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ABsTracT The effects of amphetamine and
methamphetamine on plasma free fatty acid
(FFA), blood glucose, serum total fat, and tri-
glyceride concentrations were investigated in 21
subjects; the effect of epinephrine were studied in
an identical manner in 14 subjects.

The administration of amphetamine and meth-
amphetamine led to an increase in the plasma FFA
concentration. No significant changes were found
in the blood glucose, serum total fat, and tri-
glyceride concentrations.

Kinetic studies of FFA were also made in some
of the subjects receiving amphetamine, meth-
amphetamine, and epinephrine. It was shown that
amphetamine and methamphetamine lead to an
augmentation of plasma FFA pool due to a pri-
mary increase of FFA production rate.

Catecholamine depletion, by prolonged parenteral
administration of reserpine, nearly completely
abolished the adipokinetic action of amphetamine
whereas the effect of epinephrine was greatly po-
tentiated. This was interpreted as evidence for
the dependence of the adipokinetic action of
amphetamine on endogenous catecholamines.

Estimated from a dose ratio (amphetamine:
epinephrine) of 352:1, the relative adipokinetic
potency of amphetamine, expressed as peak AFFA
rise, +AFFA area, and AFFA production rate,
respectively, was found to be 55, 84, and 39% in
comparison with the same effects of epinephrine.
The more pronounced changes in +AFFA area
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reflect the longer duration of action of amphet-
amine viz. epinephrine.

This study demonstrates that amphetamine is
an adipokinetic agent causing an increase in the
plasma FFA pool of a lesser extent but of longer
duration than equipressor doses of epinephrine.
The mechanism of fat-mobilizing action of amphet-
amine is indirect i.e., dependent on endogenous
catecholamine release.

INTRODUCTION

The mammalian endocrine system produces two
groups of adipokinetic substances, defined as caus-
ing free fatty acid (FFA) release according to the
first order of kinetics from adipose tissue in vitro:
the fat-mobilizing polypeptide hormones of pitui-
tary (1) and of pancreatic origin (2) and the
catecholamines (3). Numerous synthetic analogues
of the naturally occurring sympathomimetic amines
were shown to have varying capacities for mobiliz-
ing fat (4). No information is available, however,
on the adipokinetic action of amphetamine.

The cardiovascular effects of amphetamine have
been extensively studied (5, 6). The mode of ac-
tion, with the exception of central nervous system
effects, was stated to be indirect, i.e., it has been
suggested that amphetamine acts by releasing
endogenous catecholamines or through an effect on
serotonin receptors (7, 8).

In this study evidence was obtained that amphet-
amine causes an increase in plasma FFA levels.
The amphetamine induced rise in the concentra-
tion of circulating FFA was found to be different
in both magnitude and temporal sequence from
that obtained after intravenous epinephrine. The
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assumption that increments in plasma FFA levels
after amphetamine administration were due to in-
creased FFA production was corroborated with
successive injections of 1*C-labeled, albumin-bound
palmitic acid. It was also shown, based on studies
with catecholamine depletion, that the adipokinetic
effect of amphetamine was predominantly depend-
ent on the presence of endogenous catecholamines.

METHODS

A group of 44 volunteers of both sexes (24 lean and 20
obese) were studied. The obese subjects were kept on a
moderately restricted diet whereas the food intake of the
lean subjects was not controlled.

All procedures were conducted within an 8-14 hr post-
absorptive period at complete physical rest, in a dark-
ened room. Venous blood was obtained without ob-
struction of blood flow through an indwelling needle
kept patent by 0.9% saline infused at a rate of approxi-
mately 60 ml/hr.

In order to measure the adipokinetic action of the dif-
ferent substances used, we adopted the following stand-
ardized procedure : venous blood was collected at intervals
of 20 min, in the resting state on three occasions (usu-
ally between 8 am. and 9 am.) into heparinized tubes,
and kept on crushed ice. The adipokinetic compound,
dissolved in 50 ml of 0.9% saline, was then infused into
the antecubital vein at a steady rate during a period of
15 min. Blood samples were obtained at the 10th min of
infusion and at 0. 10, 20, 30, 45, 60, and 90 min after the
infusion.

