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REVIEW OP LITERATURE
HISTORICAL INTRODUCTION:
The external differences in the male and female, such
as greater muscular strength, coarser features, and broader
shoulders in the male, have been known for some time to be
due to an internal "substance."

Even Hippocrates (460-370

B.C.) stated that there x*ere humors which regulated the
health and temperament of the individual.

This was the

basis for blood letting which was practiced until the early
part of this century, (cited from Turner, 1948).

John

Hunter showed in 1792 that the functional activity of such
structures as the seminal vesicles and the prostate was de¬
pendent upon the testis.

Modern work began with Berthold

(1849) who showed that the shrinkage of the cock’s comb
after castration was related to the testis.

He also demon¬

strated that implanted testicular material reversed the ef¬
fects brought on by castration.

Brown-Sequard (1889)

macerated testes from other animals, injected the fluid in¬
to his own body and claimed a rejuvenating effect.

Since

his was a water extract and we now know the androgens to be
fat soluable compounds, the effect was probably more psy¬
chological than physiological in nature.

He did however,

open the important study of the effects of extracts of
testicular material would stimulate growth in the capon’s
comb (cited from Dorfman, 1950).
With the report of Kochakian and Murlin (1935) that
estracts of male urine contained a factor which nqt only
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induced growth in the capon's comb, but also caused nitro¬
gen retention and weight gain in castrate dogs, a great
surge of work began to try to acertain all the various ef¬
fects of androgens in different animals, including man.
Much of the subsequent work has been doen with special re¬
ference to the nitrogen retaining and protein anabolic pro¬
perties of the androgenic substances.

Kochakian's report

for the dog wa3 quickly followed by confirming evidence for
the human by Kenyon and his co-workers in 1936 (cited from
Kochakian, 19**6).

Kenyon further reported in 193S that the

nitrogen retention resulted in the formation of protein
and consequently, growth in eunuchoid and hypogonadal men.
In addition to these effects, Thorn (1938) and Carter ejfc al
(19*17) reported that androgens produce retention of sodium
and potassium as well as a decrease in the excretion of
creatine, which is intimately associated with normal muscle
metabolism.

Beard and Jacob (19*10) made a study of the ef¬

fects of the sex hormones on creatinuria and, in contrast
to other workers, failed to get alleviation with either
male or female sex hormones.

The use and study of the an¬

drogens was given renewed impetus by the observation of
Papanicolano and Falk (1938) that testosterone caused hyper¬
trophy of the temporal and other muscles of the intact and
castrate guinea pig.
The differences in the red blood cell count in men and
women led to the investigation of the ability of testoster¬
one to alter the number.

It was found that in the castrate

rat the number was decreased in comparison to the normal and
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the number could be restored by the administration of andro¬
gens • (McCullagh and Jones, 1942).

This erythropoietic ef¬

fect can be elicited in the absence of the hypophysis in the
rat.

The androgens also enhance the effect of cobalt on the

regeneration of red blood cells (Finkelstein et al, 1944).
The greatest effect of the androgens is on the acces¬
sory sex organs and the effect is independent of the hypophy
sis.

Experiments to test the ability of testosterone to pre

vent damage to testicular tissue has been reported by Joel
(1952).

He reported that while atrophy of the testis was

not prevented by testosterone during a 60-day period of ex¬
posure of the testis to x-radiation, regeneration occurred
on cessation of irradiation in those animals which had re¬
ceived androgens, but not in the untreated controls,

Fleish

mann (1954) reported that x-rays only partially inhibited
the growth of the accessory sex organs of castrate rats re¬
ceiving testosterone propionate.
The relation of androgens to other glands has been
studied by various workers.

Winter et al, (1953) reported

that testosterone given with cortisone acetate prevented the
adrenal atrophy which occurs when cortisone is given alone.
The dual administration did not prevent the anti-inflamatory properties of the cortical hormone,

The cortices of

the dually treated rats were normal in size and histologi¬
cal appearance, indicating the ultimate activities of corti¬
sone and testosterone are different.
Earthy et ajl (1951) reported on the actions of testos¬
terone and thyroxine.

They found that testosterone produces
-3-

a thin skin.

The results of combined treatment produced an

intermediate and more normal appearing skin.

They pointed

out that these two hormones act synergistically on the
heart, kidney and salivary gland, and additively on the
hypophysis.

These facts point up the check and counter¬

check mechanism of the hormones In the normal animal.
Bartlett (1953) reported that testosterone alone had
no effect on the nitrogen pool during nitrogen retention,
where as in combination with growth hormone, a more marked
nitrogen storage was accompanied by a reduction in the size
of the nitrogen pool and an increase in body weight indi¬
cating that the function of the two are different in their
effect on nitrogen retention properties of testosterone
propionate.

This unidentified compound Is not a steroid

since it is stable to boiling in 20 percent NaOH, aprocedure which destroys the steriod hormones and their activi¬
ties (Gallagher and Koch, 1935)•

Of the identified steroids

which have androgenic activity, testosterone has the great¬
est activity, when injected either subcutaneously or intra¬
muscularly,

Testosterone as the acetate or propionate is

ineffective when taken orally since it is quickly inacti¬
vated by the liver.

However, the methylated compound is

active orally and is used extensively in the treatment of
disorders requiring prolonged treatment.

Sidelsberg and

Ornstein (19^0) reported that the only untoward effects of
prolonged androgen therapy in the male was a slight oedema
which could be relieved by diminishing the dosage.

4.

CLINICAL USE:

Due to the masculinizing effects of the androgens,
their use in women have serious draw-backs.

Also* while it

has definite value in the treatment of certain malfunctions
of children, it has the disadvantage of causing precocious
development of the sex organs and dwarfing by stimulating
the closure of the epiphyses (McCullagh et al, 1940).

This

has been reported also for individuals with adrenal tumors
(Kochakian, 1946).

Conversely, Gardner and Pfeiffer (1943)

reported that castration in the prepubertal male retarded
the closure of the epiphyses, leading to an increase in
stature, with particularly disproportionate lengthening of
the paired appendages.
The discovery that androgenic substances were excreted
by the female led to the theory that many of the female dis¬
orders might be due to an imbalance in the ratio of malefemale sex hormones.

