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The mechanism by which tetracyclines affect the formation of dentin 
was studied by measuring the biosynthesis of collagen in the pulp. 
The material consisted of 160 rabbit pulps and 108 rat pulps. Collagen 
synthesis was determined by incubating pulps with ["CJproline and 
measuring the formation of non-dialyzable [14C]hydroxyproline. The 
activity of protocollagen proline hydroxylase was measured as the 
conversion of ["C]proline to [WJhydroxyproline in a protocollagen 
substrate by the supernatant of a pulp homogenate. In in vitro 
experiments, oxytetracycline or demethylchlortetracycline inhibited 
collagen synthesis. Also, the activity of protocollagen proline 
hydroxylase extracted from rabbit pulps was decreased in the pre- 
sence of tetracyclines. In both cases the inhibition was related to 
the concentration of tetracyclines and the inhibition could be preveted 
by addition of ferrous iron to the incubation. In in vivo studies, 
injections of demethylchlortetracycline to rats inhibited collagen 
synthesis measured in vitro and the activity of protocollagen proline 
hydroxylase in the incisor pulps. It was concluded that this effect 
may be specific to collagen synthesis and the effect may be through 
chelation of ferrous iron, a cofactor of protocollagen proline hydroxy- 
lase. Consequently, the mineralization disturbances in developing 
teeth during tetracycline therapy may be partly due to a decreased 
formation of the organic matrix of dentin. 
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The first report of the affinity of tetra- 
cycline in skeletal tissues was described 
by Andre (1956). After injection of tritium 
labelled tetracycline to mice he observed 
by radioautographic methods the localiza- 
tion of the drug in bone, dentin, cementum 
and the dental pulp. Since then several 
authors have reported that tetracyclines 
have inhibitory effects on the growth and 
mineralization of the calcified tissues, 
(Bevelander, 1964; Sax&, 1966 a, b; Kai- 
rila er al., 1970). In accordance, tetra- 

cycline administration during the tooth 
development is often associated with 
reduced mineralization of enamel and 
dentin (Bevelander et al., 1961) as well as 
with discoloration and hypoplasia of the 
teeth observed clinically (Wallnian 8c 
Hilton, 1962; Hakala & Makela, 1963; 
Witkop & Wolf, 1963; Hamp, 1967). 

The main causal mechanism of these 
deleterious effects has been shown to be 
the formation of stable tetracyclinecalcium 
complexes and the subsequent inhibition 
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of two critical phases of mineralization, 
i.e., nucleation and crystal growth (Caswell 
& Hutchison, 1971; Kaitila, 1971). An 
additional mechanism in the inhibition of 
skeletal growth by tetracyclines is thought 
to be a suppression of the formation of 
the organic matrix which is mainly com- 
posed of collagen (Bennet et al., 1967; 
Halme et al., 1969). Since collagen of 
dentin is produced by odontoblasts of the 
dental pulp, it is possible that the dele- 
terious effects of tetracyclines on devel- 
oping teeth are partly explained by the 
inhibition of collagen synthesis in the 
pulpal cells. Differences in the potency 
of the inhibitory action have been reported 
between the different members of the 
tetracycline group antibiotics. Oxytetra- 
cycline has been shown to have less harm- 
ful effects while demethylchlortetracycline 
seems to be one of the most potent 
inhibitors of mineralization (Ibsen et al., 
1965; Sa.uPn, 1966 a; Bridges et al.,  1969; 
Yen & Shaw, 1972). The experiments here 
were designed to elucidate the effects of 
tetracyclines on collagen synthesis and 
protocollagen proline hydroxylase activity 
in the dental pulp in vivo and in vitro. 

MATERIAL A N D  METHODS 

Assay conditions for  collagen synthesis and 
protocollagen proline hydroxylase activity 
The methods used in the present experi- 
ment have earlier been described in detail 
(Uitto & Antila, 1971). 