Other agents which were expected to modify the adi-
pokinetic action of epinephrine or amphetamine (with
the exception of reserpine—see below) were adminis-
tered as intravenous saline infusions preceding the adi-
pokinetic agent. There was some variation in the time
intervals between infusions, depending on the compound
used for pretreatment. but the basic protocols for am-
phetamine or epinephrine were identical.

A detailed description of the various procedures used
is given below, under Results, grouped according to the
aims of this study.

In the kinetic studies rapid intravenous injections of
albumin-bound palmitic acid-*C were given before and
after the infusion of the adipokinetic agents. Five or six
blood samples were obtained at 2-min intervals after
each injection of the tracer.

Compounds

Adipokinetic. (a) Epinephrine hydrochloride (Parke
Davis, Detroit, Mich.) total dose, 0.500 ug/kg i.v. for 15
min (0.416 ug/kg epinephrine base). (b) Amphetamine
sulfate (Benzedrine, Smith, Kline & French Labora-
tories, Philadelphia, Pa.), total dose, 0.200 mg/kg i.v.
for 15 min (0.146 mg/kg amphetamine base). (¢)
Methamphetamine hydrochloride (Methedrine, Burroughs
Wellcome & Co. Tuckahoe, N. Y.) ; total dose, 0.200 mg/
kg i. v. for 15 min (0.160 mg/kg methamphetamine base).

Adrenergic inhibitors. (a) Dihydroergotamine meth-
anesulfonate (DHE 45, Sandoz, Inc., New York, N. Y.) ;
total dose, 2 mg i.v. for 30 min preceding the adipokinetic
infusion by 60 min. (b) Reserpine (Ciba Pharmaceutical
Company, Summit, N. J.); a 48 hr pretreatment period
with 8 hourly i.m. injections of 5 mg reserpine followed
by the usual adipokinetic procedures.

Tracer. Albumin-bound palmitic acid-1-*C (New Eng-
land Nuclear Corp., Boston, Mass.). Each tracer injection
contained 2 or 5 uc of *C in 6-10 ml of 25% salt-poor
human serum albumin. The tracer was prepared by ex-
posing unsaponified palmitic acid-“C to albumin solu-
tion on a sterile surface, a procedure based on the prin-
ciples of a method described previously (9, 10).

Methods for kinetic studies

The isotope studies were based on the method of suc-
cessive measured injection of tracer substance (11, 12).
The actual procedure employed was a technical modifica-
tion of the method described by Wrenshall and Hetenyi
for the study of rates of transfer and pool sizes of glucose
(13). Radioactivity was measured in a liquid scintilla-
tion spectrometer (Ansitron).

The calculations of the rate of transfer of FFA and
of the FFA pool size were based on the quantity dilu-
tion principle. An IBM 7094 digital computer was pro-
grammed to carry out all calculations in the kinetic
studies.

Total fat was determined by a gravimetric method
(14), triglyceride according to the method of Van
Handel and Zilversmit (15), FFA by the Dole procedure
(16),* and blood sugar in an AutoAnalyzer with the
method of Hoffman (18). FFA were prepared for iso-
tope counting by a saponification extraction (19). This
involved an initial extraction, as in the Dole procedure,
followed by the addition of 0.1 N NaOH in order to con-
vert the fatty acids to the sodium salt and to extract
them into an aqueous phase. Finally, after acidification,
the fatty acids were reextracted with heptane. The above
procedure eliminated all other lipid elements in the final
extract which was used for FFA titration and isotone
counting.

RESULTS
1. Adipokinetic action of amphetamine (Fig. 1)

15 patients were studied. In all, the FFA levels
rose and reached a peak 30 min after amphetamine
infusion. The average rise, expressed as AFFA

1 We previously determined FFA using simultaneously
the Dole procedure and the Trout modification (17) be-
fore, during, and after different agents that influence fat
mobilization (epinephrine, nicotinic acid, and propranolol)
on 10 occasions. As expected, the FFA concentrations
obtained by the unmodified Dole method were consis-
tently higher (6-18%). We found, however, that the
changes vs. the resting values of FFA (AFFA) were re-
flected within a * 12% range of error by the Dole pro-
cedure.

