 151.1 M}, K,, (Ca%?*) 17.8 M. These
binding constants were substantially less than
those determined by the fluorescence (Ross and
Riley, 1993) (Table 1). The difference between
the association constants obtained by partitioning
and those obtained previously indicates the pres-
ence of additional equilibria not accounted for by
Egns 1 and 2. Evidence for additional equilibria
was obtained previously by Ross et al. (1992) who
found that the value of the apparent partition
coefficient of lomefloxacin at pH 5 was greater
than predicted from the value of K, obtained at
pH 7. Although the partitioning experiments were
conducted at higher drug concentrations than
that of the fluorescence binding studies, there
should be no influence of concentration on bind-
ing if 1:1 complexes are the only species present.
Also, solubility studies (Ross and Riley, 1992b) of
lomefloxacin in the presence of metal ions re-
sulted in comparable binding constants to those
determined in the fluorescence studies confirm-
ing that drug concentration does not affect bind-
ing to Ca?* or Mg?* and hence could not explain

the smaller binding constants obtained in the
partitioning studies. The ionic strength was held
constant at 0.35 for both the partitioning experi-
ments and the fluorescence experiments. Buffer
effects could also be discounted because the same
buffer was used for the partitioning and fluores-
cence experiments,

Additional factors that might contribute to the
observed partitioning of lomefloxacin in the pres-
ence of metal ions included the influence of
dissolved octan-1-ol in the aqueous phase on the
metal-ion complexation, the presence of lome-
floxacin association species or micelles and the
formation of ion-pairs between the cationic form
of the drug (H,Q") and anions in the aqueous
phase.

Influence on octan-1-ol on the binding constants
To ascertain if the binding of drug to metal ion
changed in the presence of octanol, the fluores-
cence binding studies (Ross and Riley, 1993) were
repeated for lomefloxacin and Mg?* in buffer
and octanol-saturated buffer. The resulting curves
were superimposable (data not shown) indicating
that the presence of dissolved octanol did not
change the binding of drug to the metal ion.

Possible effects of micelle formation on partitioning

A possible explanation for the decrease in
partitioning observed is the formation of a micel-
lar drug phase in the aqueous medium. The abil-
ity of the complexed drug to form micelles may
be greater than that of the uncomplexed drug
because of the net positive charge on the com-
plexed drug. With surfactants it has been found
that the larger the charge-bearing atom in the
polar head, the greater the aggregation number
of the micelle (Anacker, 1978). Also, aliphatic
alcohols have been found to decrease the critical
micelle concentration of anionic and cationic sur-
factants (Tomlinson et al., 1978). The combina-
tion of a larger charge bearing atom on the
complex and the presence of small amounts of
octanol in the aqueous phase may entrance the
ability for micelles to form.

Prior to the formation of micelles, amphiphilic
molecules form a monolayer at the water-air in-
terface which leads to a reduction in surface
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Fig. 3. Fleroxacin apparent partition coefficient (D) between

octan-1-ol and water (25°C) as a function of [Mg?* } (M) (pH

7.2 p=0.35 with NaCl) plotted according to Eqns 1 (upper)

and 2 (fower). The points are experimental and the line is the

best fit line obtained by least-squares linear regression analy-
sis of the data according to Eqn 2.

tension (Langmuir, 1917; Preston, 1948; Martin et
al., 1983). Therefore, to determine if micelle for-
mation in the presence of the metal ion was
occurring, the surface tension of two solutions,
one containing metal ion and one without was
studied as a function of drug concentration using
a DuNuoy ring-pull apparatus with a platinum-
iridium ring. These experiments were conducted
with octanol-saturated buffer at drug and metal
concentrations similar to the partitioning experi-
ments. The surface tensions in the presence and
absence of Mg?* were equal indicating that mi-
cell formation did not account for the decreased
partitioning observed.

