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INTRODUCTION

The literature dealing with the development of irradiated ergosterol
has been adequately reviewed in recent articles (1-13). Steenbock (14,
15) and Hess (16) in 1924 observed that certain foods, notably oils, milk,
and cereals, can be made to possess antirachitic properties by exposure to
ultraviolet light. It soon became evident that this acquired antirachitic
property was lodged in the sterol portion of these foods, and at first it was
thought that this sterol was cholesterol (17, 18, 19). By 1926 the inves-
tigations of Rosenheim and Webster (20) and of Hess and Windaus (21)
had demonstrated clearly that the antirachitic properties were taken on
not by cholesterol itself, but by an accompanying sterol, ergosterol. This
sterol had been isolated years before by Tanret (22), who differentiated it
from cholesterol and extracted it from ergot, yeast, mushrooms, and other
fungi.

In the last five years irradiated ergosterol has been given extensive
laboratory and clinical trial. Neglecting the data which have been ac-
quired as to its chemistry, physical properties, preparation and activation,
one may outline the present state of knowledge concerning it as follows:

(1) Irradiated ergosterol is definitely prophylactic and curative in
rickets and rachitic tetany (1, 3, 8,23). Coincident with clinical improve-
ment, there occurs a rise in the values (if low) of serum calcium and phos-
phorus, and a normal deposition of lime salts in the bones. The efficacy
of irradiated ergosterol in osteomalacia is practically as well established,
but improvement is reported to take place more slowly than in rickets
(24, 25). Its reported effectiveness in hastening the union of fractured
bones (26, 27, in preventing dental caries (28), in increasing bodily resist-

1 This is publication No. 4 of the Robert W. Lovett Memorial for the study
of crippling disease, Harvard Medical School, Boston, Massachusetts.
2 Part of the expense orthis study was paid by the William W. Wellington
Memorial Research Fund.
3 Medical Resident, Massachusetts General Hospital.
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2 IRRADIATED ERGOSTEROL. I

ance against infections (2, 29), in preventing rickets in infants by admin-
istration to pregnant and nursing mothers (30), and in other situations of
less definite indication, remains to be settled by wider use and further
study.

(2) Irradiated ergosterol is a very potent agent; the often quoted
statement that 1 mgm. has the antirachitic potency of about 200,000
times that amount of standard cod liver oil is sufficiently accurate to serve
as emphasis of this strength.

(3) Its administration in excessively large doses to animals (31-35)
has resulted in anorexia, loss of weight and strength, often diarrhea,
emaciation, and finally death. At necropsy calcium deposits have been
found in various tissues, particularly the stomach wall, heart muscle,
blood vessels, kidneys, bladder, ureters, and lungs (35, 36, 37). Some
workers have ascribed the toxic effects of irradiated ergosterol to con-
tained impurities (38, 39, 40).

Because no adequate explanation concerning the mode of action of
irradiated ergosterol could be found in the literature previously men-
tioned, studies were undertaken to determine the effect of irradiated
ergosterol on the calcium and phosphorus metabolism of normal individ-
uals and individuals with various disorders of calcium metabolism. The
data from these experiments and some observations on animals are here
presented because they are of value in explaining the modus operandi of
this vitamin D substance. A preliminary report of these studies has
been published (58).

We are indebted to the Winthrop Chemical Company of New York
for supplying us with large quantities of *Vigantol”’ (Irradiated Ergos-
terol-Winthrop) for use in these experiments. The late F. C. Waldecker
of the Winthrop Chemical Company informed us that this was the same
specially prepared product furnished to Shohl et al. (37) who found that
0.0001 to 0.00025 mgm. is sufficient, when fed to rats on the Steenbock
diet, to protect against rickets.”

METHODS OF STUDY

Patients were studied for varying lengths of time in the Metabolism
Ward. Each patient was kept on a constant fluid intake and on a diet
which was accurately weighed, adequate in caloric and vitamin content
and the ash of which was neutral in reaction. The mineral content of
each diet was carefully estimated and kept constant throughout each
experiment. The urine and stools were carefully collected in three-day
periods and prepared for analysis. The collecting of excreta was not
begun until the patient had been on the special cliet for at least ten days.
Thus the control periods represented the true excretions for the diet
employed. The routine of the ward and the laboratory has been out-
lined in a previous paper (41). Calcium was determined by the method
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of Fiske (42), phosphorus, by the method of Fiske and Subbarow (43),
carbon dioxide content of blood, by that of Van Slyke (44), cholesterol,
by that of Bloor, Pelkan and Allen (45), and nitrogen, by the Kjeldahl
method (46).
EXPERIMENTS

I. Normal individuals recetving small doses of irradiated ergosterol
Experiment 1

Mr. R. L., an apparently normal 19 year old Italian school boy, who
volunteered for this investigation, was studied for 51 days while receiving
a low calcium diet. During the last 33 days of this period he was given
5 mgm. of irradiated ergosterol per day. In Charts 14, 1B and Table I
are presented the data.

