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Thermo-afferent and Efferent Mechanisms Leading to Brown Adipose
Tissue Thermogenesis in Rats Administered with Dietary Glutamate
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Abstract

Dietary monosodium glutamate (MSG) intake reduces body weight by increasing energy expenditure. It also
causes activation of brain thermogenic areas. This information from the gut is relayed to the brain by the
subdiaphragmatic vagus nerve. The effect of intragastric administration of MSG on temperature of the brown
adipose tissue (TBAT), body (Tb), and brain (Tbr) was investigated. MSG application in the stomach produced
an immediate increase in TBAT followed by rise in Tb. The rise in TBAT and Tb was attenuated with propranolol
pretreatment. Stimulation of the subdiaphragmatic vagus nerve increased TBAT, which was blocked by lidocaine.
The results of the study show that dietary MSG leads to BAT thermogenesis mediated through gastric
afferent and β-adrenergic efferent mechanism. This knowledge can be applied for increasing energy expenditure
to control body weight and counteract hypothermia.

Indian J Physiol Pharmacol 2016; 60(4) : 321–328

*Corresponding author :

Dr. Hruda Nanda Mallick, MD, Ph.D., Professor, Department
of Physiology, All India Institute of Medical Sciences, Ansari
Nagar, New Delhi-110029, India, Ph. No.: +91-11-26594881,
Fax No.: +91-11-26588663, e-mail address:drhmallick@yahoo.com

(Received on May 4, 2016)

Signals from the gut are very important for the control
of appetite and the regulation of energy balance (5,
6). Glutamate is the only nutrient among other amino
acids, sugars, and electrolytes that increases rat
gastric vagal afferents activity (7). In rats, vagal
neuromodulation have been shown to reduce body
weight (8). The association of reduction in body
weight with increased energy expenditure is known.
Recently in humans the association of brown adipose
tissue (BAT) with increased energy expenditure after
vagus nerve stimulation has been reported (9).
Furthermore, intragastric administration of glutamate
in  ra ts  ac t iva ted  bra in  a reas  invo lved in
thermoregulation as shown by fMRI and cFos studies
(10, 11). Thermal photography had shown BAT as
the hottest organ after oral intake of glutamate in
rats (12). However, these results did not rule out the

Introduction

Monosodium glutamate (MSG) is widely used as a
flavor enhancer in Asean countries. It imparts umami
taste perception (1, 2). Effect of MSG on body weight
control is debatable. MSG in the diet leads to an
increased body weight in humans (3), while a study
on rats show that MSG intake in the diet reduces
body weight by increasing energy expenditure (4).
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administration on TBAT and Tb was studied on 6 rats.
In group 3, the effect of electrical stimulation of the
subdiaphragmatic vagus nerve on TBAT and Trec was
studied on 6 anesthetized rats. The rats were also
applied with pledgets soaked with 0.1 ml of 2%
lidocaine (n=6). The effect of stimulation of hepatic
branch of the vagus nerve on TBAT and Trec was also
measured on 6 anesthetized rats.

Group 1 and 2 :

Under sodium thiopentone anesthesia (40 mg/kg BW,
IP, Neon Laboratories Ltd, Mumbai, India) surgery
was per fo rmed on  Wis ta r  ra ts  to  imp lan t
intraperitoneal transmitter and thermocouples in the
brain and BAT. To assess Tb, a radio-transmitter
(TA10TAF40, 7.15 g and 3 x 1.3 x 0.8 cm; Data
Sciences International, St Paul, Minnesota, USA)
was implanted in  the  per i toneum.  A K- type
thermocouple was implanted at the BAT to assess
TBAT. For the assessment of Tbr from near the POA,
a pre-calibrated K-type thermocouple was lowered
along the midline, between the dura mater and
pia mater at an angle of 25° anteroposteriorly to a
height of 4.5 mm, A 9.0 mm, as per De Groot’s
Atlas (13).

