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ABSTRACT

The skeletal response to ascorbic acid deficiency in guinea pigs was

studied. A reduction in skeletal deposition of both radicactive caleium and phospho-
rus was consistently observed following 14 days of vitamin C deprivation; and the

lability of deposited bone salts was increased in the deficient animals.

Subsequent

calculations showed a highly significant inverse relationship between these parameters.
Development of each was dependent on the time of deficiency. The close relationship
between deposition and bone salt release leads to the suggestion that the type and
amount of matrix formed was altered by the ascorbic acid deficiency. It is suggested
that ascorbate deprivation, similar to that of some other deficiencies, may impede the
transition of amorphic bone salts to the crystalline form.

The requirement of ascorbic acid for
bone tissue formation has been well-estab-
lished (1). It appears to influence collagen
formation (2) and is also involved in skel-
etal alkaline phosphatase activity (1).
More recent efforts have been directed
toward the elucidation of the mode of ac-
tion involved. Evidence had been obtained
which indicated that ascorbic acid was in-
volved in the hydroxylation of proline dur-
ing the formation of collagen (3). In this
light, it has been suggested that ascorbate
acts as a hydrogen donor in the hydroxyla-
tion reaction (4).

The possibility that vitamin C may in-
fluence skeletal calcification, independent
of the matrix effect, has also been con-
gidered (5). Bourne (6) observed that
bone tissue regeneration was dependent on
ascorbic acid, and others (7) have noted
that skeletal ®P deposition was signifi-
cantly decreased in scorbutic animals. In
the latter case bone was the only tissue of
several tested so influenced. Thus, while
it is clear that vitamin C is required for
bone formation, the means by which it in-
fluences this processes remains to be
shown.

The amount of bone tissue present at
any one time is cobviously dependent on a
relative balance between bone formation
and destructive activities. Another factor
which also seems important to bone tissue
maintenance is the stability of those crys-
tals which have been formed. In the cur-
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rent study, bone salt deposition and stabil-
ity were measured in an effort to deter-
mine skeletal response to ascorbic acid
deficiency.

METHODS

Male guinea pigs weighing 300 to 400 g
were used for the first 2 studies. Before the
experiments the animals were fed a com-
mercial guinea pig ration * and were given
a scorbutogenic diet * or the same diet sup-
plemented with crystalline ascorbic acid
(400 mg/kg) during the experiment. Both
feed and water were supplied free-choice
during the preliminary and experimental
periods. A 15-day feeding period was fol-
lowed in each experiment.

For the first study, 12 deficient and 12
control animals were divided equally and
given either *CaCl: (10 uCi/100 g body
weight) or Hs"PO: (5 uCi/100 g) after 14
days of dietary treatment. The isotopic
materials were suspended in physiological
saline solution and administered intraperi-
toneally. After 24 hours the animals were
killed; the tibiae were immediately re-
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moved, cleaned, and placed in iced phys-
iological saline solution. When cooled, the
proximal cancellous region was separated
from the compact, blotted with paper
towels to remove marrow and apparent
moisture, weighed, and placed in 3.0 ml
of cool incubation medium (8) which had
been adjusted to a pH 7.4 before introduc-
tion of the sample. All tissue was incu-
bated for 1 hour in the Dubnoff metabolic
shaker at 37°, using air as the gas phase
in an attempt to assess the bone salt sta-
bility. Following the 1-hour incubation the
radioactivity of the medium and the bone
tissue was determined and the values were
used to calculate the percentage of isotope
released during this period. Chemical de-
terminations of similar bone tissue not in-
cubated include citric acid (9) and alka-
line phosphatase (10).

A similar procedure was used in the sec-
ond study with the following exceptions.
Radioactive phosphorus (10 pCi/100 g
body weight) was given either 12 hours or
6 days before killing (the animals were
killed after 15 days of dietary treat
ment). This was done in an attempt to
study the influence of the vitamin C defi-
ciency on stability of bone salts which had
been deposited for some time (6-day group)
as well as those recently deposited (12
hours). In addition, studies were con-
ducted on inactivated bone tissue. Inac-
tivation was effected by submerging sam-
ples in boiling water for 5 minutes before
incubation. Food consumption and body
weight changes were carefully recorded
for all animals used in these experiments.

Next, we wished to determine the
amount of time required to cause changes
in bone salt deposition and lability when
an ascorbate-deficient diet was fed. Thirty
young, male guinea pigs were equally di-
vided and given commercial rabbit ration *
or this feed supplemented with ascorbic
acid as in the first 2 studies. This diet was
chosen for the present work because the
animals consumed it more readily. Previ-
ous studies had illustrated that it had
scorbutogenic properties comparable to the
diet used in the first-described investiga-
tions, and it supported an excellent growth
rate in guinea pigs when supplemented
with ascorbic acid (400 mg/kg). At 4, 9,
and 14 days following initiation of dietary

389

treatment, 5 animals from each group were
given H:**PO, (15 uCi/100 g body weight).
After 24 hours the animals were killed and
observations similar to those of the first 2
studies were made.