The fecal calcium averaged 0.25 gram during the medication period
compared to an average of 0.20 gram during the control periods (see
Table I). The average urinary calcium values for the same periods of
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CHART 14. GrAPHIC REPRESENTATION OF CALCIUM METABOLISM IN
EXPERIMENT I

In this chart as well as in all subsequent charts the intake is designated by
+, the urinary excretion by single hatching and the fecal excretion by double
cross hatching.
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study were 0.41 gram and 0.38 gram respectively. One is hardly justified
in calling such slight changes an effect of the administration of irradiated
ergosterol. The serum calcium rose slightly.

The effect on the fecal phosphorus was little greater than that on the
fecal calcium. The average for the control periods was 0.38 gram as
compared to 0.47 gram during the medication period. The effect on the
urinary phosphorus, however, was more marked, for it fell from an average
of 2.23 grams in the control periods to 1.72 gram in the ergosterol periods.
These changes resulted in a shift from a negative phosphorus balance of
0.21 gram to a positive balance of 0.21 gram. There occurred no varia-
tions in the serum phosphorus which could be attributed to irradiated
ergosterol.
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CHART 1B. PHOSPHORUS METABOLISM IN EXPERIMENT I

Experiment I1

Mrs. M. A. R., an apparently normal 27 year old widow, who volun-
teered for this purpose, was studied for 39 days, while receiving a high
calcium diet. During the last 27 days of this period she was given small
doses of irradiated ergosterol. During the first 15 days she received 10
mgm. a day; for the remaining 12 days, 20 mgm. The data from this case
are shown in Charts 24, 2B and Table 1.
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One notes that doses of 10 and 20 mgm. of irradiated ergosterol pro-
duced very little more effect on the calcium metabolism than did 5 mgm.
in experiment I. True, the fecal calcium rose from an average of 2.67
grams during the control periods to 2.83 grams while receiving 10 mgm.
a day and finally reached 3.01 grams during the periods in which 20 mgm.
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CHART 24. CarLciuM METABOLISM IN EXPERIMENT II

a day were given. Instead of rising as it had done in experiment I, the
urinary calcium fell from an average of 0.75 gram to 0.61 gram per period
(see Table I). The serum calcium increased, reaching its high point 5
days after the institution of irradiated ergosterol therapy. It remained
above the control values during the remainder of the study period.
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The changes in the phosphorus metabolism were less marked than the
calcium metabolism changes. The fecal phosphorus fell from an average
of 1.25 gram in the control periods to 1.16 gram in the last three medica-
tion periods. The urinary phosphorus remained unchanged; the control
value was 3.02 grams compared to an average value of 3.08 grams for the
last three medication periods. These changes are very slight, yet the
exact opposite of those noted in the phosphorus metabolism of experiment
I. The serum phosphorus was unaffected.
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CHART 2B. PHOSPHORUS METABOLISM IN EXPERIMENT Il

II. Normal individuals receiving large doses of irradiated ergosterol
Experiment I11

Mrs. M. A. R. was also studied while receiving a low calcium diet and
30 mgm. of irradiated ergosterol per day. An interval of 26 days was
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permitted to elapse between this period of study and the one made while
the patient was on a high calcium intake. From Charts 34, 3B and
Table I, one observes that during the first period of irradiated ergosterol
administration there was a marked rise in the fecal calcium and a fall in
the urinary calcium. In the subsequent periods, there was a gradual
fall in the fecal calcium. Coincident with this fall in fecal calcium there
was a gradual rise in the urinary calcium of approximately the same mag-
nitude. The average for the fecal calcium during the control period was
0.28 gram compared to an average of 0.11 gram during the last three
periods of therapy. The urinary calcium averages for these same periods
of study were 0.25 gram and 0.46 gram. There resulted a very slight
increase in the already existing negative calcium balance (see Table I).
The slight rise in serum calcium seen in Chart 34 probably falls within
the limits of physiological variation, although it may conceivably repre-
sent an effect of irradiated ergosterol.
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CHART 34. CarLciuM MEeTABOLISM IN EXPERIMENT III

