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ered ACTH-induced glucocorticoid release. This restoration 
of leptin response was associated with normalization of ad-
renal  ob -Rb gene expression.  Conclusion:  Dietary restric-
tion in some leptin-resistant obese phenotypes may nor-
malize adrenocortical function. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Neonatal administration of monosodium  L -glutamate 
(MSG) damages neurons in the hypothalamic arcuate 
nucleus (ARC)  [1–3] , leading to behavioral, morphologi-
cal, neuroendocrine and metabolic changes which persist 
in adulthood  [2–7] . Thus, neonatal MSG treatment leads 
to self-mutilation  [1] , hypogonadism  [1] , enhanced hypo-
thalamo-pituitary-adrenal (HPA) axis activity  [4, 8–12] , 
growth disturbances  [1] , hypophagia  [13]  and a paradox-
ical hyperadiposity  [14] . The HPA axis is important in the 
maintenance of homeostasis, and the changes caused in 
this axis by neonatal MSG treatment have been attributed 
to dysfunctions of several hypothalamic systems  [15–17] , 
which control pituitary and adrenal function  [11] . Leptin 
is a satiety factor  [18] , but also inhibits ACTH-dependent 
adrenal glucocorticoid production  [19] . Circulating leptin 

 Key Words 

 Leptin  �  Hypothalamo-pituitary-adrenal axis  �   ob -Rb gene 
expression  �  Food restriction 

 Abstract 

  Background/Aim:  We have reported that neonatal treat-
ment with monosodium  L -glutamate (MSG), which causes 
damage to the arcuate nucleus, leads to severe hyperlep-
tinemia and reduced adrenal leptin receptor ( ob -Rb) ex-
pression in adulthood. As a result, rats given MSG neona-
tally display corticoadrenal leptin-resistance, a defect that is 
overridden by normalization of corticoadrenal hyperfunc-
tion. The aim of the present study was to determine whether 
negative energy conditions could correct corticoadrenal cell 
dysfunction in rats given MSG neonatally.  Methods:  Normal 
(CTR) and MSG-treated female rats were subjected to food 
removal for 1–5 days, or prolonged (24–61 days) food restric-
tion (FR). Plasma levels of several biomarkers and in vitro cor-
ticoadrenal function were evaluated following starvation or 
FR.  Results:  Fasting for 1–5 days reduced plasma leptin levels 
in CTR and MSG rats, compared to levels in the respective 
groups fed ad libitum   (p  !  0.05), but adrenal leptin-resis-
tance was unchanged. With prolonged FR, isolated adrenal 
cells from MSG rats became sensitive to leptin, which low-
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levels are increased in rats treated with MSG neonatally 
 [4]  and this could be the cause of up-regulation of adrenal 
function in these animals. The expression of  ob -Rb is re-
duced in the adrenal gland of female rats receiving neo-
natal MSG treatment  [20]  and this could be a cause of 
enhanced corticoadrenal activity. In other words, elevat-
ed circulating levels of free corticosterone  [20]  may be 
due, at least in part, to leptin-resistance of the adrenal 
gland  [20] . Recent work from our laboratories described 
adrenal leptin-resistance in adult rats treated with MSG 
neonatally, which can be overridden after normalization 
of circulating glucocorticoid levels  [4] . Our working hy-
pothesis was that chronic hyperleptinemia in the female 
rat treated neonatally with MSG  [21]  is a key factor for the 
development of leptin resistance in the adrenal gland. 
The aim of the present study was to determine whether 
reduction in leptin levels by either acute or chronic nega-
tive energy balance could correct adrenal dysfunction in 
rats treated with MSG neonatally.

  Materials and Methods 

 Animals and Experimental Designs 
 Adult male Sprague-Dawley rats with body weight (BW) 300–

330 g and female ones with BW 240–280 g were mated in a light 
(lights on from 07:   00 to 19:   00 h) and temperature (22   °   C) controlled 
room, with rat chow and water available ad libitum. Pregnant rats 
were transferred to individual plastic cages. On ages day 2, 4, 6, 8 
and 10, female pups were injected i.p. with either 4 mg/g BW MSG 
(Sigma Chemical Co., St. Louis, Mo., USA) in sterile 0.9% NaCl or 
10% NaCl (littermate controls; CTR)  [22] . Rats were weaned and 
housed in individual cages on age day 21. MSG-injected animals 
were screened for effectiveness of treatment by macroscopic obser-
vation of degeneration of the optic nerves when euthanized. All 
experimentation was approved by our Institutional Animal Care 
Committee. We complied with international regulations concern-
ing the ethical use of animals throughout this research.

   Experiment 1: Food Withdrawal (FW).  On age day 55, food was 
removed from cages; water was provided ad libitum to both groups 
of animals (CTR and MSG). Animals were sacrificed on age days 
56, 57, 58, 59 and 60 (1, 2, 3, 4 and 5 days after FW, respectively). 
Additional rats from both groups were fed ad libitum   (CTR-AL and 
MSG-AL) and sacrificed on age day 61 (experimental day zero). 
Experiments were run between 08:   00 and 09:   00 h. Trunk blood 
was collected and immediately centrifuged for further determina-
tion of plasma concentrations of leptin, ACTH, and corticosterone 
(B). Following sacrifice, freshly dissected visceral fat (VF; the sum 
of retroperitoneal, omental and parametrial fat) pads were weighed. 
Adrenal glands from rats on experimental days 0, 1, 3 and 5 after 
FW were dissected and processed as indicated below.

   Experiment 2: Food Restriction (FR).  CTR-AL and MSG-AL 
animals were fed and supplied water ad libitum   between age days 
21 and 61 (AL groups). In parallel, a   previously described FR pro-
tocol was set up for CTR and MSG animals  [23] . Briefly,   daily food 
intake (calculated from the daily amount of food eaten by CTR 
and MSG   animals in ad libitum   condition) at different age-peri-
ods were approximately: 85, 74, 61,   51, 48 and 43% on days 24–27, 
28–29, 30–36, 37–43, 44–50 and 51–61, respectively.

