Effect of Beryllium on In Vitro Calcification of Cartilage.
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“Beryllium rickets” (1-6) has generally been
ascribed to the marked hypophosphatemia
resulting from diminished absorption of phos-
phate from the gastro-intestinal tract due to
precipitation of beryllium phosphate in the
gut. There are indications, however, that
beryllium also adversely affects the so-called
local factor in calcifying cartilage(4). Thus
administration of vitamin D will restore the
serum inorganic phosphate to normal levels
but nevertheless appears to be incapable, even
in high dosage, of wholly preventing or cur-
ing the abnormality in endochondral calcifi-
cation(4,5). Moreover, Sobel(4,7) {found
that the cartilage of rats fed a beryllium-
containing diet would calcify only very im-
perfectly in vitro in solutions containing ade-
quate concentrations of calcium and inorganic
phosphate. This latter finding is of interest
in connection with recent evidence(8-12) that
beryllium in very low concentration markedly
inhibits alkaline phosphatases, being more
selective in this respect than cyanide(13-15),
formaldehyde(16) or any other chemical or
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physical agent yet employed. The aim of
the present study was to exploit this property
of beryllium for further investigation of the
role of enzymes, in particular alkaline phos-
phatase, in endochondral calcification,

Methods. Twenty-day-old rats were placed
on the Schneider-Steenbock rachitogenic diet
R-14 for 7-10 days to produce moderately
advanced rickets and then sacrificed. For
our preliminary studies of Be inhibition of
cartilage alkaline phosphatase activity, the
epiphyseal cartilage of the tibiae and femora
of 2 rats was dissected out for each experi-
ment, ground with sand in 10 ml 0.04 M ver-
onal buffer, pH 9.8, and the homogenate
then centrifuged. The phosphatase activity
of the samples was then standardized by dilut-
ing the slightly turbid supernatant with ver-
onal buffer (usually 3-5 ml supernatant diluted
to 10 ml) to give enzyme activity sufficient
to split off 10-20 y P as inorganic phosphate
by a 0.2 ml sample after one-half hour incu-
bation with 1% sodium B-glycerophosphate.
In experiments to determine percent inhibi-
tion by various molarities of berylium, 0.8
ml beryllium sulfate in concentrations pre-
pared to give the indicated final molarities
was added to tubes containing 0.2 ml stan-
dardized cartilage extract and 1.0 ml B-gly-
cerophosphate-veronal buffer-substrate solu-
tion. The mixture was incubated for 30
minutes at 37°C. (Control tubes were sim-
ilarly prepared but without added beryllium).
After cooling in an ice-bath, 2 ml 10% tri-
chloroacetic acid was added and inorganic
P determined by the Fiske and Subbarow
method adapted ‘to photoelectric colorimetry.
Time-activity experiments were carried out
in the same way except for varying the time
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Percent inhibition of cartilage alkaline phospha-
tase activity by Be in various concentratioms.
(Buffer - substrate:  g-glyeerophosphate - veronal;
fiual pH 9.6; time 14 hr; temp. 37°C).
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Time-activity curves for inhibition of cartilage
alkaline phosphatase activity by Be in various
concentrations.  (Buffer-substrate: g-glycerophos-
plate-veronal, final pH 9.6; temp. 37°C).

of incubation from 5-60 minutes. The data
incorporated in Fig. 1 and 2 represent the
means of 8 and 3 sets of runs respectively.
For the in wvitro calcification experiments,
contiguous slices of the proximal ends of
moderately rachitic rat tibiae were used in
controlled sets of experiments conducted as
previously described(17). The basal salt
solution employed contained potassium chlor-
ide 30 meq., sodium chloride 700 meq., sodium
bicarbonate 220 meq. per liter, no added
magnesium. The calcifying solutions con-
tained in addition Ca (10 mg % as calcium
chloride) and P as inorganic phosphate (6
mg % ) or as phosphoric ester of the type
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and in the amount specified in the text.
Beryllium sulfate was added to the appropriate
calcifying tubes in amounts sufficient to give
the indicated final molarities. The pH of
the incubating solutions was adjusted to 7.4,
checking with a Cambridge glass electrode
pH meter. The slices were incubated 18-24
hours at 37°C, then stained with 3% silver
nitrate. The results reproduced in Fig. 3 are
representative of 5 uniform experiments of
each type illustrated.

