Acta odont. scand. 1972 30: 555—573

Keywords: From:

Dental caries The Institute of Dentistry,
Enzymes University of Turku,
Hydrolases Finland

Oxidoreductases

Transferases

ENZYMES IN CARIOUS HUMAN DENTINE
A HISTOCHEMICAL AND BIOCHEMICAL STUDY

MARKKU LARMAS

Human carious dentine was excavated in situ or obtained from extracted teeth and sound
dentine samples were prepared from extracted teeth. The dentine samples were cut in a ery-
ostat for histochemical studies or crushed in a mortar for biochemical analyzes. Hydrolysis of
numerous naphtol derivates was histochemically detected in dental plaque and in the tubules
of carious dentine, indicating the occurrence of the following hydrolases in the structures:
arylaminopeptidases (EC 3.4.1.1.—3.4.1.3.), nonspecific esterases (EC 3.1.1.), alkaline phos-
phatase (EC 3.1.3.1.), acid phosphatase (3.1.3.2.), ATPase (3.6.1.3.), phosphoamidase (EC
3.9.1.1.), a-glucosidase (EC 3.2.1.20.), f-glucosidase (EC 3.2.1.21)), fgalactosidase (EC
3.2.1.23.), B-glucuronidase (EC 3.2.1.31.), and arylsulphatase (EC 3.1.6.1.). Aryliminopeptidase
(EC 3.4.1.4.) was observed only in dental plaque. Chitobiase activity (EC 3.2.1.29.) was not
demonstrable in any structures. None of these enzyme activities was histochemically demon-
strable in sound human dentine, whereas acid and alkaline phosphatase and a-glucosidase
activities were additionally observed in the predentine. Histochemical studies further revealed
the occurrence of the following oxidoreductases in dental plaque and in the tubules of carious
dentine: lactate dehydrogenase (EC 1.1.1.27.), glucose 6-phosphate dehydrogenase (EC
1.1.1.49.), succinate dehydrogenase (EC 1.3.99.1.), glutamate dehydrogenase (EC 1.4.1.2.),
glutathione reductase {EC 1.6.4.2.), and lipoamide reductase (EC 1.6.4.3.). Cystine reductase
(EC 1.6.4.1.), alanine (EC 2.6.1.2.) and aspartate aminotransferases (EC 2.6.1.1.) were bio-
chemically demonstrated in carious human dentine. These observations were thought to map
a part of the metabolism catalyzed by enzymes in dentine during the propagation of caries.

The morphological features of dentine have been extensively studied both
in normal and pathological conditions. These studies are important for
understanding the structural changes occurring in the tissue during caries.
However, little information is available on the normal metabolism of dentine
or catabolism leading to destruction of the tissue, i.e. the initiation and
propagation of, for example, dentine caries.

The importance of enzymes as catalysts of molecular interactions in cells
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and tissues in general i= readily recognized, but until recently no information
was available on enzymes occurring in carious dentine,

The present study was planned to map a part of the enzyme spectram of
normal and carious dentine. Certain enzyme activities™ were considered as
markers of various metabolic pathways in order to shed light on the anabolismn
and catabolism of the tissue. Tissue destruction is a primary characteristic
of dentine caries and thus enzymes demonstrable only in carious dentine
were thought to indicate mainly the primary or secondary catabolic metabo-
lism, whereas enzymes demonstrable only in mature sound dentine and pre-
dentine were thought to be mainly anabolic in nature. Enzyme-chemical
studies (connected with the more frequent analyses of the changes in the
substrate) were thought to serve as a basis on which to build a better under-
standing of the processes involved in health and disease.

The present study covers a series of investigations on the occurrence and
behaviour of certain enzymes in normal and carious human dentine, and

was carried out in order to:

1) {ind out if certain enzyme activities are demonstrable in normal or carious
dentine by present enzyme assay methods;

2} determine if the hydrolysis of peptide bonds of the organic stroma of
the dentine cun oceur enzymatically, and if so, the localization and charac-
terization of the enzymes involved;

3) demonstrate the eventual occurrence of esterases, phosphatases, phospho-
amidases, pyrophosphatases, sulphatases, and glycosidases in carions dentine;
4) determine the eventual enzymic aminotransferase reactions in sound
and carious dentine;

5) ascertain if hydrogen transfer reactions occur in carious dentine, and
especially to determine if LDH occurs in the lesion;

6) determine if it is possible to distinguish between normal turnover meta-
bolisrn and catabolism of the dentine during caries by estimating certain

enzyme aclivities.