Effects of ion-pair formation
Previously it was shown that the partition coef-
ficient of lomefloxacin at pH 5 was higher than
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predicted by theory and this was attributed to
ion-pair formation between the cationic species
of lomefloxacin and the acetate or chloride ions
present in the aqueous phase (A~) (Ross et al.,
1992). The relationship between the apparent
partition coefficient, D', of the ion-pair, HZQ‘”,
A’ and the concentration of the anion in the
aqueous phase is given by:

D' =KL[A7] (3)

where K[, is the ion-pair distribution constant.
Thus, partitioning of the fluoroquinolone into the
organic phase would increase with increasing
concentration of the anion, A, in the aqueous
phase. This process could be expected to compete
with the metal-ion complexation and thus reduce
the values of the apparent association constants
(K,,) measured by partitioning.

To determine if decreased ion-pair formation
could account for the difference in the apparent
binding constant obtained by fluorescence and
partitioning, the partition coefficient of fleroxacin
was determined at pH 7 with changing Mg?™
concentrations. Fleroxacin was chosen for this
study because it is a tertiary amine and ion-pair-
ing was not observed with this compound in ac-
etate buffer at pH 5 (Ross et al., 1992). Also
fleroxacin has a pK, of 5.46 and therefore, at
pH 7 the fraction of the total present as the
cationic species would be negligible and thus
ion-pair formation would be expected to be in-
consequential. Fig. 4a shows the apparent parti-
tion coefficient of fleroxacin between octa-1-ol

M0% AT, o= m,0™ A%,

A K, :
(H2Q")w ;
H" K, :
| Kp
(HQ,M?), (HQY), QY
Ky, M3 ;

Water ! Octan-1-0}

Fig. 4. Important equilibria involved in the partitioning of
fluoroquinolones between octan-1-ol and water in the pres-
ence of magnesium or calcium ions.
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Fig. 5. Lomefloxacin apparent partition coefficient (D) be-
tween octan-1-ol and water (25°C, pH 5.1, u=0.35 with
NaCl) as a function of [AIP* ].

and water as a function of Mg?* concentration,
and Fig. 4b shows the same data plotted accord-
ing to Eqn 2. In this case the value K, obtained
by least squares linear regression analysis of 592
M~} was in good agreement with the values of
465 M~! obtained by fluorescence. These data
support the hypothesis that in acidic solutions
those fluoroquinolones with a tertiary amine at
the 4’-position on the piperizinyl ring (e.g., flerox-
acin) partition into an organic phase in the union-
ized form. On the other hand those fluoro-
quinolones containing a secondary amine at the
4'-position on the piperizinyl ring (e.g., lome-
floxacin) may also partition into an organic phase
as ion-pairs with anions present in the aqueous
phase. Fig. 4 shows the various equilibria con-
tributing to the partitioning of the fluoro-
quinolones in the presence of magnesium or cal-
cium ions below pH 7.0.

Effects of aluminum ions on the partitioning

Fig. 5 shows that the partition coefficient of
lomefloxacin decreased with increasing concen-
tration of aluminum chiloride. As with magnesium
and calcium ion the partition coefficients deter-
mined at concentrations of Al** at or above
1 X 10~* M are below those predicted by theory
in the absence of both metal ions and ion-pairing.
The fluoroquinolones forms 3:1 (drug:metal)
complexes with aluminum and all three Bjerum
species appear to bind to the metal ion (Ross and

Riley, 1992b). Therefore, the association of the
fluoroquinolones with aluminum is more complex
than the association with calcium and magnesium
and did not lend itself to a simple mathematical
treatment.

Conclusions

The addition of magnesium, calcium or alu-
minium ions (as their chloride salts) results in a
decrease in the octan-1-ol-water partition coeffi-
cients of the model fluoroquinolones, lome-
floxacin and fleroxacin. The mechanism appears
to involve decreased lipophilicity of the fluoro-
quinolones following complexation with metal
ions. Thus the decrease in bioavailability and the
reduced antimicrobial activity seen in the pres-
ence of metal ions may be explained on the basis
of a decrease in lipophilicity of the complex com-
pared with the free drug. Of course, these results
do not preclude metal-ion facilitated transport
across cell membranes which may occur in biolog-
ical systems.
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