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the fraction containing the particles when pre- 
pared from BCG cells was not always immu- 
nogenically active. The sediment containing 
the particles appeared grey in color, and the 
immunogenic activity was reduced by sonic 
vibration and by washing with sucrose buffer. 
4. A chemical analysis of the particles from 
both H37Ra and BCG showed that they con- 
tain large amounts of lipid and no DNA. 
The significance of these findings is discussed. 
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The search for metabolic effects of Yit. D 
which might throw light on its mechanism of 
action both in promoting bone salt deposition 
and in regulating serum calcium levels has led 
to studies of changes in concentrations of cit- 
rate in plasma, urine, and tissue associated 
with deficiency of Vit. D and its correction. 
Serum citrate levels are reduced in Vit. D de- 
ficient infants and are increased by Vit. D ad- 
ministration as is also urinary excretion of 
citrate( 1). If large doses of Vit. D are given 
to rachitic children serum citrate levels are 
increased above normal range and hyper- 
citricemia is seen as a manifestation of ex- 
cessive Vit. D dosage both in patients(2) and 
experimental animals ( 3 ) .  Administration of 
Vit. D to Vit. D deficient rats increases the 
concentration of citrate in serum and in cer- 
tain tissues such as kidney, bone and intestine 
although not liver (4) .  According to Carlsson 

*This work was supported by grant from the 
N.I.H., P.H.S. 

and Hollunger(5) there is a slight initial de- 
crease of citrate in serum of the Vit. D de- 
ficient rat during the first few hours post Vit. 
D and then a progressive increase which can 
be detected by 24 hours following Vit. D. The 
rise of serum citrate after Vit. D administra- 
tion to some extent parallels the evidences of 
the antirachitic effect of Vit. D such as in- 
crease in serum calcium and phosphorus con- 
centration and bone salt deposition. On the 
other hand feeding of calcium salts to Vit. D 
deficient rats given low calcium diets rapidly 
increases concentration of calcium but con- 
centration of citrate in serum does not show 
a parallel rise(5). More recently DeLuca, 
Gran and Steenbock(6) have found that cit- 
rate is utilized more rapidly by rat kidney 
homogenates prepared from Vit. D deficient 
rats than from animals given Vit. D and they 
suggest that Vit. D retards conversion of 
citrate to u keto glutarate, thus leading to 
intracellular citrate accumulation. The asso- 
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TABLE I. Effect of Cortisol on Concentrations of Phosphorus, Calcium and Citrate in Serum, 
and Calcium and Citrate in Bone of Rachitic Rats. 

~~~~~~ 

Serum Bone 
Phosphorus Calcium Citrate Calcium Citrate Citrate/Calcium 

Group -mg/100 cc-, ----mg/g \ 

Cortisol .8 k .10 9.7 f. .17 1.7 2 .14 126 -1- 3.16 3.53 k .16 28.0 

Rachitic 2.6 -1- .18 10.1 k .16 2.8 2 .18 109 4.68 3.38 2 .20 30.8 
group (10) (8) (12) (11) (11) 

controls (9) (11) (14) (10) (10) 

Values are means and stand. error of the mean. Concentrations of citrate and calcium in 
bone are expressed as mg/g of dry fat-free bone. I n  final column the conc. of citrate in bone is 
also expressed as mg/g of calcium. Figures in parentheses indicate No. of animals on which the 
particular determination was made. 

ciation of the effect of Vit. D on citrate levels 
in body fluids with its antirachitic properties 
has induced speculation that the citrate effect 
may be the primary effect of Vit. D and that 
complexing of calcium by citrate is of im- 
portance in the calcifying mechanism and in 
regulation of calcium concentrations of extra- 
cellular fluid. 

Citrate levels in serum are reduced by cor- 
tisone and other steroids with similar biologi- 
cal properties such as cortisol and A1 cortisol. 