The final aim of the present study was to map the metabolism of carious
dentine. It was hoped that this might reveal the key processes leading to the

* The classification and nomenclature of enzymes recommended by the international Com-
mission on Enzymes (EC., Florkin & Stotz, 1965) is followed in this treatise, although it is
realized that by the methods used the enzymes were not thoroughly characterized and thus
one particular enzyme may in fact be a group of enzymes or even a quite different enzyme
with a wide substrate specificity. For the simplification of the presentation in this treatise,
for example, »alkaline phosphatase-like enzymes» or more correctly »the enzymatic hvdrolyvsis
of a phosphate monoester at an alkaline pH value» will be merely termed salkaline phosphatasen.
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destruction of dentine so that in the future these may be controlled clinically
by chemical means.

MATERIAL AND METHODS

MATERIAL

For the biochemical studies carious dentine was excavated either (1) from
freshly exiracted permanent and deciduous teeth or (2) from living persons.
Care was taken to avoid pulp perforation during this procedure. The dentine
fragments were ground at +4°C in a porcelain mortar and all the samples
were weighed (fresh) and the enzymes extracted as described in detail else-
where (V). For the histochemical studies the material was either (1) excavated
in situ or (2) carious and sound dentine samples were cut with a highspeed
drill under a continuous jet of cold water. In both cases the samples were
cut in a cryostat as described in detail elsewhere (V).

The possible liberation of the enzymes during the drilling of the samples
under the continuous jet of cold water was additionally controlled as follows:

This study is based on the following papers which are referred to in the text as 1, II, I1I etc.

1 Larmas, M., K. K. Mdékinen and A. Scheinin, 1968: Histochemical studies on the
arylaminopeptidase activity in human carious dentine. Acta odont. scand. 26: 127—126.

1T Larmas, M. and K. K. Mdkinen, 1972: Histochemical demonstration of enzymes
hydrolyzing N-L-arginyl- and N-L-prolyl-2.naphthylamine in human carious dentine.
Caries Res. 6. 60.—65.

11 Mdkinen, K. K., M. A. Larmas and A. Scheinin, 1969: Activity of arylaminopeptidases,
phosphatases, and L-cystine cleaving enzymes in normal and carious human dentine.
Caries Res. 3:134—148.

1V Larmas, M. and K. K. Mdakinen, 1971 : The ability of various microorganisms to produce
histochemically determinable enzyme activity in human dentine. Acta odont. scand.
29: 471--486.

V Larmas, M., 1972: A chromatographic and histochemical study of nonspecific esterases
in human carious dentine. Arch. oral Biol. 17:1121—1132. '

VI Larmas, M., 1968: Histochemical studies on phosphatase and arylsulphatase activity in
human carious dentine. Acta odont. scand. 26: 357—367.

VII Larmas, M., 1972: Histochemical studies on enzymes acting on glycosyl compounds,
phosphoryl-containing anhydrides, and phosphoamides in human carious dentine.
Acta odont, scand. 30:201-—218.

VIl Larmas, M., 1972: Alanine and aspartate aminotransferases in sound and carious human
dentine. Arch. oral Biol. 17:1121—1132.

1X Larmas, M., 1972: Histochemical demonstration of various dehydrogenases in human
carious dentine. Arch. oral Biol. 17:1143—1153.
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the jet of cold waler was directed onto the carious lesion without drilling for
1 min., and the water collected (18 ml.). The hydrolysis of N-L leucyl-2-
naphthylamine was biochemically estimated both from the water and from
the carious dentine after homogenization and it was observed that less than
5 9% of the enzymes hydrolyzing this substrate was extracted from the sam-
ples during drilling of the tissue for histochemical purposes.

For histochemical studies 254 carious teeth were used, for experimental
procedures sound coronal dentine was obtained from 48 intact teeth and
for the biochemical analyses 29.56 ¢ (fresh weight) of carious dentine and
61.43 ¢ (fresh weight} of sound coronal dentine were used. The complete
material consisted of carious dentine from several thousand permanent teeth
and sound dentine from several hundred teeth, extracted mainly for ortho-

dontic reasons.