This in turn led to the use of andro¬

gens in the treatment of various female disorders associated
not only with the reproductive system per se, but also to
psychic disorders stemming from malfunctions of the female
reproductive system (Dlngmanse and Huis, 1951)*

Abarabenel

(1940) reported excellent results in the treatment of dys¬
menorrhea and premenstrual tension by the use of testoster¬
one propionate in an ointment base which was applied percutaneously to the inner thighs and the lower abdomen a few
days prior to the onset of the period.

Breast carcinoma and

uterine myomas have been helped by the administrations of

androgens either orally or intramuscularly.

The use of an¬

drogens have been found to be of distinct value in the
treatment of menometroorrhagia (Harablem, 1939).

The andro¬

gens have been used singly and in combination with certain
of the estrogenic substances to relieve the discomforts suf¬
fered at the time of the menopause (Burrows, 19^9).

The use

of androgens to suppress lactation in women after parturi¬
tion and during the puerparium has been reported by Kurzrok
and O'Connell (1938) and Carter et al, (19^7).

Freeman

(1950) has given a good review of the use of androgens in
the female.
The use of androgens in men has had the greatest suc¬
cess in the treatment of eunuchoid and hypogonada1 indivi¬
duals.

In the eunuchoid individual without pituitary di¬

sease 5 testosterone causes an increase in the red blood cell
count, hemoglobin content and hematocrit levels which all
regress upon cessation of treatment.

These changes in hypo-

gonadal individuals with pituitary disease have been insig¬
nificant (McCullagh and Jones, 19^2: Finkelstein et al,
19^4).

Keyon et al (1938) reported that the nitrogen reten¬

tion resulting from androgen therapy causes the formation of
protein and consequently, growth in the eunuchoid and hypogonadal man.

In many cases of impotence in the male, andro¬

gen treatment alleviates the symptoms.

This has led to the

use of androgens in the treatment of men at the time of the
male climacteric (Thomas and Hill, 19*10).

The fact that an¬

drogens cause a gain in weight and vigor of the heart of the
experimental animal has resulted in their use in the treat-
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ment of angina pectoris , which is a disease of old age con¬
cerned with improper circulation of blood in the coronary
vessels.

Considerable caution must be excercised in the

treatment of any disease in men advanced in age since the
sense of well being may precipitate cerebral or cardiac ac¬
cidents due to over exertion (Korenchevski et aJL, 1941s Free
man, 1950).
On the basis of the evidence that androgens cause a
sodium and potassium retention as well as a decrease in
creatinuria, various of the sex steroids have been used in
certain types of muscular atrophy with some degree of suc¬
cess (Hesser et al, 1940)•

Other diseases which result in

a loss of muscle and protein in general have responded to
therapy in varying degrees of success.

One of these is

Cushing’s syndrome, a disease caused or accompanied by an
increase in the basophil cells of the anterior pituitary,
wherein there is a marked loss of protein, wide-spread
osteoporosis and a marked creatinuria.
Long et al, 1940).
that

25

(Kenyon et al, 1938#

Albright and Parsons (1941) reported

to 50 rag, testosterone propionate per day resulted

in a significant retention of nitrogen and phosphorus with
a subsequent storage of calcium.

These changes were ac¬

companied by an Increase in muscle mass and a disappearance
of creatinuria and an improvement in the texture of the skin
of individuals with the syndrome.

Withdrawal of the hormone

resulted in a regression to the former condition.

The an¬

drogens have also been used in the treatment of Simond’s
disease which is caused by the atrophy of the pituitary body
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This atrophy results in premature ageing and severe loss of
muscle.
able.

The results in these have been varied and question¬
In Addison’s disease which is caused by adrenal insuf¬

ficiency , the sex hormones have a synergistic effect when
given with certain of the cortical hormones, but often prove
toxic when given alone,

(see Carter et al, 1947; Heller and

Haddock, 1947; and Winter et al, 1953).
The relationship of the androgens to the vitamins has
been studied because of the similarity of the actions of the
androgens to vitamin B therapy in relieving dysmenorrhea, a
condition often thought to be due to an imbalance in the
estrogen-androgen ratio.

Breast carcinome and uterine myo¬

mas are like-wise relieved by androgen therapy, estrogen
therapy or a combination of the two.

The effect of the an¬

drogens Is thought to be to enhance the activity of the
flavins (Blskind, 1946; Burrows, 1949).
Bayer and Truant (1949) reported that they obtained ex¬
traordinary hypertrophy of the sex organs of the rat in the
face of severe loss of body weight in animals on a vitamin
A deficient diet receiving testosterone.

They feel that the

loss of weight of the accessory organs of normal animals on
a low vitamin A diet may be involved in the interference of
the release of androgens from the testes.
BIOCHEMICAL STUDIESi
The biochemical studies have placed emphasis on various
of the enzyme systems of the body.

Virtanen (1952) pointed

out that the nitrogen content of the cell has a direct rela-
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tlonship to its enzymatic activity which is an important
concept in the face of the fact that nitrogen retention is
one of the most characteristic effects of testosterone at
the beginning of administration.

Virtanen states that there

is an increase in the activity of the indispensible enzymes
in the low nitrogen cell and a decrease of activity of the
dispensible ones.

This difference allows for the optimal

adaptability of the cell to variations in the nutritional
status of the animal.
Dorfman (1952) presents the following as a working
hypothesis for the modes of action of hormones on enzyme
systems.
1.
2.
3.
4.

The influence of the hormone mays
change the tissue-enzyme concentration,
function as a component of an enzyme system,
accelerate or inhibit an enzyme system, or
directly or indirectly affect accelerator or
inhibitors of enzyme systems.

A report by VJilliatns-Ashman (1954) stated that in the
vents*al prostate, aconitase, fumarase and malic dehydro¬
genase are decreased while lactic dehydrogenase activity is
enhanced in the castrate rat and can be restored to normal
by treatment with testosterone.

Glucose-6-phosphate dehydro¬

genase was unaffected in the ventral prostate,

Kalman (1953)

reported that water soluable androgens inhibited the malic
and succinoxidase systems in vitro in a manner that suggested
an irreversable combination of the enzyme and inhibitor. The
tissue-enzyme concentration of succinic dehydrogenase and
succinoxidase has been shown by Davis et al, in 1949* to be
a function of the steroid hormone concentration.

However,

Leonard (1950) has shown that the levels of the succinic de•*(^1

hydrogenase in the perineal musculature are unchanged by
castration or the administration of androgens,
Awapara (1952) studied the role of castration and tes¬
tosterone on the prostate of the rat.