Pulpal collagen synthesis was determined 
by incubating whole pulps from rabbit or 
rat teeth for 6 hours in a medium con- 
taining [14C]proline, and thereafter mea- 
suring the activity of i14C]hydroxyproline 
by the method of Juva and Prockop (1966). 
Total W-radioactivity in the nondialyz- 
able fraction from the same samples 
served as an index for the total protein 

synthesis (Prockop & Ebert, 1963). The 
activity of protocollagen proline hydroxy- 
lase was studied by the method of Kivi- 
rikko and Prockop (1967). The pulps were 
homogenized and aliquots of the 15 OOO x g 
supernatant containing 0.3 to 0.6 mg 
protein were incubated with a biologically 
prepared [14C]proline-labelled protocol- 
lagen substrate. The enzyme activity is 
expressed as radioactivity (disintegrations/ 
minute) of [14C]hydroxyproline synthe- 
sized. 

Studies in vitro. 160 pulps obtained from 
11 male albino rabbits were included in 
these studies. After killing the animals the 
samples containing two molar pulps or 
one incisor pulp were placed as rapidly 
as possible in incubation with [14C]proline 
to which oxytetracycline-HC1 (Orimycin @, 
Orion, Helsinki) or deniethylchlortetra- 
cycline-HCI (Lederniycin @, Lederle, 
Wayne) was added in 0.05 nil of the me- 
dium at molar concentrations of 
5 x or The hydroxylation of 
[lJC]proline by pulpal protocollagen pro- 
line hydroxylase was studied at different 
concentrations of ferrous iron in the 
presence of oxytetracycline or demethyl- 
chlortetracycline. 

Studies in vivo. 27 Sprague-Dawley rats 
weighing from 195 to 230 g and maintained 
on a standard laboratory diet were used. 
In both experiments the rats were divided 
into three groups. A subcutaneous injec- 
tion of 60 mg/kg body weight of oxytetra- 
cycline or demethylchlortetracycline dis- 
solved in saline was given on 5 successive 
days. The rats in the control group were 
injected with saline only. Each group 
included 5 rats in the experiment for 
collagen synthesis and 4 rats in the ex- 
periment for protocollagen proline 
hydroxylase. After the experimental period 
the rats were killed by decapitation, the 
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incisors were removed from the sur- 
rounding bone and the pulps were im- 
mediately used for the experiments. 

RESULTS 

Effect of tetracyclines on the incorporation 
of [14C]pro/ine and synthesis of collagen 
in rabbit puIp in vitro 

Oxytetracycline and demethylchlortetra- 
cycline significantly inhibited collagen 
synthesis at a concentration of M 
while protein synthesis in general, in- 
dicated by total 14C incorporation, was 
not inhibited at concentrations of less 
than lo-' M (Fig. 1). No clear differences 
were found in the responses between molar 
and incisor pulps (Fig. 1). The addition 
of ferrous iron to the incubation medium 

Fig. 1. Effect of different con- 
centrations of oxytetracycline and 
demetylchlortetracycline on the 
incorporation' of [''Clproline and 
the synthesis of collagen in rabbit 
dental pulp in vitro. Each sample 
contained 2 pulps which were in- 
cubated for 6 hours at 37 C in 
1 ml of phosphate-free Krebs- 
Ringer solution containing 20 mM 
HEPES-buffer, pH 7.4, 20 mM 
glucose, 0.05 ,ug/ml ampicillin and 
1 pCi ["Clproline. 
0-0 : ["C]Hydroxyproline 
a- - -m: Total 14C 
Solid symbols: molar pulps, mean 
f S.D. of 4 parallel determina- 
tions. Open symbols: incisor pulps, 
mean of 2 parallel determinations. 
Fig. 1 a: oxytetracycline. 
Fig. 1 b: demetylchlortetracycline. 
*The difference from control 
value significant at level p < 0.05 
**p < 0.01 

at a concentration of 0.1 mM prevented 
the inhibitory action of tetracyclines on 
collagen synthesis (Table I). 

Efect of tetracyclines on the hydroxylation 
of protocollagen by protocollagen proline 
hydroxylase from rabbit p u k  
Oxytetracycline and demethylchlortetra- 
cycline inhibited the iron-dependent 
hydroxylation of protocollagen. The in- 
hibition was concentration-dependent and 
of the same order of magnitude with both 
tetracyclines (Table 11). 