METHODS
Morphological methods

The frozen unfixed samples were cut in a cryostat and the localization of
enzymes was detected using varlous histochemical assay methods. The
sections were ulso stained with haematoxylin and eosin for reference and by
the Gram method to deteet and localize the microorganisms. The sections
were also studied under a polarizing microscope to detect the demineralized
structures.

The carious dentine was classified as active or arrested according to
Miller and Massler (1962). The classification of various zones in carious
dentine was as described elsewhere (VII).

For the histochewical estimation of hydrolytic enzymes the azo-coupling
principle (Menten, Junge & Green, 1944) was selected as the main methaod,
because: (1) it is simple to use, (2) it is highly sensitive, (3) there was no
need for electron density because only light microscopic studies were in-
volved, and (4) the tissue it=zelf did not contain naphthol derivates and thus
no intrinsic factor interfered markedly with the coupling reagent. The metal
sult procedures (Gomori, 19395 Takamatsu, 1939), for example, seemed 1o
be less suitable because the tissue itself evidently contained free phosphate
groups (possibly of the polyphosphate type, Ebel, 1952) which also reacted
nonenzymatically with the trapping agent (VI1). The dehydrogenases were
assayved according to the tetrazolium procedure (Kuhn & Jerchel, 1941)
in which the reduction of the tetrazolium yields a coloured formazan pre-
cipitate. The particular modification of the methods described above uzed

in assaving individual enzymes is given in detail in papers [ to 1X.
ying ) £ I
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Many factors must be considered when analyzing the results of reactions
on tissue sections (Pearse, 1960; Barka & Anderson, 1963; Lillie, 1965;
Chayen et al., 1969). In order to test some of the variables which may cause
false results the following parameters were controlled: (1) the substrate,
coenzyme, diazonium and tetrazolium salt concentrations, (2) incubation
time, (3) pH of the medium, (4) the effect of the diazonium and/or tetrazolium
salts without the substrate, and (5) the avidity of the end products to certain
sites of the tissue, as described in detail elsewhere (11, IX). Additionally,
tests to determine the diffusion of enzymes hydrolyzing N-L alanyl-2-naphthyl-
amine and /NV-L leucyl-2-naphthylamine were made. Inactivated sections (hea-
ting 100°C for 30 min) were incubated at 4+4°C in buffer solution in contact
with active sections, and thereafter both sections were incubated separately
as in the normal arylaminopeptidase assay (I, II). It was observed that no
diffusion of enzymes was histochemically demonstrable, whereas the bio-
chemical enzyme assay (11I) from the buffer solution revealed that about
20 9, of the enzymes were soluble. The diffusion of the end product of the
arylaminopeptidase assay was controlled as follows: inactivated sections were
incubated in contact with active sections as in the normal arylaminopeptidase
assay (I, 1) and both sections were examined separately. It was observed
that a weak colour reaction occurred in inactivated sections in this case,
this activity localizing in the tubules of carious but not of normal dentine,
indicating that the end product diffundated slightly from the site of formation.

Biochemical methods
Enzyme assay methods

The azo-coupling technique (Goldberg & Rutenburg, 1958) was selected
when possible to estimate the activity of hydrolytic enzymes because of the
possibility of referring histochemical results to biochemical. The amino-
transferase activity was assayed using 2,4-dinitro phenylhydrazine (Reitman
& Frankel, 1957) or an azo dye (6-denzamido-4-methoxy-m-toluidine dia-
zonium chloride, Babson et al., 1962) as the colour developer.

Determination of protein, amino acid, sodium, and keto acid concentrations

The Folin-Ciocalteu method was selected for the determination of protein
concentration (Layne, 1963) because of its high sensitivity. Bovine serum
albumine (Sigma Chemical Company, St. Louis) was used as a standard.
The amino acids were analyzed with an amino acid analyzer (I1I), sodium by
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atomic adsorption spectraphotometry (II), and keto acids colorimetrically
(Friedemann & Haugen, 1943).

Chromatographic methods

Molecular exclusion chromatography was conducted on Sephadex colmmns,
and jon-exchange chromatography on DEAE-cellulose columms. Gas-liquid

cromatographic analyses were conducted on a gas chromatograph (V).

Experimental methods

In order to determine the possible extrinsic sources of certain hvdrolytic
enzymes an experimental study was undertaken. Pieces of coronal dentine
from extracted sound human teeth were sterilized and the possible enzyme
activities in the tissue thus destroved. These pieces of sound dentine were
incubated for 28—68 days at +-37°C in various culture media which were
infected by one species or strain of microorganism at a time. The infected
dentine pleces were transferred daily to fresh media. After the pieces were
sufficiently s=oftened, cryostat sections were made and enzyme activities

demonstrated histochemically in the dentine (1V).