Fat-Mobilizing Action of Amphetamine 395



1000
|EPINEPHRINE IAMPHETAMINE IMETHAMPHETAMINE
JaN 80010-5 He/kg 10.2 mg/kg iv. 0.2 mg/kg iv.
PLASMA | W Lo I L (I
FFA 600 L L
uEq/liter r = i P
400} = L
200} - i
+ L L L
0 - 2B -
200} ool I
A 400- - ‘ I =
BLOOD 5 | .
GLUCOSE |- L i
mg/100m| L Lol
g/1ooml 1o i -
ok L i
—10f - -
201 1 Ly | B | |
o |l 304560 90 40 |[[D___ 304560 90 5 90
CO”VOLHH’! POSTINFUSION "~ control | || POSTINFUSION c(,nf,((]“\3 ll[POSTINFUSION
period 1 5 period 15 period 15
INFUSION INFUSION INFUSION

TIME in MINUTES

Figure 1 The effect of intravenous epinephrine, amphetamine, and methamphetamine
infusions on plasma FFA and blood glucose levels (in 14, 15, and 6 subjects respectively).
The individual curves show the mean changes (A) = sp in relation to the base line levels
obtained in the control periods. The shaded areas represent the + AFFA and + A blood
glucose areas; bounded by the temporal plot of AFFA and A blood glucose from the
beginning of the infusions up to 90 min and by a horizontal line drawn at the level of

base line concentrations.

in relation to the FFA value obtained at the
end of a 40 min period of rest in bed, was
326 = 163 uEq/liter above the preinfusion concen-
tration.? Plasma FFA levels were still above the
resting range at 90 min after the infusion of the
compound.

In order to compare the blood FFA rise after
injecting amphetamine with that after epinephrine,
we infused epinephrine in 14 subjects (9 of these
were also included in the amphetamine series).
The mean peak FFA concentration amounting to
589 =% 265 pEq/liter of FFA above the preinfusion
level occurred 10 min after epinephrine adminis-
tration. Epinephrine produced an increase in blood
sugar in contrast to amphetamine.

The mean slopes ® of rising FFA concentrations

2 The absolute variation of the plasma FFA concentra-
tions from the beginning to the end of the control period
was + 11+ 63 wEq/liter. In 40 randomly selected pa-
tients under identical conditions of bed rest and saline
administration the following mean plasma FFA values
were obtained: 0 min 774 = 261 uEq/liter; 20 min, 810 =
281 uEq/liter; 40 min, 776 = 227 uEq/liter.

8 The slope is expressed as the tangent of the angle of

inclination/unit of time of the mean FFA curve, (tan a =
Ay/Ax = AFFA/At).
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for amphetamine and epinephrine were found to be
4+ 7.17 and + 23.55, respectively. A similar dif-
ference was found in the early returning slopes
(amphetamine, — 5.70; epinephrine, — 15.35).

The basal concentrations of total fat and tri-
glyceride were 568 = 181, 587 = 82 and 92 % 21,
96 = 34 mg/100 ml in the amphetamine and epi-
nephrine groups, respectively. These showed no
significant changes up to 90 min after the adminis-
tration of amphetamine and epinephrine.

2. Measurement of amphetamine induced adi-
pokinesis with 1¢*C-labeled, albumin-bound pal-
mitic acid (Tables I and II)

In four individuals (obese and lean) rapid in-
travenous injections of albumin-bound palmitate-
14C were made before and at 12 min after amphet-
amine infusion. Both the rate of appearance of
FFA, and FFA pool size increased. The increment
in FFA pool size was due to increased fat mobiliza-
tion since the rate of disappearance of FFA showed
no simultaneous decrease. Actually an increment
was seen in the FFA disappearance rates, presum-
ably due to a mass action effect of the increased



TaBLE [

Kinetic Data of Plasma FFA at Rest (Control Period) and
after a 15 Min Intravenous Infusion of
Amphetamine (0.2 mg/kg)