Effect of administration of tetracyclines on 
collagen synthesis and protocollagen proline 
hydroxylase activity in rat incisor puks  
Injection of 60 mg/kg/day of demethyl- 
chlortetracycline for 5 days to rats in- 
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Table I. Effect of oxytetracycline and demetylchlortetracycline on the incorporation of [14C]proline 
and the synlhesis of [14C]hydroxyproline in rabbit molar pulp in vitro 

Sample 
Fe'' conc. ["CIHypro 14C total activity 

m M  dpm/pg Hypro 0,; of control dpm/mg protein % of control 

Control - 1232 I00 310 500 100 
Oxy T C  1 0 ~ ~  - 660 54 219 OOO 71 
Demetylchlor T C  10-4M - 552 45 207 600 67 

Control 0.1 715 100 293 800 100 
Oxy T C  10-4M 0.1 688 89 252 900 86 
Demetylchlor T C  10-4M 0.1 640 83 283 000 96 

~~ ~~ ~~ 

Each sample contained 2 molar pulps which were incubated for 6 hours a t  37 C with 1 pCi ["CI- 
proline. Values are averages from 3 parallel determinations. 

Table I I. Effect of oxytetracycline and demetylchlortetracycline on the hydroxylation of ["C]proline 
labelled protocollagen by protocollagen proline hydroxylase from rabbit dental pulp at different 

concentrations of ferrous iron 

Sample 

~~ 

Feti conc. [''ClHypro formed 
m M  dpm/mg protein % of control 

Experiment I 
Control 

Demetylchlor T C  10-4M 
Oxy T C  1 o-' M 

Control 

Demetylchlor T C  IO-'M 
Oxy TC 1 0-' M 

Experiment 11' 
Control 

Demetylchlor T C  lO-'M 
Oxy T C  1 0-0 M 

0.1 
0.1 
0. I 

0.0 I 
0.01 
0.01 

0.001 
0.001 
0.00 I 

6,900 
4,700 
4, I00 

4 790 
230 
I10 

6 310 
2 690 
2 920 

100 
68 
60 

100 
5 
2 

100 
42 
46 

Aliquots of the 15 000 x g supernatant from molar pulps were incubated for 60 min a t  37 C with 
["Cl- proline-labelled protocollagen. The values are averages from 2 parallel determinations. 
*Because of variations in the substrate activity of the various protocollagen preparations, the values 
for ["C]hydroxyproline synthesis are comparable only within the same experiment. 

hibited significantly the in vitro synthesis treated with demethylchlortetracycline 
of collagen in pulps (Table 111). The total (Table IV). The administration of oxy- 
incorporation of [14C]proline was not tetracycline did not affect collagen syn- 
inhibited in the same samples (Table 111). thesis or protocollagen proline hydroxy- 
Protocollagen proline hydroxylase activity lase activity in rat pulps (Tables 111 
of pulps was decreased significantly in rats and IV). 
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Table 111. Effect of administration of oxytetra- 
cycline or demetylchlortetracycline on the capacity 
of rut incisor pulps to synthesize collagen in vitro 

[14C]Hypro 14C total activity 
Group dpm/pg Hypro dpm/mg protein 

x S.D.') x S.D. 
- 

Control 1245 351 512000 45 200 
Oxy T C  1277 494 607000 121 800 
Demetyl- 
chlor T C  846 1242) 591 000 100000 

Rats were injected with tetracyclines 60 mg/kg 
for 5 days. Each sample contained 4 incisor 
pulps. Incubation conditions same as in Table 1 .  
l) Values from 5 parallel determinations. 
z, The difference from control value significant 
at levcl p < 0.05. 

Table IV. Effect of administration of oxyterra- 
cycline or demetylchlortetracycline on proto- 
collagen proline hydroxylase activity in rat 

incisor pulps 

Enzyme activity') 
Group i2) S.D. 
Control 10350 1409 
Oxy T C  8 640 720 
Demetylchlor T C  5 200 1 9503) 

~ ~~~ ~ 

Rats were injected with tetracyclines 60 mg/kg 
for 5 days. 
l) Enzyme activity is expressed as radioactivity 
(disintegrations/min) of  [l'C]hydroxyproline 
synthesized in an aliquot of  50000 disintegra- 
tions/min [14C]proline-labelled protocollagen 
substrate per mg protein of the 15  000 x g super- 
natant of  the pulp homogenate. 
z, Values from 4 parallel determinations. 
:) The difference from control value significant 
at level p < 0.05. 

