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Effect of HumanGrowth Hormone on Muscle and Adipose
Tissue Metabolism in the Forearm of Man*

DAVID RABINOWITZ,t GERALDA. KLASSEN,4 AND KENNETHL. ZIERLER

(From the Department of Medicine, The Johns Hopkins University and Hospital,
Baltimore, Md.)

Previous reports concerning the effects of hu-
man, bovine, and porcine growth hormone on
carbohydrate and fat metabolism are disparate.
Growth hormone has been variously stated to be
without effect, to increase, to depress, and to have
a biphasic action on glucose uptake of excised rat
hemidiaphragm (1-5), on isolated perfused rat
heart (6, 7), and on the blood glucose concentra-
tion of man and rat (8, 9). With respect to ef-
fects on fat metabolism, injection of growth hor-
mone consistently provokes, within a matter of
hours, a rise in plasma free fatty acids (FFA)
(10, 11), but in those experiments where earlier
effects have been looked for, an initial hypolipaci-
demia has been reported (12, 13). These observa-
tions have been difficult to reconcile with reports
of poor or erratic lipolytic activity displayed by
growth hormone preparations on excised rat adi-
pose tissue (14).

Much of the conflicting literature may arise
from use of impure pituitary extracts, inadequate
recognition of species specificity for growth hor-
mones, and use of pharmacologic doses of the
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hormone which a) may well produce effects dis-
similar from those following a smaller dose, b)
may result in inability to distinguish the true ac-
tion of growth hormone from the systemic contra-
response it has stimulated (6, 9, 11, 15), or both.

Direct effects of a hormone may be studied by
measurement of blood (or plasma) flow and
change in arteriovenous differences of selected
metabolites across the human forearm following
constant close intra-arterial injection of the hor-
mone in a dose large enough to affect local me-
tabolism but too small to produce systemic effects.
The purpose of this report is to describe the ef-
fects of human growth hormone (HGH), ad-
ministered in this fashion, on muscle and adipose
tissue metabolism in situ. HGHsignificantly re-
duced basal glucose uptake of muscle and adipose
tissue, promoted uptake of FFA by skeletal
muscle and FFA output from adipose tissue, and
effected net movement of potassium into forearm
tissues.

These effects are reminiscent of the pattern of
basal forearm metabolism in active acromegaly
(16) and in normal subjects in whomendogenous
growth hormone activity has been increased by
fasting for 66 hours.

Methods

Seven young male subjects of normal body weight
were studied. Their previous intake of carbohydrate
was normal. No food was permitted after 8 p.m. of
the night before the studies, which were performed dur-
ing the morning hours from 8 a.m. to 1 p.m. Blood
samples were collected between 10 a.m. and 1 p.m., that
is, 14 to 17 hours after the last meal. The brachial
artery (a), a draining forearm deep vein (dv), and a
draining forearm superficial vein (sv) were catheterized
by techniques described previously (17). Blood flow to
the forearm was measured by indicator-dilution tech-
niques, based on continuous infusion of the dye T-1824
into the brachial artery. If blood flow is constant, as it
was in our experiments, changes in arterio-deep venous
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(a-dv) concentration differences in glucose and K are,
in the main, a measure of changes in uptake or output
of glucose and K by forearm muscle. Arterio-deep ve-
nous concentration differences in FFA reflect the sum
of two effects, the uptake of FFA by forearm muscle and
the output of FFA by adipose tissue that mingles with
muscle. Arterio-superficial venous concentration dif-
ferences are employed to reflect forearm skin and sub-
cutaneous adipose tissue metabolism. Errors and as-
sumptions have been treated in detail elsewhere (18).

Glucose was measured by a glucose oxidase method,
lactate by a lactic dehydrogenase technique. Potassium
was measured by internal standard flame photometry
and FFA by a modified Dole titration and extraction
method. Details of these methods have been given (17).

