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It has been reported from this laboratory that
under the proper experimental conditions corti-
cotropin is capable of modifying metabolic proc-
esses in the mouse and rat through mechanisms
other than by stimulating the secretion of steroid
hormones by the adrenal cortex (1-5). Similar
observations have been made by Astwood (6).
The metabolic responses to adrenocorticotropic
hormone (ACTH) in both intact and adrenalecto-
mized animals bear a striking similarity to those
induced by growth hormone (Table I) and some
have also been elicited with the thyroid stimulating
hormone (2, 3). Auvailable data so far do not
support the notion that these common metabolic
actions are due to impurity of the hormone prepa-
rations used, with either growth hormone or some
as yet unidentified “metabolic” hormone being the
common contaminant.

Elsewhere the hypothesis has been proposed
that the sharing of a variety of metabolic activities
by pituitary hormones may simply reflect the fact
that the tropic hormones serve as growth and
metabolic hormones for their target glands in ad-
dition to being specific stimulators of hormone
synthesis and release (3). Since the pathways for
growth and general metabolism presumably are
largely the same in almost all tissues it should
not be surprising to find that the tropic hormones
might be capable of influencing metabolism in tis-
sues other than their target glands. The speci-
ficity of the tropic hormones might then relate
either to a greater affinity of the hormone to the
target gland or, alternatively, to a greater sensi-
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tivity of the gland to the hormone. In the case of
ACTH, which promotes steroidogenesis by the
adrenal cortex and hence must have a potent in-
fluence on lipid metabolism in the gland, it has
seemed reasonable to search for extra-adrenal in-
fluences of the hormone on pathways of lipid me-
tabolism which might be considered analogous to
those occurring in the adrenal cortex.

One of the impressive effects of ACTH is its
ability to cause a loss of lipid from the adrenal
cortex (7). The same hormone has been found
capable of inducing ketosis, fatty liver and a loss
of extractable lipid from adipose tissue depots
in mice and rats (2, 4, 6, 8). The purpose of the
present study was to determine whether ACTH
might influence the metabolism of adipose tissue
in vitro. It was found that the ACTH was highly
effective in stimulating the hydrolysis of neutral
fat and release of nonesterified fatty acids when in-
cubated with rat adipose tissue in plasma and other
suitable media.

METHODS AND MATERIALS

Twenty to 60 mg. portions of epididymal adipose tis-
sue were removed from 250 to 350 Gm. Wistar rats,
which had been fasted overnight and anesthetized with
sodium pentobarbital injected intraperitoneally. The adi-
pose tissue was weighed on a Roller-Smith torsion bal-
ance and then incubated in 1 ml. of pooled rat plasma at
36° C. in a Dubnoff shaking incubator. Heparinized
plasma was obtained by exsanguinating 350 to 450 Gm.
male rats via the abdominal aorta and was used immedi-
ately or after refrigeration. When compared with a
few pilot studies done with serum, heparinized plasma
was found to yield comparable results and was therefore
used for convenience. The gas phase was air or nitro-
gen. The 10 ml. Erlenmeyer flasks used for incubation
were left unstoppered. Evaporation was retarded by en-
closing the flasks in a humidifying hood.

Plasma fatty acids were determined on 0.4 ml. ali-
quots of plasma by the method of Dole (9) immediately
and three hours after the addition of the hormone solu-
tion or an equal volume of distilled water for the con-
trol.
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TABLE 1

Extra-adrenal metabolic activities common o ACTH
and growth

Mobilize Fat from Depots (8)
Increase Liver Fat (2, 6)
Induce Ketosis (4, 6)
ress R. Q. (6)
Induce Hg’ﬁ)glycemia (5, 6)
Increase Glucose Tolerance (5)
Increase Adipose Tissue Glycogen (Insulinotropic) (5)
Increase Cardiac Glycogen (6) .
Enhance Insulin Action on Glucose Uptake by Rat Dia-
phragm in Vitro (16) .
Decrease Urea Formation from Infused Amino Acids in
Nephrectomized Rats (3)

Tissue fatty acids were determined, after rinsing the
adipose tissue samples in distilled water, by macerating
them with a glass rod in the same extraction mixture
used for plasma and by then following the same pro-
cedure as in the plasma method.