   Figure 1  depicts the energy intake of animals from the different 
groups in different age periods. On age day 61, between 08:   00 and 
09:   00 h, CTR-AL, CTR-FR, MSG-AL and MSG-FR rats were eu-
thanized; trunk blood was collected and immediately centrifuged 
for determination of plasma concentrations of leptin, ACTH, and 
B. Following sacrifice, freshly dissected VF pads were weighed. Ad-
renal glands were also dissected and processed as indicated below.

  Determination of Peripheral Biomarkers 
 Plasma leptin levels were determined by a specific radioimmu-

noassay (RIA) developed in our laboratory  [24] , the standard 
curve ranging between 0.04 and 12.5 ng/ml and intra- and interas-
say coefficients of variation (CVs) of 5–8 and 10–13%. Circulating 
ACTH concentrations were measured by a previously described 
immunoradiometric assay  [25]  with a standard curve between 15 
and 3,000 pg/ml and intra- and interassay CVs of 2–3 and 6–8%, 
respectively. Plasma and medium concentrations of B were evalu-
ated by a specific RIA as previously described  [26] , with standard 
curves between 1 and 250  � g/dl and, intra- and interassay CVs of 
4–6 and 8–10%, plasma total protein and triglycerides (TG) con-
centrations were determined using a commercially available enzy-
matic-colorimetric kit from Weiner Lab. (Rosario, Argentina).
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  Fig. 1.  Energy intake (in kcal) in fed ad libitum (AL) and food-re-
stricted (FR) conditions in CTR and MSG rats at different age 
periods. Values are the means b SEM (a representative experi-
ment, with n = 7–9 rats per group/age/condition). 
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  Evaluation of Adrenocortical Function in vitro 
 This method has been extensively described in previous studies 

 [4] . Dissected adrenal glands (free of adipose tissue) were cut with 
a thin dissecting knife and digested in Earle’s balanced salt solu-
tion (EBSS) containing 0.3% collagenase (type 1, Sigma; 1 ml of 
solution per gland) and gently shaken at 37   °   C in a 95% air-5% CO2 
atmosphere. Cells were washed with 10 ml of incubation medium 
(IM): EBSS containing 0.2% bovine serum albumin (BSA), 20 mg/l
ascorbic acid, 100 U/ml aprotinin and antibiotics (pH 7.4). Then, 
cells were resuspended to a density of 100,000 cells per 0.9 ml of 
IM. This volume was distributed into 12  !  75 mm polystyrene test 
tubes and 0.1 ml of IM, either alone or containing ACTH (final 
concentrations 0.01–1 ng/ml), was added in the absence or pres-
ence of leptin (PrePro Tech Inc., Rocky Hill, N.J., USA; 0.1–1 n M  
final concentrations). Cells were then incubated for 2 h at 37   °   C. At 
least 6–8 tubes per condition were used in each experiment. At the 
end of incubation, tubes were centrifuged at 100  g  for 10 min at 
room temperature and supernatants were separated and kept fro-
zen (–20   °   C) until measurement of media B concentrations.

  Adipose Tissue RNA Isolation and Real-Time PCR 
 Total RNA was isolated from adrenal glands by a modification 

of the single step, acid guanidinium isothiocyanate-phenol-chlo-
roform extraction method  [27]  (Trizol; Invitrogen, Life Tech., 
Carlsbad, Calif., USA; catalog number 15596-026). The yield and 
quality of extracted RNA were assessed by 260/280 nm optical 
density ratio and electrophoresis in denaturing conditions on 2% 
agarose gel. 1  � g of total RNA was reverse transcribed using ran-
dom primers (250 ng) and Superscript III RNase H-Reverse Tran-
scriptase (200 U/ � l; Invitrogen, Life Tech; catalog number 18989-
093). For quantitative real-time PCR the following primers were 
applied:  � -actin (R): 5 � -ACCCTCATAGATGGGCACAG-3 � , (F): 
5 � -AGCCATGTACGTAGCCATCC-3� (115 bp) (GenBank acces-
sion number: NM 031144);  ob- Rb (R): 5 � -TGTGGAATCT-
GGAGTGGTCA-3 � ; (F): 5 � -TCTGGAGCCTGAACCAGTTT-3 �  
(115 bp) (GenBank accession number: NM-012596). 2  � l of the 
reverse transcription mix were amplified with QuantiTect Syber 
Green PCR kit (Qiagen, Düsseldorf, Germany; catalog number 
204143) containing 0.5  �  M  of each specific primer, using A Light-
Cycler Detection System (MJMini Opticon, Biorad, Hercules, 
Calif., USA    ). PCR efficiency was  � 1. The threshold cycles (Ct) 
were measured in separate tubes by duplicate. The identity and 
purity of the amplified product were checked by electrophoresis 
on agarose mini-gel and the melting curve was analyzed at the 
end of amplification. The  � Ct values were calculated in every 
sample for each gene of interest as follows: Ct gene of interest – Ct 
reporter gene with  � -actin, whose mRNA levels did not differ be-
tween control and test groups, as the reporter gene. Relative 
changes in the expression level of one specific gene ( �  � Ct) were 
calculated as  � Ct of the test group minus  � Ct of the control group, 
then presented as 2– �  � Ct.

  Data Analysis  
 Data (peripheral biomarkers and in vitro   experiments) ex-

pressed as means ( 8  SEM) were analyzed by either one (treat-
ment) or two (treatment and metabolic condition) factor ANOVA, 
followed by Student-Newman-Keul’s test for comparison of dif-
ferent mean values  [28] . The nonparametric Mann-Whitney test 
was used for analysis of data from adrenal gland mRNA expres-
sions  [28] .

  Results 

 FW induced changes in BW, adipose tissue mass and 
circulating levels of several biomarkers in CTR and MSG 
rats.