Two sets of samples in five patients and three sets
in two patients were taken under basal postabsorptive
conditions. Basal values are the means of these esti-
mations. On the morning of the experiment, an amount
of human growth hormone 1 (usually 3 mg) was weighed
out, dissolved in 10 ml of 155 mMNaCl solution, and
then passed through a Seitz L-3 filter for sterilization.
The filtrate was collected in a test tube, transferred to a
volumetric flask to which a predetermined volume of
0.5% Evans Blue, T-1824 (usually 10 ml), had been
added, and made up to a final volume of 25 ml with 155
mMNaCl. The contents of the flask were transferred
to a steel syringe for constant intra-arterial injection.
All apparatus used for preparation of HGH, other than
the Seitz filter, was precoated with human albumin.
HGHwas infused at a rate of 0.2 Ag per kg of body
wt per minute for 26 minutes in five subj ects and for 35
minutes in two subjects. The dose was calculated from
the amount weighed out from the original container; no

1 HGH (lot NIH-GH-HS44B) was obtained from
Dr. A. E. Wilhelmi, through the Endocrinology Study
Section, National Institutes of Health, Bethesda, Md., to
whom we are indebted.

allowance was made f or losses during preparation and
sterilization of HGH.

Arterial and venous samples were taken 12, 18, and 26
minutes following the start of the HGHinfusion and
for about 30 minutes thereafter. Circulation to the
wrist was excluded during and for 5 minutes before with-
drawal of blood samples and for the entire period of
HGHadministration.

Results

HGHconcentration in brachial arterial plasma

The calculated concentration of HGHin brachial
arterial plasma, which is the ratio of the known
rate of injection of HGHto total forearm plasma
flow, ranged from 300 to 600 myg per ml brachial
arterial plasma. At the time these studies were
first undertaken, we were under the impression
that we were doubling the endogenous concen-
tration of HGH (19). The subsequent work of
Utiger, Parker, and Daughaday (20) and of
Glick, Roth, Yalow, and Berson (21) has shown
this concentration to be many times the average
for HGH in the basal state, but less than ten
times the concentration that man produces after
prolonged fasting (21).

Plasmn a flow
Plasma flow remained acceptably constant in

these experiments. The range of variation of
mean plasma flow during the period of HGHin-
fusion was between 2.7 and 3.0 ml per minute per
100 ml arm.
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FIG. 1. COURSEOF ARTERIAL GLUCOSEAND POTASSIUM CONCENTRATIONS

BEFORE, DURING, AND AFTER HUMANGROWTHHORMONE(HGH) ADMINIS-

TRATION. Each subject is identified by an initial.
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TABLE I

Course of arterial FFA concentration before, during, and after intra-arterial
infusion of human growth hormone (HGH)*

Minutes before HGH Minutes during and after HGH

Subjects -60 to -20 -20 to 0 12 18 26 38 60

Amoles/ml umoles/ml
C 0.64 0.68 0.68 0.74 0.76 0.73 0.74
H 0.78 0.69 0.67 0.75 0.71 0.82 0.81
0 0.61 0.60 0.58 0.67 0.64 0.68
F 0.87 1.05 1.16 1.05 1.30 1.28 1.30
L 0.97 1.12 1.26 1.36 1.35
S 0.74 0.80 0.68 0.68 0.69 0.75 0.79
D 0.87 0.81 1.10 0.98 1.08 1.02 1.07

* HGHwas administered for 26 minutes in five subjects and for 35 minutes in two subjects (S and D). In this Table
values obtained between 60 and 20 minutes (-60 to -20) and again between 20 and 0 minutes (-20 to 0) before starting
the HGHinfusion illustrate spontaneous fluctuations in arterial FFA concentration. In this Table and in Tables III,
IV, and V, values shown at 38 minutes were obtained at 40 minutes in five subjects and at 35 minutes in two subjects
(S and D).