The mechanism of this effect is unknown but 
it was thought possible to utilize this reaction 
to determine first whether the Vit. D effect 
on citrate was suppressed by adrenocortical 
steroids and second whether the antirachitic 
potency of \Tit. D was influenced by interfer- 
ence with the citrate effect. 

Procedure. Three-week-old male rats of the 
Sprague-Dawley strain were placed upon a 
synthetic high calcium, low phosphorus ra- 
chitogenic diet previously described ( 7 ) .  Fol- 
lowing 2 to 3 weeks on this ration when skele- 
tal changes are pronounced, one group of rats 
was continued without change, while another 
group was given this same diet to which cor- 
tisol was added in concentration of 30 mg/100 
g diet. The steroid treated rats continued to 
eat amounts of diet comparable to the rachitic 
controls but failed to gain weight. After 10 
days animals of both groups were given 100 
units of Vit. D and continued on the respec- 
tive diets while other animals were maintained 
on the two diets without Vit. D, as controls. 
Six to 8 days after Vit. D administration, the 
rats were anesthetized with sodium pentobar- 
bital by intraperitoneal injection and blood 
obtained by puncture of the abdominal aorta. 

One tibia was taken for chemical analysis and 
the other for histological section. Determina- 
tions of calcium, phosphorus and citric acid 
were made on serum and on bone. Bone was 
dried to constant weight a t  105" and defatted 
by extraction with ethyl ether. It was then 
dissolved in 8% trichloracetic acid and all 
analyses were made on trichloracetic acid fil- 
trate. Calcium was determined in serum by 
a micro method( 8) and in bone by the Clark 
and Collip method(9). Phosphorus was de- 
termined by the method of Fiske and Subba- 
row(l0) and citrate by the method of Natel- 
son, Pincus and Lugovoy (1 1). Tibia for his- 
tological section was fixed in 10% formalin, 
then embedded in celloidin and sections of the 
proximal third cut without decalcification. 
Sections were stained with silver nitrate fol- 
lowed by hematoxylin and eosin to reveal the 
pattern of calcification. 

Results. Concentrations of calcium, phos- 
phorus and citrate in serum and bones of Vit. 
D deficient rats on the rachitogenic diet with 
and without cortisol are shown in Table I. 
The low serum citrate levels characteristic of 
Vit. D deficient rats are further reduced by 
steroid feeding. Serum calcium concentra- 
tions are not altered by steroid feeding but 
serum phosphorus values are markedly re- 
duced-so low in some animals as to be 
hardly measurable. Analyses of bone show 
an actual increase in calcium content of bone 
of the cortisol treated rats in comparison with 
control rachitic animals. This is of interest 
in light of the histological findings in bone 
discussed below. Citrate concentrations in 
bone of treated rats are somewhat higher than 
in controls when values are expressed in terms 
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TABLE 11. Effect of Cortisol on Concciitratioiis of Phosphorus, Calciuiii aiid Citratc in Seruni, 
and Calcium and Citr:it.e in IZoiic of Rachitic Rats  Gireri Vit. 11. 

~~ ~ _____ ~~ 

Seruni Bone 
Pliospliorus c'itlciuiil ('it ril tc' C:t lci 11111 Ci tra te  Ci trate/Calci uin 

mg/g --------111g/100 ('C-, 7---- \ 

11 .ti 
lo.(; 
1 1.3 

3 3  12.1 
4..j 11.1 
4..5 

3.ti 2 .13 1 1  .3 2 .l:3 
( i )  

Clo11t1'ol 

Control 6.1 2 .82 1l.t; 2 2 4  

I Cortisol 
g 1'0 11 1) 

Group 1 ((i) 

Group 2 (4) ( 4 )  

141 
105 
193 
143 
1 3 i  
132 

1:;u * 4.15 
( i )  

I i 7  A 7.9 
( 4 )  

3.83 
2.46 
2.85 
3.53 
3.76 
3.54 

6.09 & .35 
(8) 

8.19 * .44 
(4) 

27.2 
28.7 
24.7 
25.0 
27.5 
26.8 
46.8 

46.2 

Talucs iii iiitliriilunl rats of Cortisol fvtl, rit.  1) tro;itcd groiip are  compared with mean values 
of control vit. L) tre:ctccl group (coiitrol gro111) I ) : i ird  also with nieaii values of a group of rats 
mliich was gircii vi t. D l)ropliylactically iii clos:tgcb of 100 uiiits/wk while 011 the rachitogenic 
diet. (coiitrol group 9 ) .  Tlw da ta  :ire cspwswl in the same units as in Table I. 