After a ten-day recovery period from the surgery, the
rats were trained to adjust to the gavage tube through
which the intragastric administration of the solutions
would be performed for 4 consecutive days at 12:00
h. Thermocouples implanted for the assessment of
Tbr and TBAT were individually connected to Fluke
mult imeter (Fluke Mult imeter;  Fluke, Everet t ,
Washington, USA). Signals from the peritoneal
transmitter (TA10TAF40) was picked up by a receiver
(RPC-1) and fed into the matrix to be eventually
displayed and stored in the hard disc. The rats were
also habituated for a day to move freely in the
recording cage with the thermocouple wires attached
to the Fluke multimeter.

For group 1 (n=10), MSG (1.5 ml, 0.12 M, Sigma-
Aldrich, St Louis, Missouri, USA) and saline (1.5
ml, 0.12 M) was delivered in the stomach at 12:00 h
through a gavage tube. Tb, Tbr and TBAT were recorded
2 h  (10 :00-12 :00h)  p r io r  to  and 2  h  pos t
administration(12:00-14:00h) of glutamate/saline.

contribution of umami taste per se. Moreover, whether
the heat generated from the BAT was able to heat
up the body to cause diet-induced thermogenesis
after MSG delivery has also not been addressed.
In the present study we directly recorded TBAT

simultaneously with Tb and Tbr, after intragastric
administration of MSG in freely moving unrestrained
animals. Available literature suggests activation of
vagal afferent by MSG leading to increased TBAT (7).
In order to validate the thermo-afferent and efferent
pathway responsible for the MSG-induced changes
in TBAT we stimulated the gastric vagal afferents and
studied its effect on TBAT and rectal temperature (Trec)
in the rats. Moreover, BAT thermogenesis is known
to be mediated through the β-adrenergic efferent
mechanism. So, a separate group of rats pretreated
with a β-adrenergic blocker, propranolol, before
intragastric administration of glutamate was used to
study the involvement of β-adrenergic mechanism in
BAT thermogenesis.

Material and Methods

Animals and Housing

The study was conducted on 34 adult male Wistar
rats (weighing between 225-275 g). All procedures
were conducted in accordance with the rules of the
Committee for the Purpose of Control and Supervision
of Experiments on Animals (CPCSEA) and were
approved by  the  Ins t i tu t iona l  An imal  E th ics
Committee, All India Institute of Medical Sciences,
New Delhi, India. The rats were housed individually
in transparent polyethersulphone cage (45×25×19
cm) with controlled temperature (25±1°C) and relative
humidity (50%-60%) in the departmental animal room.
They were given ad libitum access to food and water
and were maintained at 14 h light (illumination above
200 lux) and 10 h dark (illumination below 5 lux)
conditions.

Experimental design and Surgical Procedure

The rats were randomly assigned to 3 groups. In
Group 1, the effect of intragastric administration of
glutamate and saline on TBAT, Tb and Tbr was studied
on 10 rats. In Group 2, the effect of propranolol
treatment 30 min before glutamate and saline
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On the 1st test day, after a 2 h pre-recording, 3 rats
were administered with 1.5 ml of saline at 12:00 h
and a 2 h post-administration recording was obtained.
After giving a gap of three days, the same rats were
administered with 1.5 ml of MSG at 12:00 h. The
rest of the 7 rats in group 1 was administered MSG
on the 1st test day and saline on the 2nd test day.
The temperature was recorded continuously for 4 h
at an interval of 15 sec and the data was averaged
(Mean±SD) for 1 h interval. Every 15 min data of 2
h post administration of MSG and saline on Tb, Tbr

and TBAT was compared to the average of 2 h pre-
administration data using repeated measures ANOVA
(analysis of variance), followed by Bonferroni post
hoc analysis (IBM SPSS version 20, New York,
USA).

For group 2 (n=6), the rats were treated with
propranolol (20 mg/kg BW, ip) 30 min prior (11:30 h)
to intragastric administration of MSG at 12:00 h.
The same rats after a gap of 3 days were again
pretreated with propranolol followed by intragastric
pretreatment of saline. The average of 2 h pre-
adminis t rat ion record ing of  temperature was
compared to every 15 min data of  3 h post
administration recording using repeated measures
ANOVA followed by Bonferroni post-hoc analysis
(IBM SPSS version 20, New York, USA).