In addition to active

transaminases, the ventral prostate possesses an unusually
high concentration of free amino acids, a property not
shared by the dorsal lobe.

The concentration of free amino

acids decreases after castration and can be restored to nor¬
mal by the administration of testosterone.

The origin and

fate of the free amino acids in the prostate are not known,
Oxidative deamination of alanine and glutamic acid has been
found to proceed at negligible rates while transamination
was found to be very active in the castrate animal.

The

loss of enzymatic activity seems to be related to the loss
in protein or some cellular component and not to a specific
effect of the hormone on the enzymes (of Virtanen, 1952).
Succinic dehydrogenase and phosphatase have been shown to
decrease greatly in the prostate and seminal vesicles with¬
in eight days after castration.

The levels of 'acid* phos¬

phatase has been studied In experimental animals as well as
human subjects and a relatively large amount of the enzyme
has been found in the prostate.

In man and monkey only,

the level in the prostate is 100,000 times that found in
the blood plasma.

In cancer of the prostate, the blood

level increases and this fact has been suggested as a dia¬
gnostic tool for the determination of cancer of the prostate
(Gutman and Gutman, 1938; Burrows, 1949).

The administra¬

tion of androgens cause an increase in the level of this
10-

enzyme in the prostate and blood.
Kochakian and Pox (1944) found that testosterone de¬
creased the ’alkaline* and increased the ’acid* phosphatases
of the kidneys of normal and castrate mice but did not af¬
fect the same enzymes of the liver or intestine.

In con¬

trast to the results obtained in mice, Kochakian and Vail
(1944) found an increase in the ’alkaline * phosphatase of the
kidneys of both gonadectoraized and adrenalectomlzed rats
which would not be reversed with adrenal cortical extracts.
Argenase, which has the specific function of hydroly¬
sing arginine to ornithine and urea has been studied in the
rat by Kochakian (1947) and Kochakian and Robertson (1950).
They demonstrated that the administration of androgens pro¬
duced a profound increase in the arginase activity of the
kidney but not of the liver or intestine of the normal and
castrate rat.

The increase in enzyme activity accompanied

the Increase in kidney weight until the maximum growth was
attained, at which time the argenase activity continued to
rise with continued administration of androgens•

On the

basis of these and the other effects on the kidney, Kochakian
felt that the protein anabolic activity of testosterone
might be intimately connected with the function of the kid¬
ney.
Various enzyme systems have been studied by other
workers.

Of these, Clark et. al (1943) found that castration

decreases the d-amino acid oxidase activity of the kidney and
that normal levels could be surpassed by the administration
of androgens,

Everett and Sawyer (1946) found an increase
-11

in the circulating cholin esterase after castration which
could be restored to normal by the administration of andro!»

genic substances.

Dirseherl and Knuchel (1950) reported

that androgens in vitro enhanced the activity of enolase*
hexokinase and carboxylase.
Schumann reported in 1940 (cited by Dorfman, 1950)
that muscle glycogen in rabbits was increased in response
to testosterone, but reported no change in phosphagen and
adenyl phosphate.

This report stimulated the study of the

effect of androgens on carbohydrate metabolism.

Leonard

(1952) reported that castration in the male rat resulted in
a decrease in the glycogen concentration in the striated
muscle of the perineal complex which was complete in 1 to 7
days and was not further reduced in period of 15 to 96 days.
Injections of testosterone into castrate and normal rats
resulted in a marked increase in the content of glycogen in
these muscles within 24 hours.

Since testosterone prevents

the muscle glycogen level from declining during a fast in
the hypophysectomized rat* the effect is thought to be a
direct one and testosterone may be said to exhibit 'glycostatic1 properties under these conditions.
Geiger and Hagerty (1951) showed that increased carbo¬
hydrates in the diet reduced the nitrogen excretion in the
rat.

This effect is independent of functional islands of

Langerhans and the pituitary.

They point out that the amina-

tion of various carbohydrates will result in the formation
of amino acids and ultimately protein.

Harper et al (1952)

studied the Influence of dietary carbohydrates on the levels
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of amino acids excreted in the feces and found that there
was no change quantitatively.

Kochakian (1946) reported

that the nitrogen of the feces of the dog and rat were un¬
changed during castration and or androgen therapy.
Falkenhausen (1925) and Chaikoff and Forker (1950) show¬
ed that the drop in the non protein nitrogen and the dimin¬
ished nitrogen excretion of animals on androgen therapy was
similar to the effect of insulin when it administered to
the diabetic animal.

Sirek and Best (1953) reported that

testosterone was unable to raise or lower the blood sugar
level nor the non protein nitrogen level of the depancreatized dog unless insulin was administered at the same time.
The very direct effect which androgens have on the gly¬
cogen content of muscles and the similarity of the action
of androgen administration to that of a high carbohydrate
diet suggests that the mode of action of this hormone might
be on the enzymatic mediation of some phase of the inter¬
mediary metabolism of carbohydrates rather than directly on
the proteins or amino acids per se.

No report on the effect

of the androgens on the liver glycogen was encountered in
the literature.

13-

-

STATEMENT OF PROBLEM
An investigation of the effects of androgens on certain
aspects of carbohydrate metabolism was instigated.

The use

of androgens clinically for various disorders involving ni¬
trogen metabolism prompted the investigation of the effects
of treatment on the total and amino nitrogen of the liver
and muscle of the rat.

The treatment consisted of castration

and injections of testosterone propionate.
Because of the conflicting data on the effects of cas¬
tration on weight changes in different animals, it was
found expedient to check body and organ weights under the
different experimental conditions.
The second phase of the problem consisted of a study of
the relation of androgens to carbohydrate metabolism.

The

report that insulin has a similar effect in the diabetic
animal to the effect of testosterone in the normal and cas¬
trate (Chaikoff and Forker, 1950), and the similarity of
nitrogen retention in the animal on testosterone and that
fed a high carbohydrate diet (Geiger and Hagerty, 1951), it
was felt that the effect of the androgens might be concerned
with the enzymatic synthesis of glycogen.

The immediate loss

of glycogen from the striated muscle of the castrate rat
and the immediate replacement with androgen therapy (Leon¬
ard, 1952) made the theory more plausible.