  FW-induced changes in BW and VF mass are depicted 
in  figure 2 : BWs ( fig. 2 , left) were significantly (p  !  0.05) 
lower in MSG compared with CTR rats, regardless of the 
day examined and decreased in a similar, time-related, 
fashion in both groups. CTR rats (day 2 and beyond of 
food deprivation) showed an earlier VF mass reduction 
as compared with MSG (day 5 of food deprivation) rats. 
However, a significantly (p  !  0.05) higher VF mass was 
observed in MSG compared with CTR rats, regardless of 
the day examined ( fig. 2 , right). TG circulating levels 
were similar in non-fasting rats from both groups (0.79 8 
0.09 and 0.83 8 0.11 g/l in CTR and MSG rats, respec-
tively). While fasting transiently decreased circulating 
TG levels (on days 2, 3 and 4), this occurred in CTR rats 
only, in contrast MSG animals displayed similar circulat-
ing TG levels, in both fed and fasting states. Moreover, on 
fasting days 2, 3 and 4 circulating TG values were higher 
(p  !  0.05) in MSG than in CTR rats (not shown). How-
ever, on day 5 of fasting, CTR rats recovered day zero val-
ues. Total protein concentrations in plasma were similar 
in both CTR and MSG rats on day 0 and did not alter by 
1–3 days of FW (data not shown). However, on days 4 and 
5 of the FW protocol, CTR rats displayed decreased pro-
teinemia (vs. day 0 values) with levels significantly (p  !  
0.05) lower than MSG animals (5.21 8 0.33 and 3.62 8 
0.54 g/dl vs. 7.49 8 0.64 and 6.82 8 0.28 g/dl, on days 4 
and 5 after FW and in CTR and MSG rats). MSG rats on 
day 0 showed significantly (p  !  0.05) higher circulating 
leptin levels compared with CTR animals in similar con-
dition ( fig. 3 , upper left). Although leptinemia was sig-
nificantly (p  !  0.05) decreased on day 1 of fasting in both 
groups, it remained significantly higher (p  !  0.05) in 
MSG compared with CTR rats up to 4 days after food de-
privation. Circulating levels of ACTH ( fig. 3 , upper right) 
and corticosterone ( fig. 3 , lower) were similar in both ex-
perimental groups of fed animals (day 0), and were not 
influenced on day 1 after FW. Conversely, 2 days of food 
deprivation induced peak values in plasma ACTH and B 
levels of a similar magnitude in CTR and MSG rats. 
Thereafter (day 3 or more), plasma concentrations of both 
hormones declined toward the respective day zero values. 
However, full recovery of initial (day 0) values occurred 
1 day later in MSG (day 5) compared with CTR (day 4) 
rats ( fig. 3 , lower).
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  Food Restriction-Dependent Changes in Body Weight, 
Adipose Tissue Mass and Circulating Levels of Several 
Biomarkers in CTR and MSG Rats 
 FR significantly (p  !  0.05) reduced BW values in both 

experimental groups ( table 1 ). As expected, fresh VF pad 
mass was significantly (p  !  0.05 vs. CTR-AL rats) en-
larged in MSG-AL animals ( table 1 ). VF pad mass de-
creased after FR (p  !  0.05 vs. respective AL group values) 
in both groups but revealed higher VF pad mass absolute 
values in CTR-FR rats compared with MSG-FR rats ( ta-
ble 1 ). Correcting for BW revealed no significant dif-
ferences between both groups (0.51 8 0.09 and 0.44 8 
0.12 g of VF/100 g BW in CTR-FR and MSG-FR rats). Cir-
culating TG levels were significantly (p  !  0.05 vs. respec-
tive AL values) reduced after FR in both groups of rats 
(0.56 8 0.04 and 0.59 8 0.08 g/l in CTR-FR and MSG-
FR rats, respectively). As previously described  [23] , the 
present FR protocol did not modify (vs. respective AL 
values) plasma total protein concentrations in either 
group studied (values being 6.95 8 0.23 and 7.49 8 0.64 
g/dl in CTR-FR and MSG-FR rats).

  Circulating leptin ( fig. 4 , upper left) levels were signif-
icantly (p  !  0.05) higher in MSG-AL compared with CTR-
AL rats, and FR produced a significant (p  !  0.05) decrease 
in leptinemia in both groups (p  !  0.05 vs. respective AL 

group values). However, peripheral leptin concentrations 
remained significantly higher in MSG-FR than in CTR-
FR rats ( fig. 4 , upper left), whether expressed by grams of 
VF (4.49 8 0.44 vs. 17.34 8 1.82 ng/ml/g VF in MSG- and 
CTR-FR rats, p  !  0.05) or by 100 g BW (3.98 8 0.24 vs. 
2.32 8 0.14 ng/ml/100 g BW in MSG-FR and CTR-FR 
rats, p  !  0.05). HPA axis hormone plasma concentrations 
indicated that circulating ACTH and B levels were similar 
in CTR-AL and MSG-AL rats ( fig. 4 , upper right and low-
er panels). While CTR-FR and MSG-FR rats displayed 
similar circulating ACTH levels ( fig. 4 , upper right), con-
versely, significantly (p  !  0.05 vs. respective AL group val-
ues) higher plasma corticosterone values were found in 
both FR groups ( fig. 4 , lower). Circulating B concentra-
tions were significantly (p  !  0.05) greater in CTR-FR than 
in MSG-FR rats ( fig. 4 , lower).

  Effects of Food Manipulation on in vitro 
Adrenocortical Functions 
 Adrenocortical functions were evaluated in vitro by 

using isolated adrenal cells from CTR ( fig. 5 a) and MSG 
( fig. 5 b) rats either fed ad libitum (day 0) or at time points 
after FW (1, 3 and 5 days). The results indicate that spon-
taneous glucocorticoid secretion was similar in both cell 
groups on day 0 and that adrenal responses to ACTH 
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  Fig. 2.  Effect of food withdrawal for several days on body weight and visceral fat mass in CTR and MSG rats. 
Values are the means 8 SEM (n = 7–9 rats per group/condition).  a  p  !  0.05 vs. CTR values on the same day.
 b  p  !  0.05 vs. day 0 values of the same group. 
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(0.01–1 ng/ml) stimulation were concentration-depen-
dent in both cell groups. In CTR cells, responses to ACTH 
(0.1 and 1 n M ) were significantly (p  !  0.05) higher after 
FW (days 1, 3 and 5) than that observed on day 0 ( fig. 5 a). 
Adrenal cells from non-fasting (day 0) MSG rats were hy-
per-responsive to ACTH stimulation in comparison to 
the day zero CTR adrenal cell response. Food deprivation 
in MSG animals did not modify adrenal cell responses to 
ACTH, regardless of the day examined ( fig. 5 b). Adreno-
cortical functions were also evaluated using isolated ad-
renal cells from 61-day-old CTR ( fig. 5 c) and MSG 
( fig. 5 d) rats, in AL and FR conditions. The results indi-