The following hormones were used:

Corticotropin (see Reference 4 for further description
of these samples). 1. Armour Laboratories. Porcine
corticotropin “A,” lot No. 980-001-1, 125 U.S.P. units
per mg. Protein ACTH, “Acthar-A®,” lot R, J 17409,
1 unit per mg. 2. Lederle Laboratories, American Cyana-
mid Company. a;-a, pool—lot No. S-1079-28; 80-100
U.S.P. units per mg. y pool—lot No. S-1079-45; 80-100
U.S.P. units per mg. 3-1—lot No. S-1079-24; 10 U.S.P.
units per mg. BP.(3)—lot No. S-1892-34 No. 225. Pep-
tide from pepsin digestion of ACTH ; 80-100 U.S.P. units
per mg. C-10—Peptide from chymotrypsin digestion of
ACTH. No ACTH activity. 3. Wilson Laboratories.
Oxycellulose adsorbed ACTH, lot No. 102621 ; approxi-
mately 140 U.S.P. units per mg.

These preparations were dissolved in distilled, de-
ionized water prior to use.

Melanophore stimulating hormone (MSH). 1. «-MSH-
35-B, from Dr. S. Steelman; 2. B-MSH-CCD-4, from
Drs. 1. Geschwind and C. H. Li.

Each preparation of MSH was dissolved in distilled,
deionized water just prior to use.

Growth hormone (STH). 1. Endocrinology Study
Section, National Institutes of Health. BGH-1; 2. Horner

Co., Ltd.,, Montreal. Bovine, lot No. 17A5110X; 3. Dr._

M. Raben, human, lot No. 4.

Growth hormone was prepared immediately before use
by dissolving in distilled, deionized water and adjusting
to a final pH of 9.0 to 10.0 with 0.1 N NaOH.

Thyroid stimulating hormone (TSH). Armour Lab-
oratories; lot IRW. Activity 1.5 to 2 U.S.P. units per
mg. Estimated to contain 0.02 U.S.P. unit ACTH per
mg. and negligible amounts of growth hormone. It was
dissolved in distilled, deionized water just before use.

Pitressin®. Parke, Davis and Company; 20 pressor
units per ml, with 0.5 per cent chlorobutanol as a pre-
servative.
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Pitocin®. Parke, Davis and Company; 10 international
units per ml., with 0.5 per cent chlorobutanol as a pre-
servative.

RESULTS

The direct action of ACTH in promoting the re-
lease of nonesterified fatty acids from adipose tis-
sue incubated in rat plasma is illustrated in the
upper portion of Figure 1. During a three hour
observation period there was no significant release
of fatty acids into the medium when plasma alone,
plasma and ACTH or plasma and adipose tissue
were incubated. In contrast a small, but statisti-
cally significant increment in fatty acid release
was already detectable in 20 minutes with a further
substantial increase by 180 minutes when 10 ug. of
oxycel ACTH was added to the plasma containing
adipose tissue.

The lower panel of Figure 1 presents evidence
that the release of fatty acids into the medium
was not due either to a simple diffusion of intra-
cellular fatty acids into the medium or to the re-
lease from the adipose tissue of an intracellular
lipase which then hydrolyzed plasma triglycerides.
Estimation of the fatty acid content of the adipose
tissue itself revealed that fatty acids accumulated
within the tissue promptly and in greater concen-
tration than were released into the medium. With-
out hormonal stimulation the intracellular fatty
acid content actually declined significantly over
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time. These results suggest that ACTH stimulates
the hydrolysis of neutral fat within the cell with
secondary release of fatty acids into the medium.
Further support for this interpretation is found in
the observation that when adipose tissue is incu-
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bated in a Krebs-Ringer phosphate medium with-
out the addition of albumin as a fatty acid acceptor,
ACTH induces an increase of fatty acids only in
the tissue, with none being released into the me-
dium (10).

