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Summary

In this study, susceptibility of inbred C57BL/6 and outbred NMRI
mice to monosodium glutamate (MSG) obesity or diet-induced
obesity (DIO) was compared in terms of food intake, body
weight, adiposity as well as leptin, insulin and glucose levels.
MSG obesity is an early-onset obesity resulting from MSG-
induced lesions in arcuate nucleus to neonatal mice. Both male
and female C57BL/6 and NMRI mice with MSG obesity did not
differ in body weight from their lean controls, but had
dramatically increased fat to body weight ratio. All MSG obese
mice developed severe hyperleptinemia, more remarkable in
females, but only NMRI male mice
hyperinsulinemia and an extremely high HOMA index that pointed
to development of insulin resistance. Diet-induced obesity is a
late-onset obesity; it developed during 16-week-long feeding with
high-fat diet containing 60 % calories as fat. Inbred C57BL/6
mice, which are frequently used in DIO studies, both male and

showed massive

female, had significantly increased fat to body weight ratio and
leptin and glucose levels compared with their appropriate lean
controls, but only female C57BL/6 mice had also significantly
elevated body weight and insulin level. NMRI mice were less
prone to DIO than C57BL/6 ones and did not show significant
changes in metabolic parameters after feeding with high-fat diet.
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Introduction

Obesity is associated with conditions such as
insulin resistance, dyslipidemia and steatosis hepatitis.
Appropriate animal models are crucial for studies on the
pathogenesis and therapy of this complex metabolic
disorder. Several mouse models of obesity have been
established, above them models examining monogenic
(such as ob/ob or db/db mice), chemically induced (such
as monosodium glutamate-induced (MSG) obesity) or
diet-induced obesity (DIO) are widely used (for review
see Butler and Cone 2001, Buettner et al. 2007).

In this study, outbred (NMRI) and inbred
(C57BL/6) mice of both sexes with either MSG obesity
or DIO were compared in terms of anatomic and
metabolic parameters.

Monosodium glutamate (MSG) obesity with an
early onset can be induced to newborn mice with
subcutaneous administration of MSG (Olney 1969),
which causes lesions in hypothalamic arcuate nucleus
(ARC) and impaires leptin and insulin signaling in this
region (Broberger et al. 1998, Dawson et al. 1997,
Maletinska et al. 2006) resulting in hyperleptinemia and
hyperinsulinemia. Although the MSG animals are rather
hypophagic (Morris et al. 1998), they have a dramatic
increase in body fat, which could be explained rather by a
lower metabolic rate than by an elevated food intake
(Djazayery et al. 1979). A marked shrinkage of the ARC
in the MSG-treated mice impairs production of growth
hormone releasing hormone (GHRH) which results in

PHYSIOLOGICAL RESEARCH ¢ ISSN 0862-8408 (print) ©® ISSN 1802-9973 (online)

© 2008 Institute of Physiology v.v.i., Academy of Sciences of the Czech Republic, Prague, Czech Republic

Fax +420 241 062 164, e-mail: physres@biomed.cas.cz, www.biomed.cas.cz/physiolres



728 Matyskova et al.

Vol. 57

shorter body length, atrophied pituitaries, gonads, and
optical nerves (Tamura et al. 2002).

Diet-induced obesity (DIO) has a late onset and
is developed after feeding mice with high-fat diet (HF
diet). It is similar to common human obesity resulting
from over-consumption of food and sedentary style of
life. Depending on animal strain, gender, as well as
composition and duration of feeding with high-fat diet,
DIO mice developed increased adiposity that resulted in
hyperleptinemia and peripheral leptin insensitivity
already at 8 weeks on HF diet (Buettner et al. 2007, van
Heek et al. 1997). Later on, failure in down-regulation of
food intake by leptin gradually caused central leptin
insensitivity (Lin et al. 2000, Zhang and Scarpace 2006).
Inbred strains of mice prone to DIO such as C57BL/6,
AKR/J or DBA/2J were selected previously (West et al.
1992). C57BL/6] mice
development of metabolic syndrome (Collins et al. 2004)

were found wuseful for
and altered insulin secretion (Andrikopoulos et al. 2005).
However, little is known about DIO development and
consequences in female mice. Outbred Wistar and
Sprague-Dawley rats were used mostly as standard
rodents for studying DIO and insulin resistance (Buettner
et al. 2007). On the contrary, DIO in outbred mice is
rarely studied.