All the review

articles point out that very little is known of the effect
of castration on carbohydrate metabolism.
The initial experiment involving the glycolytic cycle
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was an investigation of the effect of castration on the
enzymes between glucose and glycogen, namely, glucokinase,
phosphogluconutase and phosphorylase (Cori, 19^0),

Secondly,

the phase of the glycolytic cycle between pyruvate and gly¬
cogen was investigated since this would indicate any change
in the enzymes involved.

For the material reported in this

thesis, rat liver slices were used.
These two phases of investigation, i.e,, protein and
carbohydrate metabolism, provide the basis for this thesis.

15-

MATERIALS AND METHODS
EFFECTS OH AMINO ACIDS AND PROTEINS:
The purpose of this experiment was an attempt to deter¬
mine whether any change in amino acids of the free amino
acid fraction was produced by the experimental treatment*
In all phases of the work reported here, the experi¬
ments were started with male Sprague-Dawley rats of about
30 days of age*

The animals to be castrated were operated

on at this time and at least two weeks were permitted to
elapse before injections or diets were begun.

Testosterone

propionate in sesame oil was administered subcutaneously at
the rate of 0,9 mg. per day for the duration of the experi¬
ment,

The control animals received 0.5 ml. sesame oil sub¬

cutaneously.

The standard diet used was a balanced diet

prepared for use in experimental animals.

The protein free

diet had the following composition:
Corn starch—
—
——70/5
Alpha cel—
—
15$
Vegetable oil———————10$
Salt (U.S.P.#l4)
4$
Cod liver oil———— 1$
Vitamins according to the re come ni¬
dations of Awapara (1953).
The animals were placed in 6 groups and treated until
they were 100 days of age,
each animal.

Weights were kept daily for

One group of normal animals and one group of

castrate animals were placed on regular diet without andro¬
gen treatment.
'

A second series were placed on the protein

free diet at the age of 80 days,

A third series were treat¬

ed thusly: the castrate was given the protein free diet and
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injected daily with 0.9 mg. testosterone, the normal received
the regular diet and testosterone.
At the age of 100 days, the first set of animals from
each group were killed by a blow on the head and the liver,
heart, adrenals and kidneys of each removed and weighed.

A

portion of thigh muscle was also removed to furnish free
amino acids.
Two dimentional chromatograms were made, using both the
liver and the muscle.

The free amino acids were extracted

by hydrolysing the tissue in water and precipitating the pro¬
teins with hot 95$ ethyl alcohol according to the methods
outlined by Block (1952).

Aliquots of the free amino acid

fraction were spotted on Whatman #1 filter paper and the
amino acids were separated using buffered phenol and water
saturated 2,4-lutidine (Berry, 1951)•

The proteins were

treated slmllarily after hydrolysis in 6 N HG1 at 100° C,
for 24 hours.

The spots were located by spraying the

thoroughly dry papers with a 0.2$ nlnhydrin (tri-keto-hydridene) solution made up in water saturated n-butanol.

The

spots were identified by comparison to standards prepared
with known amino acids.
Analysis of the amino nitrogen and total nitrogen of
the free amino acid fraction was made.

The preparation of

the protein free solution was accomplished by the method of
Folin and Uu (1919)> as modified by Haden (1923) for blood.
The procedure was as follows:
1. 1 gram of tissue was homogenised with 1 volume
of water,
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2 . 7 volumes of N/12 sulfuric acid and 1 volume
3.

of a 10p sodium tunsatate solution were added.
The mixture was shaken thoroughly and filter¬
ed •

This procedure gave a lilO dilution by wet weight.
The determination of the total nitrogen was accomplish¬
ed by themicro-Kjeldahl method of Polin and Wu (1919) for
blood.

The procedure was as follows:

1. 5 ml. of the above solution was placed in a
large pyrex test tube (200 x 25 mm.) gradu¬
ated at 35 and 50 ml.
2. 1 ml. of concentrated sulfuric-phosphoric
acid was added.
3. xThe mixture was boiled vigorously over a
'micro-burner until dense white fumes began
to appear.
4 • The flame was then reduced almost to vanish¬
ing.
5. 0.5 ml. saturated persulfate solution was add¬
ed and the tubes covered.
6. Gentle boiling was continued until the mater¬
ial v»as almost colorless,
7. The solution was permitted to cool for two
minutes* then 20 ml. water were added and then
diluted to the 35 ml. mark.
8. These tubes were set aside until the standard
was prepared.
9. The standard was made up so that a solution con¬
tained 0.05 mg. nitrogen per ml. Analytical
grade ammonium sulfate was used.
10. Various standards were prepared to give a graph
of reference, These were mixed to the point
of the experimental solutions.
11. 15 ml. of Nessler’s reagent were added to each
and quickly mixed by inversion.
12. After standing for ten minutes* the tubes were
read on the Beckman spectrophotometer at 480 mu.
The determination of the amino nitrogen was made of the
free amino fraction of both the liver and the muscle accord¬
ing to the method of Prams et al (1943).

The procedure for

the determination was as follows:
1. 5 ml. of the free amino acid fraction were
placed in a 15 ml. graduated tube.
2. A blank of distilled water was prepared for
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setting the spectrophotometer.
3. Standards were made of glycine and glut¬
amic acid containing 0.03 mg. of amino
nitrogen per ml.
4. One drop of 0.25$ phenolphthalein in 95$
alcohol was added to each tube.
5. 0.1 N NaOH was added until a permanent
pink color was obtained.
6. 1 ml. borax solution (1.5 gm. NapBj.0™
/liter
HOH) was added. H 1
7. 1 ml. fresh napthoauinone solution (0.25 gm.
sodium-B-naphthoquinone-4-sulfonate /50 ml.
HOH) was added and mixed by tapping.
8. The tubes were then placed in a boiliii g
water bath for 10 min,
9. Cooled quickly by placing in cold water for
5 minutes.
10. 1 ml. acid-formaldehyde (11.3 ml. 40$ formalin /
liter HOH, 4 volumes of which are added to 3
volumes of 1.5 N HC1 and 1 volume of glacial
acetic acid) was added.
11. Followed by 1 ml. 0.1 N sodium thiosulfate,
12. The mixture was diluted to 15 ml. and mixed
by inversion.
13. After 10 to 30 minutes, the solutions were
read on the spectrophotometer at 490 mu. and
compared to a graph of known values.
The Kjeldahl method for total nitrogen was used in the
analysis of the muscles of the femoral complex.

The tis¬

sues were hydrolysed in concentrated sulfuric acid with
selenius as a catalyst.

