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Nicotine Increases Thermogenesis
in Brown Adipose Tissue in Rats’
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LUPIEN, J. R. AND G. A. BRAY. Nicotine increases thermogenesis in brown adipose tissue in rats. PHARMACOL
BIOCHEM BEHAY 29(1) 33-37, 1988.—This study has tested the hypothesis that nicotine might increase thermogenesis
in rats by activating the sympathetic nervous system which supplies brown adipose tissue. Three hours after a single
injection of nicotine, both the turnover of norepinephrine and the binding of the purine nucleotide, guanosine 5'-
diphosphate (GDP) to mitochondria from brown adipose tissue were significantly increased. After 11 days of treatment with
nicotine, the tumover of norepinephrine and the GDP binding to mitochondria from brown adipose tissue both remained
elevated but weight gain was not different. These data are consistent with the hypothesis that nicotine may have part of its
effect through changes in thermogenesis involving sympathetic nervous activation of peripheral thermogenic tissues such
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as brown adipose tissue.
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THERE is substantial evidence that smokers, as a group,
weigh less than non-smokers [2, 10~12, 21, 24]. When smok-
ers give up the habit, their weight rises to a new plateau
which is similar to that of people who never smoked [2-4, 6,
10, 11, 21, 24-26]. Both increased food intake [13-15] and
decreased energy expenditure have been proposed as mech-
anisms for this effect [9,15]. Smokers have a higher resting
metabolic rate than non-smokers, and smoking itself acutely
increases energy expenditure [13,15]. Conversely, cessation
of smoking appears to decrease the metabolic rate [9].

In experimental animals, treatment with nicotine
produces a decrease in body weight or a slowed rate of
weight gain. A reduction in food intake has been reported in
some studies [12,18] but not others [12,17]. The consistent
reduction in body weight without a concomitant reduction of
food intake is reminiscent of the effects of thermogenic drugs
which increase energy expenditure and slow weight gain
without significantly reducing food intake [1, 19, 31]. One
mechanism for this effect is thought to involve an activation
of the sympathetic nervous system and an increase in heat
production through activation of thermogenic mechanisms in
brown adipose tissue {14, 20, 22]. Since nicotine can stimu-
late the sympathetic nervous system through its action on
sympathetic ganglia it might act in this fashion to enhance
thermogenesis [16]. To test this hypothesis we have per-
formed acute and chronic experiments with nicotine and
measured the turnover of norepinephrine brown adipose tis-
sue and the binding of the purine nucleotide, guanosine 5'-
diphosphate (GDP) to mitochondria from this tissue.

METHOD
Animals

The 61 rats used in these studies were purchased from
Charles River Breeding Laboratories (Wilmington, MA).
Animals were housed in a vivarium maintained at 22+1°C
with lights on from 0600 to 1800 hr. Tap water was available
ad lib. Food as Wayne Lablox (Chicago, IL) was available ad
lib (experiments 2 and 3), or in a restricted schedule of 4
hours per day (experiment 1). All animals had access to food
until the time of sacrifice.

Experimental Procedures

Two acute experiments and one chronic experiment were
performed. In one acute experiment, rats were schedule fed
by giving them access to food from 0900 to 1300 for 5 days.
On the experimental day nicotine, 0.4 mg/kg, was given sub-
cutaneously (SC) at the initiation of the feeding period at
0900. Animals had access to food until they were killed 4
hours later. For the acute measurements of norepinephrine
turnover, 12 rats received nicotine 0.4 mg/kg SC and 12 re-
ceived vehicle (neutralized 0.15 M NaCl). Subgroups were
killed at 0, 3 and 6 hours after receiving alpha-methyl-p-
tyrosine 80 mg/kg IP. All rats were fed ad lib. This dose of
nicotine was based on previous literature [5]. In the chronic
experiment 24 rats had ad lib access to food and water. Half
of this group received nicotine 0.4 mg/kg SC and the other
half vehicle. Twenty-four hours after the last dose of
nicotine, animals were sacrificed for measurement of norepi-
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TABLE 1
EFFECT OF NICOTINE ON BROWN ADIPOSE TISSUE*
Nicotine

Saline (0.4 mg/kg)

Body weight (g) 249.7 = 9.3 2455 + 3.5
(n=6) n=7)