of dried fat-free bone but are reduced below 
controls when expressed as mg/g of bone cal- 
cium. This latter concentration is probably 
the more significant since it indicates concen- 
tration of citrate in the crystals of bone salt. 
Table IT compares similar determinations in 
Vit. D treated rachitic rats with and without 
cortisol feedings. For comparison findings 
in rats given Vit. D prophylactically are 
also shown (Control Group 2 ) .  The 
obvious finding is the marked reduction 
of serum citrate concentration in the cor- 
tisol group. The \.'it. D treated controls show 
the expected increase of citrate values both 
in serum and bone. In cortisol fed animals 
serum citrate levels are actually lower than in 
D deficient rats despite \'it. D treatment. .4n 
increase in concentration of calcium and phos- 
phorus in serum due to \-it. 1) occurs, how- 
ever, despite suppression of the citrate effect 
although serum phosphorus values of cortisol 
fed rats remain somewhat lower than in con- 
trols. Concentrations of calcium in bone are 
the same in cortisol fed and control \'it. D 
treated rats. Concentrations of citrate in 
tibias of control animals are, however, much 
higher than in those of the cortisol treated 
group. Administration of \'it. D to control 
rats resulted in an increase of bone citrate 
parallel to the increase of serum citrate levels 
whereas cortisol administration suppressed 
this Vit. D effect both on serum citrate and 
bone citrate concentrations. Suppression of 

the citrate effect did not inhibit healing of the 
rickets, however, as indicated by histological 
changes in bone. 

Typical sections of proximal tibias of rats 
of various groups are shown in Fig. 1-3. Tibia 
of cortisol fed, Vit. D deficient rat shows a 
retardation of cartilage growth which is in ac- 
cord with suppression of weight gain. The 
overall architecture, however, is that of severe 
advanced rickets, viz : accumulation of prolif- 
erative cartilage, degenerative changes in this 
cartilage, and on the shaft side irregular in- 

FIG. 1. Scctioii of tibia of control rat fed  rachit- 
ogmic clicbt. 1 1 1  this mid subsequent Figures the 
cqbi1)liysis is itt the top aiid the metaphyseal bone 
a t  1)ottoiii of pliotoiiiicrograph. Magnifications a re  
the same in  all Figures ( X  17). This section 
shows the extremely broad zone of uncalcified pro- 
lif erative cartilage and  accompanying degencra- 

tive changes. 
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FIG. 2. Sections of tibias of rats given cortisol supplement without vit D. Inhibition of car- 
tilage growth is shown by narrowing of proliferative cartilage. There is also a zone of calcifica- 

tion in the cartilage which borders on the shaft. 

vasion of cartilage by vascular elements which 
sprout into it from the shaft at scattered 
points with tongues of cartilage in between. 
The trabeculae also bear witness to severity 
of the rickets by heavy encasements of oste- 
oid. The most conspicuous difference from 
the severe rickets of control rats is that in 
tibia of cortisol fed rats the cartilage mass, 
which borders on the shaft, is heavily calci- 
fied. Calcification extends into the horizontal 
partitions of matrix separating cells from each 
other so that many individual cells are sur- 
rounded by calcium phosphate precipitate, I t  

is of interest that cartilage cells in the calci- 
fied zone are intact with well preserved nuclei 
since in normal sequence the cartilage cell dies 
as the surrounding matrix becomes calcified 
under influence of invading capillary osteo- 
blast complex. There is, further, little evi- 
dence of invasion by the capillary osteoblast 
complex into the calcified zone preliminary to 
its transformation into bone. In the shaft 
osteoid encasements of trabeculae are thick. 
