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Equilibrium constants for the complexes formed 
between the calcium ion and a series of tetracyclines, 
i.e. tetracycline, oxytetracycline, doxycycline, mino- 
cycline, were potentiometrically determined at 37 “C 
in aqueous medium NaCl 0.15 mol dmm3. The 
distribution of the complexes was then simulated 
under physiological conditions at therapeutic levels 
of the drugs. Results are discussed concerning the 
possible effect of the calcium-tetracyclines inter- 
actions regarding the mode of action and the distribu- 
tion of these antibiotics in the human body. 

Introduction 

Tetracycline (I) is an amphoteric molecule which 
exhibits three proton-ionisation steps: the first is 
related to the proton dissociation of the C4 dimethyl- 
ammonium ion, the second is associated with the 
Cl l-Cl2 diketone system and the third with the tri- 
carbonyl methane system at the ClLC2-C3 positions 
[l, 21 

Due to its large number of potential binding sites, 
this molecule readily forms metal complexes in solu- 
tion and it is not surprising that the mode of action 

*Author to whom correspondence and reprint requests 
should be addressed. 

of tetracycline and its derived antibiotics** in biolo- 
gical fluids is largely dependent upon the presence of 
certain metal ions. 

Metal Ion-Tetracyclines Interactions in Hard Tissues 
Tetracyclines display a strong affinity for and a 

deleterious impact on mineralizing systems such as 
teeth and bone. For example, the incorporation of 
these drugs into dental hard tissues during mineraliza- 
tion has resulted in such defects as enamel discolora- 
tion and hypoplasia in the tooth crowns of 
individuals who had been administered tetracycline 
from prenatal life through childhood [3]. Besides, 
depression of the growth rate of long bones of pre- 
mature children receiving high doses of tetracyclines 
was observed [4]. A reduction of the foetal weight 
as a result of the administration of tetracycline to the 
mother has also been reported [4,5]. 

The therapeutic and toxic dosages of any tetra- 
cycline have been stated as close to each other or 
even overlapping, the more so as the adverse 
effects have been proved cumulative [6]. 

From the various studies carried out on this topic 
[3, 7, 81, it can essentially be kept as a conclusion 
that tetracycline interferes with osteogenesis along 
two different pathways. Perrin [9] has shown that 
tetracycline can bind calcium atoms of bone apatite; 
the inhibition of calcification by tetracycline could 
therefore well be a direct blocking effect of the 
further growth of a mineral crystal. Previous in vitro 
observations have given support to this hypothesis 
at low tetracycline levels. In high concentrations of 
the drug, impairment of osteogenesis seems to be due 

*Oxytetracyclme = 5-OH tetracycline, doxycycline = 
6deoxy-So-hydroxy tetracycline, minocycline = 6demethyl- 
6deoxy-7dimethylaminotetracycline. 
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to depressed collagen synthesis in addition to 
inhibited mineralization [7]. 

Both processes are metal ion dependent: in vitro 
studies have shown that tetracycline would deposit 
in mineralizing tissues only when the experimental 
conditions favoured the formation of a soluble 
calcium-tetracycline complex of ionic character in 
the liquid phase [lo] - the fluorescence of the cal- 
cium-tetracycline complex has even been used suc- 
cessfully as a biological tag in developing tissues [ 111. 
On the other hand, tetracycline affects collagen 
synthesis by complexing the Fe’* ion which is a 
required cofactor in the hydroxylation of proline 
by protocollagen hydroxylase [3,12] . 

Metal Ion-Tetracyclines Interactions in Antibacterial 
Action 

Concerning the mode of transport of tetracycline 
through the membranes of bacteria, a tetracycline 
derivative, chlorotetracycline, was used by previous 
authors 1131 as a fluorescent probe to investigate its 
own specific transport system in respiring staphylo- 
coccus aureus cells. Information about both trans- 
port and divalent metal ion roles was obtained on this 
occasion: it was proved that the antibiotics binds 
calcium or magnesium before it is transported to the 
apolar regions in the membrane. 

