
EFFECT OF TETRACYCLINE ON CHONDROCYTE 
MlTOCHONDRIApAN EXPLANATION OF 
TETRACYCLINE-INDUCED DEFECTS OF 

MINERALIZED TISSUES* 

IKVING M. SHAPIRot, ANITA C. BURKE and NAM HEA LEE 

Department of Biochemistry and Center for Oral Health Research. School of Dental Medicine. 
University of Pennsylvania, Philadelphia. PA 19174. U.S.A. 

(Rcceirrrl 24 April 1976; trcceptet/ 2 ilugust 1976) 

Abstract-To investigate the mechanism of tetracycline (TC)-induced defects of mineralization, the 
effect of the antibiotic on Ca’+ transport by chick chondrocyte mitochondria was studied. Multiple 
injections of TC resulted in a profound drop in the intramitochondrial Ca’+ concentration and an 
Increase in the serum Ca’+ level. The antibiotic caused a reduction in Cal’ uptake and an increase 
in Ca” efnux from the mitochondria in vitro; in the presence of I mM TC, the efTect on efflux 
was greater than uptake. The addition of ATP to TC-treated mitochondria did not prevent Ca*+ 
release. Using rat liver mitochondria, it was found that. while the antibiotic had an oligomycin-like 
effecr on respiration, this inhibitory action could be prevented by preincubating the organelles with 
IO mM Mg’+. The results of the studies both in rirro and in rYrw suggest that TC interferes with 
mitochondrial Cal+ translocation. It is concluded that critical levels of intramitochondrial Ca’+ are 
prerequisite for the normal mineralization process 
to defective mineralization. 

Numerous studies have shown that tetracyclines can 

induce skeletal hypoplasia and hypomineralization 

[I --51. However, the mechanism by which the anti- 
biotic interferes with the mineralization process is 
poorly understood. Histochemical studies by Milch 
ef LII. [6] suggested that tetracycline binds to collagen 
fibrils and these workers inferred that the drug 
blocked nucleation sites. Kaitila [7] expressed the 
view that the antibiotic delayed the phase transforma- 
tion of amorphous calcium phosphate into apatite. 
West and Storey [X] showed that tetracyclines inhi- 
bited the phase transformation in vitro, but no 
attempt was made to study the effects in rim of the 
antibiotic on bone crystallmity. 

A different approach to explaining the effects of 
tetracycline on calcifying tissues is through its effects 
on 1RNA. Thus. because tetracycline inhibits the 
binding of tRNA to the ribosome, some investigators 
consider that the principal site of tetracycline action 
is on protein synthesis. Indeed, tetracycline-induced 
inhibition of collagen formation [9] has been 
reported. Howe\,er. these experiments were performed 
with elevated antibiotic levels and the investigators 
did not determine whether the tetracycline inhibited 
the ribosomal synthesis of collagen directly, or inter- 
fered with protein synthesis by blocking cellular res- 
piration. 

Antibiotics like tetracycline have been shown to de- 
crease mitochondrial protein synthesis in mammalian 
cells. Indeed, in the presence of tetracycline, there is 
a diminution in mitochondrial cytochrome synthesis 
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and that interference with Ca’+ accumulation leads 

[lo]. Whether tetracyclines cause changes in mito- 
chondrial cation transport is not known with cer- 
tainty. However, as an ionophore, it could conceiv- 
ably inhibit the accumulation of Ca’+ in mitochon- 
dria of cells preparing for mineralization and interfere 
with cation-activated enzyme systems of the cytosol 
[ll]. If, as Lehninger 1121 has postulated. the intra- 
mitochondrial accumulation of calcium is an initial 
first step in the calcification process. impairment of 
Ca’+ accumulation could result in hypoplasia of 
teeth, poor mineralization of bone. and delayed osteo- 
genesis. This investigation explores this possibility by 
studying the etTect of tetracycline on Ca” transport 
by epiphyseal plate mitochondria. 

