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SUMMARY
We have investigated the involvement of glucocorticoid on methamphetamine (MA) induced hyperpyrexia using a bio-telemetric system.
A significant level of hyperpyrexia was observed in MA administered rats. In contrast, increase of body temperature was suppressed by
adrenalectomy or by the administration of RU-486, an antagonist of the glucocorticoid receptor. These data suggest that the glucocor-
ticoid receptor may be involved in hyperpyrexia induced by MA.
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Vliv glukokortikoidového receptoru na hyperpyrexii navozenou metamfetaminem

SOUHRN
Byl zkoumán vliv glukokortikoidu na metamfetaminem (MA) navozenou hyperpyrexii
s uÏitím bio-telemetrického systému. Prokazatelná úroveÀ hyperpyrexie byla pozorována u krys, kter˘m byl podáván MA. Naproti to-
mu vzestup tûlesné teploty byl potlaãen adrenalektomií nebo podáváním RU-486, tj. antagonisty glukokortikoidového receptoru. Tyto
údaje nasvûdãují, Ïe glukokortokoidov˘ receptor mÛÏe b˘t odpovûdn˘ za hyperpyrexii navozenou metamfetaminem.
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Methamphetamine (MA) is a potent central nervous system syste-
mic stimulant, which cause restlessness, euphoria, dizziness, dyskine-
sia, tremor, dysphoria and insomnia (1). Personality changes inclu-
ding irritability, hyperactivity and psychosis may result from chronic
use (1). In Japan, the third epidemic of MA abuse has been continu-
ed since 1995, and it is a serious social problem (2).

Hyperpyrexia is sometimes observed in cases of MA poisoning or
MA-related death (3,4). Hyperpyrexia induced by MA administrati-
on may involve both central and peripheral nervous system. MA re-
leases dopamine and other biogenic amines, and inhibit monoami-
ne transporters (5). It has been reported that the activation of dopa-
minergic and serotonergic neurons in central nervous system contri-
butes to hyperpyrexia (6,7). On the other hand, it has been believed
that hyperpyrexia may be due to metabolic hyperactivity in skeletal
muscles (8). MA also contributes to the hypermetabolism of the ske-
letal muscle through the stimulation of the sympathetic nervous sys-
tem under the permissive action of glucocorticoid (9). It is well known
that acute administration of MA or amphetamine (a metabolite of MA,

which has similar pharmacological properties as MA), causes corti-
costerone secretion from the adrenal cortex, as the final stage of the
stimulation  of  the  hypothalamo-pituitary-adrenal  (HPA)  axis
(10,11,12,13). Glucocorticoid has an influence on thermoregulation
(14). However, contribution of the glucocorticoid in MA induced hy-
perpyrexia is not well understood. In the present study, we have in-
vestigated the involvement of glucocorticoid on hyperpyrexia indu-
ced by MA administration.

MATERIALS AND METHODS

Adult male Wistar rats (n=41) with a weight range of 290–420 g
were used. All animals were housed in a temperature and humidity
controlled environment and maintained on a 12h light : 12h dark-
ness cycle. All rats had free access to food and water. Animals were
handled several times prior to the experiments to familiarize the ani-
mals with investigator and experimental procedures. All parts of this
study were approved by the Animal Investigation Committee, Hyogo
College of Medicine.

Body temperature measurement
The body temperature of rat was measured by a biotelemetric

system (Star Medical, Tokyo, Japan) (15). This system consisted of
a transmitter (model IMT-10T-T), a receiving board (model IMT-
10RT) and a computer. A battery-operated transmitter containing
transducers to measure body temperature was implanted intrape-
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ritoneally by aseptic procedure under the pentobarbital anesthe-
sia (50mg/kg) into each rat seven days before the experiments. The
body temperature was monitored every 5 minutes for 4 hrs. The re-
sults are presented as temperature changes from the body tempe-
rature before MA administration.

Experiment 1:
Rats were housed three or four to a cage. The animals were divi-

ded into following four groups: MA administered non-operated group
(n=6), MA administered bilateral adrenalectomy (ADX) group (n=10),
MA administered Sham-ADX group (n=5) and control group (n=7).
The surgery of ADX was performed by aseptic procedure using the
dorsal  approach  under  the  sodium  pentobarbital  anaesthesia
(50mg/kg). ADX rats were given 0.9% NaCl solution instead of wa-
ter to drink. The sham-operated (Sham-ADX) rats underwent the sa-
me procedure, except that the adrenal glands were left in situ. Follo-
wing surgery, animals were housed in individual cages. Seven days
after surgery, the experiment was performed.