TaBLE II

Kinetic Data of Plasma FFA at Rest (Control Period) and
after a 15 Min Intravenous Infusion of
Epinephrine (0.5 ug/kg)

12 Min post i.v.

Control period amphetamine

0 Min post i.v.

Control period epinephrine

Subjects N Ra Rd A N Ra Rd A Subjects N Ra Rd A N Ra Rd N

1 4330 1000 1035 0.231 6960 1488 1463 0.213 1 4050 915 1040 0.226 10170 2280 1842 0.224
2 3900 945 985 0.242 5425 1234 1150 0.227 2 3420 1028 955 0.300 7600 2210 1780 0.290
3 4000 870 895 0.217 5600 1495 1362 0.267 3 2485 910 910 0.365 10710 1700 1670 0.158

4 2210 663 665 0.300 3390 745 774 0.220 4 6450 1825 1620 0.283 12610 2430 2185 0.193

.. 2 5 .20
Mean 3730 870 895 0.248 5405 1240 1187 0.232 5 4570 1038 923 0227 9260 1865 1680 0.201
Mean 4400 1142 1090 0.280 10060 2100 1832 0.215
Post i.v.
methamphetamine . . j
5% 1210 1032 1040 0246 5650 1372 1395 0.243 N: plasma FFA pool (sEq); Ra: plasma FFA production (rate of

N: plasma FFA pool (sEq); Ra: plasma FFA production (rate of ap-
pearance, sEq/min);iRd: plasma FFA utilization (rate of disappear-
ance, uEq/min) ; A : fractional turnover rate, 0.693147/4;.

* One subject, given a 15 min intravenous infusion of methampheta-
mine (0.2 mg/kg).

amount of circulating FFA. Methamphetamine was
also followed by an increase in the rate of FFA
production and of FFA pool (one patient).

In order to compare the magnitude of these
changes with those after epinephrine, we gave
tracer injections before and at O min after epi-
nephrine infusion in five patients (obese and lean).
The increments in FFA pool again were due to a
primary rise of FFA appearance rates.

appearance, uEq/min) ; Rd: plasma FFA utilization (rate of disappear-
ance, uEq/min) ; X: fractional turnover rate 0.693147,;.

3. Adipokinetic action of methamphetamine
(Fig. 1, Table I)

In the six patients studied there was an average
rise of FFA levels of 244 = 125 pEq/liter above
resting levels, 30 min after infusion.

4. Comparison of the adipokinetic effectiveness
of amphetamine and methamphetamine with
the fat-mobilizing potency of epinephrine
(Fig. 1, Table III)

The following indexes were used to quantitate
the adipokinetic response: (a) peak plasma FFA,

TaBLE III

Comparative Representation of the Different Indexes of Adipokinetic Effectiveness of Amphetamine and
Methamphetamine Infusions in Relation to Effects of the Standard Epinephrine Infusion

AFFA data FFA kinetic data
Per Per Per Per
cent cent cent cent
Early Late v.s. v.s. v.s. v.s,
return- return- epi- epi- epi- N epi- Ra
Rising ing ing Peak  neph- +AFFA neph- neph- per cent neph- per cent
Groups slope slope slope rise rine area* rine AN rine change ARa rine  change
uEa/ nEq »Eq/
liter min
Amphetamine, + 717 =570 -—1.17 +326 55.3 17,205 83.7 41675 296 + 45.0 +370 38.6 +42.6
15 subjects
Methamphetamine, + 542 — 413 —-0.22 4244 41.5 15925 77.5 41440t 2541 4 34.3t +340f 35.58 +32.9%
6 subjects
Epinephrine, +23.55 —15.35 —1.04 4589 100.0 20,581 100.0 45660 100.0 41285 4958 100.0 +483.9

14 subjects

N: plasma FFA pool; Ra: plasma FFA production rate.