Arterial concentration of metabolites (Figure 1
and Table I)

Mean changes in arterial glucose and potassium
concentrations were in a direction expected from
the observed local response but were small (less
than 5% in each case). Because arterial concen-
tration of FFA is labile under basal postabsorptive
conditions, it is difficult to distinguish spontaneous
from hormone-induced alterations in arterial FFA.
Low concentrations tend to rise spontaneously
with time; high values tend to fall (17). In light
of these considerations, the course of arterial FFA
in subjects C, H, 0, S, and L may be considered
not to have varied unusually (Table I). The re-
maining two subjects showed a rise in arterial
FFA during the course of the experiment from
values that initially were rather high. As we
shall show, HGHinduced profound local effects
on FFA release from subcutaneous adipose tissue
in these subjects, as reflected by the increase in
sv-a FFA differences (see Figure 7). It is
therefore possible that the arterial hyperlipacidemia
in these two subjects represents a systemic ef-
fect of HGH.

Effects of HGHon tissues drained by the deep
vein

02, CO2, and respiratory quotient (RQ) (Ta-
ble II). Gas exchange across the forearm was
measured in six subjects. The increase noted in
forearm 02 consumption in active acromegaly
(16) was not reproduced by acute HGHadminis-
tration to normal subjects. Mean forearm RQ

fell significantly, a change consequent upon a fall
in a-dv CO2 differences (Table II).

Glucose (Table III, Figure 2). Basal a-dv
glucose and glucose uptake (Q0) by forearm tis-
sues were by chance larger in this group of sub-
jects than in our over-all experience (17). HGH
decreased glucose a-dv differences in each of the
seven subjects (Table III). Mean a-dv glucose
fell from 0.27 moles per ml basally to values of
0.18, 0.16, and 0.11 at 12, 18, and 26 minutes,
respectively, after the start of infusion of HGH.
That is, HGHreduced uptake by about half.

Lactate (Figure 3). Lactate a-dv differences
decreased (i.e., became less negative) after HGH
administration in each of the six subjects on whom
measurements were made. Mean a-dv lactate fell
by about 50%o after HGHadministration (Fig-
ure 3). HGHthus provoked about the same per-
centage of decrease in glucose uptake as in lactate
production, and consequently there was little
change in the L/G ratio, which is defined as the

TABLE II

Effect of HGHon arterio-deep venous (a-dv) concentration
differences of 02 and CO2, and on respiratory quotient

(RQ) of deep forearm tissues*

HGH, 26 Paired
Before HGH minutes differences p

a-dv C02, -2.29 40.29 -1.46 40.26 -0.83±40.31 <0.05
pmoks/ml

a-dv 02, 3.0040.39 2.24±0.36 -0.76±0.46 NS
ismoks/ml

RQ 0.78 ±0.047 0.66 40.036 -0.12 ±-0.038 <0.05

* All values are means ± standard error of means among six sub-
jects. p is probability that the observed paired differences differed by
chance from 0.
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FIG. 2. COURSEOF A-DV GLUCOSEDIFFERENCES BEFORE, DURING, AND

AFTER HGHADMINISTRATION. Data are plotted as means + standard
error of the mean. HGHwas administered for 26 minutes in five sub-
jects and for 35 minutes in two subjects. Points plotted at -35
minutes and - 15 minutes in this Figure and in Figures 5 and 6 are,

respectively, the means of all measurements made between - 60 and
- 20 minutes and between -20 and 0 minutes before HGHinfusion
commenced. Points plotted at 38 minutes are the means of values
obtained at 40 minutes in five subjects and at 35 minutes in two
subj ects.

fraction of glucose uptake that can be accounted
for by lactate production. Since 02 consumption
remained stable in the face of reduced glucose
uptake by forearm, the fraction of observed °2
consumption accounted for by glucose oxidation,
(G - L)/02, decreased following the HGH
infusion.

FFA (Table IV, Figure 4). Arterio-deep ve-

nous FFA increased (that is, became positive or

more positive) in each of the seven subjects follow-
ing HGH. This effect was detectable with the
first sample, 12 minutes after infusion of HGHbe-

gan, and plateaued at about 0.1 Mmole per ml be-
tween 18 and 40 minutes.