Figure 2 demonstrates that the lipolytic action
of ACTH on adipose tissue is largely abolished by
anaerobiosis. When adipose tissue is incubated in
a nitrogen atmosphere there is a small loss of fatty
acids from the tissue, but this is not modified by
the addition of ACTH to the degree that it is
aerobically. The decline in tissue fatty acids dur-
ing incubation is less under anaerobic conditions
and is only slightly altered by ACTH. The lipo-
Iytic action of ACTH thus appears to depend on
continuing aerobic metabolism of the tissue.

Results of studies on the lipolytic potency of
various preparations of ACTH and of the chemi-
cally closely related hormones, « and 8 melano-
phore stimulating hormones (« and 8 MSH), are
found in Table II. An old sample of Armour
ACTH, presumably protein in nature, and assay-
ing 1 unit per mg., was inactive at a level of 5 pg.
per ml. of plasma but active at 10 ug. and greater.
This same preparation was not active in causing

TABLE 11

Influence of corticotropin and melanophore stimulating hormones (MSH) on production of nonesterified
fatty acids (NEFA) from adipose tissue in vitro

uM NEFA produced/100 mg.

No. of adipose tissue/3 hrs.
Hormone determinations Dose (£S.E.) p
ug./ml

Control 28 0.19 £ 0.06 (+0.29 S. D.)
“Protein” ACTH 5 5 —0.08 + 0.04 *
“Protein”” ACTH 7 10 0.70 = 0.17 <0.01
“Protein”” ACTH 4 50 1.55 + 0.04 <0.01
“Protein” ACTH 4 100 1.64 & 0.28 <0.01
Oxycel ACTH 8 1 1.08 + 0.15 <0.01
Corticotropin “A"” 2 8 2.39 t
Corticotropin “A” 1 16 2.30 t
ar-az ACTH 6 10 1.65 + 0.09 <0.01
ara: ACTH 3 20 1.73 £ 0.25 <0.01
~ pool ACTH 2 6 1.38 1
v pool ACTH 1 12 2.42 1
&1 ACTH 1 10 1.74 1
&~1 ACTH 1 20 1.87 t
BP,(3) ACTH 1 10 2.27 1
BP.(3) ACTH 1 20 1.56 t
C-10 3 10 0.16 + 0.08 *
C-10 1 20 0.29 *
o—MSH 2 100 0.35 *
a—MSH 2 200 0.53 *
8~MSH 2 200 0.27 *
B~MSH 2 400 0.21 *

* Not significantly different from control. L
1 Exceeds control by more than two standard deviations.
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TABLE III
Inactivation of ACTH with NaOH and H4O,, and the reactivation of HeOgyACTH with cysteine

No. of M NEFA produced/100 mg.
determi- adipose tissue/3 hrs.
Treatment nations Dose (+S.E.) P
ne./ml.

Control 28 0.19 4 0.06 (£0.29 S. D.)
ar-as 6 10 1.65 + 0.19 <0.01
ara-H;0, 1 10 0.23 *
ar-ar-H:0, 1 20 0.21 *
a-ar~H:0zr—cysteine 1 10 1.24
arar-H:0r—cysteine 1 20 1.07
ar-a; NaOH 25° 1 10 1.58
ar-a; NaOH 100° 2 8 0.30 *
Oxycel ACTH 8 1 1.12 = 0.21 <0.01
Oxycel ACTH 7 10 2.11 £+ 0.31 <0.01
Oxycel ACTH-H:0, 4 2 0.23 == 0.06 *
Oxycel ACTH-H:0, 4 20 0.53 + 0.19 *
Oxycel ACTH-HOy—cysteine 4 2 2.28 + 0.67 <0.01
Oxycel ACTH-HOycysteine 4 20 3.44 & 0.02 <0.01
Oxycel ACTH-NaOH 25° 4 10 1.95 + 0.26 <0.01
Oxycel ACTH-NaOH 100° 4 10 0.05 =+ 0.08 *

* Not significantly different from control.