The nitrogen was collected in 0.1

N HC1 and titrated with 0.1 N KOH, using methyl orange as
an indicator.

The methods were taken from the text by Wil¬

lard and Furman (1940).
The water content was determined by the difference in
wet and dehydrated weight.

The tissues were dehydrated in

a constant temperature oven at 100° C.
EFFECTS OF TREATMENT ON GLYCOGEN SYNTHESIS IN LIVER SLICES:
After a prelimnary investigation in the study of the ef¬
fects on nitrogen metabolism, attention was turned to the
19-
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study of the effects of castration on glycogen synthesis.
In the initial experiments glucose was used as the sub¬
strate for the synthesis of glycogen by rat liver slices.
The animals were placed in two groups and one group
was castrated at the age of 50 days.

At the time of analy¬

sis, one animal from each group was placed in a separate
cage and fasted.

A portion of the animals were fasted for

48 hours and the others 24 hours.

The substrate was varied

from an initial level of 0.5/5 glucose in the final concen¬
tration, to 10 glucose in the final concentration.
The treatment of the tissues in each of the following
series of tests was exactly the same.

The tissues were

sliced according to the technique of Dautsch (1936).
1. The animals were killed by a blow on the back
of the head and decapitated.
2. The livers were removed quickly, weighed, cut
into blocks and chilled.
3. The tissues were sliced and placed into medium
without substrate. "The placing of tissues in
medium before incubation gives an initial loss
but soon reaches eouilibrium" (Benoy and
Elliott, 1937).
4. The slices were removed, blotted gently on
filter paper and weighed on a Roller-Smith
precision balance.
5. The tissues were placed in VJarburg flasks con¬
taining 2.5 ml. of the appropiate medium. The
flasks were submerged in crushed ice to keep
down to a minimum any tissue respiration prior
to incubation.
6. The flasks were attached to the manometers
which were in turn attached to a shaker with
a constant temperature water bath at 38° C.,
and shaken at the rate of 120 strokes per
minute.
7. The contents of the flasks were gased with 95/5
0o - 5/5 C0o for the initial 5 minutes of shak¬
d
ing.
8. The flask contents were analysed at 30 or 6o
minutes.
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9.
10.

Readings of the fluid level in the mano¬
meters was kept as an indication of respira¬
tion and oxygen consumption.
Controls were run using medium without sub¬
strate for the tissues.

The Incubation medium for the first series of experi¬
ment was that of Buchanan et al, (1949) in which they ob¬
tained maximum glycogen synthesis.

The ionic composition

was Ca, 10 mM./liter; K, 145 mM/liter; Cl, 125 mM/llter; and
HCOg, 40 raM/liter, pH 7«5»

Only the glycogen was analysed in

these experiments due to the high initial concentration of
glucose in the medium.

The final concentration, in the

first experiments, of glucose in the medium was 0,5^.
first series of animals were fasted for 48 hours.

The

The deter¬

mination of the glycogen was accomplished by precipitating
the glycogen out of the solution after the method of Good et
al (1933)> and analysis of the glycogen by the method of
Seifter et al (1950).

The procedure was as follows for the

glycogen determinations:
1*
2.
3.
4.
5.
6.
7.

After the incubation, 1 ml. 80$ KOH was add¬
ed to the contents of the flasks.
These were covered with a glass marble and
heated for 20 minutes on a water bath, until
the materials were homogenous.
The contents of the flasks were placed in
test tubes and cooled to about 30° C.
Alcohol was added in the amount of 1.1 volumes.
(95£).
The solutions were heated to boiling, then
placed in an ice box to hasten precipitation
of the glycogen.
The tubes were centrufuged at 3*000 rpm for
20 minutes, the supernatant poured off and
the tubes drained for 5 minutes.
The precipitated glycogen was then made up in
a known volume of water and an aliquot analysed.

The Anthrone method of Seifter et al (1950) is accom¬
plished as follows:
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1. A 5 0l. aliquot of the glycogen solution was
placed in a test tube and placed in a cold
water bath to prevent excessive heat genera¬
tion.
2. A water blank is prepared and several standards
of glucose.
3. From a fast flowing pipette, 10 ml* of anthrone
reagent were delivered, the solutions mixed and
covered with a glass marble. (The anthrone
reagent is made up by adding 100 ml. 95# sul¬
furic acid to 0.2 gm. anthrone. This is stable
for less than 18 hours),
4. The tubes were placed in a boiling water for
10 minutes, then
5. Placed in cold water for 5 minutes, at which
time the color is stable for several hours.
6. The materials were read on the spectrophoto¬
meter at 620 mu.
The second group of animals were handled in an iden¬
tical manner, except that the initial glucose was increas¬
ed in the medium to 1# to get greater glycogen synthesis.
The animals were fasted for a period of 24 hours rather
than 48 hours.
Due to a differential in the percent glycogen synthe¬
sised because of the initial low glycogen of the castrate
animals, an attempt was made to reduce the initial glycogen
of both the castrate and the normal animals to a zero level.
It was found that a phosphate medium results in glycolysis
(Stoess and LePage, 1949? and Warren and Ebough, 1946), so
the tissues were incubated for 15 minutes prior to the
glycogenic phase In Krebs-Ringer phosphate solution at room
temperature while bubbling 95# 02 - 5# C02 through the medium.
The tissue was washed in the glycogenic media before weigh¬
ing and incubation to remove any interfering substances.
remainder of the procedure is the same as the two previous
experiments.
-22

The

The investigation then turned to a study of the produc¬
tion of reducing sugars and glycogen by using pyruvate as the
incubation substrate.

The preparation of the liver slices

and the incubation procedure was not changed from the above,
however,, the ionic concentration of the medium was changed
according to the content outlined by Buchanan et al (1949).
The concentrations were Ca, 10 mM/liter$ K, 73 mM/liter; Na,
72 mM/liters HCOg, 40 mM/liter; pyruvate, 40 mM/liter; and
Cl, 85 mM/liter.
7.5 with

The solution was equilibrated at a pH of

O2 - 5£

OOQ

gas mixture.

The supernatant was analysed in these experiments for
the formation of reducing sugars which would of necessity be
glucose.

The alcohol was evaporated off after the precipita¬

tion and isolation of the glycogen and treated according to
the iodometric titration method of Somogyi et al (1930-1937).
The procedure for the analysis of glycogen was the same as
above.