MATERIALS AND METHODS 

Muterials. Bovine serum albumin. HEPES (N-2- 
hydroxyethylpiperazine-N-2-ethane sulfonic acid), 
ATP, ADP, succinate Na2, tetracycline HCl, oxytetra- 
cycline. chlortetracycline, DTNB [5,5’-dithiobis-(2- 
nitrobenzoic acid)], DTT (dithiothreitol). DNP 
(2,4_dinitrophenol), ruthenium red. oligomycin and 
rotenone were all purchased from Sigma Chemical 
Co. 4”CaCI, (1 mCi S5Ca/~mole of Ca’+) was 
obtained from New England Nuclear Corp. This was 
diluted to achieve a final activity of 0.1 &i “Cajml 
of reaction mixture. 

Tissues. White Rock chicks. weighing between 4 
and 5 kg, were maintained on a normal diet ad lib. 
For experiments on rachitic chicks, 5-day-old birds 
were maintained in the dark on a rachitogenic diet 
(Nutritional Biochemical Corp.) and distilled water. 
At 8-10 weeks, both normal and rachitic birds were 
killed by a pentobarbital overdose (i.v.). The legs were 
disarticulated at the pelvic joint and the epiphyseal 
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joint was exposed by cutting through the capsular 
cartilage. Resting and proliferating cartilapcz were 
removed in thin slices and chopped finely with sharp 
tissue scissors. 

I.>ol~~tion of’ ,t~itoc./~orlr/,.itr. This was similar to the 
method previously published [13]. In studies ;,I riro 
of chick mitochondria. to block Ca’ ’ uptake during 
the isolation procedure and to inhibit the subsequent 
redistribution of Ca’ * during the centrifugation 
steps. the mitochondrial fraction was isolated in the 
presence of 50 /tM DTNB [ 141 and 73 ;tM ruthenium 
red 1151. The mitochondrial pellet was further puri- 
fied by centrifugation in a continuous sucrose gra- 
dient (I .5 to 2.0 M). Centrifugation at 35.000 rev, min 
was performed in an SW 35 rotor in a Beckman 
model L-2 ultracentrifuge. Liver mitochondria were 
isolated from 150-g Sprague- Dawley rats b\i ;I pre- 
viously described method [ 141. 

Chrmic,rr/ ntic1l~3i.s. Ca’ _ analysis was performed by 
atomic absorption spectroscopy (Perkin Elmer model 
360). Mitochondrial protein was measured using the 
method described by Lowry VI ~rl. 1161. 

T~~rr~rc~c,linr~ ,so/~rfior~s. Tetracvclinc. freshly pre- 
pared for each experiment. was dissolved in butTered 
saline or reaction medium and the pH was adjusted 
to 1.4. 

E@r of tcrri/c~JY/irlc, 011 c’rltloqrrlolr\ Cr? + I~~r~c~/\ Off 
c&~~tlroc\~c~ ,tlitoc,horlt/ri[~. Rachitic chicks were pivcn 
i.p. injec&ns of tetracycline suspended in saline ( IO0 
mgikg body weight) 24. 36. 60 and 71 hr prior to 
sacrifice. As a control. at the appropriate times. rach- 
tic chicks were injected with saline. Prior to sacrifice. 
about I ml of venous blood from a wing bein was 
drawn into a syringe containing heparin. and the 
blood Ca’+ content was determined in the presence 
of lanthanum chloride (0.1 per cent). The mitochon- 
dria isolated from the epiphyseal plate cartilage were 
analyzed for Ca’ +. and the protein content was deter- 
mined. 

&@ct of' trtr.trqch o,, ( .(I2 ' ~qf/KY ,fim c~/lorl~/ro- 

c'!'te r,liro~.hor~l/r.itr. Mitochondria were isolated from 
normal chicks. To pre-load with Ca’ ’ . the organcllcs 
were incubated at IX for IO min with 0.5 ml of :I 
reaction mixture consisting of 80 HIM Cal+ (contain- 
ing 0.05 /lCi “Ca). 3X mM HEPES, X.5 mM MgC12. 
3.X mM P,. X mM succinate and 0.2 fig rotcnonc. 
The osmolarity of the mixture was adjusted to 250 
mOsM with 1.0 M KCI and the pH was 7.4. Tetracyc- 
line was then added to the reaction mixture such that 
the final concentration was I .O mM. At interlals of 
time, up to 20 min. O.l-ml aliquots of the suspension 
were removed and immediately filtered through a 
0.45 Aim Milliporc filter. The filter was then washed 
with 10 ml of 0.125 M KCI and dried. and the 15Ca 
content was measured by liquid scintillation count- 
ing (Packard Tri-Carb model 3310). In ;I second 
series of experiments, the effect of tetracycline on the 
Ca’ ’ concentration of chondrocyte mitochondria was 
measured in the presence of X mM ATP in the reac- 
tion medium. To compare the effects of different tctra- 
cyclines. mitochondria were prc-incubated with the 
reaction medium described above and then exposed 
for IO min to I mM tetracycline. oxytetracycline or 
chlortetracyclinc. The Ca’ + content of the mitochon- 
dria was then determined. Finally. the elTect of differ- 
ent concentrations of tetracyclines on Ca” uptake 