1 Exceeds control by more than two standard deviations.

ketosis in the rat (4). One pg. of oxycellulose
ACTH actively stimulated fatty acid release.
Corticotropin A, the pure, chemically character-
ized peptide ACTH consisting of 39 amino acids,
was active at two doses, but limitation of supply
precluded further testing. Both a,-e, ACTH and
the y-pool, mixtures of ACTH peptides obtained
in the purification of oxycellulose ACTH by
countercurrent distribution by Shepherd and as-
sociates (11) and having high ACTH potency,
had lipolytic activity. Both of these samples have
potent ketogenic and adipokinetic activities in rats
and mice (4, 12). §-1, a fraction of lower ACTH
potency, was lipolytic, although it had previously
been found not to be ketogenic. On the other
hand, it is of interest that Steelman (12) has
found it to be a potent adipokinetic agent in the
mouse. BPs (3), a peptide derived by graded
pepsin digestion of B-corticotropin such that 10
amino acids were removed from the tail of mole-
cule, leaving a 29 amino acid peptide with per-
sisting ACTH activity, had lipolytic activity n
vitro and adipokinetic in viwo (12), although
ketogenic activity was much decreased (4). Fi-
nally, Lederle fraction C-10, a product of chymo-
trypsin digestion of B-corticotropin and comprising
the peptide chain from amino acid 16 to 36 (3),
was quite inert, as it has been in all parameters
tested to date.

« and 8 MSH, 13 and 18 amino acid peptides
with striking structural similarities to the corre-
sponding N-terminal amino acid sequence of 8
ACTH (13), were inactive in high doses in the
lipolysis test. « MSH is free of adipokinetic ac-
tivity (12), and 8 MSH does not stimulate ke-
tosis (4).

Previous studies have shown that various pro-
cedures which may inactivate and reactivate
ACTH as judged by adrenal ascorbic depleting
activity usually have comparable effects on the
extra-adrenal activities (4, 5). (The effects of
pepsin and chymotrypsin digestion on ACTH
activity have already been described.) ACTH
may be inactivated by oxidation with H,O, and
reactivated by incubation with a suitable reducing
agent, such as cysteine (14). Table III presents
data showing that the in witro lipolytic activity
of a,-a, and oxycel ACTH on adipose tissue fol-
lows a similar pattern with H,0O, and cysteine
treated ACTH. Activity was lost on oxidation
with H,0, and restored by reduction with cysteine.
ACTH resists mild alkali treatment (0.1 N NaOH
at 25° C. for 24 hours) but is destroyed by
boiling in 0.1 N NaOH for 20 minutes (4). The
lipolytic activity of «,-a, and oxycel ACTH be-
haved in a corresponding fashion. These results
lend strength to the view that the lipolytic re-
sponse is a specific activity of ACTH and not due
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to contamination with some other pituitary hor-
mone.

Further support for this interpretation is found
in Table IV which compares the lipolytic ac-
tivity of ACTH with other pituitary hormones.
Whereas 1 pg. of oxycel ACTH stimulated fatty
acid release, growth hormone (STH) and thy-
roid stimulating hormone (TSH) showed no or
at best limited activity. One sample of bovine and
one of human STH were inactive even at a level
of 1 mg. per ml. while another bovine STH sample
was active at levels of 100 to 200 pg. per ml.
The TSH preparation induced lipolysis at 500
and 1,000 pg. but not at 100 pg. Preliminary
studies indicate that in contrast to ACTH, STH
activity is not eliminated by oxidation with H,0,.
The known contamination of these hormones with
ACTH does not account for their lipolytic ac-
tivity. It is not clear why increasing levels of the
active STH and TSH preparations did not bring
about as great fatty acid release as did the maxi-
mally effective dose of ACTH. The different be-
havior of ACTH compared to STH and TSH in
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this system essentially eliminates further need to
consider the possibility that the ACTH effects are
due to contamination with either one or both of
the above hormones. Both Pitressin® and Pito-
cin® were likewise inactive, an important consider-
ation in view of Ingle and Li’s finding that vaso-
pressin was responsible for the presumed extra-
adrenal effect of ACTH in the muscle work test

(15).
DISCUSSI?N

The direct action of ACTH on fatty acid pro-
duction by adipose tissue represents the most clear
demonstration yet that this hormone is capable of
influencing metabolic processses under circum-
stances in which the mediation of adrenal cortical
secretion is completely eliminated. The only
other extra-adrenal in vitro effect of ACTH with
which we are familiar is that reported by Randle
and Young (16). These investigators found
that corticotropin enhanced the action of insulin
on glucose uptake when added to rat diaphragm
in vitro. The significance of their results is