The effect on the phosphorus metabolism was the same as that on the
calcium metabolism, although the changes were less marked. At first
there was a rise in the fecal phosphorus and a fall in the urinary phos-
phorus. Following this there resulted a gradual fall in the fecal phos-
phorus. The average fecal phosphorus excretion for the control periods
was 0.49 gram, falling to an average of 0.31 gram during the last three
periods of therapy. The effect on the urinary phosphorus was the oppo-
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site; it rose from 1.38 gram per three-day period before irradiated ergos-
terol was administered to 1.51 gram during the last three periods of
ergosterol medication. The average phosphorus balance was -+ 0.23
gram during the control period (1 to 6) compared to + 0.10 gram in the
medication period (7 to 14), yet the average for the last three periods (12
to 14) was + 0.25 gram. The changes in the serum phosphorus were not
constant enough to be ascribed to the effect of ergosterol.
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CHART 3B. PHOsPHORUS METABOLISM IN EXPERIMENT III

Experiment IV

In Charts 44, 4B and Table I are presented the calcium, phosphorus
and nitrogen metabolism data from Mr. R. L. for a period of 78 days in
which he was given a high calcium diet. During periods 6 to 14 the dose
of irradiated ergosterol was 30 mgm. a day. During periods 15 to 23 it
was reduced to 10 mgm. a day.

The calcium data confirm the observations made in experiment III
(see Table I). During the 9 periods (27 days) in which 30 mgm. a day
were given, the fecal calcium per three-day period was 1.54 gram in con-
trast to the value of 1.91 gram for the control period. During this time
the urinary calcium rose from a control value of 0.88 gram per three-day
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period to 1.19 gram. The positive calcium balance increased from
+ 1.67 gram to 4 1.73 gram. With a reduction of the irradiated ergos-
terol dosage to 10 mgm. a day, the fecal calcium rose very slightly to 1.61
gram, while the urinary calcium remained unchanged, resulting in a
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CHART 44. CarLciuMm METABOLISM IN EXPERIMENT IV

S 1o

slight lowering of the total calcium balance to 4+ 1.66 gram. Following
the cessation of irradiated ergosterol therapy (periods 24 to 26), there was
an abrupt rise in the fecal calcium to 2.29 grams, a level even higher than
that observed in the control periods. The urinary calcium fell to 1.00
gram during these same two periods. The serum calcium showed changes
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which are slight, but probably significant, as they parallel closely the
changes in the calcium balance. The serum calcium reached a high
point of 10.8 mgm. per 100 cc. during the period of large ergosterol
dosage. On reduction to 10 mgm. a day, the serum calcium fluctuated
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CHART 4B. PHOSPHORUS METABOLISM IN EXPERIMENT IV

between 9.9 and 10.3 mgm. per 100 cc. On discontinuance of the drug,
it fell to 9.5 mgm. per 100 cc., the value obtained during the control
period.

From Chart 4B and Table I one notes that the effect on the phos-
phorus metabolism was not so marked. With the administration of 30
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mgm. of irradiated ergosterol per day, the fecal phosphorus fell to 0.93
gram as contrasted with a value of 0.99 gram during the control period.
This fall continued during the subsequent periods, 15 to 23, to 0.84 gram
despite the fact that the dose of irradiated ergosterol was reduced.
When, however, the drug was discontinued, an abrupt and striking rise
occurred. The average fecal phosphorus during these periods, 24 to 26,
was 1.25 gram. The urinary phosphorus remained fairly constant during
the control and medication periods, with perhaps a slight fall on discon-
tinuance of the drug. These changes were associated with an increase
in the positive phosphorus balance. The changes in the serum phos-
phorus were very slight, although the variations seemed to parallel those
of the serum calcium.

During period 12 this patient had four or five stools a day for two days
instead of his usual one or two. At the time it was thought that this
might possibly be a symptom of overdosage of irradiated ergosterol.
Although the same dose was continued for two more periods the bowel
disturbance ceased.

III. The effect of irradiated ergosterol administration on the absorption of
large doses of calcium lactate from the gastro-intestinal tract

In order to obtain further information concerning the effect of irradi-
ated ergosterol administration on the absorption of calcium from the
gastro-intestinal tract of normal individuals, the following experiments
were performed on two normal individuals, Miss D. C. and Mr. A. M.
After fasting twelve hours, each subject was given 10 grams of calcium
lactate in 250 cc. of water, a control serum calcium having been obtained
prior to the ingestion of the calcium lactate. Serum calcium determina-
tions were made every hour for the first three hours and at the end of the
sixth, ninth, twelfth and twenty-fourth hours. From Table II it will be
noted that in each individual the serum calcium rose to a maximum height
at the end of the third hour. In the case of Miss D. C. this elevation was
2.2 mgm. and in Mr. A. M., 2.5 mgm. above the fasting serum calcium
value.