was in\estigatcd. Mitochondria were prcincubated 
with the reaction mixture described abobc for IO min. 
Tetracycline (0.1 to IO mM) VV;LS then added to the 
mitochondrial suspension and after IO min it was fil- 
tsrcd and the “Cn content of the filter was measured. 

f$iU of I(,f,.trc.!.c./i/lc,\ ,,,I C‘trZ ’ Ifpltrkc~ /I I’ c~/lorlt/,o- 
C’HC rtiitoc,ilorltlr.itr. The ctrect of tctracyclinc on Ca7 ’ 
uplakc was 5tudicd bq preincuboting 60 /II of the 
mitochondrial suspcnhion (0.5 mg protein) for I min 
with ;I Ca' ' -free reaction medium containing I mM 
tetracycline. 3X mM HEPES. X mM succinatc, X.5 mM 
MgClz. 3.X mM P,. 0.2 /~g rotenone and the osmolar- 
ity adjusted to 250 mOsM Mith I.0 M KCI. In some 
axperimcnts. the reaction miuturc was further supplc- 
mented with X mM ATP. Radioactive CaC12 nas then 
added to the suspension to gi\e ;I final concentration 
of X0 /tM C‘a’ At Intervals of lime up to 20 min. 
0. I ml of mitochondriu \v;I~ rrmovcd and filtered. and 
the Ca’_ conttmt &as delcrmined. In another series 
of espcriments using the same incubation medium. 
the effect of tetracycline. at concentrations ranging 
from 0.01 to IO mM. on Ca’ ’ uprahc H’;IS ascertained. 

eflcc,t of Ir't,.trc,!.‘./ir7c,\ OII I~litoc~/lorli/,,itrl rc,.\pirtrtior7, 
Difliculties in isolating large quantities of cartilage 
mitochondria preclude the use of this tissue in study- 
ing oxidativc phosphorqlation. However. as liver and 
cartilage mitochondria ha\e himilar respiratory 
charac1crlstic\ [I 71. rat li\cr mitochondria wcrc util- 
i/cd for rhesc studica. I.i\cr niitochondria wcrc incu- 
bated with ;I reaction mixture containing 40 mM 
HEPES. and I.25 mM P,: the osmolarity was 
adjusted to 250 mOsM with 1.0 M KC‘I and the pH 
was 7.4. The effect of tetracycline ( I55 /tM) and Mg’* 
(0 IO mM) on the oxidation of glutamate and sue- 

cinatc (S mhl) was determined using ;I Clark oxygen 
electrode (No. 522. Ycllou Springs Instruments. 
Yellow Springs. Ohio) linked lo 2 IO mV rocordei-. 
Sargent model SRLI. 