In this study, we compared predisposition of
outbred NMRI and inbred C57BL/6 mice of both sexes to
MSG and DIO obesity in terms of possible leptin and/or
insulin resistance which could be wused for future
studies food intake

pharmacological concerning

regulation.
Methods

Experimental animals

NMRI mice (Bio Test, Konarovice, Czech
Republic) and C57BL/6 mice (Institute of Molecular
Genetics, Prague, Czech Republic) were housed at a
temperature of 23 °C and a daily cycle of 12 h light and
dark (light from 6:00). They were given ad libitum water
and standard chow diet that contained 25, 9 and 66 %
calories as protein, fat and carbohydrate, its energy
content was 3.4 kcal/g (ST-1, Velaz, Kole¢, Czech
Republic). All followed the ethical
guidelines for animal experiments and the law of the
Czech Republic No. 246/1992.

For MSG obesity,
administered with MSG (4 mg/g body weight, s.c.) from

experiments

newborn mice were

postnatal day 2 to 8. “Osmolality” controls were treated

with saline of osmolality corresponding to the MSG
solution (Jezova et al. 1998).

For DIO development, mice were fed with HF
diet (13, 60 and 27 % calories as protein, fat and
carbohydrate, respectively (Kopecky et al. 1996)) from
7 weeks of age. The HF diet was composed of 40 % of
the chow diet, 34 % powdered cow milk for human
neonates, 25 % sunflower oil and 1 % corn starch. Energy
content of HF diet was 5.3 kcal/g.

Food consumption and body weight were
monitored every week. Daily food intake (24-h food
intake) was determined regularly every week from 6 to
15-16 weeks of age in MSG mice and from 8 to 22 weeks
of age in mice with DIO (when mice were on HF). In
smaller groups (n=3) of 4-, 8- and 12-week-old DIO mice
on HF diet, and of their respective controls, fat and body
weight were determined.

MSG treated mice at 16 weeks of age (n=20-25
for each sex), their age-related naive and “osmolality”
controls, DIO mice after 16 weeks on HF diet (n=20-25
for each sex), and their age-related controls on standard
diet were divided into two subgroups of 10-15 mice. One
subgroup was fasted overnight and mice sacrificed next
morning between 8:00 and 9:00 a.m. In their blood sera,
glucose and insulin levels were determined and HOMA
index, i.e. fasting plasma glucose [mmol/l] x fasting
plasma insulin [pmol/1] / 22.5, was calculated (Lansang e?
al. 2001). Mice from the other group with free access to
food were also sacrificed between 8:00 and 9:00 a.m. In
their blood sera, leptin, glucose and insulin levels were
White
abdominal, and gonadal), and liver of all mice were

determined. adipose tissue (subcutaneous,

dissected and weighed.

Brain histology

Three male and three female MSG-treated mice
of 16 weeks of age and their age-related controls were
used for the experiment. They were deeply anesthetized
and rapidly perfused transcardially with fixative; coronal
sections from their hypothalami were prepared and
stained as described ecarlier (Maletinska et al. 2006).

Blood serum components

Leptin and insulin concentrations in sera were
quantified by ELISA assay (BioVendor, Brno, Czech
Republic) and by RIA assay (Linco Research, St. Charles,
MI, USA), respectively. Serum glucose levels were
measured by a glucometer (Glucocard, Arkray, Kyoto,
Japan).



2008 Comparison of MSG and DIO Obesity in Mice 729
Fig. 1 a/ MALE Fig. 1 c/ MALE
50 50
HF diet
'6 —
‘g‘ 40 -%’ 40 ¢
© 5
o ‘©
Z 30 Z 30
3 g v
o]
. m
20 20
10 10
5 10 15 20
Age (weeks) > 10 15 20
Age (weeks)
b/ FEMALE d/ FEMALE
50 50
= 40 2 40
L L
2 =]
[ [
3
Z 30 Z 30
T T
[} =}
0 o
20 20
10 10
5 10 15 20 5 10 15 20
Age (weeks) Age (weeks)
——controlNMRI ~ —o—MSG NMRI ——controlNMRI ~ —o— DIO NMRI
—+—control C57BI6  —o— MSG C57BI/6 —+—control C57BI/6  —o— DIO C57BI/6

Fig. 1. Increase in body weight of control, MSG-treated and DIO NMRI and C57BL/6 mice: a/ MSG male, b/ MSG female, ¢/ DIO male,
d/ DIO female (n = 20-25 per group). Significance is * P<0.05, ** P<0.01 and *** P < 0.001 vs. controls for female mice.