Irradiated ergosterol was then administered to each subject in doses
of 30 mgm. a day for twelve days. On the twelfth day the same experi-
ment was repeated. Again the serum calcium reached a maximum at the
end of the third hour. However, in each subject this rise was approx-
imately 1 mgm. higher than it had been in the control experiments.

These experiments would seem to serve as evidence that the adminis-
tration of irradiated ergosterol increases the absorption of calcium from
the gastro-intestinal tract. That the extra calcium absorbed is not nec-
essarily retained is strongly suggested by the experiments performed on
Mr. A. M. During each experiment the urinary calcium excretion was
determined for the first twelve hours following the ingestion of the cal-
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TABLE II

Showing the effect of the ingestion of 10 grams of calcium lactate on the serum calcium
before and during the administration of irradiated ergosterol

Miss D. C. Mr. A. M.
Time Serum calcium Serum calcium

Before During * Before During *

therapy therapy therapy therapy
mgm. megm. mgm. mem.
Fasting........oooviiiiiinininnn... 11.0 11.6 9.8 10.6
10 grams calcium lactate administered
lhourafter........................ 11.8 13.6 11.1 12.3
2hoursafter....................... 12.2 14.2 12.0 13.0
3hoursafter....................... 13.2 14.6 12.3 14.0
6hoursafter....................... 11.3 13.7 11.2 13.8
9hoursafter....................... 10.4 12.0 11.2 12.2
12hoursafter. ..................... 10.6 12.6 10.7 11.5
24 hoursafter. ..................... 10.4 10.4 9.6 10.9

* Each subject had received 30 mgm. of irradiated ergosterol per day for
twelve days. The second experiment was performed on the twelfth day of
such therapy.

cium lactate. In the control experiment the amount of calcium excreted
in the urine was 110 mgm.; in the experiment performed during the ad-
ministration of irradiated ergosterol, 195 mgm.

The experiments reported by Warkany (47b) are sufficient proof that
the administration of irradiated ergosterol increases the absorption of
phosphorus as well as calcium. He administered 0.5 gram of Na,HPO,
per kilogram of body weight and noted the subsequent rise in the serum
phosphorus. This same experiment was later repeated, irradiated ergos-
terol having been administered daily in the interim. In these latter
instances, the increase in the serum phosphorus was frequently twice as
great as that which he had observed in the control experiments.

DISCUSSION

These observations on the calcium and phosphorus metabolism of
normal individuals show quite clearly the metabolic effects which result
from the daily administration of irradiated ergosterol to normal in-
dividuals.

From the first two experiments it is seen that the effects of small doses
of irradiated ergosterol (5 to 20 mgm.) when given to normal adults on
either a high or low calcium diet were very slight and not constant. The
fact that the changes were very slight, inconstant and opposite in nature
in these two cases probably means that the variations noted were not
significant.
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From experiments III and IV one notes that the effect of 30 mgm. of
irradiated ergosterol on normal individuals is the same whether the cal-
cium intake is high or low. This dose exerts the same effect on both the
calcium and phosphorus metabolism. The resulting changes are a fall in the
fecal calctum and phosphorus accompanied by a rise in the urinary calcium
and phosphorus. The calcium and phosphorus balances were little
affected, a finding which is in accord with that of other workers (9) (48)
(49). The decreased fecal calcium excretion might be interpreted as
signifying either increased absorption from the gastro-intestinal tract or
failure to re-excrete calcium into the bowel because of increased retention
resulting from the administration of irradiated ergosterol.* The latter
theory seems unjustified because of the findings in experiment III. In
this instance during the control period the calcium intake and the fecal
calcium were identical, 0.28 gram. The fecal calcium fell to 0.11 gram
during the last three periods of irradiated ergosterol medication, although
the intake remained unchanged. If this decreased fecal excretion had
been due to increased retention, one would not have expected the urinary
excretion to increase as much as it did, from 0.25 gram to 0.39 gram.
That the increased calcium absorbed was without benefit to the body
calcium stores was apparent because the negative calcium balance in-
creased during the period of medication.