HE‘SI I.I‘S 

Ccntrifugation of the 14,000 6, pcllct on a con- 
tinuous sucrose gradient yields two to three density 
bands. The high density mitochondrial band con- 
tained 2.15 i 0.X4 /[moles C‘n’ + /mg of protein. (The 
composition of the low density bands will be de- 
scribed elsewhere.) The (‘a’ ’ content of mitochondria 
isolated from the tctr~lcqclint.-treated chicks was con- 
siderably lower than the controls (0.3X + 0.2 Llmoles 
Ca'+ %ii~ of protein). In contrast to its efiects on 
mitochondria. tctracyclinc caused an increase in the 
serum Ca’ ’ concentration (Table I). No change was 
noted in the strum MLI_’ + concenrratlon. 
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The relationship between mitochondrial Ca’+ 
efflux and tetracycline concentration is shown in Fig. 
1. The presence of the antibiotic results in a profound 
loss of Ca’+ from the mitochondria; the extent of 
Ca’+ release is dependent on the concentration of 
tetracycline. Incubation with I mM tetracycline 
results in efflux of over 30 per cent of the pre-loaded 
Ca2+. At low antibiotic concentrations there is a 
slight increase in the mitochondrial Ca’ + level. Tetra- 
cycline-stimulated release of Ca2 + from chondrocyte 
mitochondria, expressed as a function of time, is 
shown in Fig. 2. Between 5 and IO min, mitochondria 
pre-loaded with Ca’+ exhibit a rapid rate of release 
of accumulated Ca’+. Mitochondria loaded with 
Ca’+ in the absence of added nucleotide exhibit an 
almost linear rate of Ca” efllux for the first 1.5 min. 
Figure 2 also reveals that mitochondria loaded with 
Ca2+ in the presence of ATP show an initial higher 
Ca” concentration than organelles that are provided 
with succinate as the sole energy source. However, 
irrespective of the mode of Ca2+ loading, after 10 
min the Ca’+ efflux rates are similar. 

The effects of different types of tetracychnes on 
mitochondrial Ca2+ efflux are shown in Fig. 3. The 
presence of tetracycline or oxytetracycline results in 
a dramatic release of Ca 2+ from chondrocyte mito- 
chondria. Chlortetracychne does not cause Ca2+ 
efflux from pie-loaded mitochondria. 

The effect of tetracycline concentration on Ca2+ 
uptake by chondrocyte mitochondria is shown in Fig. 

4. When the tetracycline level is below 1 mM. the 

antibiotic causes an increase in the Ca2+ content of 

the organelles. With 1 mM tetracycline, there is no 

change in the Ca” content of the mitochondria. 
However. concentrations of the antibiotic in excess 
of 1 mM result in a concentration-dependent net 
Ca2+ decrease. 

I I I I I 
0 2 4 6 8 IO 

TC cone , mM 

Fig. I. Effect of tetracycline concentration on Ca*+ efflux 
from chondrocyte mitochondria. Chondrocyte mito- 
chondria were pre-incubated with a reaction medium con- 
taining 80pM Ca’+. 38 mM HEPES. 8.5 mM MgCl,, 
3.8 mM P,, 8.0 mM auccinate and 0.2 pg rotenone. The 
medium contained 0.05 PCi ‘Ya and the osmolarity was 
adjusted to 250mOsM with 1.0 M KCI. After 10 min, 
tetracycline (TC) (0.01 to 10mM) was added and the sus- 
pension incubated for a further 10 min. The mitochondria 
were then filtered and the Ca*’ content of the filter was 
determined. Each point is the mean of three repeated ex- 
periments; each experiment was performed in duplicate. 

v +ATP 
-V- 

v 

80 

Time. ml” 

Fig. 2. Effect of tetracycline (1 mM) on Ca” efflux by 
chondrocyte mitochondria. Chondrocyte mitochondria 
were pre-incubated with a reaction medium in the presence 
and absence of 8 mM ATP. After 10 min, tetracycline 
(I mM) was added to the suspension (0 time on the graph). 
At fixed intervals of time, aliquots were removed and the 
Ca’+ content of the mitochondria was determined. Key: 
plus ATP. v---v; plus ATP and tetracycline, V-----V; 
minus ATP. U; and minus ATP and tetracycline, 
O--O. Each point is the mean of four repeated experi- 

ments: each experiment was performed in duplicate. 
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Fig. 3. Comparison of tetracycline. chlortetracycline and 
oxytetracycline on Cal’ efflux from chondrocyte mito- 
chondria. Mitochondria were pre-incubated with reaction 
media and loaded with Ca”. Tetracycline (TC), chlortetra- 
cycline (TCCI) and oxytetracycline (OTC) (1 mM) were 
then added to the mitochondrial suspension, and the Ca2’ 
content of the mitochondria was measured after a lo-min 
incubation period. Cont. = control. Results shown are the 

mean + S. E. M. of six duplicate experiments. 
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TC cone, mM 

Fig. 4. Ell’ect of tetracycline concentration on Ca’ ’ uptake 
by chondrocytc mitochondrin. Chondrocytc mitochondria 
were prc-incubated with the Ca”-free reaction medium 

described in Fig. 1. This was aupplemented wth O-10 mM 
tetracycline (IX’). After I min. X0 AIM Ca’+ was added 
to the mitochondrial suspension and mcubated with the 

suspension for IO min. The mitochondria were then filtered 

and the Ca” concentration ~1~ determined. Each point 
is the mean of four sepal-nte experlmcnts: each experiment 

wab performed m duplicate. 