TABLE IV
Influence of pituitary hormones on production of NEFA* from adipose tissue in vitro

No. of uM NEFA produced/100 mg.
determi- adipose tissue/3 hrs,

Hormone nations Dose (+S. E.) P
Control 28 0.19 = 0.06 (+0.29 S. D.)
Oxycel ACTH 4 0.5 pg./ml 0.37 = 0.11 t
Oxycel ACTH 8 1 ug./ml 1.08 &+ 0.15 <0.01
Oxycel ACTH 4 2 ug./ml 1.59 4 0.11 <0.01
Oxycel ACTH 10 5  ug./ml 2.37 £ 0.28 <0.01
Oxycel ACTH 7 10  ug./ml 2.11 £ 0.31 <0.01
Oxycel ACTH 2 100  ug./ml 2.16
Oxycel ACTH 2 1,000 ug./ml 2.16
Human STH 2 500 pug./ml 0.00 t
Human STH 2 1,000 ug./ml. 0.17 t
STH-R50109 4 500 pug./ml 0.18 =+ 0.08 t
STH-R50109 5 1,000 ug./ml 0.26 & 0.07 t
STH-17A5110x 3 10  ug./ml —0.05 £ 0.13 t
STH-17A5110x 5 100 pug./ml 0.53 £ 0.14 <0.05
STH-17A5110x 6 200 ug./ml 0.88 + 0.12 <0.01
STH-17A5110x 10 500 ug./ml 0.87 = 0.10 <0.01
STH-17A5110x 6 1,000 ug./ml - 0.85 £ 0.15 <0.01
TSH-IRW 4 100  pug./ml 0.34 + 0.06 t
TSH-IRW 4 500 ug./ml 0.86 =+ 0.27 <0.01
TSH-IRW 4 1,000 ;l:f/m 1.47 4 0.35 <0.01
Pitressin® 3 0.02 U/ml. 0.18 + 0.11 1
Pitressin® 3 0.20 U/ml 0.34 + 0.12
Pitressin® 3 2.00 U/ml 0.44 4= 0.22 1
Pitocin® 3 0.01 U/ml 0.19 4 0.12 t
Pitocin® 3 0.10 U/ml 0.25 + 0.06 1
Pitocin® 3 1.00 U/ml 0.37 £ 0.20 t

* Abbreviations used are as follows: NEFA, nonesterified fatty acid; ACTH, adrenocorticotropic hormone; STH,

growth hormone; TSH, thyroid stimulating hormone.
1 Not significantly different from control.
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clouded, however, by the fact that they found
peroxide and periodate “inactivated” corticotropin
to be still active in this test, whereas so far we have
found that all other extra-adrenal activities of
ACTH have disappeared following peroxide treat-
ment of the hormone.

On the basis of the data thus far available, it
would appear that the action of the hormone is on
the hydrolysis of neutral fat within the cell. This
interpretation, however, cannot be accepted with
finality until analysis is made of the tissue and me-
dium for the glycerol moiety or until the specific
fatty acids released are identified and estimated.
Both of these procedures are planned for the near
future. Gordon (17) has criticized Dole’s method
of analysis of nonesterified fatty acids on the
grounds of inadequate specificity, with lactic acid
singled out as an important interfering substance.
We have tested our system for lactic acid by the
Barker-Summerson method and found no change
in response to ACTH stimulation (18).