Owing to anatomic considerations, the Fick
principle is not entirely applicable to assessment

of FFA metabolism in human forearm. Deep
venous effluent drains not only muscle but also
adipose tissue, which is intimately streaked among

muscle fibers. Arterio-deep venous FFA differ-
ences therefore reflect both uptake of FFA by skel-
etal muscle and release of FFA by adipose tissue.
The increase in a-dv FFA after HGHmay be
owing to reduced FFA release from forearm adi-

TABLE III

Effect of HGHon a-v glucose differences*

Minutes
after Basal Change in a-dv Basal Change in a-sv

HGH: a-dv a-sv
Subjects 0 12 18 26 38 60 0 12 18 26 38 60

i.mok/ml jumole/ml Amole/ml pmole/ml
C 0.20 -0.14 -0.06 -0.20 -0.05 -0.06 0.39 -0.32 -0.44 -0.02 -0.14 -0.27
H 0.40 -0.26 -0.15 -0.21 -0.22 -0.27 0.34 -0.26 -0.11 -0.12 -0.06 -0.15
0 0.16 +0.01 -0.04 -0.04 0 0.19 +0.03 -0.15 -0.17 -0.14 +0.36
F 0.31 -0.21 -0.18 -0.24 -0.03 -0.17 0.33 -0.09 -0.03 -0.15 -0.04 -0.18
L 0.11 -0.01 -0.03 -0.16 -0.04 -0.08 0.26 -0.14 -0.20 -0.07 -0.04
S 0.21 0 -0.16 -0.18 0.22 -0.13 -0.26 -0.25
D 0.54 -0.03 -0.28 -0.28 -0.25 -0.06 0.53 -0.04 -0.04 -0.25 -0.18

Mean 0.27 -0.11 -0.12 -0.19 -0.11 -0.12 0.32 -0.14 -0.22 -0.13 -0.12 -0.10
+ SEM 0.053 0.040 0.043 0.034 0.035 0.034 0.044 0.045 0.066 0.032 0.030 0.117

* HGHadministered for 26 minutes in five subjects and for 35 minutes in two subjects (S and D), beginning at time 0. Basal a-v glucose
differences are the means of all values taken before HGHinfusion. Change in a-v concentration difference obtained by subtracting a-v difference
at time t from a-v difference at time 0. Data were calculated to two decimal places beyond those listed in the Table. Subsequent "rounding
error" accounts for what appear to be minor inconsistencies in some places.
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TABLE IV

Effect of HGHon a-v free fatty acid differences*

Minutes
after Basal Change in a-dv Basal Change in a-sv

HGH: a-dv a-sv
Subjects 0 12 18 26 38 60 0 12 18 26 38 60

pmole/ml pmole/ml mokle/ml mole/ml
C -0.05 +0.05 +0.13 +0.14 +0.14 +0.08 -0.08 -0.02 -0.01 -0.01 -0.12 -0.10
H +0.03 +0.08 +0.10 +0.11 +0.08 +0.07 -0.16 +0.06 +0.01 -0.04 -0.14 -0.11
0 +0.06 +0.04 -0.01 +0.02 +0.05 -0.16 +0.06 +0.05 +0.03 -0.04 -0.13
F +0.05 +0.01 +0.07 +0.04 +0.11 -0.23 -0.28 -0.04 -0.11 -0.19
L +0.07 +0.18 +0.05 +0.18 +0.10 -0.19 -0.02 -0.01 +0.05 -0.10 -0.22
S 0 +0.04 -0.01 +0.07 -0.17 +0.05 -0.04 -0.09 -0.25 -0.35
D -0.31 +0.26 +0.32 +0.41 +0.36 -0.15 -0.10 -0.10 -0.15 -0.56 -0.94

Mean -0.02 +0.09 +0.08 +0.10 +0.16 +0.07 -0.17 -0.02 -0.03 -0.04 -0.20 -0.31
SEM 0.051 0.044 0.028 0.043 0.051 0.076 0.023 0.020 0.022 0.030 0.065 0.131