Results.  Inhibition of cartilage alkaline
phosphatase activity by beryllium. As indi-
cated in Fig. 1, beryllium in concentrations
of 1.0 x 10°M or greater markedly inhibits
cartilage alkaline phosphatase activity, ap-
proximately 70% inhibition being noted at
the end of the half-hour incubation period.
In concentrations of 1.0 x 10-°M beryllium,
inhibition is sharply decreased, to a mean of
approximately 12% under the conditions of
the experiment, and at lower Be concentra-
tions inhibition is negligible. These results
with rat cartilage alkaline phosphatase are
in good agreement with those reported by
Klemperer ef al.(9) for the range of beryllium
concentrations effective in inhibiting hog kid-
ney alkaline phosphatase. The data are also
in general agreement with those reported by
Grier et al.(10) for the effects of various
molarities of Be on rat bone, sarcoma and
intestinal alkaline phosphatases, although
their figures suggest a more uniform slope in
Be concentration - phosphatase  inhibition
curves than indicated by the data of Klemper-
er et al.(9) and of the present authors.

Fig. 2 is a time-activity curve which again
emphasizes the critical difference in inhibition
of cartilage alkaline phosphatase activity be-
tween the ranges 1.0 x 10M and 1.0 x 10°M
Be. It is apparent from these curves that
enzyme inactivation occurs within the first
5 minutes of incubation, probably because of
replacement of Mg by Be, according to evi-
dence suggesting competition between these
2 ions(9,10).

Effect of beryllium on in vitro calcification
with phosphoric esters. In vitro calcification
experiments were carried out with S3-glycero-
phosphate as the sole source of phosphorus,
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Fig. 3.
Top row, from left to right: 1. Control slice incubated in basal salt solution (B.S.8.)

without Ca or P; notec wide zone of uncalcified eartilage. 2. Control slice incubated in
B.8.S. + Ca + g-glycerophosphate (10 mg % P); note good ecaleification. 3,4,5,6. Slices
incubated in B.8S.S. + Ca + g-glycerophosphate (10 mg % P) -+ Be 10-3, 10-4, 10-5, 10_—6,
respectively, Note complete inhibition of calcification in slices 3, 4, and 5, but definite
caleifieation with only partial inhibition in slice 6.

Bottom row, from left to vight: 1. Control slice incubated in B.8.S. without Ca. or P; note
wide zone of uncalcified cartilage. 2. Control slice incubated in B.S.8. + Ca - inorganie P
(6 mg %) ; note good caleification. 3,4,5,6. Slices incubated in B.8.8. + Ca iporga'mc P
(6 mg %) + Be 10-6, 10-5, 10+, 10-3, respectively. Note no inhibition of calcification in
slices 3, 4, and 5, but complete inhibition in slice 6.
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in concentrations equivalent to 10 mg % P,
in the absence of beryllium and in the presence
of 1073, 10, 10% and 10°M Be. Good calcifi-
cation ohtained with B-glycerophosphate was
completely inhibited in all dilutions of added
beryllium up to 10°M (Fig. 3). In the
presence of 1.0 x 10°M Be, definite calcifi-
cation was noted although some inhibition
was present (Fig. 3). Similar results were
obtained when sodium phenylphosphate, in
concentrations equivalent to 10 mg % P, and
creatine phosphate, in concentrations equiv-
alent to 20 mg % P, were present as the
sole source of phosphorus, Calcification was
inhibited completely, or virtually so, in all
dilutions of beryllium up to 10°M, in which
concentration inhibition was slight and definite

calcification was noted. I vitro calcification
experiments with g-glycerophosphate in higher
concentration, equivalent to 20 mg % P, re-
vealed that increasing the substrate tended
to decrease the inhibitory effect of beryllium;
there was no indication of inhibition by 10
or 10°M Be but there was definite inhibition
by 10* and complete blocking by 10*M Be.
That increasing concentrations of phosphoric
ester substrate decrease beryllium inhibition
of dephosphorylation by alkaline phosphatase
was noted by Klemperer(9) using various
concentrations of phenylphosphate.