* In arbitrary units. +AFFA area is bounded by the temporal plot of the plasma FFA concentrations (from the beginning up to 90 min after
the infusion of the compounds indicated) and a horizontal line drawn at the level of plasma FFA concentration obtained at the beginning of the

infusion.
1 One subject.
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Fi6ure 2 The effect of dihydroergotamine pretreatment on the fat-mobilizing action of in-
travenous epinephrine and amphetamine infusions (five subjects in each group) and the influ-
ence of intravenous dihydroergotamine alone on plasma FFA and blood glucose levels (in four
subjects). The effects without pretreatment are included for comparison. Plasma FFA in-
creased after dihydroergotamine (shown as A, Epi and 4 Amp). The subsequent changes were
estimated in relation to these higher base lines, as dihydroergotamine alone caused a signifi-
cant increase in plasma FFA concentration reaching a slightly rising plateau at 20 min, post-

infusion.

(b) +AFFA area* (see Fig. 1), (¢) the absolute
and per cent increment of plasma FFA production
rate, and (d) of plasma FFA pool size, measured
after the administration of the compounds. The

4+ Fig. 1 illustrates that the mean AFFA values become
negative after 45 min after epinephrine whereas + AFFA
still persist at 90 min postamphetamine. As the compari-
sons were made in relation to a standard 90 min epineph-
rine procedure, the mean + AFFA area for amphetamine
expresses: adipokinetic potency/an arbitrarily chosen
unit of time (90 min).
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more pronounced changes in +AFFA area reflect
the longer duration of action of amphetamine and
methamphetamine in comparison with epinephrine.
We believe that the latter data are more pertinent,
from a physiological point of view, than the isolated
consideration of peak effects.

5. Mechanism of adipokinetic action of am-
phetamine (Figs. 2 and 3)

The mode of action of amphetamine in mobiliz-
ing fat could be explained either by a direct action



due to its aromatic amine structure or by an in-
direct effect via the release of endogenous cate-
cholamines. In groups of four and five subjects
two agents were used in an attempt to suppress
epinephrine induced adipokinesis, dihydroergota-
mine (2 mg/30 m*1i.v.) and glucose (250 mg/kg
per 60 min, i.v.). These substances were adminis-
tered on separate o.c :sions preceding amphetamine
and epinephrine infus.ons, respectively. Glucose ad-
ministration suppressed both epinephrine and am-
phetamine induced adipokinesis. Intravenous dihy-
droergotamine led to a significant elevation of base
line FFA, as was also observed with the specific a-
blocking agent, phenoxybenzamine (20). The fat-
mobilizing effect of both epinephrine and ampheta-
mine were, however, suppressed to some extent
(45 and 38%, respectively, expressed as peak
AFFA) by the earlier administration of dihydro-
ergotamine. These findings made the possibility of
an adipokinetic action of amphetamine independent

EPINEPHRINE EPINEPHRINE
14001 0.5 pg/kg iv. O.SH ‘/’kg iv.
PLASMA ;.0 W
FFA il
pEq/liter 1000 i
o—0

800
600
400

200

of its aromatic amine structure unlikely, as they
indicated that a sympathomimetic amine was re-
sponsible for increased fat mobilization after am-
phetamine. The findings, however, did not indicate
whether the responsible amine was amphetamine
(direct action) or endogenous catecholamine re-
leased by the former compound (indirect action),
since dihydroergotamine suppressed the effects
of both epinephrine and amphetamine to nearly an
equal degree.

In order to clarify the role of endogenous cate-
cholamine release by amphetamine, we pretreated
six subjects with large doses of parenteral re-
serpine. All experienced flushing of the skin, con-
gestion of the nasal mucosa, and somnolence ac-
companied by a pronounced orthostatic hypoten-
sion. However, it was impossible to determine the
degree of completeness of catecholamine depletion.
When amphetamine was infused after 48 hr of
reserpine pretreatment there was a marked inhibi-

(PR 1 | O |

AMPHETAMINE
0.2 mglkg iv.

15

i period
INFUSION INFUSION

TIME in MINUTES

Ficure 3 Modification of the effects
of intravenous epinephrine and am-
phetamine infusions by prolonged re-
serpine administration (six subjects in
each group). The changes (A) = sp
in plasma FFA and blood glucose
levels are shown before and after a
48 hr period of parenteral reserpine
treatment.
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tion of the amphetamine induced adipokinesis
(80%, as suppression of peak FFA). Epinephrine
given after reserpine pretreatment, on the other
hand, was followed by an enhanced response
(149%, as peak FFA response) as judged by
comparing the epinephrine effect without reserpine
pretreatment in the same individuals. This part
of the study was interpreted as evidence for the
dependence of the amphetamine induced fat mo-
bilization on endogenous catecholamine release.