* Data compiled as in Table III.

pose tissue, to enhanced FFA uptake by skeletal
muscle, or to both. The first solution is quite un-
likely because, as we shall see, HGHmade a-sv
FFA differences more negative, i.e., increased
FFA output from subcutaneous adipose tissue.
HGHprobably has a similar action on the adi-
pose tissue that mingles with muscle, an effect
that should decrease (i.e., make more negative)
a-dv FFA. Since a-dv FFA differences actually
became more positive with HGH, the conclusion
that HGHhas increased FFA uptake by muscle
seems inescapable.

There are some uncertainties in quantifying the
increase in a-dv FFA. The contribution of FFA
to dv from adipose tissue leads to an underesti-

mate of FFA uptake. On the other hand, meas-
urement of a-v differences in the presence of a
rising arterial concentration leads to an overesti-
mate of true uptake of the metabolite. This
clearly is the case for a-dv FFA in subjects F
and L. However, an increase in a-dv FFA to
+ 0.09 umole per ml or greater was also observed
in the other five subjects in whom arterial FFA
was reasonably stable. Thus, while we have res-
ervations about accepting + 0.12 Mmole per ml
as the true peak a-dv FFA after HGH, it appears
reasonably certain that the HGH-induced in-
crease in FFA uptake by deep forearm tissues is
neither dependent upon nor is a spurious product
of a rise in arterial FFA.

E
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FIG. 3. COURSEOF A-DV LACTATE DIFFERENCES BEFORE, DURING, AND AFTER

HGHIN SIX NORMALSUBJECTS. Each of the six subjects is identified by
an initial. Heavy lines are mean values. Shaded areas indicate differences
from mean of a-dv lactate differences during the time preceding exhibition
of HGH.
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FIG. 4. COURSEOF A-Dv FFA DIFFERENCES BEFORE, DURING, AND AFTER

HGHIN SEVEN NORMALSUBJECTS. Each of the seven subjects is identified
by an initial. Heavy lines are mean values; shaded areas indicate differ-
ences from mean of a-dv FFA differences during the time preceding ex-

hibition of HGH.

FFA/02. If dv drained skeletal muscle only
and did not include effluent perfusing adipose tis-
sue, then a-dv FFA differences could be em-

ployed to calculate the fraction of 02 uptake ac-

counted for by oxidation of FFA, defined by:
FFA/02 = [(a-dv) FFA x 25 x plasmacrit] /
(a-dv) 02

This equation underestimates the role of FFA
as substrate for forearm muscle because, as we

pointed out in the previous paragraph, adipose
tissue, mingling with muscle, does contribute FFA
to dv blood.

In a previous set of experiments (22) we at-

tempted to minimize distortion by adipose tissue
of dv concentration of FFA by local infusion of
insulin, which inhibits FFA release from fore-
arm adipose tissue (22). This maneuver un-

masked sufficient FFA uptake by forearm to
account for between 50 and 60%b of forearm 02

consumption in normal subjects. From this in-
direct approach, we suggested that basal FFA/02
was also between 0.5 and 0.6.

In the present series of experiments we adminis-
tered only HGH. Mean FFA/02 rose to values