Ca” uptake by mitochondria. preincubated with 
tetracycline. expressed as a function of time, is shown 
in Fig. 5. For the first 10 min. irrespective of the 
energy source. there is little difference in the rate of 

Ca” uptake. However. after 10 min. tetracycline de- 
creases the rate of succinate-supported uptake. The 

presence of ATP counteracts this effect such that the 
rates of ATP-supported Ca2 ’ uptake. in the presence 
and absence of tetracycline. are similar. 

The effect of tetracycline on the oxidation of pluta- 
mate by mitochondria is shown in Table 2. At low 
Mg’- concentrations (up to 6 mM) tetracycline de- 
creases state 3 respiration. At the highest Mg’+ con- 
centration studied (IO mM) state 3 respiration in- 
creases and cutoff is seen. Tetracycline also inhibits 
the state 3 respirator) rate of succinatc. This inhibi- 
tory effect can be counteracted by the addition of 
Mgz + to the mitochondrial suspension. Howe\;cr. in 

the presence of succinate, the inhibitory effect is not 
as severe as with glutamate. Thus. addition of ADP. 

even at low Mg”’ concentrations. elicits an increase 

I I I I I 
4 8 I;! 16 20 

Time, mn 

Fig. 5. Ca’+ uptake by chondrocyte mltochondria in the 
presence of t mM tetracycline. Chondrocyte mitochondria 
were pre-incubated for 1 min with a Cal*-free reaction 
mixture containing I mM tetracycline (TC). In some ex- 
periments the reaction mixture was supplemented with 
8 mm ATP. Subsequently. Ca” was added to make a final 
concentration of 80 AIM. At intervals of time. 0.1 ml of 
the mitochondrial suspension was remoccd and analyzed 
for Ca”. Key: succinate. l --0: succinate plus TC. 
0~~ 0: ATP. ILL Z: and ATP plus TC. 0 0. 
Each point is the mean of three separate experiments: each 

experiment was performed in dupticatc. 

in O2 consumption that is always above the state 

4 rate. 

These experiments indicate that Mg’* exerts a pro- 
tcctive effect on respiration if the ion is added to the 
mitochondria prior to the addition of the antibiotic. 
However. if mitochondria are exposed to the anti- 
biotic first, the tetracycline exerts an oligomycin-like 

Tahlc 2. Elfect of tetracychne and MgL ’ on oxidativc phosphorylation by rat tiber mitochondrla* 

Succinate Glutamate 

(Itatoms Wmg protein,min) (/[atoms O:mg protein:min) 

Tetracycline Mg’ + 
(PM) (mM) state 3 

_ 

state 4 ADP.0 state 3 state 4 ADP!O 

IS5 0 0.096 0.03x 1.7 0.016 0.02x 
15s , 

3 
0.099 0.035 1.8 0.017 0.034 

I55 0.022 0.032 
I55 6 0.1’7 0.030 1.6 0.035 0.026 
155 IO 0.129 0.034 1.7 0.054 0.035 2.7 
0 IO 0.140 0.040 1.9 0.064 0.026 3.02 
0 0 0.142 0.037 2.0 0.059 0.029 2.9 t 

* Rat liver mitochondria (3 mg!ml) were incubated with a reaction medium containing 40 mM HEPES. 1.25 mM 
P, and 8 mM glutamate or succinate. The osmolarity of the solution was adjusted to 250 mOsM with I M KCI. 
Oxygen uptake was measured in the presence and absence of tetracycline (155 LIM) and in the presence of varying 
concentrations of Mg” (0 IO mM). The results arc the mean of four repeated experiments. 
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Fig. 6. Effect of ME’+, tetracycline (155 1tM) and DNP 
on oxygen uptake by mitochondria. Conditions of in- 
cubation were the same as those described in Table 2. 
Where indicated on the tracings. tetracycline (TC), Mg*+ 
(10 mM). ADP (125 pmoles) and DNP (2 /~g) were added 
to the reaction mixture. Values shown are the mean of 

four experiments. 