The procedure for the supernatant may be outlined as

follows s
1. The solution was made up to a volume of 5 ml.
and neutralized with 1 N NaOH•
2, To this solution was added 5 ml. of the copperiodide reagent.
3* The tubes were covered with glass marbles and
placed in a boiling water bath for 15 minutes.
4. The material was cooled to 35° C. and 5 ml. 1
N sulfuric acid added and permitted to sit for
5 minutes.
5. The solutions, including several standards, and
a blank, were then titrated to a light yellow
with 0.005 N sodium thiosulfate.
6. Towards the end of the titration, starch was
added as an indicator of the free iodine, and
the end point was reached when the blue color
of the starch iodine complex vanished.
7. The values obtained were compared to a graph of
standards and the results corrected for the re¬
ducing substances in the blank which contained
23-
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no tissue
The result of all these experiments were recorded and
treated statistically.
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RESULTS

EFFECTS ON AMINO ACIDS AND PROTEINS:
The result of the effect of castration* testosterone
and protein free diet on body weights are shown in Table 1
and graphically in Figure 1.

The weights were checked at

the age of 50 days when the experiment began and were kept
deaily until the termination of the experiment.

The dif¬

ferences in the weights within the different diet groups
are not statistically different.

Those animals on the reg¬

ular diet, regardless of treatment gained steadily* while
those on the protein free diet were unable to gain weight
after being placed on the diet.

ICochalcian (19^8) reported

that in rats starved for a period of 12 days* 150 days after
castration* there was a more rapid gain in the rats receiv¬
ing testosterone than the castrate controls when they were
returned to a balanced diet.

However* the castrate controls

were able to attain and even surpass the weight of the in¬
jected animals within 20 days after the balanced food was
started.

Geiger and Rav/i (1953) reported that they were un¬

able to see any difference in testosterone treated normal
and castrate rats either during a fast nor during the time
of gaining back the lost weight when given a balanced diet.
In contrast* other workers have claimed a gain in response to
testosterone treatment (rat* Rubinstein and Solomon* 19*11;
and man* Hamilton* 1937; Kenyon et al* 1938; Albright and
Parsons, 19^1) which may be due to species difference in the
case of the man.
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Table 1
The Effect of Diet and Androgens on the Weight of Male
Rats.
Conditions Initial weight At treat

Final weight

nient
Normal

170 - 5 269-8

336 - 4

Castrate

168 i 4

331 - 5

Castrate ~ T.P.

4
171 - 6
4

Normal - Protein
Free Diet

259 - 7

171 - 5

261 - 9

4

Castrate - Protein 172 - 7
Free Diet
Castrate -T.P.
Protein Free

4

170-6

4
250-5
4
_ 4

2&3 - 5

4

262 - 8

346 - 9

4

263 - 6

4

n

239 - 8

4
247 - 4

The figures given above are the average of 10 animals
plus or minus the Standard Error.

Those animals receiving

testosterone propionate were injected daily with 0.9 mg*
in sesame oil.

The controls received 0.5 ml. sesame oil

daily.
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The Effect of Diet and Androgens on the Weights of Kale
Rats.

Pig. 1. Line 1 above is the mean for the normal, castrate
and castrate treated with testosterone propionate, all
on a regular balanced diet.

Line 2 is the normal.

3

the castrate treated, 4 the castrate untreated; these
on the protein free diet.
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The effects of castration and testosterone treatment
on the various organs examined are shown in Table 2.

The

ratio of body to liver weight was very constant in these ani¬
mals.

There was a consistant and significant hypertrophy of

the adrenals, a significant loss of weight of the heart and
kidneys in response to castration which was restored to nor¬
mal by the administration of testosterone propionate.

Simi¬

lar results have been reported for the hamster (Kochakian et
al, 1948), the rat (Korenchevski, 1941), and for mice (Van
Bekkum and Kassenaar, 1951).
The chromatograms of both the free amino acids and of
the protein hydrolysates of liver and muscle gave a qualita¬
tive analysis of the araino acids present and an Indication
of the relative amounts, but no significant difference could
be observed when the different groups were compared.

Many of

the known amino acids were identified, being present in eith¬
er the protein hydrolysate or the free amino acid faction.
On the other hand, Awapara (1952) was able to show a decrease
in almost all the free amino acids of the ventral prostate
of the rat after castration.

This is to be expected due to

the rapid atrophy of this organ following castration.
The failure to chromatographically find any change in
the relative amounts of the bound or free amino acids of rat
liver and muscle made it necessary to turn to a determination
of total amino nitrogen of the free amino acid fraction for
a possible explanation of the nitrogen retention properties
of testosterone as reported by Kochakian (1936).
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The raicro-

Table 2
The Effects of Androgens on Various Organs of the Male
Rat.
Conditions

$

Liver
body

.Adrenals
mg.

Kidneys
mg.

Heart
mg.

Normal

3.1 * 0.8

43.0 £ 0.8

2051 £ 15

989

Castrate

3.0 2 0.7

54.0 - 0.9

I960 - 12

874

Normal - T.P.

3*0 — 0.5
4
3.0 - 0.8

45.0 i 0.7
4
46.0 - 0.6

2059 ~ 20

954

2084 - 14

913

Castrate-T.P.

&

15

4
9

4

4M»

4

19
18

There were 22 animals used in the determination of the
liver to body weight ratios.

In each of the other groups is

shown the average of six determinations plus or minus the
standard error.

The dosage of testosterone was 0.9 mg. per

day * subcutaneously.
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Kjeldahl for total nitrogen in the free amino acid fraction
gave a figure which was consistently a littier higher than
the one obtained for the amino nitrogen as they were measured
spectrophotometrically and are therefore not presented.

The

values for the amino nitrogen analysis are given in Table 3«
While the values fluctuated somewhat, the experiments indi¬
cate that the total concentration as well as the types of
amino acids of the free amino acid fraction was not affected
by the treatment.

Bartlett (1953) subsequently reported that

testosterone had no effect on the nitrogen pool of the adult
dog.

The free amino acids make up a large part of the nitro¬

gen pool and the lack of slgnlflcent change in their numbers
or total amount indicates a similarity of these results to
those obtained by Bartlett.
In the determination of the total nitrogen per gram of
tissue of the normal and castrate animals, there was found a
3ignificently smaller amount of nitrogen in the thigh muscle
of the castrate in comparison to the normal.
6 determinations are shown in Table 4.