TABLE V

Effect of HGHon a-v potassium differences*

Minutes
after Basal Change in a-dy Basal Change in a-sv

HGH: a-dv a-sv
Subjects 0 12 18 26 38 60 0 12 18 26 38 60

Amokl/ml pole /ml smole/ml Amole/ml
C -0.36 +0.27 +0.58 +0.66 +0.41 +0.54 -0.12 +0.18 +0.06 +0.15 +0.08 +0.22
H -0.16 +0.23 +0.23 +0.18 +0.25 +0.21 0 +0.07 +0.04 -0.01 +0.11 +0.04
0 -0.41 +0.24 +0.44 +0.51 +0.55 -0.02 +0.15 +0.15 +0.11 +0.27
F +0.02 -0.05 +0.02 +0.05 +0.18 +0.15 -0.01 -0.20 +0.01 +0.15 -0.03 +0.08
L -0.26 +0.32 +0.35 +0.29 +0.41 +0.37 +0.02 -0.02 +0.10 +0.17
S -0.14 +0.30 +0.38 +0.24 +0.23 -0.11 +0.29 +0.32 +0.07 +0.17 +0.14
D -0.23 +0.16 +0.06 +0.44 +0.45 +0.65 -0.05 -0.14 -0.18 +0.38

Mean -0.22 +0.21 +0.29 +0.36 +0.32 +0.39 -0.04 +0.05 +0.07 +0.14 +0.13 +0.12
SEM 0.054 0.047 0.077 0.059 0.046 0.075 0.021 0.021 0.056 0.054 0.042 0.039

* Data compiled as in Table III.
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FIG. 5. EFFECT OF HGHON A-DV POTASSIUMDIFFERENCES. Data
are plotted as means + standard error of the mean.

of 0.77, 0.53, and 0.89 at 18, 26, and 40 minutes,
respectively, after the start of HGH.

These estimates are necessarily quite crude be-
cause they rest upon measurements of a-dv FFA
differences and are subject to the same strictures
just discussed. It is nevertheless evident that
despite the natural barriers to efforts at quantify-
ing forearm FFA/O2, it is still possible to demon-
strate that HGH elevates FFA/02 nearly to
unity.

Potassium (Table V, Figure 5). Arterio-deep
venous potassium became positive or more posi-
tive in each of the seven subjects after HGH.

Ns~
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IL)
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This effect reached a plateau at 18 minutes, where
it remained for the subsequent 42-minute period of
observation.

Effects of HGHon tissues drained by the super-
ficial vein (skin and adipose tissue)

Glucose and lactate (Table III, Figure 6).
Changes in a-sv glucose and a-sv lactate paralleled
changes in a-dv. Mean glucose a-sv differences
fell from 0.32 fumole per ml to 0.12 /Lmole per ml
(Figure 6), and mean lactate a-sv differences
fell from - 0.26,Fxmole per ml to - 0.10 MAmole per
ml, that is, HGHdecreased glucose uptake and

--45 -30 -I5 0 15 30 45 60

MINUTES AFTER START OF INTRA-ARTERIAL HGH

FIG. 6. COURSEOF A-SV GLUCOSEDIFFERENCES BEFORE, DURING, AND
AFTER HGH. Data are plotted as means standard error of the
mean.
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FIG. 7. COURSEOF A-SV FFA DIFFERENCES BEFORE, DURING, AND AFTER HGH
IN SEVEN NORMALSUBJECTS. Heavy lines are mean values. Shaded areas
indicate differences from mean
ceding exhibition of HGH.

lactate production across the superficial forearm
bed to values between one-third and one-half
basal values.

FFA (Table IV, Figure 7). Arterio-superficial
venous FFA, which reflects discharge of FFA from
subcutaneous adipose tissue into venous plasma,
was unchanged until 35 to 40 minutes after the
start of the HGHinfusion, at which time an in-
crease of FFA output was observed, that is, a-sv
FFA differences were more negative in each of
the seven subjects. Enhanced FFA output was
observed at 40 minutes in all subjects, irrespective
of whether the period of HGHinfusion was 26
minutes or 35 minutes. The delayed effect of
HGHon FFA output contrasts with the prompt
effects noted on other metabolic indexes in both
deep and superficial forearm beds.

Potassium (Table V). HGH promoted K
movement into skin and adipose tissue.

Discussion
These studies may help to resolve some con-

flicts about HGHeffects on peripheral muscle and
adipose tissue metabolism and may provide a
clearer picture of the day-to-day role of HGHin
adult body economy.