RESULTS AND DISCUSSION

HIYDROLASES IN CARIOUS DENTINE
a-Amino-acyl-peptide hydrolases (EC 3.4.1)

Ubieastructural studies ndicate that the changes in dentine which is affecied by caries
seem to be a demineralization process which is followed by dissolution of organic material
(Johansen, 1963, 1905 Johnson, Taylor & Bergman, 1969). The mechanism of protein hydro-
lysis in dentine is not known. Because no information on proteolytic enzyvmes in carious
dentine was available, a group of peptide hydrolases (arylamino and arvlaminopeptidases) was

selected as @ marker of possible enzymatic protein hydrolysis,

Results

Diseribution of arvlaminopeptidases in dentine (I, II). Histochemically it
was possible to demonstrate the hydrolysis of N-Lldeueyl, V-I.methionyl,
N-Lealanyl and N-L-arginvl-2-naphthyvlamine in human carious dentine but
not in normal dentine. No hydrolvsis of N-T-azpartic acid and N-L-lvsine-2-
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napthylamine could be observed. Hydrolysis of all the substrates was observed
in the dental plaque layer and in the superficial infected parts of the dentine.
The enzyme activity occurred as narrow stripes along the dentinal tubules,
and in some cases a more noticeable hydrolysis could be observed in deeper
parts of carious dentine than in superficial layers. Even on the borderline
between the histologically normal and carious dentine the hydrolysis of
N-L-leucyl, N-L-alanyl and N-L-arginyl-2-naphthylamine could be observed,
but in normal mature dentine and predentine no hydrolysis was ever observed
by histochemical methods.

Biochemical properties of arylaminopeptidases in dentine (III). The most
rapidly hydrolyzed aminoacyl 2-naphthylamines were those of L-arginine,
L-lysine, L-alanine, L-ornithine, and L-leucine by crude enzyme preparations
both from carious and sound dentine. Hydrolysis rates calculated per mg
protein in the samples were at least ten times higher in carious than in sound
dentine. The pH optimum of the hydrolysis was 7.0 and the enzymes were
inactive close to about pH 5.0. Various divalent metal cations such as Zn**
and Fe** ions inhibited totally, and Mn®**, Ca®* and Co®* ions inhibited
strongly the hydrolysis of N-L-alanyl- and N-L-arginyl-2-naphthylamines.
Other experiments did not reveal the importance of imidazole as a nucleophile

in the action of any of the enzymes, nor did they reveal the participation of
an active serine residue.

Discussion

Peptidyl hydrolases have not been fully characterized owing to their overlap-
ping specificities and thus in this treatise a less specific trivial nomenclature
arylamino- or arylaminopeptidases was selected as suggested by Mdkinen
(1969). Histochemically arylaminopeptidases have been observed in odonto-
blasts in experimental animals during odontogenesis (Burstone, 1960;
Korhonen & Nddtcdnen, 1963) and by biochemical methods it was possible
to demonstrate weak arylaminopeptidase activity also in sound dentine (I1I).
These findings do not exclude the possibility that enzymes in carious dentine
in mature teeth might be of endogenous origin. However, a primary exoge-
nous origin seemed to be more probable because: (1) a negative arylamino-
peptidase reaction in the odontoblasts of experimental animals has also
been reported (Quintarelli, 1961; Yoshiki, 1962; Hammarstrom, Toverud
& Hanker, 1971), (2) enzyme activity calculated per mg protein was at least
ten times higher in carious than in sound dentine, (3) no histochemically
demonstrable enzyme activity was observed in sound dentine, (4) caries-like
lesions produced in vitro revealed that oral candida and lactobacilli were the
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most potent producers of arylaminopeptidases, the distribution of enzyme
activity being similar to that in natural carious lesions (IV).

These enzymes were thought to play a role in the enzymatic hydrolysis of
peptide linkages of dentine matrix proteins and thus, for example, they may
be related to the preinflammatory peptide formation as suggested by Hopsu

et al. (1966), and Raekallio and Mdikinen (1967).