effect; there is inhibition of ADP-stimulated respir- 
ation in the presence of both succinate and glutamate, 
and further addition of Mg2+ fails to increase the 
respiratory rate (Fig. 6, A and B). Figure 6 (C and 
D) illustrates the effect of DNP on respiration. The 
uncoupled rate of O2 utilization with glutamate as 
a substrate in the presence of DNP is about the same 
or slightly less than ADP-stimulated respiration in 
the presence of tetracycline. However, with succinate 
as a substrate (Fig. 6D). the uncoupled rate is faster 
than the state 3 rate of 0, uptake. 

DISCL’SSION 

While previous workers have used tetracycline as 
a fluorescent probe to study anionic transport pro- 
cesses 1181, the ionophoretic activities of these anti- 
biotics have not been related to their reported inhibi- 
tory effects on mineralization. The results of this in- 
vestigation suggest that tetracycline-induced defects of 
calcification may be a result of a direct action of the 
antibiotic on mitochondria of cells concerned with 
the mineralization process. If this is a valid explana- 
tion of this type of hypomineralization. then this find- 
ing also throws light on the mechanism by which tis- 
sues undergo normal biological mineralization. With 
respect to this mechanism, if as has been previously 
suggested, mitochondria are concerned initially with 

concentrating Ca’ i ions [ I2,10.20], then any interfer- 
ence with the accumulation mechanism will result in 
slowed, defective or irregular calcification. The find- 
ings i)z riro and irk r+tro reported in this study clearly 
support the concept that tetracyclines are causing 
these aberrations by influencing cation transport, and 
the results lend credence to the view that mitochon- 
drial ion accumulation is a necessary prerequisite to 
matrix mineralization. 

While these experiments did not address themselves 
to studying the uptake of tetracycline by chondro- 
cytes. the localization of tetracyclines in forming bone 
[3,21.22] and the slow rate of removal of tetracycline 
from bone would suggest that iu IG the chondro- 
cytes are exposed to elevated tetracycline levels. Fur- 
thermore, the low molecular weight of the antibiotic 
and its lipophilic properties would facilitate its entry 
into chondrocytes. Indeed. Aaron and Pautard 1231 
showed that tetracycline is taken up by bone cells 
and is seen as a “generalized network” within the cell, 
while tetracycline localization within mitochondria of 
living cells has also been observed 1241. 

The effects in cite of tetracycline on isolated chon- 
drocyte mitochondria supported the observation in 

ciao that the antibiotic lowered the mitochondrial 
Ca*+ concentration. This study revealed that 1 mM 
tetracycline caused a net Ca” efllux from the mito- 
chondria and at this concentration there was little 
change in Ca2+ uptake. Of the antibiotics studied, 
both tetracycline and oxytetracycline appeared to be 
active in promoting efflux; with tetracycline. the eflhtx 
rate was almost linear for the first 10 min of exposure, 
and Ca2+ release was proportional to the tetracycline 
concentration. Whether tetracycline activated a latent 
mitochondrial ATPase was not ascertained. However. 
in the presence of ATP. a marked decrease in the 
total amount of mitochondrial Cal+ was observed. 

The effect of Mg” + on the respiration of tetracyc- 
line-treated mitochondria is disputed. In an earlier 
study, Brody c’t d. [Xi] indicated that the effect of 
tetracycline could be reversed by the addition of 
excess Mg’+. De Jonge [26], using 2 mM Mg”, 
showed that the effect of oxytetracycline could be 
“prevented to a large extent” by preincubating the 
mitochondria with Mg”, To investigate in detail the 
extent of Mg’+ protection, mitochondria were 
titrated with concentrations of Mg” varying from 
0 to IO mM. This study confirmed that Mg’+ did 
give protection to mitochondria. but that Mg’+ levels 
in excess of 6 mM were needed to reverse the tetra- 
cycline inhibition. Whether there is sufficient Mg*+ 
at calcifying sites to protect the mitochondria from 
the antibiotic is not known. However. it was noted 
that 6 mM MgZ+ protects mitochondria against the 
deleterious effects of 155 /tM tetracycline (see Table 
2). If respiratory chain protection is proportional to 
the relative concentration of Mg”, then in mineraliz- 
ing tissues where the extracellular Mg” concen- 
tration is only 0.4 mM [27]. the organelles would 
be protected from the damaging effects of 10 /tM of 
the antibiotic. Ignoring any corrections for the known 
accumulation of tetracycline at calcifying sites, it is 
clear that the therapeutic blood tetracycline level of 
23 ;tM would exceed the protection afforded by 0.4 
mM Mg’+ and there would bc impairment of respira- 
tory chain function. It is interesting to speculate that 
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the low Mg2+ concentration of the extracellular fluid 
of calcifying cartilage may well be the reason why 
this tissue is so susceptible to the effects of this anti- 
biotic. 