cated that spontaneous glucocorticoid secretion was sim-
ilar in both cell groups from AL rats, and that adrenal 
responses to ACTH (0.01–1 ng/ml) stimulation were con-
centration-dependent regardless of cell group. We com-
pared the patterns of ACTH-stimulated B output among 
CTR-AL and MSG-AL groups and found that cells from 
MSG-AL did release a significantly (p  !  0.05) higher 
amount of B than that released by CTR-AL cells in re-
sponse to 0.1 and 1 ng/ml ACTH. In addition, FR signif-
icantly (p  !  0.05) enhanced adrenal cell responses to 0.1 
and 1 ng/ml ACTH in CTR-FR and MSG-FR cell groups. 
Moreover, the adrenal hyper-response to ACTH charac-
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terizing MSG-AL cells (vs. CTR-AL cells) was also ob-
served in the FR condition (CTR-FR vs. MSG-FR).

  In vitro Effects of Leptin on ACTH-Stimulated 
Glucocorticoid Secretion by Isolated Adrenal 
Cells from CTR and MSG Rats Submitted to Food 
Manipulation 
 These data are expressed as percent of inhibition in 

relation to values obtained in the absence of leptin, con-
ventionally considered zero percent inhibition in adrenal 
cells from rats of the FW protocol (experiment 1). Al-
though the addition of exogenous leptin 0.1 ( fig. 6 a) or 
1 n M  ( fig. 6 b) into the incubation medium did not mod-
ify spontaneous glucocorticoid secretion in all cell groups 
(data not shown), it was able to significantly (p  !  0.05 vs. 
values, in similar condition, in the absence of leptin) in-
hibit 0.1 ng/ml ACTH-stimulated B output in CTR adre-
nal cells regardless of energy condition. Conversely, ex-
ogenous leptin (0.1 or 1 n M ) failed to inhibit ACTH (0.1 

ng/ml)-elicited B output by MSG adrenal cells, whether 
rats were fed or not (see also  fig. 6 a, b). Exogenous leptin 
(0.1 or 1 n M ) did inhibit 0.1 ng/ml ACTH-stimulated B 
output by CTR cells from AL and FR rats ( fig. 6 c). Con-
versely, adrenal cells from MSG-AL rats were refractory 
to any inhibitory effect of leptin on 0.1 ng/ml ACTH-
stimulated B secretion ( fig. 6 d). Interestingly, adrenal 
cells from MSG rats subjected to FR did develop leptin 
sensitivity. In fact, leptin (0.1 and 1 n M ) significantly 
(p  !  0.05) inhibited ACTH-elicited B release ( fig. 6 d).

  Effect of Food Restriction on Adrenal ob-Rb mRNA 
Expression 
 We have observed in vitro that isolated adrenal cells 

from energy replete MSG rats (MSG-AL) were resistant 
to leptin inhibition of ACTH-driven B secretion. Also, 
food-restricted but not starved MSG rats became sensi-
tive to leptin inhibitory action on ACTH-induced gluco-
corticoid output. Therefore, we investigated whether this 
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change could be explained by any modification in adre-
nal  ob -Rb gene expression. We found, in relation to the 
CTR-AL group, that adrenal  ob -Rb mRNA expression 
was not modified by FR in CTR rats ( fig. 7 ). Conversely, 
this expression was significantly (p  !  0.05) reduced in 
hyperleptinemic obese rats fed ad libitum   (MSG-AL) 
( fig. 7 ). Interestingly, adrenal glands from FR hypotha-

lamic obese rats (MSG-FR) showed upregulation in adre-
nal of  ob -Rb mRNA expression when compared (p  !  
0.05) to MSG-AL rats; these values were also similar to 
those observed in the reference group (CTR-AL rats) 
( fig. 7 ).
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  Fig. 6.  In vitro   effects of different concentrations of leptin ( a ,  b ) on 0.1 ng/ml ACTH-induced glucocorticoid 
output by isolated adrenal cells from CTR and MSG rats, in non-fasting (day zero) and after different days (1–5) 
of fasting. Similarly, the in vitro effects of leptin (0.1 and 1 n M ) on ACTH (0.1 ng/ml)-stimulated corticoadrenal 
function are shown in fed ad libitum (AL) and food-restricted (FR), CTR ( c ) and MSG ( d ) rats. For full details 
on the expression of these data, see ‘Results’. Values are the means 8 SEM (n = 3–4 different experiments, with 
5 replicates per experiment).  h  p  !  0.05 vs. values in the absence of leptin.         
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  Discussion 

 In the present study, we found that decreasing lepti-
nemia by prolonged FR, but not a short fasting period of 
time reverses adrenal leptin-insensitivity in severe hyper-
leptinemic (MSG) female rats, and that this change in-
volved normalization of the adrenal expression of the 
functional leptin receptor gene.

  Our data indicate that after five days of food depriva-
tion, hypothalamic obese rats restored leptinemia to val-
ues found in normal rats. However, even in the presence 
of an endogenous environment with a very low circulat-
ing leptin concentration, adrenal cells from starved MSG 
rats remained refractory to any leptin inhibitory effect on 
ACTH-dependent glucocorticoid production. This ob-
servation could be attributable to the short time period 
during which adrenal cells were exposed to low (although 
they may not be low enough, vs. fasting normal animals) 
circulating levels of leptin.