Carboxylic ester hydrolases (EC 3.1.1)

Two degenerative processes have been reported to occur in dentinal tubules preceding the
decalcification of the caries process: a calcification and a fatty degeneration resulting in the
formation of sclerotic dentine (Berggren, 1965). Willner (1936) reported a special layer of
fatty degeneration under the formation of the zone of dentinal sclerosis, but Wilson (1940)
and Miller (1969) did not find fatty degeneration at all. Because of the possible enzymalic
fatty degeneration occurring under and in the carious lesion carboxylic acid esterases were
studied.

Results (V)

The distribution of the hydrolysis of Lnaphthyl acetate was the same as
described for N-L-leucyl-2-napthylamine, and thus no hydrolysis conld be
observed histochemically in normal dentine (including sclerotic dentine}.
By biochemical methods, practically no enzyme activity was obtained from
sound dentine. The water extractable fraction of carious dentine revealed
the highest enzyme activity towards 1- and 2-naphthyl acetate, l-naphthyl
valerate, and l-naphthyl propionate. Fractionation by DEAE-ccllulose
revealed two enzymes with esterolytic activity. The pH optimum of both
enzymes was 7.4, Hg? ', L-cysteine, and dithiothreitol (9.34 % 10*M) inhibited
totally the hydrolysis of I-naphthyl acetate.

Discussion

Knowledge on esterases in biological material is not so complete and the
nomenclature varies from one author to another so much that in this treatise
all the enzymes with carboxylic esterase activity found in dentine are termed
nonspecific esterases. The origin of nonspecific esterases in carious dentine
might be endogenous because esterase activity has been described in odonto-
blasts at least during odontogenesis (Yoshioka et al., 1960a, Quintarelli,
1961, Yoshiki, 1962). On the other hand, Burstone (1957, 1960) and Burstone
and Keyes (1957) observed no activity in the odontoblasts of experimental

animals and the present findings that practically no activity was found in
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sound dentine would indicate that these enzymes in carious dentine are of
exogenous origin.

The natural substrates in dental tissues for these types of enzymes were
thought to be the membrane lipids and glycolipids of the odontoblast
processes.

Phosphoric monoester hydrolases (EC 3.1.3.)

Many kinds of biologically important phosphate esters occur in mineralized dentine struc-
tures. In order to obtain information on the possible enzymatic phosphate ester hydrolysis,
acid and alkaline phosphatase-like enzyme activities were selected as marker enzymes of the
metabolism involved.

Results (III, VI)

The hydrolysis of 1-naphthyl phosphate at acidic pH values was observed to
occur in the same areas as N-L-leucyl-2-naphthylamine. Additionally, hydro-
lysis was observed in the predentine. No hydrolysis of l-naphthyl phosphate
was observed at alkaline pH values in decalcified zones of carious dentine,
whereas the predentine layer revealed marked hydrolysis. In the case,
however, when the carious process had reached the predentine, marked
alkaline phosphatase activity was found to be spreading from the exposure
area into the layer of decalcification in dentinal tubules. The rate of hydrolysis
of l-naphthyl phosphate by crude enzyme preparation from carious dentine
was higher at pH 9.2 than at pH 7.0. Mg®* ions did not cause a higher rate
of the hydrolysis of l-naphthylphosphate.

Discussion

Though some overlap of alkaline and acid phosphatase can occur, the presence
and characteristics of each can be distinguished. However, in this treatise
these enzymes are dealt with together because they catalyze the hydrolysis of
the same bond. An activation by Mg®* ions is a general characteristic of
alkaline phosphatases, and thus the enzyme(s) hydrolyzing l-naphthylphos-
phate on the alkaline side were not true »alkaline phosphatases». On the
other hand, more recent studies (Mdkinen, 1970) revealed that 1 mM
MgCl, slightly activated most of the catalysis of various phosphates by crude
enzyme preparations from carious dentine, indicating the possible presence
of an alkaline phosphatase in the tissue. Thus the phosphatase spectrum of
dentine seems to be wide and specific nomenclature especially concerning
phosphatases in carious deutine cannot be obtained.
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Lt scems probable that phosphoric monoester hydrolases in carious dentine
originate both from the bacterial plaque and from the odontoblasts. The
intrinsic origin is supported by the facts that (1) alkaline phosphatase activity
was demonstrable in odontoblasts during odontogenesis (Nuki & Bonting,
1961; Burstone, 1960, Zerosi & Baratieri, 19545 Symons, 1962; Yoshiki &
Kurahashi, 1971), (2) acid phosphatase activity has also been reported in
odontoblasts (Quintarelli, 1961; Yoshiki, 1962) and in predentine (Burstone,
1960; Yoshiki, 1962), (3) hydrolysis of l-naphthyl phosphate was observed
in the predentine of mature human tooth and in the case when carious
process reached the pulp, intense hydrolysis was observed to be spreading
from the site of exposure (VI). On the other hand, an exogenous origin also
seems to be possible, although the microbiological experimental study did
not reveal histochemically demonstrable enzyme activity in artificial caries
of dentine (1V). It may be due to technical difficulties as, for example, the
enzymes might he so soluble that they are histochemically undemonstrable.
Although negative phosphatase reactions have been reported in odonto-
blasts (Sasso & Castro, 1957; Ten Cate, 1962) this may be due to different
assay methods (metal salt procedures contra azo dye technique, Ten Cate,
1962) and inter species variations, and thus these enzymes seem to be both
intrinsic and extrinsic.