Group 3 :

This group was further subdivided into 3 groups. The
rats were anesthetized with sodium thiopentone (40
mg/kg BW, ip). A K-type thermocouple wire was
implanted at the BAT and the overlying skin was
sutured. Another k-type thermocouple probe was
inser ted in to the rectum to record T rec.  The
subdiaphragmatic gastric vagus nerve was identified
and a bipolar stimulating electrode was placed
underneath it. The parameters used for the stimulation
was a square wave pulse of 0.5ms duration, a
frequency of 100Hz and an amplitude of 2V. After
obtaining a stable baseline recording for 30 min, the
nerve was stimulated for duration of 10 sec. The pre-
stimulatory 30 min recording, i.e., when the surgical
maneuver was performed and vagus nerve was
identified, but the stimulating electrode was not

placed below the nerve, served as the sham control
for each rat. Continuous recording of TBAT and Trec

was done 30 min before, during and 70 min post-
stimulation.

For the 2nd sub-group in group 3, 30 min pre-
stimulation recording was obtained. Then a cotton
pledget soaked with 0.1 ml of 2% lidocaine was
wrapped around the nerve trunk proximal to the
stimulating electrode. Again, the stimulating impulse
was delivered for 10 sec, and a 70 min post-
stimulation recording was performed. For the 3rd sub-
group, the hepatic branch of the vagus nerve was
identified and stimulated with the same parameter
as mentioned above. The data was pooled for every
5 min and plotted against time. The averaged data of
TBAT and Trec for each sub-group was compared to
each other using one-way ANOVA followed by
Tukey’s post-hoc analysis (Fig. 3a, b, and c). The
between the intervention comparison was done using
Wilcoxon signed rank test (IBM SPSS version 20,
New York, USA).

Results

Group 1

The 2 h average pre-administration recordings of TBAT,

Tb and Tbr was 36.9±0.5°C, 37.2±0.5°C and 36.9±0.6°C
respectively (Fig. 1a, b and c). Two-way ANOVA of
control data revealed that there was neither inter or
intra-group variation.

There was an immediate rise in TBAT after MSG
administration, within 2 to 3 min. The rise in Tb was
observed at 45 min after MSG administration. Post
MSG administration, the significant increase in TBAT

was from 12:00 to 12:30 h. The temperature at these
time-points were 37.8±0.7 °C (F1,9=2.28, p=0.05),
37.8±0.4°C (F1,9= 1.461, p=0.05) and 37.7±0.7°C
(F1,9=1.761, p=0.05). Significant increase in Tb was
37.6±0.8°C (F1,3=1.6, p=0.05) at 12:30 h. Tbr after
glutamate administration did not show any significant
change. After sal ine administrat ion, TBAT was
36.7±0.5°C and 37.0±0.5°C, Tb was 37.0±0.5°C and
36.9±0.5°C and Tbr was 36.9±0.5°C and 36.8±0.5°C
(Fig. 1a, b and c).
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Group 2

Propranolol caused no significant change in TBAT but
caused significant decrease in Tb (p<0.05) (Fig 2a
and b). Propranolol pre-treatment led to the blocking
of the increase in TBAT as was observed after MSG
administration alone. There was a decrease in Tb

which persisted for about 2 h in the rats treated with
propranolol when compared to its 2 h averaged pre-
administration value (p<0.05 and p<0.005) (Fig. 2 a,b).

Group 3

The 30 min pre-stimulation recording (sham control)
of the three subgroups of group 3 were subjected to
2 way ANOVA. There were no significant differences
observed indicating that there was no inter or intra
group variation. The significant increase in TBAT after
electrical stimulation of the subdiaphragmatic vagus
nerve was observed within the first 5 min (p<0.05)
when compared to the control groups. The rise was
increasing continuously (p<0.001) till it showed a
tendency of coming back at 65 min after stimulation
(p<0.005). Simultaneous local application of lidocaine
with electrical stimulation was efficiently able to block

the effect of electrical stimulation alone on TBAT.
Moreover, stimulation of the hepatic branch of the
vagus nerve did not cause any change in the TBAT

(Fig. 3 a). An increase in Trec was observed after 65
min of the gastric vagus afferents stimulation (p<0.05)
as seen in Fig. 3b.