  Moreover, the fact that starvation failed to reduce cir-
culating triglyceridemia in MSG rats could indicate that 
this signal might be contributing to the leptin-resistant 
state of hypothalamic obese animals  [29] . Conversely, 
prolonged negative energy condition due to FR not only 
induced low circulating leptin levels but also reversed 
MSG adrenal cell insensitivity to leptin inhibitory effect 
on ACTH-driven glucocorticoid secretion. This correc-
tion was also observed when the downregulation in ad-
renal  ob -Rb mRNA expression was overridden. Thus, our 
study strongly supports that prolonged hyperleptinemia 
could be a crucial factor for the development of adrenal 
leptin insensitivity in this model of hypothalamic obesi-
ty. Regarding changes in BW, fat mass and other meta-
bolic parameters induced by FW, our data tally with those 
already reported by other researchers in both normal  [30, 
31]  and MSG-damaged  [30]  male rats. In one of these 
studies  [31]  the authors have addressed similar changes 
induced by fasting (up to 10 days) on circulating TG levels 
in both normal and MSG rats. Moreover, they reported 
that early (24 h) starved MSG rats displayed (as in the fed 
state) hyperinsulinemia, whereas similar insulinemia 
was noticed in normal and MSG rats between days 3 and 
10 of fasting. Although we do not show these data, we 
found a similar effect in food removal-induced changes 
in insulinemia in our female MSG rats. Indeed, we found 
that VF fat stores decreased more rapidly in CTR (day 2 
of fasting, approximately 49% loss) than in MSG (day 5 of 
fasting, approximately 30% loss). Similarly, Ribeiro et al. 
 [30]  found in starved male rats that while 83% of fat stores 
were consumed after 10 days of FW in normal animals, 

only 58% of initial fat stores were reduced 14 days after 
food removal in MSG rats. Whether these differences can 
be accounted for by enhanced sympathetic outflow on 
adiposity cannot be answered by our study. Starvation is 
accepted to decrease sympathetic activity  [32] , and be-
cause the impairment of both sympathetic activity  [33]  
and adrenal medulla catecholamine output  [34]  are char-
acteristics of the MSG rat, it is unlikely that these events 
in the starved MSG rat could significantly contribute to 
reduction of VF mass. Although TG levels transiently de-
creased (between days 2–4) in fasting CTR rats, this de-
cline could be representing a metabolic adaptive mecha-
nism preceding a crucial factor for the organism’s sur-
vival such as protein consumption, as found on days 4–5 
after food removal. Regarding data on a starvation-in-
duced rapid reduction in leptinemia in normal rats, our 
results agree with those previously reported  [30]  after
24 h of fasting, although we now have extended data up 
to five days after food removal. On the other hand, in hy-
perleptinemic (MSG) rats, only five days of fasting were 
effective to induce peripheral leptin levels with a similar 
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  Fig. 7.   ob -Rb mRNA levels measured in the adrenal glands from 
fed ad libitum (AL) and food-restricted (FR), CTR and MSG rats 
by q-PCR, normalized to the levels of  � -actin, then presented as 
expression relative to values obtained in glands from CTRAL rats. 
Values are the means 8 SEM (n = 4–5 experiments).  i  p  !  0.05 vs. 
CTR-AL and MSG-FR values.         
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order of magnitude to those for 24 h fasting normal rats. 
Interestingly, changes in HPA axis hormones after fast-
ing developed in a similar fashion in CTR and MSG rats, 
although the resiliency of the corticoadrenal response 
was, as previously described  [20] , delayed in MSG rats. 
Moreover, the area under the curve of circulating gluco-
corticoid concentrations throughout the whole fasting 
period was significantly (p  !  0.05) higher in MSG (68.18 
8 11.84  � g/dl/5 h) than in normal (30.79 8 7.05  � g/dl/
5 h) rats. These observations fully agree with our present 
in vitro observations and with earlier data from our labo-
ratory  [4, 20, 21, 35, 36]  and others  [8, 9, 11]  indicating 
HPA axis hyperactivity in MSG rats. Moreover, enhanced 
glucocorticoid levels could also be accounted for by de-
creased metabolic clearance rate of this hormone in this 
animal model  [9, 10] .

  In point of fact, we used this model of hypothalamic 
obese female rat previously and demonstrated that exog-
enous leptin failed to inhibit ACTH-stimulated glucocor-
ticoid secretion by isolated fasciculata reticularis-en-
riched adrenal cells  [20] . In that study we also found that 
adrenal glands from MSG rats displayed (although semi-
quantitatively) low  ob -Rb mRNA expression  [20] . Thus, 
the present data fully agree with these observations. In 
fact, we have now determined by quantitative RT-PCR 
significantly decreased adrenal  ob -Rb mRNA expression 
in the MSG rat fed AL and a lack of leptin effect on ACTH-
induced glucocorticoid output by adrenal cells.

  Interestingly, we found that decreasing circulating 
leptin levels by a short period of time (fasting) was not 
effective to change adrenal sensitivity to leptin.

  Regarding the long FR protocol, as previously report-
ed  [23] , we found that this experimental design did not 
vary total protein levels in either group of rats. Converse-
ly, it induced reduced plasma TG levels in both experi-
mental groups. Thus, the decreased triglyceridemia, 
namely in MSG-FR rats, could be favoring the restoration 

of adrenal leptin sensitivity  [29] . It should be noted that 
the differences in BW values comparing individual AL 
rats remained the same after FR. However, paradoxically, 
the decrease in VF mass was higher in MSG-FR than in 
CTR-FR animals. This finding could indicate that the 
neonatal MSG treatment did not delay FR-induced VF 
mass reduction  [37] . However, while MSG-FR rats at-
tained significantly lower VF mass than CTR-FR rats, 
circulating leptin concentrations remained higher in 
MSG-FR vs. CTR-FR rats ( table 1 ;  fig. 4 ), although these 
values are not representative of hyperleptinemia. Among 
endogenous factors inducing leptin secretion, glucocor-
ticoid  [38, 39]  and insulin  [40, 41]  are the most important. 
With respect to the latter signal, although the data are not 
shown, we observed similar circulating insulin levels in 
both groups of FR rats. In addition, peripheral glucocor-
ticoid levels in both groups of FR rats were higher than 
those observed in AL rats; however, circulating corticos-
terone levels were lower in MSG-FR than in CTR-FR an-
imals. This suggests that this signal does not significant-
ly contribute to enhance leptinemia in MSG-FR rats. Di-
etary protein deficiency  [42]  but not FR  [23, 42]  enhances 
ACTH synthesis and secretion; thus the increase in cir-
culating glucocorticoid levels in both groups of FR ani-
mals could be related to the decrease in leptinemia and 
full adrenal  ob -Rb functionality  [19] . In addition, the dis-
crepancy between VF mass and leptinemia in MSG-FR 
rats could be related to the morphological characteristics 
of MSG adipocytes. In fact, we previously reported that 
adipocytes from obese hypothalamic female rats are larg-
er than those from their normal counterparts  [21] . It is 
accepted that there is a direct relationship between adi-
pocyte size and leptin production  [43] ; thus enlarged ad-
ipocytes of MSG rats could contribute to their enhanced 
circulating leptin levels even after prolonged FR. How-
ever, because FR modifies adipocyte size in normal rats 
 [44] , possible modifications in this process in MSG-FR 