Statistics

Data are presented as means = SEM for the
number of animals indicated in the Figures and Tables.
They were analyzed by two-way ANOVA (obesity x
gender) followed by Bonferroni post hoc test using
Graph-Pad Software (San Diego, CA, USA). P<0.05 was
considered statistically significant.

Results

MSG obesity

Serial coronal sections of the hypothalami both
of inbred NMRI and outbred C57BL/6 mice showed that
the MSG treatment caused disappearance of neurons
in ARC and did not affect adjacent
hypothalamic nuclei, which was in concordance with our
previous study (Maletinskd et al. 2006). Naive and

exclusively

“osmolality” controls of the MSG obese mice did not
display any histological alterations in their hypothalami
(data not shown).

Generally, food consumption of robust NMRI
mice was higher than that of subtle C57BL/6 mice which
resulted from the fact that NMRI mice had about 50 %
higher weight than C57BL/6 at the beginning of the
experiment (Fig. la-d). Average daily food intake was
insignificantly lower in the MSG-treated males and
females of both strains compared with their controls
(Table 1). Body weight of male MSG obese NMRI and
C57BL/6 mice did not differ from that of their controls
(Fig. 1la). On the other hand, a significant increase in
body weight was obvious in female MSG mice from
15 weeks of age (NMRI) or 9 weeks of age (C57BL/6)
(Fig. 1b).

All mice

with MSG obesity excessively
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Table 1. Average daily food intake (g and/or kJ) of control, MSG-treated and DIO male and female NMRI and C57BL/6 mice
Obesity model Strain Group Sex
Male Female
NMRI Control 7.72+0.76 g 649+0.67 g
MSG MSG 580+0.73 g 6.15£048 ¢
C57BL/6 Control 4.07+0.16 g 396+£0.29 ¢
MSG 362+023 g 375£030¢g
Control 7.00+045¢g 582+0.14¢
NMRI (99.67 £ 6.74 kJ) (82.94 £2.82 kJ)
DIO 734+£054 ¢ 453+0.16¢g
(163.01 +£8.61 kJ) * (100.68 +4.39 kJ)
DIO
Control 4.07+023 ¢ 348+0.14 g
C57BL/6 (57.92 £1.62kJ) (49.62 £1.29 kJ)
DIO 355+027¢ 3.14+023 g

(78.82+2.82KkJ) % (69.69 +2.96 kl) *

All values are expressed as mean = SEM (n = 20-25 per group). Significance is * P<0.05 (mouse model of obesity vs. respective

control).

accumulated subcutaneous, abdominal and gonadal fat
and showed dramatically enhanced fat and body weight
(Table 2). The liver weight was insignificantly lowered in
the MSG obese females and males of both strains, partial
steatosis was seen in all MSG animals (Table 2).

All non-fasted mice with MSG obesity had
massively increased leptin levels in their blood sera
(Fig. 2a,b). NMRI male mice with MSG obesity developed
extreme hyperinsulinemia (Fig. 2a); this was in agreement
with their HOMA index (Table 3), which was dramatically
enhanced in MSG NMRI males compared with their
controls (241.9+59 vs. 8.5+0.6) (Table 3). HOMA index is
an indicator of relative insulin resistance and was
calculated from glucose and insulin levels after 17-h
fasting. Insignificantly enhanced HOMA index was also
registered in MSG females of both strains (Fig. 2b,
Table 3). However, in fed MSG females of both strains,
glucose level did not differ significantly from controls,
although insulin level was significantly elevated (Fig. 2b).