HGH, in a local concentration of about 400

of a-sv FFA differences during the time pre-

mjug per ml of arterial plasma, reduced glucose
uptake by forearm muscle and adipose tissue.
No evidence was found for either an early insulin-
like action peripherally (that is, an increase in
glucose uptake by forearm) or for a biphasic
action (i.e., an early increase followed by a sub-
sequent decrease in glucose uptake), both of which
have been reported by others (2, 5, 8). In our
study, the total dose of HGHadministered over
either 26 or 35 minutes never exceeded 500 ugg,
and it was without significant effect on arterial
concentrations of glucose and potassium in all
subjects. It may well be that HGH-induced hy-
poglycemia in man is a), as suggested by Zahnd,
Steinke, and Renold (8), related to the size of the
dose employed (usually 5 mg or greater), b) an
indirect effect, consequent upon change in the ar-
terial concentration of one of the metabolites, or
both.

In the basal state, about one-third the glucose
taken up by deep and superficial forearm tissues
can be accounted for as lactate (17). This frac-
tion remained essentially unchanged during and
following HGHadministration. The fraction of
forearm 02 consumption that could be accounted
for by glucose oxidation fell, that is, following
HGH, substrates) other than glucose accounted
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for more than 80%o of forearm 02 consumption,
which itself was unchanged by HGH. The miss-
ing substrate appears to be FFA.

HGHhas a twofold action on FFA metabolism:
a) an immediate increase in FFAuptake by muscle
and b) a significant but delayed enhancement of
FFA output from adipose tissue. These findings
appear to provide a plausible explanation for the
early fall and delayed rise in plasma FFA that
follow systemic administration of HGH(12, 13).

The notion that HGHenhances fat oxidation
was proposed long ago (23). Greenbaum (24)
reported an increase in fatty acid oxidation by rat
liver slices taken from animals pretreated with
growth hormone, but this effect was not seen
earlier than about 6 hours after growth hormone
administration. There are conflicting reports in
the literature as to whether or not HGHinflu-
ences FFA uptake and oxidation by muscle.
Bodel, Rubenstein, McGarry, and Beck failed to
show enhanced oxidation of palmitic acid-i-C14 by
excised rat diaphragm either by addition of growth
hormone in vitro or by pretreatment of the animals
with growth hormone (25). On the other hand,
de Bodo and colleagues (26, 27), on the basis of
studies in which C14 palmitate was infused into
normal dogs, reported that growth hormone ad-
ministration increased the turnover rate of FFA,
the amount of FFA oxidized to CO2, and the
fraction of total respiratory CO2 derived from
FFA oxidation.

The earliest measurable effect of HGHon FFA
metabolism in human forearm was an increase in
FFA uptake by muscle insofar as this is reflected
by a-dv differences. The percentage of forearm
02 consumption accounted for by FFA oxidation
(FFA/02) increased to at least 89%o, considerably
greater than current estimates of basal FFA/O2.

Weof course only measure net uptake of FFA
by forearm tissues and are therefore not entitled
to assume that FFA abstracted from plasma is
being oxidized. Examination of forearm RQ
does, however, provide indirect information about
the fuel combusted by forearm muscle. HGH
produced a fall in RQ from 0.75, which suggests
combustion of long chain fatty acids under basal
conditions, to 0.66, a change due entirely to a
decrease in CO2 production by forearm. This
change in RQ may be explicable in the light of
both a decreased glucose uptake and accelerated

FFA uptake by muscle. Following HGH, re-
duction in glucose translocation into muscle may
result in decreased availability of oxalacetate.
More FFA enters muscle than under basal con-
ditions. It is possible then that incomplete dis-
similation of long chain fatty acids, say to 4- or
2-carbon fragments, a process that results in 02
utilization without CO2 production, could account
for the fall in forearm RQ. If muscle burns FFA
exclusively following HGH(a plausible assump-
tion in view of the minimal figure of 89% for
FFA/O2), then it can be calculated that incom-
plete combustion of 1 in 10 moles of FFA taken
up would cause the observed fall in RQ. Our data
on RQ are, unfortunately, confined to observa-
tions under basal conditions and at the 26-minute
sample following HGH. Wedo not know, there-
fore, whether there is a late rise in forearm RQ
that would attend final combustion of 2-carbon
fragments.