Effect of beryllium on glycolysis of cartilage.
Manometric studies of glycolysis by rat cartil-
age homogenates in Ringer-bicarbonate solu-
tion indicated no inhibition by beryllium in
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concentrations of 1.0 x 103M. This finding
is consistent with the report by Klemperer
(2) that glycolysis by acetone liver or kidney
preparations is not inhibited by beryllium in
concentrations up to 107

Discussion. 'There is a striking correspon-
dence between the concentrations of beryllium
which markedly inhibit cartilage alkaline
phosphatase and those required to block i
vitro calcification of cartilage when phos-
phorus is supplied as gB-glvcerophosphate,
phenylphosphate or creatine phosphate. This
finding is consistent with Robison’s theory of
the role of alkaline phosphatase in making
the phosphorus of phosphoric esters available
for calcification of cartilage(18). On the
other hand, it is difficult to reconcile with the
Robison theory the failure of beryllium (ex-
cept in concentrations of 10%M) to inhibit
in vitro calcification of cartilage when phos-
phorus is supplied as inorganic phosphate.
There are other indications that the enzvme
mechanisms involved in in vitro calcification
of cartilage are not the same when the source
of phosphorus is B-glycerophosphate, phenyl-
phosphate or creatine phosphate as when
phosphorus is supplied as inorganic phosphate.
Thus, 10%M iodoacetate, 10#M fluoride and
10-* phlorizin, which do not inactivate alkaline
phosphatase, do not inhibit iz vitro calcifi-
cation of cartilage with B-glycerophosphate,
phenylphosphate or creatine phosphate(17,
19,20) but markedly inhibit calcification with
inorganic phosphate(17-19). These effects of
phlorizin, iodoacetate and fluoride. well known
inhibitors of glycogenolysis, form the basis
for the view(17,19.20) that phosphorvlative
glycogenolysis is an integral part of the com-
plex processes of calcification of cartilage in
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a medium containing phosphorus as inorganic
phosphate in physiological concentrations.
According to this concept the role of alkaline
phosphatase in the hypertrophic cartilage cell
does not at present appear to be essential for
calcification, at least as a dephosphorylating
enzyme, and remains obscure(20).

It will be noted that in witro calcification
of cartilage with inorganic phosphate was
completely inhibited by beryllium in concen-
trations of 103 (Fig. 3). In this concentra-
tion beryllium can no longer be regarded as
a highly selective inhibitor of alkaline phos-
phatase. We cannot, however, ascribe the ef-
fect on calcification with inorganic phosphate
to inhibition of the glycolytic system of en-
zymes in cartilage and the enzyme system
blocked by 103M Be remains to be identified.

In regard to the nature of “beryllium
rickets,” our iz vitro calcification experiments
bear out the contention of Sobel. Goldfarb
and Kramer(4) that beryllium interferes with
the function of the local factor. The nature
of this interference remains obscure but pre-
sumably some enzyme essential for calcifica-
tion is inhibited. Our studies suggest that
inhibition of cartilage alkaline phosphatase
will not satisfactorily account for the failure
of calcification under these circumstances.

Summary. 1. Berylllum in concentrations
of 1.0 x 10M or greater is a potent inhibi-
tor of the dephosphorylating activity of car-
tilage alkaline phosphatase. 2. In concen-
trations of 10%M or greater, beryllium com-
pletely blocked in vitro calcification of
cartilage when phosphorus was supplied as
B-glycerophosphate, phenylphosphate or cre-
atine phosphate. 3. When phosphorus was
supplied as inorganic phosphate (the condi-
tion apparently obtaining #» vive), concentra-
tions of beryllium sufficient to produce marked
inhibition of alkaline phosphatase failed to
interfere with in vitro calcification of cartilage.
4. The significance of these findings in rela-
tion to current theories of endochondral cal-
cification and “beryllium rickets” is discussed.
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