Concentration of the skeletal isotopes
was determined in the following manner.
Bone tissue was ashed overnight at 600°.
The resulting ash was taken up with 1 N
HCl and a small portion of the liquid sam-
ple plated on a stainless steel planchet at
infinite thickness, Distribution of the
plated sample was enhanced with ethanol.
Radioactivity of the medium was measured
to determine the degree of skeletal release
of isotope during incubation. Media sam-
ples were treated in a manner similar to
that for the hone ash samples. Both bone
ash and media were counted with a gas-
flow detector (Nuclear-Chicago) with ap-
propriate calculations (physical decay,
etc.) used.

RESULTS

The reduction of bone alkaline phos-
phate activity in animals given the scorbu-
togenic diet (table 1) was expected. A
number of workers have noted that this
change is associated with scurvy, as re-
viewed by Bourne (1). However, this as-

TABLE 1

Metabolic changes effected by v‘itami'n C
deficiency in the guinea pig 1

Assessment Control Scorbutic
Skeletal alkaline ?
phosphatase activity 23,1025 8.7+0.154
Bone citric acid conen,
ug/100 mg 609=*31 60534
Food intake § 100 115
Body wt change, %° +3 —6

1 Each value represents a mean of 24 animals used

in the first 2 experiments. i
2 Refers to the micromoles of p-nitrophenyl phos-

phate split/hour by extract from 100 mg of bone.
3 Mean =+ SE of mean. i
4 Differénce between means of scorbutic and control

nimals is significant (P < 0.01). .
2 SIx?take/ur%iI% of body weight; scorbutic value rela-

tive to control. .
8 Change in body weight compared to weight when

the experiment was started.

4Purina Rabbit Chow, Ralston Purina Company.
This diet contained the following ingredients of un-
known gquantities: alfalfa meal, grqund_ yellow corn,
dehydrated alfalfa meal, wheat middlings, soybean
oil meal, cane molasgses, vitamin and mineral supple-
ments; no ascorbic acid was added.
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sessment was considered an important
addition to this experiment because it pro-
vided supporting evidence of the scorbutic
condition even though the deficient diet
was fed only 15 days. Bone citric acid
concentration did not appear to be influ-
enced by the ascorbic acid deprivation
which suggested that no influence on bone
resorptive function had occurred.

It was evident that quantitative skeletal
deposition of both isotopes was inhibited
in the deficient animals (tables 2, 3, and
4y which substantiates the results of Fri-
berg and Ringertz (7). Evidence has also
been presented suggesting that the rate of
skeletal calcium deposition is impeded by
this deficiency (11). Skeletal deposition of
the isotopes appeared to be inversely re-
lated to the length of time of the deficiency
(table 4). A calculation of the correlation

TABLE 2
Influence of ascorbic acid deficiency on skeletal

THORNTON

coefficient between time of deficiency and
skeletal deposition (12) (table 4) showed
a highly significant value (r = — 0.900).

Lability, which was estimated by meas-
uring the release of the isotope from the
bone to the medium during incubation, was
consistently and significantly greater for
bone tissue from deficient animals (tables
9, 3 and 4). This was true for both iso-
topes (table 2), for isotopes deposited for
some time or only recently (table 3), in
both live and deactivated tissue (table 3),
and was influenced by the amount of time
the animals were fed the scorbutogenic
diet (table 4). In the latter case (table 4)

TABLE 3
Additional evidence concerning sheletal
deposition and release of radioactive
minerals (6 animals/group)

Asgsessment Control Scorbutic

Isotope administered 6 days before killing

mineral deposition and release in the Skeletal 32P conen ! 59.0+=1022% 24.8%273
guinea pig (12 animals/group) Skeletal 32P released 4 0.17+=0.03 0.42+0.063
Skeletal 32P released ¥  0.05+=0.01 0.13x=0.04°

Agsessment Control Scorbutic
Isotope administered 12 hours before killing

Skeletal 45Ca ! activity 2 21.7+1.42 11.8+0.91* Skeletal ¥2P conen ! 61.5+10.8 18.1£2.03
Skeletal 5Ca released s 0.25+0.03 0.57+0.10*  gkeletal 32P released* 0.55x=0.04  1.85=0.233
Skeletal 32P ® activity 15,5+0.7 9.4+0.64 Skeletal 32P released 5 0.21£0.04  0.54#0.14°¢