With respect to effects of HGHon adipose tis-
sue, our results confirm reports (10, 11) that
HGH administration accelerates FFA release
from adipose tissue, at least insofar as this is
reflected by a-sv differences. We are unable to
establish whether the 40-minute delay before a-sv
FFA differences become more negative is real or
whether any early effects have merely been
masked by increased FFA uptake by nonadipose
tissue drained by sv, for example, skin. Lipo-
lytic properties of growth hormone in in vitro
systems have been variously reported as absent,
erratic, or achieved Qnly with extremely high
concentrations (14, 28-30). Raben has sug-
gested that mobilization of FFA from adipose
tissue is not mediated by HGH itself but is a)
effected by a substance released remotely in re-
sponse to HGHor b) secondary to some other
local metabolic effect of HGHon adipose tissue
(31). Enhanced FFA release by forearm adipose
tissue after HGH, even when arterial glucose and
potassium (all subjects) and arterial FFA (five
of seven subjects) were held constant, makes the
first solution unlikely. The second hypothesis
remains attractive and may have as its basis the
HGH-induced decrease in glucose uptake by the
intact adipose tissue.

HGHcauses K to move in the net from arterial
plasma into forearm tissues. The effect is as

prompt as the effect of HGHon glucose, but
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whereas glucose movement is blunted, K move-
ment into muscle is encouraged. This demon-
strates that movement of K into muscle is not
consequent upon glucose movement and can pro-
ceed at a time when glucose translocation has
been virtually obliterated.

Effects on K are not unexpected in the light of
significant K retention that follows HGH ad-
ministration to total man (32, 33).

The role of HGH in body economy. The
growth hormone content of the pituitary does not
vary with age (34), and absolute plasma HGH
concentrations are probably not different in child
and adult (19). HGHoutput, then, continues
after linear growth has ceased. The notion that
HGHoutput is enhanced during early starvation,
first suggested by Young (35), Russell and Wil-
helmi (36), and Golden, Bondy, Chambers, and
Geiger (37), has been substantiated recently by
Berson and collaborators (21). Metabolism of
forearm in normal subjects fasted for 66 hours
resembles the pattern produced by intra-arterial
injection of HGHto subjects in the basal state
(38).

The present studies highlight the importance
of HGH to body economy during food-free in-
tervals. Availability of glucose in man is always
precarious, and liver glycogen stores are reduced
greatly within 15 hours of food deprivation. HGH
retards translocation of glucose into skeletal
muscle and adipose tissue, thereby preserving
blood glucose for use by nervous tissues. Al-
though total mass of glucose in the 70-kg man is
only 350 g, there are vast endogenous adipose
tissue stores, comprising at least 14%o of body
weight or about 10 kg. HGHenhances mobiliza-
tion of FFA from adipose tissue and encourages
oxidation of FFA by muscle. It may also act to
retard K leakage from muscle.

These actions of HGHobtain during periods
of famine, that is, in the remote postabsorptive
period, when plasma insulin concentration is
either very low or 0 (39). This may be very
different from the role of HGHduring periods of
feast when endogenous plasma insulin concentra-
tion is at its maximum.

Summary
Forearm tissues are sensitive to local injection

of human growth hormone (HGH) in a concen-

tration of several hundred millimicrograms per
milliliter brachial arterial plasma. HGH pro-
motes entry of K into forearm muscle and adipose
tissue and reduces glucose uptake and lactate pro-
duction by deep and superficial forearm tissues.
HGHenhances FFA uptake by muscle and in-
creases release of FFA from adipose tissue, the
former a prompt, the latter a delayed, response.
As a result of HGHadministration at least 89%o
of °2 uptake by forearm muscles can be attributed
to oxidation of FFA.
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