Nevertheless, metal ions are generally considered 
as antagonists of the intrinsic antibacterial action of 
tetracyclines. For example, ferric, manganous and 
magnesium ions have been proved to reduce the 
inhibitory action of tetracycline against pseudomonas 
aeruginosa [14] . It has also been demonstrated that 
calcium and magnesium do limit the accumulation 
of tetracycline in bacillus cereus cells [15] and that 
magnesium does reduce the ability of tetracycline 
to bind to isolated t-RNA [16] . Conversely, a 
positive role for metal ions in the action of the drug 
was indicated by the ability of a zinc-tetracycline 
complex to bind DNA [17] , but a more recent study 
did not confirm this observation [18]. Indeed, the 
study in question reports that tetracycline forms 
complexes with Cu”, Ni2+, Co2+ that bind DNA 
when analysed in a filter-retention assay, but that 
other metal ions including Zn’+, Fe’+, Fe3+, Mn2+, 
Mg” and Ca2+ do not produce this effect. In partic- 
ular, these results do not confirm a previous state- 
ment according to which, from the antimicrobial 
point of view, the tetracycline complexes with Ca2+ 
and Mg2’ would probably be the most important, 
because the concentrations of these cations and the 
large formation constants of their complexes with 
tetracycline dictate that tetracycline would exist 
in vivo as one of these two complexes [19]. 

AU these studies essentially indicate that the 
metal ion cofactor should be considered in evaluating 
the mechanism of tetracycline action in biological 
systems, although its role in producing the anti- 

bacterial action of the drug has not yet been estab- 
lished . 

Metal Ion-Tetracyclines Interactions in the Bioavail- 
ability of the Drug 

Gastrointestinal absorption is the first process to 
be considered in defining the bioavailability of a drug 
[20] . As far as tetracyclines are concerned, it is well 
known that, among the different chemical species 
which can exert an influence upon their absorption, 
metal ions do play a very important role. 

The best documented metal interactions on this 
process are undoubtedly those induced by iron. 
Indeed, numerous investigations were devoted to the 
impairment of tetracycline gastrointestinal absorption 
by iron sulphate and other salts in animals [21, 221 
and man [23-251. 

Some of the corresponding results clearly 
indicated the reciprocal inhibition of the absorption 
of simultaneously ingested FeS04 and tetracycline, 
which was attributed to the formation of complexes 
between Fe’+ and tetracycline [23] . It was also noted 
that the order of activity of different iron salts in 
this inhibition was the same as the order of the intes- 
tinal absorption of the involved iron compounds: 
the poorer the absorption of the iron salt, the weaker 
its action on the tetracycline absorption. But no 
interpretation was found to explain the weaker effect 
induced by Fe3+ comparatively to Fe2+, whereas 
Fe3+ in vitro forms more stable complexes with tetra- 
cycline than does Fe’+ [24]. 

A certain number of pharmacological studies also 
dealt with the reduction of tetracycline intestinal 
absorption by zinc sulphate and other salts in rats 
[26] and in man [25, 27, 281. Their most interest- 
ing result is that zinc sulphate reduced the intestinal 
absorption of tetracycline but had no effect on doxy- 
cycline absorption [25], whereas Fe2+ affected the 
absorption of doxycycline more than that of tetra- 
cycline [29]. 

The effects of calcium [20-221, magnesium [20, 
301, even bismuth [27] were also investigated, lead- 
ing to comparable conclusions. 

Simulation of Metal Ion-Tetracyclines Interactions 
in Biojluids 

All the studies mentioned in the above paragraph 
make clear the need for a better quantitative under- 
standing of the equilibria between the various metal 
ions and the tetracyclines involved. For example, the 
simulated distribution of the metal complexes 
formed by a drug in a given biofluid is necessary to 
discriminate under which form it is likely to be 
expected. 

Such simulations require (i) the experimental 
determination of the stability constants of all the 
complexes formed under the required conditions: 
some stability constants have already been calcu- 
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lated for complexes formed between metal ions 
and tetracychnes, but the related mvestlgatlons 
are old [31] or the results incomplete [19, 32-341 , 
new determmatlons are thus necessary, (11) the use 
of appropriate computer models recent models have 
been developed for blood plasma metal complexes 
[35, 361 , the latest and more sophlstlcated program 
[36], which can accommodate about 9000 species, 
has already been used by one of us to simulate metal 
mteractions in a nutritive mixture for total parenteral 
nutrition [37] as well as m blood plasma [38,39] 

As Ca2+ 1s the most concentrated metal ion m 
various bloflulds and as blood plasma is the most 
important among the latter, the present paper 1s 
devoted to the experimental study of the complex 
formation between Ca2+ and four tetracychnes 
tetracychne itself, oxytetracychne, doxycychne and 
mmocychne, under plasma condltlons The prehml- 
nary dlstrlbutlon of these antlblotlcs among the 
species they form with proton and Ca2+ 1s then 
computed on the basls of recent pharmacokmetlc 
data obtamed by one of us 