Intrascapular brown 148.8 + 8.6 169.4 + 9.4

adipose tissue mass (mg)

Total protein content (mg) 21.84 = 1.19 23.35 + 0.88

Mitochondrial protein (mg) 2.74 = 0.18 2.71 = 0.28

Food intake 10.25 = 2.05 10.80 = 1.12

(g of lab chow eaten

after 3 hr

feeding period)

Specific GDP binding 9391 + 7.49  147.61 + 10.86%

(pmol/mg protein)

Total GDP binding 389.81 + 35.56t

+

258.22 = 25.79

*Rats were trained to eat meals between 0900-1300 during 5 days
prior to the experiment. The day of the experiment, they were in-
jected at 0900 and sacrificed at 1200, and fed ad lib. Results are mean
values = SEM.

1p<0.05, 1p<0.01.

nephrine turnover and determination of guanosine 5'-
diphosphate (GDP) binding to mitochondria from brown
adipose tissue.

Measurement of Guanosine 5'-Diphosphate (GDP) Binding
to Mitochondria From Brown Adipose Tissue

At the termination of each experiment, the interscapular
brown adipose tissue (IBAT) was removed and carefully
cleaned of all fat. The tissue for GDP binding was
homogenized at 0°C in a medium containing 0.25 M sucrose,
0.2 mM EDTA (potassium salt) and 1 mM HEPES buffer,
pH 7.2, using a glass motor-driven homogenizer. The binding
of GDP to mitochondria from interscapular brown adipose
tissue was performed as previously described [17]. The
mitochondria were isolated by centrifugation, and the bind-
ing of GDP to mitochondria from brown adipose tissue was
performed by incubating isolated mitochondria (0.5 mg of
protein/ml) for 10 minutes at room temperature (20°C) in a
medium containing 10 uM 3H-GDP (1.25 uCi/ml), “C-
sucrose (0.1 uCi/ml), 100 mM sucrose, 20 mM K-TES (pH
7.1), 1 mM K-EDTA, 10 mM choline chloride and 5§ uM
rotenone. The mitochondria with the radioactive GDP bound
to them were isolated by collecting the mitochondria on mil-
lipore filters and counting the filters.

Measurement of Norepinephrine

Measurement of norepinephrine in homogenates of brown
adipose tissue, heart and spleen was performed as previously
described [32], with modifications described below. Begin-
ning 4 hours after the injection of nicotine in experiment 2
and 24 hours after injecting nicotine in the chronic experi-
ment, 12 control and 12 experimental animals received an
intraperitoneal injection of the methyl ester of alpha-
methyl-p-tyrosine at a dose of 80 mg/kg IP. This drug blocks
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FIG. 1. Effects of acute treatment with nicotine on the turnover of
norepinephrine in interscapular brown adipose tissue. Each animal
received the methyl ester of alpha-methyl-para-tyrosine 80 mg/kg IP
at 4 hr. At the times indicated, the interscapular brown adipose
tissue from 4 rats in each group was dissected free and divided in
half with the half for norepinephrine being rapidly frozen until assay,
usually within 2 weeks. The fractional turnover (k) of norepineph-
rine in IBAT of the control rats was 1.4+ 1.6%/hr and the turnover
rate was 25.6 ng/g/hr. In the nicotine treated animals the fractional
turnover (k) was 7.3+2.7%/hr and the turnover rate was 100 ng/g/hr.
Data are expressed as the mean+SEM with N=4 animals per time
point.

tyrosine hydroxylase and prevents reaccumulation of nor-
epinephrine which is released in response to neural or drug
stimuli. Subgroups of 4 animals from each treatment group
were killed at 0, 2 and 4 hr after injecting alpha-methyl-p-
tyrosine. The interscapular brown adipose tissue was dis-
sected as described above, and frozen on dry ice and stored
at —70°C for later determination of norepinephrine. Usually
within 1 week, the frozen tissues were weighed, homogenized
in ice-cold 0.1 N perchloric acid and reduced glutathione in a
Brinkman polytron (Brinkman Instruments Inc., Westbury,
NY) and centrifuged at 0°C. Aliquots of the supernatant were
neutralized with 0.1 N KOH and the supernatant obtained by
centrifugation applied to an HPLC and the eluates detected in
an electrochemical detector.