Table 1. Effect of prolonged food restriction (FR) or not (AL) on body weight and visceral fat (VF) mass, in 61-
day-old CTR and MSG rats

AL FR

CTR MSG CTR MSG

Body weight, g 168.886.6 134.988.6a 112.182.2b 80.483.1a, b

VF mass, g/100 g BW 2.3580.18 5.2180.62a 0.4980.08b 0.2780.05a, b

Values are the means 8 SEM (n = 7–9 rats per group/condition). 
a p < 0.05 vs. CTR values in similar condition. b p < 0.05 vs. AL values of the same group.
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rats should not be discarded. Decreased leptin concentra-
tions in circulation induced by FR fully restored both 
normal adrenal  ob -Rb mRNA expression and a leptin in-
hibitory effect on ACTH-driven glucocorticoid release. 
These data further indicate that when adrenal  ob -Rb is 
expressed normally, it is fully operative in MSG rat, thus 
supporting that post  ob -Rb events, if any, are not perma-
nently impaired in MSG damaged rats. Similarly, we pre-
viously found that transient correction of enhanced cor-
ticoadrenal function in the MSG rat resulted in the recov-
ery of functionally active adrenal  ob -Rb  [4]  and other 
metabolic dysfunctions  [21] . However, when the adrenal 
cortex of enucleated MSG animals reached full regenera-
tion, adrenal insensitivity to leptin inhibition reappeared 
 [4] . Therefore, the present data, combined with our previ-
ous findings, strongly suggest that downstream leptin re-
ceptor events are not seriously damaged in MSG rats. 
Common forms of human obesity and diet-induced obe-
sity (DIO) in rodents, as in this rat model of hypotha-
lamic obesity, are associated with development of leptin 
resistance  [45] . The means by which the downstream re-
ceptor mechanisms become impaired are not yet fully 
understood. However, our data suggest that MSG obese 
rats, unlike DIO rats  [46] , did develop peripheral (adre-
nal) leptin resistance because of a substantial decrease in 
adrenal  ob -Rb gene expression. However, through our 
study, possible transient changes in post- ob -Rb events 
 [46]  cannot be excluded in MSG rats.

  In summary, our study supports that appropriate cor-
rections in the diet in some peripheral leptin-resistant 
obese phenotypes could account for their decreases in 
both body and fat masses and leptinemia. Hyperlepti-
nemia is a common characteristic of normal aged  [47]  
and MSG rats  [4, 20, 21] . Several studies suggest that pro-
longed FR in aged normal rats decreased circulating lev-
els of leptin, improved central leptin sensitivity, and re-
stored adipocyte insulin sensitivity  [48, 49] . We have 
presently found that a decrease in leptinemia after a pro-
longed (FR) but not short (fasting) period of negative en-
ergy intake fully restored adrenal leptin sensitivity in hy-
perleptinemic, MSG rats. Thus, ACTH-driven adrenal 
glucocorticoid secretion  [4, 19]  and probably other leptin-
dependent functions  [50–53]  were normalized. As a con-
sequence, normal adrenal glucocorticoid production 
could be beneficial for curtailing adipogenesis  [39]  and 
for preserving the organism against the undesirable ef-
fects of excessive endogenous glucocorticoid  [54–56] .

  Acknowledgments 

 A.G. and E.S. are members of the Research Career of CONI-
CET.

  The authors are indebted to Ing. O. Vercellini for animal care, 
and to Mrs. S.H. Rogers for the correction of the manuscript.

  This study was supported by grants from Fondation de Re-
cherche en Endocrinologie 06/08 (to E.S.), FONCyT (PICT-2007-
01051 to E.S.), and FNSR (3200BO-105657/1 to R.C.G.). 

 References 

  1 Nemeroff CB, Grant LD, Bissette G, Erin 
GN, Harrell LE, Prange AJ: Growth, endo-
crinological and behavioral deficits after 
monosodium  L -glutamate in the neonatal 
rat: possible involvement of arcuate dopa-
mine neuron damage. Psychoneuroendocri-
nology 1977;   2:   179–196. 

  2 Holzwarth-McBride MA, Sladek JR Jr, Knig-
ge KM: Monosodium glutamate induced le-
sions of the arcuate nucleus. II. Fluorescence 
histochemistry of catecholamines. Anat Rec 
1986;   186:   197–205. 

  3 Krieger DT, Liotta AS, Nicholsen G, Kizer JS: 
Brain ACTH and endorphin reducedin rats 
with monosodium glutamate-induced arcu-
ate nuclear lesions. Nature1979;   278:   562–563. 

  4 Perello M, Gaillard RC, Chisari A, Spinedi E: 
Adrenal enucleation in MSG-damaged hy-
perleptinemic male rats transiently restores 
adrenal sensitivity to leptin. Neuroendocri-
nology 2003;   78:   176–184. 

  5 Olney JW, Sharpe LG: Brain lesions in an in-
fant rhesus monkey treated with monosodi-
um glutamate. Science 1969;   166:   386–388. 

  6 Burde RM, Schainker B, Kayes J: Acute effect 
of oral and subcutaneous administration of 
monosodium glutamate on the arcuate nu-
cleus of the hypothalamus in mice and rats. 
Nature 1971;   233:   58–60. 

  7 Badger TM, Millard WJ, Martin JB, Rosen-
blum PM, Levenson SE: Hypothalamic pitu-
itary function in adult rats treated neo natally 
with monosodium glutamate. Endocri-
nology 1982;   111:   2031–2038. 

  8 Larsen PJ, Mikkelsen JD, Jessop D, Lightman 
SL, Chowdrey HS: Neonatal monosodium 
glutamate treatment alters both the activity 
and the sensitivity of the rat hypothalamo-
pituitary-adrenocortical axis. J Endocrinol 
1994;   141:   497–503. 