Determination of the Formation Constants for Com- 
plexes of Calcium with Four Tetracyclines 

Products 
Tetracychne and oxytetracychne as free bases and 

doxycychne as hydrochlonde were supplied by 
Pfizer lab , whereas mmocychne hydrochloride was 
obtained from Lederle lab All these products were 
stored under an atmosphere of dried nitrogen Their 
content of free base and aad was potentlometrlcally 
controlled by Gran titrations [40], so they were then 
used wlthout further purlficatlon Because the tetra- 
cycline antlblotlcs are unstable m aqueous media 
[13], fresh solutions were prepared dally prior to 
US2 

Hydrochloric aad and sodium hydroxide solutions 
for the titrations were prepared by dllutmg the con- 
tents of BDH Concentrated Volumetric Solution 
vials For alkali, these dllutlons were made with 
delomsed freshly bolled water under a nitrogen 
atmosphere, m order to prevent the carbonation of 
the solutions The tltre of the latter was systema- 
tically controlled and standardlsed against potassmm 
hydrogenophthalate Prolabo R P pro analysz, and 
from the features of the Gran tltratlon plots were 
proved to be carbonate-free [40] . 

Sodmm chloride pro analyst was supphed by 
Merck The stock solution of calcmm was prepared 
from BDH Analar calcium chloride crystals This solu- 
tion was made shghtly acid by addltlon of hydro- 
chlorlc acid, so as to prevent hydrolysis and absorp- 
tlon of carbon dloxlde Its metal and proton contents 
were respectively checked by complexometrlc tltra- 
tlons usmg murexlde as an indicator [41] , and direct 
potentlometrlc readings 
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Fig 1 Expenmental formation curve of the calcmmrnmo- 
cyclme system The symbols are m the respectwe order of the 
metal to hgand ratios gwen m Table I for the system under 
consideration +, X , 0, A, v, 4, D 

Potentwmetnc Equipment 
The electrode arrangement was of the type 

Glass electrode I Antlblotlc, Ca’+, NaCl(0 15 mol 

dmB3) II NaCl I HgClz-Hg (1) 

(saturated) 

using a Cornmg glass electrode and a saturated 
sodium chloride Ingold calomel electrode fitted m 
an Ingold Cell System 

Potentlometric measurements were taken by 
means of a Beckman Model 4500 digital mV-meter, 
the reproduclblhty of which is 0 1 mV For each 
expennent, 20 cm3 of mltlal solution were titrated 
agamst the standard sodium hydroxide solution con- 
taming NaCl 0 15 mol dm-‘, delivered from an ABU 
12 Radiometer Autoburette 

ExperImental Condltrons 
Each mltlal solution for titration was prepared 

from known volumes of hydrochloric acid and cal- 
cium stock solutions, and from known volumes of 
the freshly prepared solution of the antlblotlc under 
con=deratlon It also contamed NaCl 0 15 mol dmu3, 
added as an lomc background to hold activity coeffi- 
clents constant and to ensure lsotomaty wth blood 
plasma 

The temperature was maintained at 37 00 + 
0 02 “C in the reaction cell by clrculatmg thermo- 
statted water All the titrations were performed under 
a constant bubblmg of thermostatted, scrubbed, 
oxygen-free and carbon dtoxlde-free nitrogen The 
electrode system described above was calibrated m 
terms of hydrogen ion concentrations 
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TABLE I Antibiotic, Calcmm and Mmeral Acid Concentra- 
tions Used for the System under Investlgatlon The NaOH 

tltrant solution was standardlsed at 100 0 mM throughout 
this study 

System CL(mM) cMM(mM) cH(mM) 

On account of the low solublllty of the tetra- 
cychnes and of their metal complexes, a shght 
opacity appeared m many solutions, sometimes from 
the very start of the complexatlon Consequently, 
the tltratlons were stopped when preclpltatlon occur- 
red m the solution, as mdlcated by a steady drift m 
the mV-meter readmgs 