Skeletal 32P released 0.62=0.02 1.53*0.16%

1 Administered intraperitoneally as 45CaCls (10 uCi/
100 g body wt).

2 Counts/minute X 103 per mg of bone ash.

3 Mean + st of mean.

4 Differences between means of scorbutic and con-
trol animals is significant (P < 0.01).

5 Percentage of total skeletal isotope content re-
leased during incubation.

6 Administered intraperitoneally as Hz 32P04 (5 nCi/
100 g body wt).

1 Counts/minute ¥ 103/mg of ash. Isotope admin-
jstered intraperitoneally as Hj32PO4 (10 uCi/100 g
body wt).

2 Mean -+ sE of mean.

3 Differcnce between means of scorbutic and control
animals is significant (P < 0.01).

4 Percentage of isotope released from bone to me-
dium by live bone tissue/hour.

5 Percentage of isotope released from bome to me-
dinm by inactivated bone tissue/hour.

6P < 0.05

TABLE 4
Development of skeletal deficiency symptoms in the guinea pig

’é’ﬁftifyf Group Food Wt gain Skeletal 32P 2 2P released 3
treatment intake 1 (cumulative) eletal == release
g
5 Control 100.0 2934 8629 0.50+0.08
Scorbutogenic 123.4 25+3 9123 0.50*0.05
10 Control 100.0 439 908 0,62+ 0.03
Scorbutogenic 1002 39=12 61+105 0.74 %+0.10
15 Control 100.0 5945 86+5 0.64 +=0.03
Scorbutogenic 284 4817 4278 1.01=*+0.148

1 Scorbutogenic values relative to control. Each group (5, 10, and 15 days) was composed of 5 ani-

mz;lisafor eaaf_’h dietary treatment.
one 32P concentration in counts/minute x 103/mg ash. Isotope was administered intraperitone-

ally as Hj 32PO4 (15 4Ci/100 g body wt). / P ¥
. 8 Percentage of the total skeletal activity released from the bone to the medium during a 1-hour
ineubation period.

4 Mean + SE of mean.

5 Difference between means of scorbutic and control animals is significant (P < 0.01).
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the degree of lability was increased as dep-
osition decreased, which suggested that the
2 factors were inversely related. A calcu-
lation of the correlation coefficient (12)
between these factors showed a significant
association (r= — 0,785),

Food intake (tables 1 and 4) was meas-
ured in case inanition was an influential
factor. The results suggested that the
deficient group consumed considerably
more feed during the early stages of the
deprivation period (table 4) and was com-
parable to that of controls during the latter
vhase of the experiment. Despite the
greater intake of the scorbutogenic diet,
the animals failed to gain as much weight
as controls (tables 1 and 2); however, the
weight gain differences were not statis-
tically significant.

DISCUSSION

The expected bone lesions in scurvy are
generally considered to he a consequence
of an impaired function of the osteoblast.
This implies that the calcification proc-
esses remain unchanged in this deficiency
state; or, if changed, such alterations re-
sult from a malformed or insufficient
amount of matrix.

It was clear that skeletal deposition of
the injected isotopes was reduced in the
ascorbic acid-deficient animals (tables 2,
3, and 4). It does not seem logical to
attribute this result to an increased resorp-
tion rate because no change in bone citric
acid occurred (table 1). Neuman et al.
(13) demonstrated dirvectly that parathy-
roid hormone enhanced the production of
citric acid by bone; and Mecca et al. (14)
found that the addition of this hormone
extract to organ cultures stimulated the
output of citrate by hone tissue. Further,
the effect was evident and as extensive in
animals injected 12 hours before killing as
it was in those given the isotope 6 days
before (table 3). Finally, these results
agree with earlier observations (15) that
the osteoclast population did not increase
in scurvy although evidence of bone rare-
faction was evident.

It appears most probable that the re-
duced isotope deposition (tables 2, 3, and
4) in the vitamin C-deficient animals was
partially due to an impedance of osteo-
blastic activity. Direct results have been
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obtained showing that ascorbic acid is re-
quired for collagen formation (3) and
many others have provided indirect evi-
dence (1). Additionally, some of the ob-
servations and calculated relationships
which were made in this work suggest
other implications. The decreased stability
of the bone salts formed in the deficient
animals (tables 2, 3, and 4) appears to
be of consequence. Since isotope deposi-
tion and lability were inversely related and
time-dependent in development, it is pos-
sible that not only quantity but also matrix
quality was influenced by the deficiency.
Although no direct assessments were made
regarding the nature of the bone salts
deposited, certain inferences can be made
based on the results of others, Harper and
Posner (16) have shown quantitatively
that bone tissue contains amorphous cal-
cium phosphate as a second major min-
eral phase in addition to crystalline apatite.
Termine and Posner (17) found that
rickets was associated with a decrease in
the crystalline apatite fraction and a sub-
sequent increase in the amorphic phase.
Since deficiencies of vitamin D, calcium,
and phosphorus had a similar impact
(17), it follows that the response was
general.

Generally it is belived that amorphic
solids are more reactive chemically than
crystalline solids; thus, it appears that
amorphism would be associated with in-
creased lability. The in vitro results of this
study were consistently suggestive of in-
creased lability in vitamin C-deficient bone
tissue (tables 2, 3, and 4). Perhaps this
particular deficiency (ascorbic acid) is
gimilar to vitamin D, calcium, or phos-
phate deprivation (17) in that the metas-
tasis of bone salts from the amorphic to
crystalline phases is impeded by its ab-
sence.
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