Reagents

Norepinephrine standards and the methyl ester of
alpha-methyl-p-tyrosine were purchased from Sigma Chemi-
cals (St. Louis, MO). Nicotine was obtained from the same
supplier, dissolved in saline and neutralized to pH 7.2+0.2
with NaOH. Chemicals for the HPL.C were obtained from
Rainin (Emeryville, CA).

Data Analysis

All data are expressed as the mean+SEM. Statistical
analysis for drug effects was performed by analysis of vari-
ance. For the acute experiments a one-way ANOVA was
used, but for food intake and body weight a two-way
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TABLE 2
EFFECT OF NICOTINE ON THE BINDING OF GDP TO BROWN
ADIPOSE TISSUE*
Control Nicotine

Body weight (g) 2424 = 4.6 2455 = 3.9
Intrascapular brown (mg) 133.8 = 8.2 1526 = 99
adipose tissue mass
Total protein content (mg) 21.58 + 1.79 23.07 £ 1.72
Mitochondrial protein (mg) 275+ 0.10 291 = 0.11
Specific GDP binding 105.60 = 4.50 133.46 = 5.78%

(pmole/mg of mito-
chondrial protein)

Total GDP binding 291.29 + 18.73 386.62 + 23.661
(pmole/depot)
n 12 12

*Rats fed ad lib received an injection of nicotine 0.4 mg/SC meas-
urement after 3 hours.

Results are mean values = SEM.

tp<0.05, 1p<0.01.

ANOVA with one repeat measure was used. Post-hoc com-
parisons were by the Newman-Keuls multiple range test.
The norepinephrine concentrations were plotted semi-
logarithmically and the slope of decline was calculated by the
method of least squares.

RESULTS
Experiment 1

In the first acute experiment, animals had been trained to
eat their food between 0900 and 1300 during the 5 days prior
to the injection of nicotine. On the experimental day nicotine
was injected at 0900 and the animals sacrificed 3 hours later
with their usual access to food (Table 1). Food intake over 3
hours was the same in both groups, but there was a signifi-
cant increase in both the specific GDP binding (pmol/mg
protein p<0.01) and in the total GDP binding (p<0.05) ob-
tained by multiplying the specific binding by the mitochond-
rial protein.

Experiment 2

In the second acute experiment, animals had ad lib access
to food. Nicotine was injected at 0900, and three hours later
the alpha-methyl-p-tyrosine was injected and animals sac-
rificed at 6, 8 and 10 hr after giving nicotine for measurement
of norepinephrine turnover. The turnover of norepinephrine
in brown adipose tissue following a single injection of
nicotine is shown in Fig. 1 (data on heart and spleen also
available but not shown). The concentration of norepineph-
rine in the interscapular brown adipose tissue at the begin-
ning of the turnover study was significantly lower in the animals
acutely treated with nicotine. The rate of release of norepi-
nephrine was also significantly faster in the tissue from
nicotine-treated rats. The turnover of norepinephrine, which
is the product of the initial tissue concentration of norepi-
nephrine times the rate of turnover, was thus markedly in-
creased in the nicotine-treated rats. Indeed, in the 3 hr be-
tween the injection of nicotine and the first measurements
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FIG. 2. Body weight and food intake of nicotine-treated rats. The
data are the mean+SEM for 13 rats in each group. There were no
differences between groups.

more than 20% of the norepinephrine had been released from
IBAT. As shown in Table 2, pretreatment of rats for 3 hours
with nicotine significantly increased the specific GDP bind-
ing, as well as the total GDP binding to mitochondria. Tissue
weight and mitochondrial protein, on the other hand, were
unaffected. Addition of nicotine in vitro to mitochondria
from control rats had no effect on the binding of GDP to the
mitochondria.

Experiment 3

In the chronic experiment, rats were treated with nicotine
for 11 days (Figs. 2 and 3). Neither body weight nor food
intake were significantly different between control and
nicotine-treated rats (Fig. 2). Mean weight gain in the treated
animals was not significantly different from that in the
vehicle-treated controls [23.9+2.8 (N=13) vs. 27.3+2.5
(NE=13)]. Food intake was also not different in the
nicotine-treated rats. As shown in Fig. 3, chronic treatment
with nicotine significantly increased the turnover of norepi-
nephrine in the brown adipose tissue (p<0.05). In contrast to
the acute study, however, the initial values of norepineph-
rine in IBAT were the same. Thus, after chronic treatment,
the enhanced turnover reflects the higher fractional turnover
rats (k). The binding of GDP to mitochondria from inter-
scapular brown adipose tissue at the end of the 11 days of
chronic treatment with nicotine is shown in Table 3. The
weight of IBAT and its protein content were not different.
Specific GDP-binding, however, was significantly increased
after chronic treatment with nicotine.