DIO obesity

As shown in Table 1, the amount of food
consumed per day by DIO and control C57BL/6 mice did
not differ significantly, but logically, energetic intake was
higher in mice fed with HF diet compared with controls
consuming standard diet, except of NMRI females
(Table 1). NMRI mice of both sexes on HF diet (Fig.

lc,d) did not show any significant alterations in their
body weight during development of DIO compared with
their controls. Female C57BL/6 mice with DIO had
significantly increased body weight compared with their
controls since 6 weeks on the HF diet, i.e. since 13 weeks
of age (Fig. 1d). The increase in body weight of C57BL/6
males was insignificant compared with their controls.

Both male and female C57BL/6 mice with DIO
excessively accumulated subcutaneous, abdominal, and
gonadal fat (Table 2); after 12 weeks on HF diet the fat to
body weight ratio was substantially enhanced (percent of
body fat ratio was 3.7+1.14 for male controls and
10.76+2.74 for DIO males; 2.33+0.38 for female controls
and 12.04+4.78 for DIO females, P<0.01 for both males
and females). In DIO C57BL/6 females, liver had
significantly pronounced steatosis (Table 2). On the
contrary, increase in fat weight was not significant in
NMRI DIO mice of both sexes after 16 weeks on HF diet
(Table 2).

Leptin and glucose levels but not insulin level
were significantly enhanced in C57BL/6 mice of both
sexes with DIO (Fig. 2a,b). Significant increase in insulin
level was registered only in female C57BL/6 mice but
was not accompanied with an increase in HOMA index.
Metabolic parameters of NMRI mice with DIO did not
show significant differences compared with lean controls,
except of glucose level in females (Fig. 2b).
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Table 2. Characterization of control, MSG-treated and DIO NMRI and C57BL/6 mice subjected to 17 h fasting at 16 weeks (for MSG) or

at 23 weeks (for DIO) of age

Obesity model Strain Sex Group Body weight Fat weight Liver weight
(€] (® (@
Male — Control — 44.7+1.54 0.50 +0.25 1.82+0.24
NMRI MSG  46.7+3.03 454+0427"" 1.53+0.10
Female  Control 36.7+2.03 0.54 +0.05 1.50+0.14
MSG 43.4+275"" 464038 """ 1.20+0.09
MSG
Male Control 30.9+0.90 0.43 +0.06 1.20+£0.15
CS7BL/6 MSG 323+ 1.10 435+032" 1.06 £ 0.13
Female  Control 23.9+4+0.57 0.33+0.05 1.23+0.13
MSG — 334+0927" 6.25+042 """ 111£0.11
Male — Control ~ 47.3+0.99 0.82+0.19 1.88+0.11
NMRI DIO  46.7+0.50 3.56+ 0.90 2.06+0.12
Female  Control 34.5+0.19 1.19 £ 0.43 1.35+0.09
DIO 3544105 1.91+0.11 1.50 + 0.02
DIO
Male Control 29.6 £0.52 0.61+0.19 1.20+£0.15
C57BL/6 DIO  31.1+0.96 1.88+0.46 1.11+0.08
Female  Control 21.3+0.19 0.49 +0.07 1.01+0.11
DIO  303+1.14""F 397062 " 113 £0.07

All values are expressed as mean + SEM (n = 20-25 per group). Significance is ** P<0.01 and *** P<0.001 (mouse model of obesity

vs. respective control).

Discussion

MSG obesity

In mice with MSG-induced obesity, the number
of cells was decreased by 75 % in the ARC, but it was
unchanged in other hypothalamic areas (Elefteriou et al.
2003). The relationship between MSG-induced damage
of the ARC and the metabolic changes that produce
obesity at mild hypophagia is poorly understood, one of
the basic factors is probably the lack of leptin receptors in
ARC (Dawson ef al. 1997). In this study, MSG treatment
of both NMRI and C57BL/6 males resulted in massive
enhancement of adipose tissue despite an insignificantly
lower food intake and no significant difference in body
weight compared with their respective controls. On the
other hand, female mice of both strains significantly
increased their body weight after the MSG treatment. At
16 weeks of age, fat to body weight ratio of C57BL/6
mice was about 10 times (males) to 20 times (females)
higher compared to control mice, whereas in NMRI
strain, it was about 8 times higher than in controls both in

males and females. Our findings are in agreement with
previous data on C57BL/6 mice with MSG obesity
(Matsuki er al. 2003, Hollopeter et al. 1998). Although
the liver had obvious steatosis, its weight was lowered
most probably because of lower production of GHRH
resulting in smaller organs similarly as it was described
for pituitary and gonads (Tamura et al. 2002).