Discussion

Dietary MSG led to a significant rise in TBAT lasting
for about 45 min post-administration. The increase
in Tb was observed 45 min after MSG administration.
The increase in Tb could be due to the increased
heat generation in the BAT. There was no significant
rise in Tbr after MSG administration. The rise in TBAT

and Tb after glutamate administration was decreased
by propranolol pretreatment. Electrical stimulation of
the subdiaphragmatic vagus nerve led to an increase
in TBAT, with a very minimal increase in Trec. Blockade
of the vagus nerve conduction by perivagal application
of l idocaine did not produce any rise in TBAT.
Stimulation of the hepatic branch of the vagus nerve
did not cause any changes in the TBAT and Trec. In
the present study, all temperatures, including that
from the BAT, were directly measured.

Fig. 1 : Effect of intragastric administration of glutamate and saline on (a) BAT temperature (TBAT), (b) body temperature (Tb)
and brain temperature (Tbr) (Mean±SD). Arrows indicate time of administration at 12:00 h. * indicates significant
difference between pre and post administration recording. *p<0.05.
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Fig. 3 : Effect of electrical stimulation of sub-diaphragmatic vagus (SDV) nerve, perivagal application of lidocaine (2%, 0.1 ml)+ stimulation
of vagus nerve and stimulation of hepatic branch of vagus (HBV) nerve on (a) BAT temperature (TBAT) and (b) rectal temperature
(Trec) (Mean±SD), averaged at 5 min interval. Arrow indicates the time of stimulation (100 Hz, 2V, 0.5 msec) * indicates significant
difference between TBAT and Trec for SDV stimulation and lidocaine + SDV stimulation, # indicates TBAT and Trec difference between
SDV stimulation and HBV stimulation. *p<0.05, **p<0.005, ***p<0.001, #p<0.05, ##p<0.005, ###p<0.001.

Fig. 2 : Effect of administration of propranolol (20 mg/kg BW, ip), and propranolol + glutamate on BAT temperature (TBAT) and body temperature
(Tb) (Mean±SD), averaged at 15 min interval. Propranolol was administered 30 min before intragastric administration of glutamate.
Solid arrow indicates time of administration of glutamate at 12:00 h, open arrow indicates administration of propranolol (20 mg/kg
BW) at 11:30 h. * indicates significant difference between pre and post administration recording. *p<0.05, **p<0.005
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MSG administration produced an increase in TBAT

which is in agreement with the earlier report (12).
That study was conducted on hairless substrain of
rats and the BAT temperature was assessed by a
thermocamera. It found BAT as the hottest organ
during voluntary intake of MSG (0.12 M). In the
present study, MSG was administered intragastrically
through a gavage tube in order to rule out the
involvement of taste pathway, as MSG is known to
elicit umami taste sensation (1). Equimolar saline
so lu t ion  produced no s ign i f i can t  change in
temperature when compared to its pre-administration
values. This showed that gastric distension has no
effect on TBAT and Tb.

Tsurugizawa et al in 2008, using fMRI showed that
intragastric administration of MSG caused activation
of brain areas involved in thermoregulation like medial
preoptic area (mPOA) and dorsomedial hypothalamus
(DMH). Gastric vagotomy abolished this activation.
Fol lowing intragastr ic administrat ion of MSG,
there was c-fos induction in the mPOA, lateral
hypothalamic areas, DMH and arcuate nucleus (11).
Together these evidences indicate that intragastric
administration of MSG might be involved in activating
thermogenic areas in the brain via gastric vagal
afferents. In fact, signals from the gut via vagal
afferents are crucial for the control of appetite,
regulation of energy balance, glucose homeostasis,
satiation, and meal termination (5, 6).

There exists a nutrient-sensing system in the rat
stomach (7). Gastric vagal afferents were stimulated
by luminal administration of glutamate; but none of
the other amino acids that constitute common
proteins of our body induced a similar response (7).
Glutamate solutions not only increased afferent vagal
gastric activity but also increased efferent discharge
through vagal celiac and splanchnic nerves. These
reflexes were abolished after gastric vagotomy. These
results suggest that umami substances in the
stomach send information through the vagal gastric
afferent to the brain and reflexly regulate physiological
functions (14). The vagal f ibres are probably
stimulated by luminal glutamate through metabotropic
glutamate receptor 1, releasing nitric oxide and
subsequently serotonin from enterochromaffin cells.
This response to glutamate was blocked by the

depletion of 5HT and inhibition of 5HT3 (7).