DISCUSSION

The present studies have made two original observations.
First, both acute and chronic treatment with nicotine signifi-
cantly increased the turnover of norepinephrine. Second, the
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FIG. 3. Effects of chronic treatment with nicotine on the turnover of
norepinephrine. Animals received daily injections of vehicle or
nicotine (0.4 mg/kg SC). Twenty-four hours after the last injection
the turnover of norepinephrine was measured. The fractional turn-
over (k) of norepinephrine in IBAT of vehicle-treated rats was
25.9%/hr and the turnover rate was 25.9 ng/g/hr. In the nicotine
treated rats the fractional turnover (k) was 8.6+3.5%/hr and the
fractional rate was 145 ng/glhr. The data are expressed as
mean=SEM for N=4 animals per time point.

the binding of the purine nucleotide guanosine 5’-diphosphate
(GDP) to mitochondria from this tissue increased, whereas
food intake was unchanged.

Treatment with nicotine has been reported to reduce
weight gain in rats [12,18], but food intake showed little
change. This implies that nicotine is activating a thermogenic
process. The increased thermogenic activity of brown
adipose tissue after treatment with nicotine may be one ex-
planation for the reduced body fat and body weight of to-
bacco smokers [2, 10, 11, 21, 24]. Westfall and Watt [37]
reported that the inhalation of cigarette smoke causes a re-
lease of epinephrine from the adrenal medulla, resulting in a
significant increase of this amine in the peripheral blood of
dogs. Later the same authors {38] showed that both epi-
nephrine and total catecholamine excretion increased signif-
icantly above control levels during periods of heavy smoking
in man. The possibility that nicotine could enhance the ac-
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TABLE 3

EFFECT OF CHRONIC TREATMENT WITH NICOTINE ON THE
BINDING OF GDP TO BROWN ADIPOSE TISSUE*

Saline Nicotine
Body weight (g) 260.3 + 3.3+ 2579 + 2.6
Interscapular brown (mg) 198.8 + 153 202.0 = 11.5

adipose tissue

Total protein content (mg) 29.74 = 1.10 2725+ 1.35
Mitochondrial protein (mg) 3.79 = 0.23 2.65+ 0.18
Specific GOP binding 93.37 + 6.01 118.96 = 6.66%

(pmole/mg of mito-
chondrial protein)

Total BDP binding
(pmole/depot)

352.47 + 27.22  436.26 + 41.88

*Animals received daily doses of 0.4 mg/kg of nicotine for 11 days.
The last dose of nicotine was 24 hr before sacrifice.

tMean = SEM.

ip<0.05 (Unpaired Student’s t-test).

tivity of the sympathetic nervous system is supported by the
increased turnover of norepinephrine in the present experi-
ment (Figs. 1 and 3) and by the rise in norepinephrine and
epinephrine concentrations in the blood following smoking
[7]. Urinary norepinephrine excretion also increased along
with metabolic expenditure during the 24 hour period of
smoking as opposed to a 24 hour period of abstinence [15]. In
experimental animals, nicotine has been reported to increase
the weight of brown adipose tissue [27]. When nicotine was
combined with caffeine, Wellman et al. [28] reported an in-
crease in temperature of brown adipose tissue. In our studies
nicotine increased GDP binding to mitochondria from brown
adipose tissue in acutely treated animals whether fed or
fasted. GDP binding was also increased in chronically
treated animals.

Drugs which increase the activity of the sympathetic
nervous system have been shown to lower body weight and
body fat in experimental animals without lowering food in-
take [7, 19, 31]. This suggests that increasing the activity of
the sympathetic nervous system may increase energy ex-
penditure which either concomitantly suppresses food intake
or fails to give rise to signals which would increase food
intake. Thus, nicotine may both increase energy expenditure
and inhibit a rise in food intake through its effects on the
activity of the sympathetic nervous system.
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