Markedly elevated leptin levels in both MSG
obese C57BL/6 and NMRI mice pointed to a severe
hyperleptinemia, which was more pronounced in females
whose leptin level is usually higher than in males. In fed
NMRI mice, levels of insulin and glucose were enhanced,
but those after 17 h of fasting persisted only in NMRI
MSG male mice. It is evident from HOMA index, which
was 28 times higher for MSG males compared with lean
controls, that the male NMRI mice were more prone to
insulin resistance than the female ones and C57BL/6
mice of both sexes. C57BL/6 mice with MSG obesity of
both sexes did not show significantly elevated levels of
glucose and insulin, unlike Matsuki et al. (2003) who
found elevated insulin level in C57BL/6J male mice.
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Fig. 2. Serum leptin, insulin and glucose levels in fed a/ male and b/ female NMRI and C57BL/6 mice with MSG obesity and DIO and
their controls (n = 10-15 per group). * P<0.05, ** P<0.01 and *** P<0.001 (mouse model of obesity vs.respective controls).

Table 3. Metabolic parameters of control and MSG-treated NMRI and C57BL/6 mice mice subjected to 17 h fasting at 16 weeks of age

Strain Sex Group Glucose (mmol/l) Insulin (ng/ml) HOMA
Male Control 5.55+1.88 0.20+£0.04 8.5+0.6
NMRI MSG 9.50+2.56 331+3.00 241.9+59.0
Female Control 5.65 £0.86 0.33+£0.10 9.2+0.1
MSG 5.75+0.94 0.52+0.10 147+1.3
Male Control 3.48 +0.54 0.38 £0.09 102+0.4
C57BL/6 MSG 3.19+0.55 0.65+0.31 159+1.3
Female Control 4.59+0.28 0.26 +0.02 143 +0.7
MSG 298 +0.75 0.64 +£0.23 23.0+0.7

All values are expressed as mean = SEM (n = 10-15 per group). Significance is * P<0.05, ** P<0.01 and *** P<0.001 (mouse model

of obesity vs. respective control).

C57BL/6 mouse strain is widely used for
development of diet-induced obesity (Lee er al. 2005,
Thupari et al. 2004, for review see Buettner et al. 2007).
Lin et al. (2000) described that DIO C57BL/6 male mice
showed increased body weight, adiposity and leptin and
developed leptin resistance after 19 weeks on HF diet.

However, they were later divided into obesity-resistant
(without changes in body weight after HF diet) and
obesity-susceptible groups (Huang et al. 2003). In this
study, C57BL/6 male mice with DIO obesity did not
show a significant increase in their body weight
compared with their lean controls (about 1.5 g, Table 2)



2008

Comparison of MSG and DIO Obesity in Mice 733

although their increase in fat weight was significant
(increase about 1.3 g, Table 2) and corresponded to the
increase in body weight. It means that the lean weight
remained unchanged. Park er al. (2005) also found no
change in lean mass at an increased fat mass in C57BL/6
mice after 20 weeks on HF diet. However, their study
lacked the data between 5 and 20 weeks on HF diet.
Unlike males, female C57BL/6 DIO mice in our study
substantially increased body weight already after 5 weeks
on HF diet (in agreement with Huang et al. (2003)) and
accumulated seven times more adipose tissue. Both
C57BL/6 females and males significantly increased leptin
and glucose level compared with their lean controls, but
only females had also significantly elevated insulin level.
HOMA index in all fasted DIO mice did not show any
significant difference from that of fasted controls.

HF diet up to 6 months did not significantly alter
body weight in female NMRI mice (Huang et al. 2003).
In our study, NMRI DIO mice of both sexes did not show
any changes in anatomical and metabolic parameters,
except of elevated glucose level in males.

Conclusions

The early-onset MSG obesity resulted in
substantially increased fat to body weight ratio in both
strains and both sexes. MSG obese males and females of
both strains had dramatically increased leptin levels
resulting from attenuated leptin signaling in ARC and
being a good model of ARC-located leptin resistance.
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