H+-Tetracycline 

Ca*+--Tetracychne 

H+%xytetracyclme 

Ca*+-Oxytetracychne 

H+-Doxycychne 

Ca*+-Doxycychne 

H+-Mmocychne 

Ca*+--Mmocyclme 

9 24 1000 
9 24 1000 
9 24 19 96 
4 62 1000 
9 24 20 00 

9 24 4 875 20 52 
462 1 950 10 21 
9 24 0 975 20 10 
4 62 4 875 10 52 
9 24 2 925 20 31 
092 1950 2 19 
0 92 1 950 2 19 

5 00 9 92 
5 00 9 92 
2 50 4 96 
2 50 4 96 

5 00 0 975 10 02 

5 00 1 950 10 13 
5 00 4 875 1044 

5 00 2 925 10 23 

2 50 0 975 5 06 
2 50 0 487 5 01 
1 00 1 950 2 19 

1 00 1 950 2 19 

10 00 19 84 
1000 39 76 

5 00 992 
5 00 9 92 

5 00 1 950 10 13 
1000 0 975 1994 

5 00 4 875 1044 

1000 2 925 20 15 
10 00 1 950 20 05 

5 00 0 975 10 02 
1 00 1 950 2 19 
1 00 1 950 2 19 

43 50 84 39 
8 70 16 88 
8 70 16 88 

8 70 0 975 16 98 
8 70 1 950 17 09 
8 70 2 925 17 19 
4 35 4 875 8 96 
4 35 1950 8 65 
4 35 2 925 8 75 
0 87 1 950 1 90 
0 87 1950 1 90 

Table I summarizes the concentrations of the 
reactants used for the various experiments of the 
present study 

Calculation of the Form&on Constants 
The general combmed approach already used by 

one of us [38, 39,42,43] was employed throughout 
this study It essentially consisted of the two follow- 
ing stages 

- first, the approxnnate values of the stability 
constants estimated from the formation curve of each 
system under consideration were refined by the 
MINIQUAD program [44], takmg mto account in 
turn every combmatlon of the possibly extstmg 
species 

- then, the sets of constants which were found 
the most hkely to account for the experiments mvolv- 
ed on the grounds of the usual numerical criteria 
(sum of squares, R factor), were grapbcally tested by 
comparing the experimental curves with the 
simulated ones, calculated by the PSEUDOPLOT pro- 
gram [45] 

The protonatlon curves were based on the average 
number of protons bound to each hgand, accordmg 
to the equation 

T= CH+2C~-COH+ W-l+ W+l 
CL 

(2) 

where CH and CL stand for the total concentrations 
of the strong acid and of the antlblotlc respectively, 
and COH the total concentration of hydroxide added 
at a given expenmental pomt 

The formation curves of the calcmmantlblotlc 
systems were based on the average number of hgands 
bound to each calcium ion, as obtained from the 
equation 

p= CL - CL1 + WI + P2Ll + ) 

CM 
(3) 

where CM represents the total concentration of cal- 
cium 

More details on the whole general numerlcal tech- 
nique mvolvmg the use of the MINIQUAD and 
PSEUDOPLOT programs have been given m previous 
studies [38, 39, 42, 431, so we ~11 not describe it 
further m the present paper Nevertheless, it 1s of 
interest to mention the particular strategy which was 
developed here for the computation of the formation 
constants of each system Actually, these constants 
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TABLE II Stability Constants of the Complexes Formed by Calcmm with Tetracychne, Oxytetracyclme, Doxychne and Mmo- 
cychne at 37 “C m Aqueous Medmm NaCl 0 15 mol dme3. The general formula of a complex 1s M&,H,, S represents the MINI- 
QUAD sum of squares of residuals, n is the total number of experimental observations used for these cakulatlons 

System P q r log P f S n 

w-Tetracychne 

Ca’+-Tetracyclme 

0 
0 
0 

1 9 052 
2 16 323 
3 19 485 

2 25 540 
1 17 618 
0 8 731 
0 8671 

1 8 665 
2 15 775 
3 18 996 

2 24 625 
1 16 654 
0 4 462 
0 8 385 
0 (7 884) 

1 8 676 
2 16 090 
3 19 186 

1 13 058 
2 25 263 
0 5 600 
0 8 885 

1 8 968 
2 16 392 
3 21 268 
4 24 311 

1 14 183 
2 27 228 
0 5 981 

0 004 
0 007 
0011 

0 135 E - 05 197 

0238 E - 05 172 0 028 
0041 
0 052 
0 075 

H+-Oxytetracyclme 

Ca2+-OxytetracycIme 

0 
0 
0 

0 004 
0 006 
0 009 

0704 E-07 

0101 E-05 

95 

129 0 029 
0 089 
0 138 
0 064 

(0 036) 