On the day of the experiment, rats were moved to the experimen-
tal cage. Following a one hour of the equilibrium period, rats recei-
ved MA by i.p. injection (2mg/kg of body weight), and the control
group received the same volume of sterilized saline. The body tem-
perature was measured non-invasively for 4 hrs using telemetric sys-
tem. Rats were decapitated 4 hours following the MA administration
and trunk blood was collected into ice-cold heparinized tubes. Blood
samples were centrifuged and the plasma stored at -40 °C prior to as-
say for corticosterone.

Experiment 2:
The animals were divided into following two groups: RU-486 ad-

ministered group (n=7), and control group (n=6). The rat received an
i.p. injection of RU-486 (LKT laboratories, Inc., St. Paul, MN, USA) at
a dose of 25mg/kg. The protocol for RU-486 administration was in
accordance with a previous report (16). In brief, animals were admi-
nistered RU-486 in morning (0900h) and afternoon (1600h) for two
days,  on the day of  experiment,  rats  received a final  injection at
0900h, and moved to the experimental cage. Control animals recei-
ved the same volume of sterilized saline. Following a one hour of the
equilibrium period, all rats received MA by i.p. injection (2mg/kg of
body weight). The body temperature was measured non-invasively
using telemetric system. Rats were decapitated 4 hours following the
MA administration and trunk blood was collected, and the plasma sto-
red at -40 °C.

Corticosterone Assay
Total plasma corticosterone was measured by enzyme immunoas-

saay kit (Assay Designs Inc, Ann Arbor, MI, USA), and the protocol
was followed in accordance with the manufacturer’s specifications (17).

Drug and Chemicals
Methamphetamine hydrochloride was purchased from Dainippon

Sumitomo Pharmaceutical Co., Ltd. (Osaka, Japan), RU-486 was pur-
chased from LKT laboratories Inc, (MN, USA) and all other reagents
were analytical grade.

Statistics
The data are expressed as mean ± SEM. Statistical analysis was

performed by one-way analysis of variance followed by the Fisher
PLSD test. A value of p<0.05 was considered significant.

RESULTS

The time course of temperature changes of each group following
MA administration in experiment 1 is shown in Figure 1. MA admi-
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Group corticosterone (ng/ml)
Control 109.0±15.7
MA (2mg/kg) 237.3±14.8 *
ADX+MA (2mg/kg) 1.5±0.28 * **
Sham ADX+MA (2mg/kg) 198.0±27.7 *
MA: methamphetamine, ADX: bilateral adrenalectomy,
Sham ADX: sham bilateral adrenalectomy
*  p<0.01  vs  control,  **  p<0.01  vs  MA(2mg/kg)  and  Sham  ADX+
MA(2mg/kg) (One-way ANOVA)

Table 1. Plasma concentration of corticosterone 4 hours following MA ad-
ministration (Experiment 1).

Table 2. Plasma concentration of corticosterone 4 hours following MA ad-
ministration (Experiment 2).

Group corticosterone (ng/ml)
MA (2mg/kg) 176.3±5.7
RU486+MA (2mg/kg) 197.9±36.7
MA: methamphetamine

Figure 1. Time course of temperature changes in rats given saline (Con-
trol), methamphetamine (MA), ADX with MA (ADX+MA) or sham ope-
ration with MA (Sham ADX+MA). Values are mean ± SEM.

Figure 2. Time course of temperature changes in rats given methamp-
hetamine (MA; 2 mg/kg) or RU-486 with MA (RU+MA). Values are
mean ± SEM.

nistration significantly increased body temperature, peaking at 60 min,
and decreased gradually. In contrast, the body temperature of the ADX
group did not increase following MA administration compared with
the sham-ADX rats.

                                                  



Table 1 shows the plasma corticosterone concentration 4hours fol-
lowing MA administration. There were significantly elevated levels of
plasma corticosterone concentrations in the MA administrated group
(p<0.05) compared to those in the control group. However, a trace
concentration of corticosterone was detected in the ADX group.