  9 Skultetyova I, Kiss A, Jezova D: Neurotoxic 
lesions induced by monosodium glutamate 
result in increased adenopituitary proopi-
omelanocortin gene expression and de-
creased corticosterone clearance in rats. 
Neuroendocrinology 1998;   67:   412–420. 

 10 Macho L, Jezova D, Zorad S, Fickova M: 
Postnatal monosodium glutamate treatment 

results in attenuation of corticosterone met-
abolic rate in adult rats. Endocr Regul 1999;  
 33:   61–67. 

 11 Dolnikoff MS, Kater CE, Egami M, de An-
drade IS, Marmo MR: Neonatal treatment 
with monosodium glutamate increases plas-
ma corticosterone in the rat. Neuroendocri-
nology 1988;   48:   645–649. 

 12 Magarinos AM, Estivariz F, Morado MI, De 
Nicola AF: Regulation of the central nervous 
system-pituitary-adrenal axis in rats after 
neonatal treatment with monosodium gluta-
mate. Neuroendocrinology 1988;   48:   105–
111. 

 13 Morris MJ, Tortelli CF, Filippis A, Proietto J: 
Reduced BAT function as a mechanism for 
obesity in the hypophagic, neuropeptide Y 
deficient monosodium glutamate-treated 
rat. Regul Pept 1998;   75–76:   441–447. 

 14 Hirata AE, Andrade IS, Vaskevicius P, Dol-
nikoff MS: Monosodium glutamate (MSG)-
obese rats develop glucose intolerance and 
insulin resistance to peripheral glucose up-
take. Braz J Med Biol Res 1997;   30:   671–674. 



 Adrenal Leptin Resistance in MSG Rats Neuroendocrinology 2009;89:276–287 287

 15 Bliss EL, Ailion J, Zwanziger J: Metabolism 
of norepinephrine, serotonin and dopamine 
in rat brain with stress. J Pharmacol Exp 
Ther 1968;   164:   122–134. 

 16 Palkovits M, Brownstein M, Kizer JS, Saave-
dra JM, Kopin IJ: Effect of stress on serotonin 
concentration and tryptophan hydroxylase 
activity of brain nuclei. Neuroendocrinolo-
gy 1976;   22:   298–304. 

 17 Dawson R, Pelleymounter MA, Millard WJ, 
Liu S, Eppler B: Attenuation of leptin-medi-
ated effects by monosodium glutamate-in-
duced arcuate nucleus damage. Am J Physiol 
1997;   273:E202–E206. 

 18 Hamann A, Matthaei S: Regulation of energy 
balance by leptin. Exp Clin Endocrinol Dia-
betes 1996;   104:   293–300. 

 19 Pralong FP, Roduit R, Waeber G, Castillo E, 
Mosimann F, Thorens B, Gaillard RC: Leptin 
inhibits directly glucocorticoid secretion by 
normal human and rat adrenal gland. Endo-
crinology 1998;   139:   4264–4268. 

 20 Perello M, Moreno G, Camihort G, Luna G, 
Console G, Gaillard RC, Spinedi E: Nature of 
changes in adrenocortical function in chron-
ic hyperleptinemic female rats. Endocrine 
2004;   24:   167–175. 

 21 Moreno G, Perello M, Camihort G, Luna G, 
Console G, Gaillard RC, Spinedi E: Impact of 
transient correction of increased adrenocor-
tical activity in hypothalamo-damaged, hy-
peradipose female rat. Int J Obesity 2006;   30:  
 73–82. 

 22 Spinedi E, Johnston CA, Negro-Vilar A: In-
creased responsiveness of the hypothalamic-
pituitary axis after neurotoxin-induced hy-
pothalamic denervation. Endocrinology 
1984;   115:   267–272. 

 23 Giovambattista A, Chisari AN, Corro L, 
Gaillard RC, Spinedi E: Metabolic, neuroen-
docrine and immune functions in basal con-
ditions and during the acute-phase response 
to endotoxic shock in undernourished rats. 
Neuroimmunomodulation 2000;   7:   92–98. 

 24 Giovambattista A, Chisari AN, Gaillard RC, 
Spinedi E: Food intake-induced leptin secre-
tion modulates hypothalamo-pituitary-ad-
renal axis response and hypothalamic Ob-
Rb expression to insulin administration. 
Neuroendocrinology 2000;   72:   341–349. 

 25 Chisari A, Spinedi E, Voirol M-J, Giovam-
battista A, Gaillard RC: A phospholipase A2-
related snake venom (from  Crotalus durissus 
terrificus ) stimulates neuroendocrine and 
immune functions: determination of differ-
ent sites of action. Endocrinology 1998;   139:  
 617–625. 

 26 Spinedi E, Giacomini M, Jacquier MC, Gail-
lard RC: Changes in the hypothalamocorti-
cotrope axis after bilateral adrenalectomy: 
evidence for a median eminence site of glu-
cocorticoid action. Neuroendocrinology 
1991;   53:   160–170. 

 27 Chomczynski P, Sacchi N: Single-step meth-
od of RNA isolation by acid guanidinium 
thiocyanate-phenol-chloroform extraction. 
Anal Biochem 1987;   162:   156–159. 

 28 Zar JH: Biostatistical Analysis. Englewood 
Cliffs. Prentice-Hall, 1974. 

 29 Banks WA, Farr SA, Morley JE: The effects of 
high fat diets on the blood-brain barrier 
transport of leptin: failure or adaptation? 
Physiol Behav 2006;   88:   244–248. 

 30 Dallman MF, Akana SF, Bhatnagar S, Bell 
ME, Choi S, Chu A, Horsley C, Levin N, 
 Meijer O, Soriano LR, Strack AM, Viau V: 
Starvation: early signals, sensors, and se-
quelae. Endocrinology 1999;   140:   4015–4023. 

 31 Ribeiro EB, do Nascimento CM, Andrade IS, 
Hirata AE, Dolnikoff MS: Hormonal and 
metabolic adaptations to fasting in monoso-
dium glutamate-obese rats. J Comp Physiol 
1997;   167:   430–437. 

 32 Young JB, Landsberg L: Suppression of sym-
pathetic nervous system during fasting. Sci-
ence 1977;   196:   1473–1475. 