The significance of phosphoric monoester hydrolases in dentine was
thought to be connected with (1) catalysis of the destruction processes of
phosphate esters in dentine during caries and (2) catalysis of the response
mechanisms of the tissue against carles (mineralization and sealing off the
affected dentinal tubules, synthetic phenomena in the formation of secondary
dentine proteins etc.).

Phosphoamidases (£C 3.9.1.1.) and pyrophosphatases (EC 3.6.1.)

The phosphoamide bond in creatine or arginine may store energy, as does the pyrophosphate
bond in adenosine triphosphate. In order to obtain information on enzymes hydrolyzing these
bonds, which hydrolysis is important in energy utilizing processes in carious dentine, phos-
phoamidase and A'T'Pase activity was studied.

Results (V1)

Hydrolysis of naphthyl AS-BI phosphodiamide was distributed in the carious
lesion as described earlier for arylaminopeptidases, i.e. occurring as distinet
stripes along the dentinal tubules in infected and sterile zones of decalcifica-
tion in carious dentine. No enzyme activity could be observed in sound dentine
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nor in predentine. When p-chloroanilido phosphoric acid was used as sub-
strate no differences between actual and control sections could be observed.
By the lead method possible enzymatic hydrolysis of ATP could be observed
in infected zoues of carious lesion, whereas sterile layers, sound dentine and
predentine revealed a very marked non-enzymatic precipitation of lead, and
thus no differences between actual and control sections could be observed.

Discussion

By the histochemical methods some evidence of the hydrolysis of ATP and
phosphodiamide in carious dentine could be demonstrated and thus the
histochemical findings were in agreement with the biochemical (Mdkinen,
1970; Larmas, 1972). However, the presence of true ATPase and phospho-
amidase in the dentine has not yet been established. The intrinsic source of
these enzyme in carious dentine is supported by the observation that at least
during the dentinogenesis ATPase activity has been reported in odontoblasts
and in the subodontoblast layer (Pourtois, 1962, a, b; Heyden & From, 1969a).
Recent quantitative biochemical observations, however, revealed considerably
higher enzyme activity in carious than in sound dentine (Mdékinen, 1970; Lar-
mas, 1972) and thus these enzymes were thought to be produced by microor-
ganisms. Paunio, Mdkinen and Scheinin (1968) and Mikinen and Paunio
(1969) reported that certain commercial preparations of proteolytic enzymes
were able to liberate phosphate from enamel powder. Kreitzman et al.
(1969) also reported that enzymes probably with phosphoprotein phosphatase
activity catalyze the rapid demineralization of tooth enamel. This liberation
of phosphorus was at least partly due to the presence of ammonium sulphate
in the commercial enzyme preparation (Mdkinen & Paunio, 1970; Paunio &
Meiikinen, 1971). Because the phosphoamidase may be identical to phospho-
protein phosphatase (Florkin & Stotz, 1965) and certain proteolytic enzymes
can also cleave phosphoamide bonds (Holter & Li, 1950), the possibility
that the hydrolysis of phosphoamide bonds may play a role in the degradation
of dentine structures cannot be excluded. The natural substrate might be the
phosphoprotein of dentine matrix (Veis & Perry, 1967).

Glycosidases (EC 3.2.1.) and arylsulphatase (EC 3.1.6.1.)

Complex polysaccharides, glycoproteins, and glycolipids comprise an important part of
cellular membranes. The enzymatic hydrolysis of these glycosaminoglycans seems to be of
central importance in cell injury, and thus hydrolytic enzymes acting on these compounds
may also play an important role in dentine catabolism.