The result of

This result indicates

that the ratio of protein to some other constituents of the
muscle of the normal and testosterone treated animal is
greater on the percent per gram basis than the muscle of the
castrate rat.
EFFECTS Or! GLYCOGEN SYNTHESIS AND CARBOHYDRATE METABOLISM:
In addition to the protein effect determined and dis¬
cussed above, it has also been shown that testosterone in¬
creases the muscle glycogen of the normal and castrate rat.
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Table 3
The Effect of Androgens on the Free Amino Aeid Nitrogen
Conditions

Liver
mg. N/gtn.

Muscle
mg. N/gm.

Normal

565 4 0.043

Castrate

616

Castrate - T.P.

565

Normal - Protein Free
Diet

576

Castrate - Protein Free
Diet

549

Castrate - T.P. - Protein
Free Diet

622

4
4

4

0.022

.594
.657

4

4
4

0.046

.591

0.049

.634

0.038

.644

0.053

.740

4

4
4

4

4

0.030
0.043
0.052

0.068
0.042

0.053

Six animals were used in each of the above groups.
Treated animals received 0.9 mg. testosterone subcutaneously
daily.
Table 4
Kjeldahl Determination of Total Nitrogen of Rat Muscle
Conditions

Water

mg. N/gm. wet

mg. N/gm. dry

Normal

75.9 - 0.11

3.56 - 0.03

14.59 - 0,07

Castrate

76.4

t

3.39 - 0.02

14.24 i 0.05

0.09

The above are the determination on six animals in each
group.
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Due to the inter-relationship3 of carbohydrate, fat and pro¬
tein metabolism, Leonard (1952) postulated that the mechan¬
ism by which the hormone exerted its influence on protein
anabolism might be through its effect on carbohydrate utili¬
sation,

For this reason, the etaphasis of the study was

shifted to the influence of androgens on carbohydrate meta¬
bolism in an attempt to pinpoint its effect on an enzyme or
enzyme system.

These studies are concerned with those as¬

pects of carbohydrate utilization from pyruvate through gly¬
cogen as illustrated in Figure 2.
Glycogenesis From Glucose:
The results of the first of these experiments are given
in Table 5 and 6.

The purpose of this part of the study was

to check the effect of castration on the synthesis of glyco¬
gen from glucose.
By referring to Table 5A, it will be seen that there was
a greater rate of synthesis in the tissues from the castrate
than in the tissues from the normal when incubated in the 0.5
glucose substi’ate.
3.

This is illustrated graphically in Figure

It is of interest to point out however, that while the

rate of synthesis was consistently greater in the castrate in
comparison to the normal, only twice did the final values
ever equal that for the normal tissues.
In an effort to show a greater difference in the rates,
the substrate was increased to a final concentration of 1$
glucose.
gether.

On the contrary, this brought the rates closer to¬
For convenience sake, the time of the fast was cut

to 24 hours in contrast to the 48 hours for the above experi-
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Glycogen
phosphorylase
V

Glucose-1-Phosphate
phosphoglucomutase
glucokinase
Glucose
±Glucose-6-Phosphate
phosphatase
phosphohexoisomerase
Fructose-6-Phosphate Glycerol«=iFats
phosphatasej|phosphohexokinase
Fructose-16-Phosphate

jjphosphatase
Phosphoglycerol

Aldolase

j glyeerolphosphate
II dehydrogenase
Dihydroxyacetone
<
D-Glyceraldehyde»3~Phosphate
Phosphate triosephosphate ti
isomerase phosphoglyceraldehyde
l
dehydrogenase
153-Oiphosphoglycex'ic Acid
ATP-phosphoglyceric
Itransphosphorylase
3-Phosphoglyceric acid
phosphoglyceromutase
T

2-Phosphoglyceric acid
/ *

enolase
Phosphoenolpyruvic acid
ATP-phosphopyruvic
transphosphorylase
Protein v=* Alanine

Pyruvic *=*Acetate

>Fats

*
Lactic acid
(Kreb's Citric Cycle)
Figure 2.

Pathway of Glycogen Synthesis and Breakdown in
Tissue.
(Fruton and Sitnmonds, 1953).
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Table 5
Glycogen Synthesis From Glucose by Rat Liver Slices
Conditions Initial Final Change
rag./go. mg./gm.
mg./gm./hr.
A Normal 0.5$ glu- *755 - .085 .901 - .087 .146 1 .032
C0S6 —— x

A

i

- Castrate 48 hr. ,460 ~ .090 .715 - .095 .255 ~ .022
_fast
B

Normal

1% glu.536 - .083 1.378 ~ .137 .842 ^ .065
cose — x
4
x
24 hr.
.297 - .050 1.097 1 .119 .800 l ,036
fast

Ten animals were used in each of the above groups.

Table 6

Glycogen Synthesis From Glucose In Rat Liver Slices Reduced in Glycogen Content by Incubation in Krebs-Ringer
Phosphate Medium.
Conditions Initial Final Change
mg./gm. mg./gra.
mg./gm ./hr.
Normal

1;fa glu¬
cose —

Castrate

24 hr.
fast

.113 i .012

4
1.019 i .124 .906 - .009

4
.095 - .020

4
0,996 ~ .110 .901 - .006

Six animals were used in each of the above groups.

The Rate of Glycogen Synthesis in Rat Liver Slices

rat liver slices which were incubated in 0.5# glucose
substrate.
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ment.

It was surprising to find that the initial glycogen

was reduced even further by the shorter fast.

No explana¬

tion can be given for this phenomenon! at this time.

While

the rates were similar (see Table SB and Figure 4) the per¬
cent difference was still greater In the castrate due to
the low initial glycogen.

Therefore, the incubation with

Krebs-Ringer vjhich reduced the level in the normal and cas¬
trate tissues to a low level that was nearly equal.

The re¬

sults of subsequent incubation in glucose substrate are
shown in Table 6 and Figure 3B.

This series of experiments

removed all differences in the rates and amounts of glyco¬
gen synthesised in a given period of time.

The results

indicate that the ultimate differences in the amount of
glycogen In the liver of the two groups was the result of
an inhibition or an acceleration of the glycogenic cycle
elsewhere, and that the enzymes between glucose and glyco¬
gen are unaffected by testosterone.
Glycogenesis and Glucogenesis From Pyruvate:
Following the finding that glucolcinase, phosphoglucomutase and phosphorylase were unaffected by castration,
the pathway between pyruvate and glycogen was then investi¬
gated, using pyruvate as the substrate.