DISCUSSION

In this study evidence was obtained that intrave-
nous administration of amphetamine sulfate in
man is followed within 30 min by an increase in
the production rate of circulating FFA and also
by an increase in the size of the plasma FFA
pool and in FFA concentration. The rate of
disappearance of FFA during the same period also
increased, presumably due to mass action. This
sequence was interpreted as indicating increased
fat mobilization from the adipose tissue.

In the second part of the investigation we ex-
amined evidence for an indirect mechanism of
action of amphetamine on fat mobilization. Re-
serpine pretreatment abolished most of the adi-
pokinetic action of this substance. At the same
time, the FFA-releasing capacity of adipose tissue,
depleted of endogenous catecholamines, showed
a substantial increase after exogenous epineph-
rine. In view of our inability to determine the
completeness of depletion of endogenous cate-
cholamines, the existence of a slight, direct fat-
mobilizing activity of amphetamine could not be
excluded.

Pharmacological studies on the cardiovascular
effects of amphetamine demonstrated that the
mode of action is indirect, i.e., a release of nor-
epinephrine from the postganglionic adrenergic
nerves (21). The mechanism of actual release of
stored norepinephrine is unknown as yet. There
is evidence, however, that (+) — amphetamine
causes release of catecholamines from extragranu-
lar locations within noradrenaline and dopamine
fibers (7).

The effects of amphetamine on the central nerv-
ous system, on the other hand, are thought to be
elicited directly. Our studies of a metabolic action
of amphetamine appear to confirm the general
view of an indirect mechanism of peripheral action
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of this compound. The peak effect of amphetamine
on the plasma FFA is consistently delayed by 20
min in comparison with epinephrine. The delay
could possibly be explained by the time required
for the interaction between amphetamine and
endogenous catecholamines.

The relative adipokinetic potency of ampheta-
mine, expressed as peak AFFA, 4 AFFA area,
and AFFA production rate, respectively, was
found to be 55, 84, and 39% in comparison with
the same effects of epinephrine.®

Dihydroergotamine, which has both o- and
B-adrenergic receptor-blocking properties (23,
24), partially inhibited the fat-mobilizing action
of both epinehprine and amphetamine. Inter-
estingly, this compound also caused a significant
increase in the base line FFA concentration, an
effect also observed with the specific e-blocking
agent, phenoxybenzamine (20). The partial block
of adipokinesis demonstrated with dihydroergota-
mine is attributed to the B-receptor-blocking ef-
fect of this compound.

It was felt that the demonstration of adipo-
kinetic action of amphetamine has some signifi-
cance in that repeated periods of needless hyper-
mobilization of fat caused by the abuse of this
compound or of any other adipokinetic agent, theo-
retically, may lead to adverse consequences, such
as acceleration of thrombogenesis (25), increased
endogenous triglyceride formation and hyperlipi-
demia (26) with fatty infiltration of the liver (27),
and decreased carbohydrate tolerance (28). On
the other hand, the possibility exists of decreasing
the mass of adipose tissue by a metabolic action
(fat mobilization) independent of appetite regu-
lation. An analogy for such action is provided by
chronic administration of adipokinetic agents in
the animal (29) and by clinical reports on pa-
tients with pheochromocytoma (30). In both in-
stances substantial weight losses were observed.
It was shown (31) however that neither the hu-
moral regulation of fat mobilization at rest and
during starvation, in general, nor the adipokinetic
defect in the starving obese are primarily de-
pendent on the contribution and/or inappropriate
function of the adrenergic nervous system.

5 These data were obtained using amphetamine and
epinephrine in a dose ratio of 352:1 (calculated as base).
The equipressor dose range of amphetamine has been
given as 100-500: 1, in relation to epinephrine (22).
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