The temperature changes of each group in Experiment 2 following
MA administration are shown in Figure 2. The increase of body tem-
perature following MA administration was significantly attenuated
by RU-486 pretreatment. The plasma concentration of corticostero-
ne, however, showed no significant difference between two groups
(Table 2).

DISCUSSION

Hyperpyrexia is an important feature of MA intoxication, which is
one of the life-threatening response, associated with rhabdomyolysis,
renal failure and intravascular coagulation (3,4,8). We have focused
on the regulatory mechanism of endogenous glucocorticoid on MA-
induced hyperpyrexia. In experiment 1, there was a significant incre-
ase of body temperature following MA administration, as reported
previously (8,9). Increase of plasma corticosterone concentration was
also observed following MA administration in both of non-operated
and sham-ADX group. In contrast, ADX significant attenuated hyper-
pyrexia induced by 2mg/kg MA administration. Depletion of corti-
costerone, by the surgical removal of the bilateral adrenal glands,
eliminates the febrile response following MA administration. Our da-
ta shows that endogenous glucocorticoid play an important role in the
regulation of temperature response by MA.

Glucocorticoid, secreted from the adrenal cortex, regulates vari-
ous kinds of biological function, are essential for life and the mainte-
nance of homeostasis. It influences the activity of almost every cell in
the body, and modulate the expression of the gene (18). The biologi-
cal actions of glucocorticoid are mediated through two types of intra-
cellular corticosteroid receptors: Type I or mineralcorticoid receptors
(MR) and Type II or glucocorticoid receptors (GR). The MR have high
affinity for corticosterone and saturated at low concentration, and its
distrubution is restricted. The GR is widely distributed in the body with
low affinity for corticosterone. When the concentration of corticoste-
rone is raised, GR is responsible for mediating the biological effects

(18). In the present study, we used RU-486, a potent GR antagonist,
attenuated hyperpyrexia, despite the elevation of the plasma corti-
costerone concentration following MA administration. These results
suggest that MA-induced hyperpyrexia is regulated by glucocortico-
id through GR.

It has been confirmed that glucocorticoid act as endogenous anti-
pyretics (14,19), and corticosterone depress the febrile response of
LPS induced experimental fever (19). This response is regulated by
pro-inflamatory cytokines such as IL-1β, IL-6 and TNF-α (14). Gluco-
corticoids inhibit the transcription of these pyrogenic cytokines at va-
rious molecular levels of the signal cascades, and blunt the formation
of endogenous pyrogen (14). It plays an important role in thermore-
gulation of the body. We observed opposite effects that lack of glu-
cocorticoid causes loss of hyperthermic response. The present results
indicate that MA-induced febrile responses may be less contribution
of the pro-inflamatory cytokine, and other mechanism may be invol-
ved.

Recent studies have been reported that uncoupling protein 3 (UCP3)
and thyroid hormone are involved in MA-induced hyperpyrexia (20).
Uncoupling proteins (UCPs) are particular mitochondrial transporters
of the inner membrane of mitochondria, appear to be controlling the
level of respiration coupling (21,22). The UCP3, a member of UCP fa-
mily is highly expressed in skeletal muscle. It is an effector of mito-
chondrial thermogenesis and involves thyroid hormone-induced ther-
mogenesis in skeletal muscle (21,22,23). It has been recognized that
skeletal muscle thermogeneration contributes to MA-induced hyper-
pyrexia (8,9).  As the UCP3 is also upregulated by glucocorticoid
(23,24), it is speculated that the elevation of plasma corticosterone
concentration by the MA lead to upregulation of UCP3 and cause
hyperpyrexia. Although, we have focused on the endocrinological me-
chanism of MA induced hyperpyrexia, sympatho-adrenal involvement
of MA-induced hyperpyrexia have been reported (9). Since the UCP3
also upregulated by beta3-adrenergic agonist (21), contribution of
sympatho-adrenal-axis should also be considered.
The present results clearly indicate that the biological action of gluco-
corticoid through GR may be involved in hyperpyrexia induced by
MA. The role of glucocorticoid could represent an interesting target
for the study of mechanism of MA induced hyperpyrexia. The detai-
led mechanism is not clear and additional studies will be required to
clarify its regulatory mechanisms.
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