DISCUSSION 

One of the unique features in the bio- 
synthesis of collagen is the hydroxylation 
of proline residues in a polypeptide pre- 
cursor of collagen, called protocollagen 
(Grunt & Prockop, 1972). The intra- 
cellular synthesis of hydroxyproline is 

required for the formation and stabiliza- 
tion of the typical triple-helical conforma- 
tion of collagen in which the molecule is 
secreted as a transport form from the cell 
(Uitto & Prockop, 1974). The hydroxyla- 
tion of proline is catalyzed by the enzyme 
protocollagen proline hydroxylase in the 
presence of ferrous iron, a-ketoglutarate, 
molecular oxygen and ascorbate (Hutron 
e f  al., 1967). Since iron plays an important 
role in the synthesis of collagen (Prockop, 
1971) iron chelating agents exert a specific 
effect on collagen synthesis which is 
more apt to be inhibited than the synthesis 
of other proteins by these agents (Chvapil 
et al., 1967). 

In the present experiments tetracyclines 
exerted an inhibitory effect on the 
hydroxylation of [14C]proline by pulpal 
protocollagen proline hydroxylase. The 
inhibition was related to the concentration 
of ferrous iron in the incubation solution. 
It thus seems that tetracyclines may 
suppress collagen biosynthesis through 
chelation of ferrous iron, an important 
cofactor of protocollagen proline hydroxy- 
lase. This hypothesis is supported by the 
in vivo experiments. Demethylchlortetra- 
cycline injected to rats inhibited formation 
of collagen hydroxyproline and diminished 
the activity of protocollagen proline 
hydroxylase in incisor pulps. The in- 
hibitory concentration for collagen syn- 
thesis in vitro was found to be M, 
which corresponds to the serum con- 
centration in adult humans given thera- 
peutic doses of tetracycline. In the pulp 
of the developing teeth of premature 
children the concentration during te- 
tracycline therapy is likely to be large 
enough to depress the formation of 
dentinal organic matrix. The inhibition of 
collagen synthesis in the pulp at  pharma- 
cological concentrations seems to be 
specific since total protein synthesis was 
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not inhibited by tetracyclines until at 
concentrations over lo-* M. At these 
concentrations the inhibition of protein 
synthesis is shown to parallel the inhibition 
of DNA synthesis (Benner er al., 1967). No 
clear differences were found in the extent 
to which oxytetracycline and demethyl- 
chlortetracycline affected collagen syn- 
thesis in the pulp in vitro. In vivo. how- 
ever, only deniethylchlortetracycline in- 
hibited collagen synthesis and proto- 
collagen proline hydroxylase activity. 
Thus, the stronger deleterious side effects 
exerted by demethylchlortetracycline may, 
at least partly, be explained by the pharma- 
cokinetic properties of different tetra- 
cyclines. 

Some compounds of tetracyclines are 
designed to the topical treatment of the 
dental pulp. According to the present 
results tetracyclines exert a direct suppres- 
sive effect on the collagen synthesis in the 
pulp. Since the mineralization in calcifying 
tissues that follows the formation of the 
organic matrix is even more apt to be 
inhibited by tetracyclines (Kaitilu, 1971) 
the formation of reparative dentine by the 
injured pulp may be suppressed in the 
tooth under tetracycline medication. 

The results presented here are in 
accordance with those of Halme et al. 
(1969) obtained from studies with cultured 
bones and they point to the conclusion 
that mineralization disturbances exerted 
by tetracyclines in developing bone and 
teeth may be partly due to an interaction 
of these antibiotics with ferrous iron and 
to the subsequent inhibition of the con- 
version of proline into collagen hydroxy- 
proline of the organic matrix. 
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