H+-Dosycychne 

Ca2+-Doxycychne 

0 
0 
0 

0 005 
0 007 
0 013 

0 690 E - 06 

0136 E-05 

128 

131 0 040 
0 049 
0058 
0 132 

H+-Mmocychne 0 003 
0004 
0 006 
0 007 

0 187 E - 05 211 

Ca2+-Mmocyclme 1 
2 
1 

0 018 
0 036 
0 125 

0 180 E - 05 211 

were calculated m two steps, dependmg on the metal 
to hgand concentratron ratios mvestrgated The first 
range, devoted to the search of the mononuclear 
species, dealt with the metal to hgand ratios inferior 
or equal to 1, the second dealt with the 2 1 ratio, 
specific to the formation of possible bmuclear 
species The concentratrons correspondmg to these 
various ratios are given m Table I 

The exact computatronal approach was as follows 
We first refined separately the constants pertaining 
to each ratio range, then we introduced all the species 
found m the same model and refined them together 
When this overall refinement resulted m a better 
standard devratron for the complexes prevrously 
recognized as the main species m the separate ranges, 

rts outcome was taken as the ‘best’ result Conversely, 
when the standard devratron of the constant of a 
bmuclear species became worse or, even, when the 
constant itself was made negatrve durmg MINIQUAD 
refinement, the constant unequrvocally determined 
(rf any) m the 2 1 metal to hgand ratio was held 
constant during the overall refinement 

Results and Drscuss~on 
Details on the refinements of the stabrhty 

constants pertammg to each metal to hgand ratro 
range will be avarlable elsewhere [46] Thus, only 
the final results are given m Table II 

The formatron constant of the M2L complex for 
the calcmrnoxytetracychne system was made nega- 
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20 LO 60 60 100 12 0 
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Fig 2 Simulated formation curve of the calcmm-mmo- 
cyclme system, retlectmg results m Table II The symbols 
are the same as m Fig 1 

I \ 1’ I 

t 
PH 

Ca’+-Tetracychne system COMICS dlstributlon of 
the complexes (CM = CL = 2 mM) 

tlve during the overall MINIQUAD refinement, so, 
as noted above, the value obtained m the specrfic 
2 1 ratio was held constant m the final refinement 
It 1s also noteworthy that no bmuclear complex at 
all was found for the calcmm-mmocychne system 

As an example of our graphical comparisons, Fig 
1 represents the expernnental formatlon curve of 
the calcmm-mmocychne system It can be compared 
with the simulated one shown m Fig 2, which was 
obtained on the baas of the final results m Table II 

In order to facilitate the comparison of the com- 
plex formation from one system to another, we have 
also calculated the respecttve dlstrlbutlons of all the 
species involved at different pH* values, using ldentl- 

*pH 1s gwen as -log [H+] m the present case 

4 5 6 7 9 

PH 

Fig 4 Ca’+-Oxytetracyclme system COMICS dlstrlbutlon 
of the complexes (CM = CL = 2 mM) 

PH 

Fig 5 Ca2+-Doxycyclme system COMICS dlstrlbutlon of 
the complexes (CM = CL = 2 m&f) 

cal reactant concentrations Moreover, since 
M2L as well as ML complexes were formed, we have 
considered equal total concentrations for the calcium 
ions and the antlblotlcs (2 X 10M3 mol dm-3) The 
related curves are drawn m Figs 3 to 6 

A careful exammatlon of these curves makes it 
clear that a certain smularlty exists between the 
calcium complex formation with tetracycline and 
oxytetracychne on the one hand, and with doxy- 
cychne and mmocychne on the other hand Indeed, 
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Fig 6 Ca2+-Mmocychne system COMICS dlstrlbutlon of 
the complexes (CM = CL = 2 mkf) 

the metal complexatlon 1s neghgble up to pH 5 for 
the first two hgands, the concentration of MLH2 1s 
very important with regard to the other species as it 
reaches its maximum level at pH 7, then MLH, M2L 
and ML for tetracycline, MLH, ML, M2L and ML 
for oxytetracychne, become respectively slgmficant 
For the two latter hgands however, the metal com- 
plexatlon 1s already noticeable from pH 4 and, 
although MI+H2 still reaches its maxunum concentra- 
tion at pH 7, It remams a minor species m compan- 
son with MLH, which is the most predommant com- 
plex m the low pH range Moreover, in spite of the 
existence of a M2L species m the calcmm-doxy- 
cyclme system, doxycyclsne and mmocyclme behave 
slmllarly m forming a very concentrated ML complex 
atpH>7 