Slight depositions of calcium phosphate may 
have occurred here and there in the osteoid. 
I t  is difficult to estimate osteoblastic activity 

FIG. 3. Sections of tibias of rats given cortisol supplenient and treated with vit  D. Calcification 
of cartilage occurred in  2 zones, one jus t  above the metaphyseal bone and another more distal a t  
usual site of calcification in  healing rickets. A t  some points the 2 zones have coalesced. These 
sections show both the growth inhibitory effects of cortisol and the antirachitic effect of vit D. 
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in these preparations but i t  appears that the 
osteoblastic coverings of the trabeculae are 
scantily developed and few osteoclasts are 
seen so that both formative and destructive 
aspects of cellular activity have been inhibited. 

Tibias of cortisol fed rats treated with Vit. 
D show a characteristic zone of calcification 
high up in the proliferative cartilage, in the 
zone where healing normally occurs whether 
induced by Vit. D, citrate feeding or starva- 
tion. In all but one animal a fragmentary 
zone of calcification at  the level seen in 
the cortisol fed Vit. D deficient rats can 
also be distinguished. The separate exis- 
tence of this zone is obliterated in places 
where the zone of calcification resulting 
from 17t. D treatment has become broad 
enough to coalesce with cortisol induced cal- 
cification. In the one rat failing to show two 
separate zones of calcification the probable 
reason is that coalescence is complete. In the 
shaft the osteoid is calcifying as shown by 
diminished width of osteoid borders and de- 
posits of streaks and sheets of precipitate in 
its substance. Capillary and cellular activity 
also appear to have been somewhat stimulated 
and there are signs of capillary invasion in the 
metaphysis. rows of osteoblasts are more 
prominent, and osteoclasts are also easily 
found. Some osteoblasts and osteoclasts are 
strikingly large. Administration of \5t. D to 
cortisol fed rachitic rats appears to have vis- 
ibly increased cellular activity both of forma- 
tive elements and destructive elements of 
bone. 

Feeding of cortisol in doses 
which inhibit growth reduces the concentra- 
tion of citrate in serum and bones of Vit. D 
deficient rats and suppresses the enhancing 
effect of Vit. D on serum and bone citrate. 
Despite prevention of the citrate effect of Vit. 
D, cortisol does not block the antirachitic ac- 
tion of physiologic doses of Vit. D as mea- 
sured both by rise of serum calcium and phos- 
phorus concentrations and by calcification of 
rachitic cartilage. An antivitamin D action 
of cortisone has been suggested because of its 
effect in lowering the elevated serum calcium 
levels of patients with sarcoidosis and hyper- 
vitaminosis D ( 12 ). The present studies in- 
dicate a dissociation between antirachitic 

Discussion. 

property of Vit. D and its effect upon citrate 
concentrations in body fluids and demonstrate 
that changes in serum and bone citrate levels 
are not a necessary concomitant of the healing 
of rickets. Citrate accumulation in bone may 
simply represent citrate uptake by bone crys- 
tals in contact with extracellular citrate and 
in cortisol Vit. D treated rats bone crystal 
deposition occurs in the presence of low extra- 
cellular citrate concentrations. The source of 
the extracellular citrate increment which 
usually follows Vit. D administration remains 
unanswered. Increased content of citrate in 
kidney and intestine of Vit. D treated rats(4) 
and decreased utilization of citrate by kidney 
homogenates of these rats(6) suggest that in- 
creased extracellular citrate reflects intracel- 
lular accumulation of citrate. It is clear, 
however, that increased citrate concentrations 
in serum and bone are not prerequisites for 
acceleration of the calcification mechanism by 
\-it. D. 