5
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Results (VII)

By hiztochemical methods it was possible to demonstrate the hydrolyvsis of
a- and f-glucosidase, f-glucuronidase, f-galactosidase and arylsulphatase
substrates 111 the same areas as arylaminopeptidases. Additionally, the hydro-
lysis of B-glucuronidase and a-glucosidase substrates could be observed in the
predentine layer. No hydrolysis of chitobiase substrate could be observed
in anv zone of carious dentine, nor any of the substrates in normal <ound
dentine. The hydrolysis of 6-bromo-2-naphthyl--D-glucuronide and 6-bronio-
Zmapthyl-a-D-glucoside by enzyme preparations obtained by DEAE-cellulose

chromatography from human carious dentine was observed to occur. (V).

Discusston

On the basis of their distribution, glucosidases and arylsulphatases in carious
dentine were thought to originate from microorganisms in the tissue. An
experimental microbiological study also revealed that many oral microor-
ganisms were able to produce arylsulphatase activity. Oral candida, lacto-
bacilli and streptococei produced abundantly histochemically demonstrable
activity in dentine (I1V). However, possible intrinsic sources of glycosidases
cannot be excluded because enzyme activity has been reported in odonto-
blasts at least during odontogenesis { Yoshioka et al., 1960b; Quintarelli.
1961; Yoshiki, 1962) and also in mature predentine (VII).

The possible functions of these enzymes were thought to be connected with
the catabolism of acid mucopolysaccharides in dentine. Histochemically the
loss of acid mucopolysaccharides in human carious dettine has been de-
moustrated (Toto, 1966; Takuma et al., 1967), and thus the enzymatic
hydrolysis of these compounds can partly cause the propagation of dentine

carles.

TRANSFERASES IN CARIOUS DENTINE
Aminotransferases (1€ 2.6.1.)

The pyridoxal dependent transamination reaction is intimaltely associated with amino acid
metabolism both in its anabolic and catabolic phases. In some lactic acid bacteria such reactions
provide the only available route for synthesis of many of the amino acids (Broquist & Snell,
1949; Holden et al., 1951). The participation of transamination in the reversible formation
of alanine, aspartic and glutamic acids from the corresponding keto acids provides an im-
portant link between carbohydrate and protein metabolism. The aminotransferase reactions
were studied in dentine in order to obtain further information on the metabolism of the tissue.
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Results (VIII)

It was observed that aspartate aminotransferase activity was higher than
alanine aminotransferase activity both in sound and carious dentine. Both
enzyme activities calculated per weight of the sample were higher in carious
than in sound dentine. When the enzyme activities were calculated per mg
protein in the sample, those activities in sound dentine were higher than, or
equal to, those observed with carious dentine, indicating that only nonstruc-
tural proteins, such as many enzymes, were water-extractable from sound
dentine. By DEAE-cellulose chromatography one main enzyme peak repre-
senting aspartate aminotransferase activity was obtained from carious dentine.
The pH optimum was 7.4. This enzyme was stable for one hour at temperatures
from +35° to +50°C. The optimum temperature was -+37°C. Hg** ions
(2.0 mM), L(-+) cysteine (2.0 mM), and dithiothreitol (0.2 mM) inhibited

totally the enzymatic transamination of aspartate.

Discussion

The origin of these enzymes was thought to be both extrinsic and intrinsic.
Armstrong and Atkinson (1951) reported the occurrence of alanine and
aspartate aminotransferases in sound human dentine and thus the present
findings were in agreement with their observation. Possible microbial origin,
however, cannot be excluded.

These enzyme activities in carious dentine were connected: (1) with trans-
deamination processes leading to the degradation of excess structural amino
acids of dentine, resulting in the formation of corresponding keto acids and
ammonia, (2) with transreamination, which was thought to provide the only
available route for the synthesis of many amino acids in some lactic acid
bacteria in the infected carious dentine.

OXIDOREDUCTASES IN CARIOUS DENTINE

Lactate (EC 1.1.1.27), glucose 6-phosphate (EC 1.1.1.49.) and succinate
dehydrogenases (EC 1.3.99.1.)
These enzymes were selected as marker enzymes of possible lactic acid formation, pentose

shunt pathway, and citric acid cycle in order to obtain information on the carbohydrate
metabolism in dentine during caries.