In the present study, we studied the contribution of
the subdiaphragmatic vagus nerve essential in linking
the thermo-afferent pathway after intragastr ic
admin is t ra t ion o f  g lu tamate.  Prev ious ly ,  the
importance of the abdominal vagus, mainly gastric,
celiac and not hepatic branch on flavor preference
learning of MSG solution has been reported (15).
Preferably, a vagotomy would be logical to elucidate
the thermo-af ferent  pathway re lay ing gastr ic
information to the brain. However, in our experiment,
we were unable to keep our rats alive after a sub-
diaphragmatic vagotomy, since it caused many other
physiological complications (16, 17). Alternately, we
stimulated the total abdominal vagus which caused
an intense increase in TBAT. On the otherhand
electrical stimulation of hepatic branch of the vagus
nerve did not cause any change in TBAT.

The preoptic area (POA) integrates afferent thermal
information and initiates appropriate thermoregulatory
responses.  BAT thermogenesis  is  under  the
downstream inhibitory influence of the POA. The
descending efferent connections from the POA project
to the caudal thermogenic areas like DMH, rostral
raphe pallidum, rostral medullary region (rMR). The
rMR has the sympathetic premotor neurons that
cont ro l  BAT thermogenes is  (18) .  The BAT
thermogenesis is mediated through the β-adrenergic
mechanism (19, 20). The efficacy of the selective β3

antagonist SR 59230A is debatable (21). In the
absence of a specific β3 antagonist, propranolol in
high dose (>10 mg/kg BW) was used to block the
effect of β-adrenergic supply to the BAT (22). Further,
propranolol has been shown to reduce the BAT
activity in patients (23). Propranolol blocked the rise
in TBAT as was seen after MSG administration alone.
This supports the role of above neuronal circuits in
mediating glutamate-induced BAT thermogenesis.
The effect of propranolol on lowering of Tb has been
reported earlier (24). The decrease in Tb could be
due to the reduction in cardiac thermogenesis in
these rats (25).

Thermogenesis results in a reduction in body weight
in the presence of no change in food intake. Rats
ingesting the MSG solution showed a reduction in
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body weight over the 15-week study when compared
with rats ingesting no MSG (26). These changes are
l i ke ly  to  be  med ia ted  by  inc reased energy
expenditure, as food intake was not altered by MSG
ingestion. Possibly, such effects of MSG solution
might include neural connections that involve the
afferent branches of the gastric vagal nerve and
perhaps activation of the thermoregulatory areas in
the brain (POA and DMH). Dietary protein can
influence satiety, thermogenesis, energy efficiency,
and body composit ion (27). Thus, intragastric
glutamate might be involved in increasing BAT
thermogenesis, which in turn increases energy
expenditure, leading to weight loss.

It may be relevant here to mention that the presence
of BAT has been reported in adult humans also (28).
Histological analyses of human tissue samples have
shown BAT to be heavily innervated by sympathetic
fibres (29). Human BAT activity is also inversely
related to obesity and positively related to increased
energy expenditure (30). Vagus nerve stimulation
therapy given to refractory epileptic patients have
been associated with an increased BAT activity,
hence leading to increased energy expenditure in

these subjects (9).

Apart from its role in energy metabolism and control
of body weight, glutamate infusion in patients under
anesthesia might be used to counteract hypothermia.
Per iopera t ive  admin is t ra t ion  o f  amino ac ids
counteracts hypothermia induced during anesthesia.
The greatest thermic effect is ascribed to amino acids
and proteins which increase whole body oxygen
consumption, blood flow, and blood temperature (31–
33). Glutamate is one of the many amino acids that
are reported to elicit diet-induced thermogenesis (12).

Conclusion

Intragastr ic glutamate administrat ion leads to
increase in TBAT and Tb in free moving rats, which is
mediated by gastric vagal afferent and β  adrenergic
efferent pathways.
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