Let us now compare our own observations with 
those mentioned by previous authors 

Day and toll studied the calcmm-tetracyclme 
system m aqueous medmm usmg fluorescence as well 
as circular dlchrolsm techmques [32] They noted 
a maximum fluorescence at pH 7 5, which was attn- 
buted to the chelation of Ca2+ at the dlketone system 
of the tetracycline molecule (Cl,,, Cll, C12) The 
marked decrease m fluorescence at pH 9 and above 
was interpreted as a confirmation of the A-rmg 
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bmdmg theory formerly put forward by Mltscher and 
toll [47, 481. The mvolvement of the A-ring was 
proved to take place at the dunethylammo group, the 
calcmm ion bemg bonded between the C,+ and CIZa 
sites It was also estabhshed that the bmdmg of Ca2 
to the A-ring did not preclude the BCD-rmg bmd- 
mg Yet, according to these authors, the complexes 
formed were m the 1 2 metal to hgand ratio, 
whatever the pH 

We must remark at this stage that the charactensa- 
tlon of such a metal to hgand ratio m a solution 
which contamed only 1 X lo* mol dme3 of tetra- 
cychne together Hrlth 1 X lo-? mol dmm3 of calcmm 
would seem to be due to very htgh stablhty constants, 
whereas the authors calculated these as only 5 90 and 
7.04 for pH 7 5 and 9.0 respectively 

In addition, a former cucular dlchrolsm study 
by Newman and Frank [19], made at pH 7 4 m 90% 
methanol for different metal to hgand ratios varying 
from less than 1 :l to 2 1, showed the existence of 
a M2L complex for the same system, and attributed 
the bond of the second calcium ion to the C1-C12 
site An older spectrophotometrlc study had also 
been made on the calcium-tetracychne system from 
pH 1 to pH 8 [20] , but the authors did not supply 
any mformatton on the complex stoecluometry and 
stated that only the dlketone function was involved 
in the coordmatlon, which has not been confirmed 
since then (see above). 

Although the predommance of a 1 2 metal to 
hgand complex seems rather unhkely under the 
condltlons of reactant total concentrations used by 
Day and toll [32], it IS noteworthy that the 
maxunum of fluorescence they observed at pH 7 5, 
roughly comades with the maximum concentration 
of the ML2H2 species shown m Fig 3, which does 
denote the 1 2 metal to hgand ratio In the same 
manner, we can observe m Fig 3 that MI.QH reaches 
its maxunum concentration near pH 9 and that Its 
decreased importance above this pH corresponds 
to the mcrease of the Mb concentration Tins also 
tends to confirm the conclusions drawn by Day and 
toll [32] concernmg the coordmatlon sites 

Indeed, it 1s obvious that the calcium ion can only 
be bound to the dlketone system of tetracychne in 
MhH2 [19], whereas the dlmethylammo group IS 
hkely to take part m the coordmatlon at the (C,, 
Cl23 site for LH, as well as the dlketone system at 
the (Cl,-,, Cll) site for L, m the MLzH species 
Nevertheless, the questlon remains to know how the 
M2L species already found out by Newman and 
Frank [19] , which appears the most slgmficant 111 
Fig 3, was not characterlsed by Day and toll under 
concentration condltlons particularly favorable to 
its formatlon 

As can be seen by comparmg Fig 3 with Rg 4, 
oxytetracychne behaves towards calcium m a very 
slmllar way to that of tetracycline, except that the 
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TABLE III Concentrations of Tetracychne and Some of Its Derlvatlves m Blood Plasma at Various Times Following Admmlstra- 
tlon (m mol dmM3) For tetracyclme, doxycychne and mmocychne, the concentrations respectively correspond to a dose of 275 
mg, 200 mg and 200 mg mlected mtravemously [ 501 For oxytetracychne, the concentration corresponds to an oral dose of 200 
mg [511 