Results (I1X)

By histochemical methods lactate, glucose 6-phosphate, and succinate
dehydrogenase activity was observed in the dental plaque layer and in the
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carious dentine, SDH additionally in the predentine. Normal dentine revealed
no enzyme activity. HgCl, (10-* M) inhibited totally all the enzymes mentioned,
p-chloromercuri benzoate (5x10-*M) and AgINO, (10-* M) additionally the
activity of LDH and G 6-PD and Nal’ (5<10* M) the activity of SDH.
No activity of LDII could be observed below pH 5.5.

Discussion

Because no enzyme activity was normally demonstrable in sound dentine,
the microbial origin of these enzymes in carious dentine scemed to be most
probable. However, it also scems to be highly probable that these enzymes
at least partly originate from the ccll organelles in dentine becanse: (1)
they are demonstrable in odontoblasts during odontogenesis (Nuki & Bon-
ting, 1961; Balogh, 1962, 1963; Fullmer, 1963; Fullmer & Martin, 1964;
Heyden & From, 1969b; Schwarz & Yaeger, 1961; Pourtois, 1962b), (2)
the predentine below a carious lesion also revealed enzyme activity (IX),
{3) LDH was observed by histochemical methods (Godt & Lehmann, 19714,
b.) and by biochemical assay (Bosia et al., 1970) also in sound bovine dentine.

These observations were thought to indicate that aerobic and anaerobic
ghveolysis and pentose shunt pathway would be possible in carious dentine
metabolism. Recent gas-liguid chromatographic analyses, however, revealed
that lactate was the only metabolite which gave a peak of those citric acid
eyele metabolites studied (Rosenquist & Larmas, 1973). This observation
was thought to indicate, for example, that demonstration of an enzvime in a
metabolic pathway does not necessarily mean that the pathway is active
nnless changes in the subsirate are also detected. Many microorganisms in
carious dentine may behave both aerobically and anacrobically, but in the
carious tissue they seem to behave mainly anaerobically.

Glutamate dehydrogenase (EC 1.4.1.2.

This enzyme has a key role in cellular metabolism because it also links the amino acid
wetabolism to the citrie acid cycle, and this enzyme activity is closely linked with transaminase
activity in damaged cells (Bitensky, 1967). This dehydrogenase activity has been found to be
a very sensitive indicator of cellular damage (Kirkby, 1965) The enzyme activity was studied

in order to obtain information on amino acid metabolism in carious dentine.

Resules (IX)

The distribution of this enzyme was similar to that described for SDII.

A very marked activity was observed in the liquefaction foci of the carious
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dentine. The enzyme activity was totally inhibited by Ag™, Hg"*, and p-chlo-
romercuri benzoate ions (all 107 M).

Discussion

The enzyme activity was thought to be linked with the transaminases to
the amino acid metabolism of carious dentine and this would then partly
explain the noncorrelated results between arylaminopeptidase activity and
amino acid analyses in carious dentine (III). The activity in the predentine
was thought to be linked with the damage of the odontoblasts during the
carious process.

Cystine (EC 1.6.4.1), glutathione (EC 1.6.4.2)), and lipoamide reductase
(EC 1.6.4.3)

Enzymes acting on reduced forms of the coenzymes act in the cells as a part of the hydrogen
transport chain linking the reduced coenzyme with O, They are comparatively unspecific
in regard to the other reactant. Because this type of tissue enzyme system is also essential
for histochemical demonstration of dehydrogenase activity, these enzymes were studied.

Results (111, IX)

By histochemical methods it was observed that reduced forms of NAD and
NADP were enzymatically oxidized (1) in the dental plaque layer, (2) in
carious dentine and (3) in the predentine layer, but not in the sound dentine.
By biochemical methods it was also observed that pyridoxal 5-phosphate
dependent keto acid formation occurred.

Discussion

Based on the results mentioned above it seems probable that human carious
dentine contains enzymes capable of oxidating the reduced NAD or NADP,
making possible the histochemical tetrazolium procedure for dehydrogenases.
Biochemical studies also supported the observation of Mdkinen (1968) that
human carious dentine contains an enzyme, disulphide reductase, known to
convert L-cystine to L-cysteine. Further, these studies gave evidence of the
existence of desulfhydrase enzymes in carious dentine, which convert L-cys-
teine to pyruvic acid, ammonia and hydrogen sulphide.
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