The marked hypophosphatemia of the cor- 
tisol fed Vit. D deficient rat cannot be 
ascribed to an effect of cortisoI upon renal 
excretion of phosphate since on low phosphate 
diet the urine is free of phosphate both in 
controls and cortisol fed animals. The de- 
pletion of extracellular phosphate must result 
from diminished intestinal absorption of phos- 
phate or increased tissue uptake. It is un- 
likely that soft tissue uptake of phosphate is 
increased in view of inhibition of growth re- 
sulting from cortisol. There is evidence, how- 
ever, that bone uptake of 'phosphorus is 
greater in cortisol treated rats than in con- 
trols. Calcification in rachitic cartilage in 
these rats, despite extremely low levels of se- 
rum phosphorus suggests that inhibition of 
cartilage growth by cortisol is associated with 
some change in cartilage matrix which results 
in local precipitation of bone salt despite de- 
pletion of extracellular phosphate. Cellular 
processes of bone destruction and resorption 
of bone salt may also be inhibited by cortisol. 
Tibias of steroid treated rats are heavier in 
proportion to body weight and have a higher 
concentration of calcium and phosphorus 
than those of control rats. If total phosphorus 
in a single tibia is adjusted to body weight, 
the average tibia1 phosphorus/100 g of body 
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weight is 9.3 mg in Vit. D deficient cortisol 
fed rat in comparison with 5.9 mg in com- 
parable control rats. Following Vit. D ad- 
ministration this value is 12.9 mg in cortisol 
fed rats and 8.1 mg in controls. Suppression 
of body weight increment by cortisol is thus 
not accompanied by proportionate decrease of 
bone salt mass. Histological sections indicate 
that cartilage cell proliferation is inhibited by 
cortisol, and also that osteoblasts and osteo- 
clasts are less prominent. The cellular ac- 
tivity of bone tissue seems to have been 
checked so that resorption as well as forma- 
tion of bone is depressed. In bones of Vit. D 
treated rats not only has calcification of pro- 
liferative cartilage and osteoid been initiated 
but also the inhibitory effect of cortisol on 
bone cell activity appears to have been over- 
come. 

Summary. Correlation of the effect of Vit. 
D in augmenting concentrations of citrate in 
plasma and bone with its antirachitic action 
has been studied. Rats were made rachitic 
by feeding a Vit. D deficient diet which was 
also low in available phosphorus. Addition 
of cortisol to the diet of such rats reduced 
concentration of citrate in serum and also 
blocked the effect of Vit. D in increasing se- 
rum and bone citrate levels. Antirachitic ac- 
tion of Vit. D as measured by rise of serum 
phosphorus concentrations and by histological 
evidences of calcification of rachitic cartilage 
and osteoid was not suppressed by cortisol. 

The antirachitic action of Vit. D and its effect 
upon citrate metabolism can, therefore, be 
separated. The tibias of Vit. D deficient cor- 
tisol fed rats show evidences of increased cal- 
cification in comparison with rachitic controls 
which might in part be due to inhibition of 
bone resorption as well as retardation of car- 
tilage growth by cortisol. This increased cal- 
cification in cortisol fed rats is associated with 
extreme depletion of extracellular phosphate. 
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Evidence has been presented that chronic 
thyroiditis in humans may be the result of an 
autoimmunization process in which an in- 
dividual produces antibodies against tissue 
components of his own thyroid. Thus, Rose 
and Witebsky have shown that thyroiditis 
similar to that in humans can be produced in 

dogs and rabbits by injecting the animal with 
a thyroid extract, either of other thyroids of 
the same species or even a portion of the in- 
dividual’s own thyroid ( 1,2). Roitt, Doniach, 
Campbell and Hudson have reported, more- 
over, that the serum of patients with Hashi- 
moto’s disease contains materials capable of 