 33 Nakagawa T, Ukai K, Ohyama T, Gomita Y, 
Okamura H: Effects of chronic administra-
tion of sibutramine on body weight, food in-
take and motor activity in neonatally mono-
sodium glutamate-treated obese female rats: 
relationship of antiobesity effect with mono-
amines. Exp Anim 2000;   49:   239–249. 

 34 Leigh FS, Kaufman LN, Young JB: Dimin-
ished epinephrine excretion in genetically 
obese (ob/ob) mice and monosodium gluta-
mate-treated rats. Int J Obes Relat Metab 
Disord 1992;   16:   597–604. 

 35 Perello M, Moreno G, Gaillard RC, Spinedi 
E: Glucocorticoid-dependency of increased 
adiposity in a model of hypothalamic obesi-
ty. Neuro-Endocrinol Lett 2004;   25:   119–126. 

 36 Castrogiovanni D, Gaillard RC, Giovambat-
tista A, Spinedi E: Neuroendocrine, meta-
bolic, and immune functions during the 
acute phase response of inflammatory stress 
in monosodium  L -glutamate-damaged, hy-
peradipose male rat. Neuroendocrinology 
2008;88:227–234. 

 37 Leitner C, Bartness TJ: Food deprivation-in-
duced changes in body fat mobilization after 
neonatal monosodium glutamate treatment. 
Am J Physiol Regul Integr Comp Physiol 
2008;   294:R775–R783. 

 38 Vidal-Puig AJ, Considine RV, Jimenez-Lin-
an M, Werman A, Pories WJ, Caro JF, Flier 
JS: Peroxisome proliferator-activated recep-
tor gene expression in human tissues: effects 
of obesity, weight loss, and regulation by in-
sulin and glucocorticoids. J Clin Invest 1997;  
 99:   2416–2422. 

 39 Shi XM, Blair HC, Yang X, McDonald JM, 
Cao X: Tandem repeat of C/EBP binding 
sites mediates PPARgamma2 gene transcrip-
tion in glucocorticoid-induced adipocyte 
differentiation. J Cell Biochem 2000;   76:   518–
527. 

 40 Mueller E, Drori S, Aiyer A, Yie J, Sarraf P, 
Chen H, Hauser S, Rosen ED, Ge K, Roeder 
RG, Spiegelman BM: Genetic analysis of adi-
pogenesis through peroxisome proliferator-
activated receptor gamma isoforms. J Biol 
Chem 2002;   277:   41925–41930. 

 41 El-Chaar D, Gagnon A, Sorisky A: Inhibition 
of insulin signaling and adipogenesis by ra-
pamycin: effect on phosphorylation of p70 
S6 kinase vs eIF4E-BP1. Int J Obes Relat 
Metab Disord 2004;   28:   191–198. 

 42 Jacobson L, Zurakowski D, Majzoub JA: Pro-
tein malnutrition increases plasma adreno-
corticotropin and anterior pituitary proopi-
omelanocortin messenger ribonucleic acid in 
the rat. Endocrinology 1997;   138:   1048–1057. 

 43 Couillard C, Mauriege P, Imbeault P, 
Prud’homme D, Nadeau A, Tremblay A, 
Bouchard C, Despres JP: Hyperleptinemia is 
more closely associated with adipose cell hy-
pertrophy than with adipose tissue hyper-
plasia. Int J Obes Relat Metab Disord 2000;  
 24:   782–788. 

 44 Bailey JW, Barker RL, Beauchene RE: Age-
related changes in rat adipose tissue cellular-
ity are altered by dietary restriction and ex-
ercise. J Nutr 1993;   123:   52–58. 

 45 Ahima RS, Flier JS: Leptin. Annu Rev Physi-
ol 2000;   62:   413–437. 

 46 Wang Z, Zhou YT, Kakuma T, Lee Y, Kalra 
SP, Kalra PS, Pan W, Unger RH: Leptin resis-
tance of adipocytes in obesity: role of sup-
pressors of cytokine signaling. Biochem Bio-
phys Res Commun 2000;   277:   20–26. 

 47 Li H, Matheny M, Nicolson M, Tumer N, 
Scarpace PJ: Leptin gene expression increas-
es with age independent of increasing adi-
posity in rats. Diabetes 1997;   46:   2035–2039. 

 48 Fernandez-Galaz C, Fernandez-Agullo T, 
Perez C, Peralta S, Arribas C, Andres A, 
Carrascosa JM, Ros M: Long-term food re-
striction prevents ageing-associated central 
leptin resistance in Wistar rats. Diabetologia 
2002;   45:   997–1003. 

 49 Perez C, Fernandez-Galaz C, Fernandez-
Agullo T, Arribas C, Andres A, Ros M, 
Carrascosa JM: Leptin impairs insulin sig-
naling in rat adipocytes. Diabetes 2004;   53:  
 347–353. 

 50 Trayhurn P, Beattie JH: Physiological role of 
adipose tissue: white adipose tissue as an en-
docrine and secretory organ. Proc Nutr Soc 
2001;   60:   329–339. 

 51 Bluher S, Mantzoros CS: Leptin in reproduc-
tion. Curr Opin Endocrinol Diabetes Obes 
2007;   14:   458–464. 

 52 Lago F, Dieguez C, Gomez-Reino J, Gualillo 
O: Adipokines as emerging mediators of im-
mune response and inflammation. Nat Clin 
Pract Rheumatol 2007;   3:   716–724. 

 53 Walder K, Filippis A, Clark S, Zimmet P, Col-
lier GR: Leptin inhibits insulin binding in 
isolated rat adipocytes. J Endocrinol 1997;  
 155:R5–R7. 

 54 DeVries AC, Joh HD, Bernard O, Hattori K, 
Hurn PD, Traystman RJ, Alkayed NJ: Social 
stress exacerbates stroke outcome by sup-
pressing Bcl-2 expression. Proc Natl Acad Sci 
USA 2001;   98:   11824–11828. 

 55 Holsboer F, Barden N: Antidepressants and 
hypothalamic-pituitary-adrenocortical reg-
ulation. Endocr Rev 1996;   17:   187–205. 

 56 Joels M: Corticosteroid actions in the hippo-
campus. J Neuroendocrinol 2001;   13:   657–
669.   