With respect to the site of action of tetracycline. 
the inhibitory action of the antibiotic on the oxi- 
dation of glutamate confirmed that NADH-linked 
substrates were more susceptible to the effects of the 
antibiotic [26]. In addition, because DNP released 
the tetracycline inhibition of succinate oxidation. then 
electron transfer between succinate and oxygen must 
be intact. However, as DNP only elicited a partial 
release of glutamate oxidation, it is probable that the 
antibiotic inhibits the activity of the respiratory chain 
lying between the site of entry of NADH-linked sub- 
strate into the chain and the entry of reducing equiv- 
alents from succinate. 

If the experiments on the effects of tetracycline on 
oxidative phosphorylation by liver mitochondria are 
related to the changes in cation translocation of chon- 
drocyte mitochondria, then it is apparent that the 
antibiotic can affect Ca2+ transport in a number of 
different ways. First, the investigation clearly reveals 
that tetracycline selectively impairs normal function- 
ing of the respiratory chain. This impairment alone 
could markedly decrease the ability of chondrocyte 
mitochondria to translocate Ca2 ‘. Second, it is 
known that pre-loading mitochondria with Ca2 + pro- 
duces pathological changes in mitochondria 1281. 
Thus. the addition of tetracycline to organelles that 
may have already been damaged through Ca’+ 
accumulation could exacerbate any Cal’-induced 
defects in function as well as affecting other as yet 
unimpaired sites on the respiratory chain necessary 
for Ca2+ accumulation. The possibility that Ca2 i 
loading causes disturbances in mitochondrial function 
may also explain why tetracycline has a greater effect 
on Ca2+ efflux than Cal+ uptake. A third explana- 
tion for Ca’+ efflux could be associated with the oli- 
gomycin-like effects of tetracycline. Thus, if the anti- 
biotic interferes with the phosphorylation of ADP 
and reduces the rate of P,-ATP exchange. the high 
energy intermediate necessary for the maintenance of 
Ca2+ within the organelle will not be generated at 
the requisite rate. In that instance, extrusion will 
occur. 

Finally, the observed increase in serum Ca’+ levels 
of chicks treated with large doses of tetracycline lends 
support to the concept that in rice, the antibiotic is 
causing a release of Ca2+ from mineralizing cartilage. 
A possible alternative explanation, in line with the 
suggestion by Baker 1291 that tetracyclines cause a 
transient hyperparathyroidism, is that the antibiotic 
is initially chelating Ca2+ and the resulting serum 
Ca’+ elevation is due to secondary hyperparathyr- 
oidism. This study did not address itself to studying 
this relationship; however, at the concentrations used, 
a serum tetracycline level of about 10 pg/ml would 
be expected [lo]. Assuming that 1 mole of the anti- 
biotic binds 1 mole Ca’+. then less than 2 per cent 
of the total serum Ca’+ could be bound by the anti- 
biotic. It is unlikely that this small change in serum 
Ca2+ level would be sufficient to markedly alter the 
secretion rate of the parathyroid hormone. It there- 
fore must be concluded that the serum Ca’+ changes 
noted are due primarily to the tetracycline acting di- 

rectly on the bone cells. Nevertheless, it must be 
admitted that the possible associations between this 
class of antibiotics and the factors controlling Ca” 
homeostasis are poorly understood. It is suggested, 
therefore, that more detailed investigation should be 
carried out to ascertain the relationship between 
serum Ca2 ’ concentrations, parathyroid hormone se- 
cretion and tetracycline dose. 
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