This pathway in¬

cludes a great number of enzyme systems, few of which have
been studied individually! however, any individual change
would be reflected in the overall reaction since the over¬
all rate would depend upon the slowest process.

The steps

concerned with this synthesis are shown in Figure 2.
In the following phase of the study, insufficient glyco-
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Glycogen-Glucose mg./gm.

The Rate of Glycogen Synthesis in Rat Liver Slices
from Glucose

Fig. 4 Lines A3"* A2 represent the normal and castrate rats
respectively.

1

Line B , B

P

represent normal and castrate

rat liver slices which were incubated for 15 minutes in
Kreb3~Ringer before final incubation.
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Table

7

Glycogen Synthesis From Pyruteato by Rat Liver Slices
Final
mg./gm.

Change
mg./gm./hr.

Conditions

Initial
mg./gm.

Normal

.,678 2 .030

.6251 .026

-.0471 .004

Castrate

.6002 .045

.5932 .070

-.0771 .010

Normal - T.P.

.5432 .060

.5981 .048

.0551 .003

Castrate - T.P.

•517± .040

.6062 .086

.0891 .006

Six animals were used in each of the above groups.

Table

8

Reducing Sugars Formed From Pyruvate by Rat Liver Slices
Change
mg./gm./hr.

Conditions

Initial
mg./gm.

Final
mg./ga.

Normal

.4822 .032

.5652 . 024

.0861 .004

Castrate

.4982 .055

.5232 .045

.0241 .002

Normal - T.P.

.4982 .042

.6661 .030

.1671 .025

Castrate - T.P.

.4531 .036

.6131 .040

.1602 .029

Six anits&s were used in each of the above groups.

gen was synthesised to show quantitative differences between
the two groups.

It was noted In addition* that although

there was a small but significant amount of glycogen synthe¬
sized in the animals receiving testosterone* there was no
significant difference in the untreated castrate and normal
animals.

Incubation of the tissue slices without substrate

gave a very small decrease in the glycogen present in the
slice initially.
It will be observed by referring to Table 8 that there
was a marked increase in the glucose synthesized from the
pyruvate in the testosterone treated animals as compared to
the untreated castrate and normal animals.

While not as

marked* glucose synthesis in the normal was significantly
greater than in the castrate.

These observations would

seem to indicate that the reduced glycogen level in the
in the castrate animal was due to a decrease in glucose syn¬
thesis.

Thus., insufficient glucose v?as formed to push the

reaction toward glycogen in any great amounts.

The figures

given in Table 8 have been corrected for the reducing sub¬
stances present in the medium without tissue slices.
The rates of oxygen consumption was not affected in
the different groups of animals under these experimental
conditions* therefore* no data is presented.

Similar re¬

sults have been reported by other workers for other species
(Kochakian* 1937* dog5 Kenyon et al* 1938.5 mans Kochakian
and Vail* 1944* rat).
Dirscherl and Knuehel (1950) reported that for isolat¬
ed enzymes, enolase and hexokinase activities were enhanced
-39

by the addition of water soluable androgens in vitro»
While a great amount of caution must be excercised when as¬
signing metabolic functions to synthetic hormones used in
vitro due to the lack of true physiological conditions, the
data reported by these two men and the data gathered through
this series of experiments strongly indicate that andro¬
gens affect the glycogenic cycle somewhere between pyruvate
and glucose-6-phosphate.

One might expect that one of the

point* of action could possibly be an inhibition of the enzy¬
matic conversion of phosphoglyceraldehyde to glycerol, since
it is known that the fat content of the castrate animal is
reduced by androgen administration (Kenyon et al, 194 Oj Scow,
1951).

Whether or not the effect on this single enzyme

could be the answer to the total effect of androgens on
metabolism is open to question.

There are many other re¬

actions involved in the degradation and synthesis of car¬
bohydrates that would serve equally well as the point of
action of androgens or the lack thereof.

Although the acti¬

vity of any of these reactions could be so affected as to re¬
sult in the conditions found during androgen treatment or
x’ollowing castration, it is at present idle to speculate too
far on the subject without further investigation of more of
the individual reactions involved in the role of carbohy¬
drate metabolism.
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SUMMARY
This problem was an investigation of the effects of
androgens on various phases of protein and carbohydrate
metabolism.
The body weights of normal* castrate and testosterone
treated animals on a balanced and a protein free diet were
recorded and compared.

During the time of treatment* no

effect of testosterone treatment could be observed within
either of the diet groups.
The total nitrogen per gram of muscle of the castrate
animals was significantly less than that of the normal* in¬
dicating a change in the components making up the muscle
mass.

The lack of change in vieight mentioned above would

appear to be due to the deposition of fat in the castrate
animal at a rate equal to the rate of protein depletion.
Organ weights were recorded and found to be very simi¬
lar to the results of other workers using these same experi¬
mental conditions.
Chromatograms and spectrophot©metric analyses of free
amino acid nitrogen indicated that testosterone had no ef¬
fect on the free amino acid level of the muscle and liver of
the castrate and normal rat.
The investigation of carbohydrate metabolism was
initiated by a study of glycogen synthesis from glucose.
This pathway is mediated by the enzymes glucoklnase* phosphoglueomutase and phosphorylase,

The indications are that

androgens do not affect these enzymes directly.

The use of pyruvate as a substrate for the synthesis of
carbohydrates by rat liver slices of normal, castrate and
testosterone treated animals of both groups, resulted in the
formation of significantly greater amounts of glucose pro¬
duction in tissues from both groups following testosterone
treatment.

Smaller amounts of glycogen were formed with the

pyruvate as substrate than was formed when glucose was used.
The lack of synthesis was considered to be due to the smaller
amounts of glucose formed in the case of incubation with pyru¬
vate.

In support of this, it was observed that the increase

in glucose synthesis in the testosterone treated animals was
reflected in a greater synthesis of glycogen than in the un¬
treated normal and castrate controls where the glucose pro¬
duction was low.

The increase in glucose production from

pyruvate in the tissue of testosterone treated animals in¬
dicates that this androgen has an effect on some enzymatic
reaction involved in the conversion of pyruvate to glucose6-phosphate.
investigated.

Further investigation of this pathway should be
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