Times Tetracychne Oxytetracychne Doxycyclme Mmocychne 

1 hr 
2 hr 
4 hr 
6 hr 
8 hr 

12hr 
24 hr 

6 93 x lo@ - 129x lo+ 7 21 x lo+ 
_ 304x 10-6 1 05 x lo+ - 
_ - 8 64 x 1O-6 577x lo* 
234x 10-j _ 7 09 x 10” _ 
- - 599x 10” 3 85 x lo* 
2 21 x lo+ - 4 97 x lo+ 3 15 x lo* 
3 60 x lo-’ - 2 66 x lo+ 157 x lo-+ 

TABLE IV Snnulated Dlstrlbutlons of the Tetracyclmes mto 
Then Complexes mth Proton and Calcium under Blood 
Plasma Condltlons at Various Tunes Followmg Admmlstra- 
tlon The conditions are the same as m Table III The 
percentages mferlor to 0 01% are omltted For all these 
distributions, the free calcium concentration largely exceeded 
99 5% of the total one, fiied at 2 45 x 10m3 mol dmm3 pH 
was fixed at 7 40 

Tetracycline after 1 hr 

LH- 1 57% 
LH: 1 16% 
ML2 H; 0 01% 

M2L++ 97 20% 
-- 

L 0 03% 

Tetracycline after 24 hr 

LH- 155% 
LH; 1 15% 
ML2H; _ 

M*L++ 97 25% 
-- 

L 0 03% 

Oxytetracychne after 2 hr 

LH- 3 30% 
LH; 169% 
ML2 Hz 0 02% 
ML0 12 71% 
MzL++ 82 07% 

-- 
L 0 18% 

Doxycychne after 1 hr Doxycychne after 24 hr 

LH- 0 28% LH- 0 28% 
LH; 0 29% LHq 0 29% 
MLH+ 16 65% MLH+ 16 57% 
ML0 14 56% ML0 14 50% 
MzL++ 68 19% MzL++ 68 33% 

-- 
L 0 02% 

-- 
L 0 01% 

TABLE IV (contmued) 

Mmocychne after 1 hr Mmocychne after 24 hr 

LH- 0 21% LH- 0 19% 
LH; 0 23% LH; 0 20% 
MLH+ 85 96% MLH+ 85 56% 
MLIH; 0 03% _ 

ML0 13 56% ML’ 14 06% 
-- L 0 01% - 

formation of a ML complex has been evidenced for 
the former This result essentially confmns the con- 
clusions of a previous mvestlgatlon made by Ibsen 
and Urlst [49], who postulated that ML and MIL 
were the chief molecular species occurring m vzuo, 
although h@er metal to hgand complexes may exist 
The fact that they drd not characterlse MhH2, which 
is the predominant species at pH 7 4 m Fig 4, clearly 
stems from the hqh metal to hgand ratios they 
investigated, for which the formation of this complex 
1s highly unfavourable 

Simulated Drstributions of the Calcium-tetracyclmes 
Complexes under Physiologcal Conditions 

The stab&y constants determined above were 
used to simulate the dlstrlbutlon of the various cal- 
cmm-tetracychnes complexes formed m human 
blood plasma followmg admmlstratlon of these anti- 
blotlcs 

Chozce of Szmulatzon Data 
The total concentration of calcium used for these 

calculations was taken as 2 4.5 X 10m3 mol dmF3 
This value represents the total exchangeable concen- 



Metal Ion-Tetracyclmes Interacttons 55 

tratlon of this metal m blood plasma, derived from 
the data of the latest computer sunulatlon model of 
the metal-ion eqmhbna m this blofluld [36]. 

As for the concentrations of the four tetracychnes, 
the calculations carried out on tetracychne, doxy- 
cychne and mmocychne made use of pharmaco- 
kmetlc data recently determined by one of us [50, 
511 , which are briefly summarized m Table III 
For the sake of comparison, a value taken from htera- 
ture concerning oxytetracychne [52] is also shown m 
Table III It B noteworthy that the plasma concentra- 
tions of tetracychne arise from an injected dose of 
275 mg instead of 200 mg for doxycychne and mmo- 
cychne, whereas the oxytetracychne one was derived 
from an oral dose of 200 mg For this reason, all 
these concentrations could not be compared with one 
another from a pharmacological point of view, but 
their similar orders of magnitude still provide a useful 
background to show the contrastmg correspondmg 
complex dlstrlbutlons 