The influence of ACTH on adipose tissue has
a parallel in its action on the adrenal cortex. A
loss of cholesterol esters and triglyceride fat from
the adrenal cortex has long been known as an early
and characteristic consequence of ACTH action
(7). Surprisingly little specific information is
available, however, about the fate of the lipid other
than cholesterol in the adrenal. It is pertinent to
the present study that lipase activity of the adrenal
cortex has been reported to increase during ACTH
stimulation (19). It would seem reasonable to
suggest that the fatty acids from cholesterol esters
and neutral fat in the adrenal cortex might serve
as a source of fatty acyl-CoA and acetyl-CoA from
which the steroids may be synthesized and that
ACTH may serve to initiate the hydrolysis of
fatty acid esters. Further support for the analogy
between ACTH action on the adrenal cortex and
adipose tissue is found in the fact that when the
lipolytic effect on adipose tissues is studied in
artificial media instead of plasma, the requirements
for maximal activity appear to be very similar to
those reported necessary for stimulation of adrenal
slices by ACTH in vitro (10, 20). These same
conditions are not required for the in vitro lipo-
lytic action of epinephrine and norepinephrine (10,
21, 22).

It was surprising to find that growth hormone
and TSH, which are active in inducing fatty liver
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and ketosis in the intact animal, were relatively
impotent compared to ACTH in stimulating fatty
acid release from adipose tissue #n vitro. This is
particularly noteworthy since Raben and Hollen-
berg (23) have recently reported that 0.5 to 1.0
mg. of growth hormone will bring about a sus-
tained increase in plasma fatty acids in the diabetic
dog. Approximately the same quantity of growth
hormone was found by Winegrad, Shaw and Re-
nold to be necessary to demonstrate an action on
glucose uptake and lipogenesis in rat adipose tis-
sue in vitro (24). The possibility exists, as previ-
ously suggested by Krahl (25), that growth hor-
mone may be converted to a different compound
in the body before it exerts some of its effects.
In any case, caution is necessary in extrapolating
dose requirements from in vitro to in’ vivo con-
ditions.

While the minimal dose of ACTH necessary
for the lipolytic effect is many-fold less than that
of growth hormone and TSH, it should be em-
phasized that this dose is still tremendously greater
than that required to stimulate the adrenal cortex
in vitro or in vivo. This is what one would an-
ticipate if one assigns to ACTH a specific role
of stimulating the adrenal cortex. The extra-
adrenal tissues should be expected to be much
less sensitive to ACTH. Neither the present nor
previous studies answer the question as to whether
endogenously secreted ACTH influences extra-
adrenal metabolism to a significant degree, but this
possibility deserves serious consideration.

The in witro lipolytic action of ACTH is not
unique for this hormone, epinephrine and norepi-
nephrine having also been shown to be highly ac-
tive (21, 22). Other hormones which have been
tested and found inactive in this laboratory are pro-
lactin (500 ug. per ml.), triiodothyronine (50 pg.
per ml.), glucagon (100 pg. per ml.), serotonin
(20 pg. per ml.) and hydrocortisone hemisuccinate
(133 pg. per ml). The figures in parentheses
are the largest doses tested.

SUMMARY

1. Incubation of corticotropin with rat adipose
tissue in a rat plasma medium resulted in an in-
crease in the concentration of nonesterified fatty
acids in both the tissue and the incubating medium.
This was interpreted as indicating an increased
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rate of lipolysis of neutral fat within the cell.
The effect was inhibited during anaerobiosis.

2. Corticotropin A and various fractions in the
purification of B-corticotropin as well as a product
of pepsin digestion of B-corticotropin with high
adrenocorticotropic hormone (ACTH) activity
all had potent lipolytic activity. When ACTH
activity was destroyed by digestion with chymo-
trypsin, by boiling in NaOH or oxidation by hy-
drogen peroxide, lipolytic activity was also lost.
In the latter case both ACTH and lipolytic ac-
tivity could be restored by reduction with cysteine.
These data are interpreted as indicating that the
lipolytic activity is an intrinsic property of corti-
cotropin.

3. Compared to ACTH, growth hormone and
thyroid stimulating hormone had low lipolytic ac-
tivity. One sample of bovine and one of human
growth hormone were inactive at 1.0 mg. per ml.
Another bovine growth hormone was active at
100 to 200 ug. per ml. and one sample of thyroid
stimulating hormone was active at 500 pg. per ml.
Prolactin, Pitressin®, Pitocin®, triiodothyronine,
hydrocortisone and serotonin were inactive.

4. These results are discussed in relation to the
other known actions of ACTH on the adrenal
cortex and extra-adrenal tissues.
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