Thus it would seem that the administration of irradiated ergosterol
to individuals with adequate body stores of calcium and phosphorus does
not necessarily result in the retention of these elements in the body. The
increased amount of calcium and phosphorus absorbed is evidently re-
excreted in the urine. The fact that the urinary calcium and phosphorus
rise as the fecal calcium and phosphorus fall is best interpreted as signify-
ing that increased retention does not occur in normal individuals as the
result of irradiated ergosterol administration.

The difference in the effect of small and large doses of irradiated ergos-
terol in normal individuals cannot be ascribed to individual variation
because the same patients were used in both types of experiments.

From our experiments it would appear that the action of irradiated
ergosterol is an immediate one. Beumer’s (50) and Hottinger’s (51) data
are in accord with such a view. Gyorgy (52) stated that it took ten to
fourteen days to produce a demonstrable ergosterol effect. In our ex-
periments, the first effect noted (during the first period of its administra-

4 There is considerable evidence in the literature which proves quite con-
clusively that calcium which is absorbed from one portion of the bowel may be
re-excreted into another portion of the gastro-intestinal tract (46, 47a, 48).
Proof of this has been previously published by one of us (W. B.) (57). Ina
group of normal subjects (46 three-day periods in all) studied on an inadequate
intake (0.33 gram per three-day period), the average fecal calcium excretion
per three-day period was found to be 0.60 gram. In other words, the fecal
calcium excretion was 0.27 gram in excess of the intake.
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tion) was a marked rise in the fecal calcium and a fall in the urinary cal-
cium. The fecal phosphorus and urinary phosphorus were similarly
affected. Following this immediate effect there then occurred a gradual
fall in the fecal calcium and phosphorus and a gradual rise in the urinary
calcium and phosphorus. Hottinger (51) noted similar changes when
irradiated ergosterol was administered and referred to it as the diphasic
ergosterol effect. Both Hottinger (51) and Kroetz (53) thought that a
state of acidosis occurred during the first period of ergosterol administra-
tion, because they observed during the first twenty-four hours of such
therapy an increased excretion of acid and a more acid urine. As the
body returns to its normal state, the second phase setsin. We are unable
to offer any explanation for this diphasic ergosterol effect observed in
normal individuals.

In the normal individuals receiving small doses of irradiated ergosterol,
the serum calcium was very slightly raised, although this may have been
due in part in experiment II to the high calcium intake following a pre-
vious period of study on a low calcium diet. The serum phosphorus was
unaffected in these two cases. When doses of 30 mgm. per day were
administered, the changes in the serum calcium and phosphorus were
slight, but probably represented an ergosterol effect. Other workers
(54) (55) have demonstrated slight rises of both the serum calcium and
phosphorus in normal individuals during irradiated ergosterol therapy,
whereas Havard and Hoyle (56) failed to obtain such rises. The serum
calcium can be elevated to higher levels by the ingestion of 10 grams of
calcium lactate during the administration of irradiated ergosterol than
under normal conditions. In any condition where calcium medication is
required, the daily administration of irradiated ergosterol in conjunction
with large doses of a calcium salt might be a better therapeutic procedure
than the administration of a calcium salt alone.

No significant changes occurred in the nitrogen metabolism in any of
the four experiments (see Chart 1). The plasma cholesterol was deter-
mined repeatedly in all these experiments, but because in no instance was
there any noteworthy change as a result of irradiated ergosterol adminis-
tration, these cholesterol values are not included in the tables. No un-
toward symptoms were observed in any of the four individuals.

SUMMARY

1. The administration of irradiated ergosterol in small doses to normal
individuals produced no constant changes in either the calcium or phos-
phorus metabolism.

2. The administration of irradiated ergosterol in doses of 30 mgm.
per day to normal individuals resulted in an immediate increase of the
fecal calcium and phosphorus excretion. The urinary calcium and uri-
nary phosphorus were decreased. Following this there occurred a de-
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creased fecal calcium and phosphorus excretion and an increase in the
urinary calcium and phosphorus excretion. The calcium and phosphorus
balances were only slightly affected. Following the cessation of ir-
radiated ergosterol administration, the fecal calcium and phosphorus
promptly rose and the urinary calcium and phosphorus fell slightly.

3. The serum calcium and phosphorus of normal individuals was only
slightly affected by irradiated ergosterol therapy.

4. The nitrogen excretion was unaffected by irradiated ergosterol
administration.

5. No constant changes in the blood plasma cholesterol were noted
during the administration of irradiated ergosterol.

6. No untoward symptoms resulted from the administration of as
much as 30 mgm. of irradiated ergosterol per day.
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