Slmulatron Program 
The COMICS program [53] was used throughout 

these sunulatlons 

Results and Dlscussron 
The simulated dlstrlbutlons of tetracyhnes into 

the complexes they form with proton and calcium 
did not notably vary wlthm the time interval follow- 
mg drug admuustratlon which was investigated 
Accordmgly, Table IV groups only the results cor- 
respondmg to the limits of this interval, except the 
case of oxytetracychne, for which the only available 
data was related to the time of 2 hr after oral 
admmlstratlon 

The exammatlon of these dlstrlbutlons suggests 
the followmg remarks 

-whatever the period of time elapsed after drug 
admmlstratlon, the various tetracyclmes can be 
considered as nearly totally complexed by the 
calcmm ions normally occurrmg m plasma Indeed, 
the calcium concentration used m the calculations 
does not take mto account the mteractlons of the 
other low-molecular-we&t hgands present m the 
medium, but it can by no means be inferior to the 
free concentration experimentally measured as 1 14 
X 10e3 mol drnv3 [54] On the other hand, the total 
concentrations of the tetracychnes used encompass 
the fraction mteractmg with proteins [55] as well as 
that which combmes with other metal ions, tlus 
means that calcium remains m any case m very large 
excess with respect to tetracyclmes m normal blood 
plasma Consequently, the concentrations of free 
tetracychnes are always quite neghglble with regard 
to the total ones This conclusion could be of some 
importance for the dlscusnon of the ablllty of tetra- 
cychnes to diffuse from the blood stream to the 
envuonmental tissues, which was so far almost 

exclusively based on parttltlon coeffclent consldera- 
tlons affectmg the free molecules [56] 

- If we compare the dlstrlbutlon of the four 
tetracychnes m Table IV, we can notice that the 
protonated species are qmte neghglble for doxy- 
cychne and mmocychne, whereas they represent 
about 3% of tetracycline and 5% of oxytetracychne 
This observation derives from the fact already 
mentioned m the above chapter that doxycyclme and 
mmocychne will complex calcmm at lower pH than 
the other two antlblotlcs Apart from this, the strk- 
mg difference between the four tetracychnes hes m 
the absence of M2L for mmocyclme, which contrasts 
wrth the high percentage of this speaes m the other 
three cases As for the dlscnmmatlon of the neutral 
species which can allow the drugs to diffuse mto cell 
membranes, only 1% of tetracychne (as LH,) fulfill 
this condltlon whereas about 15% of the other three 
antlblotlcs (essentially under the ML form) can do 
it These particularities do not correlate very closely 
with the m UNO observations made by English [57] 
on the tetracyclme actlvlty agamst staphylococcus 
aureus m mice, but this 1s not really surpnsmg 

(1) mdeed, calcmm is not the only metal hkely 
to form complexes with tetracychnes m blood 
plasma First of all magnesmm, which also denotes a 
concentration largely m excess with respect to 
those of the drugs [36], IS known to @ve nse to 
stable complexes with tetracychnes [ 19,20,49] . So, 
the lack of correlation observed rather indicates that 
further studies devoted to the coordmatlon of other 
metal ions are necessary before a more reahstlc 
dlstrlbutlon of the tetracychnes m blood plasma can 
be obtained 

(11) on the other hand, it 1s noteworthy that 
neutral species may diffuse more or less easdy, 
according to their own structure In particular, It 1s 
obvious that their interactions wth the solvent can 
influence both their abdrty to diffuse and their dlffu- 
sron rate The same kmd of observation could be 
made for charged species with regard to then ehmma- 
tlon rate All this means that the study of the 
physlcochemlcal propertles of the mam complexes 
present m the blofluld under conslderatlon could help 
to enable one to account for clinical observations 
m a more complete way, or to state more precise 
predictions But the dlscrunmatlon of these main 
complexes anyhow Implies that the rehable dlstnbu- 
tlon mentioned above can be simulated beforehand 

To conclude, as the free concentrations of the 
tetracychnes have been proved quite neghglble 
with regard to the complexed ones m the patients’ 
blood plasma during treatment, the present study 
shows that the partition coefficient should not 
be the only parameter to be considered to predict the 
physlologlcal actlvlty of these antlblotlcs zn vzvo 
Furthermore, although this study has estabhshed that 
the role of calcium is very important towards tetra- 
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cychnes m blood plasma, It has also made it clear 
that the knowledge of the mteractlons of the drugs 
urlth other metal Ions, first of all magnesmm, IS 
necessary before reliable predlctlons can be made 
about their mode of action m the human body This 
will constitute our next objective 
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