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Female mice target deleted for the neuromedin B receptor
have partial resistance to diet-induced obesity
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Previous studies have proposed a role for neuromedin B (NB), a bombesin-like peptide, in the
control of body weight homeostasis. However, the nature of this role is unclear. The actions
of NB are mediated preferentially by NB-preferring receptors (NBRs). Here we examined the
consequences of targeted deletion of NBRs in female mice on body weight homeostasis in mice
fed a normolipid diet (ND) or a high-fat diet (HFD) for 13 weeks. Body weight and food ingestion
of neuromedin B receptor knockout (NBR-KO) mice fed a normolipid diet showed no difference
in relation to wild-type (WT). However, the high-fat diet induced an 8.9- and 4.8-fold increase
in body weight of WT and NBR-KO, respectively, compared to their controls maintained with
a normolipid diet, even though the mice ingested the same amount of calories, regardless of
genotype. Comparing mice fed the high-fat diet, NBR-KO mice accumulated approximately 45%
less fat depot mass than WT, exhibited a lower percentage of fat in their carcasses (19.2 vs. 31.3%),
and their adipocytes were less hypertrophied. Serum leptin and leptin mRNA in inguinal and
perigonadal fat were lower in HFD NBR-KO than HFD WT, and serum adiponectin was similar
among HFD groups and unaltered in comparison to ND-fed mice. HFD-fed WT mice developed
glucose intolerance but not the HFD-fed NBR-KO mice, although they had similar glycaemia
and insulinaemia. NBR-KO and WT mice on the normolipid diet showed no differences in any
parameters, except for a trend to lower insulin levels. Therefore, disruption of the neuromedin B
receptor pathway did not change body weight homeostasis in female mice fed a normolipid diet;
however, it did result in partial resistance to diet-induced obesity.
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Introduction

Neuromedin B (NB) and gastrin-releasing peptide (GRP),
mammalian counterparts of the amphibian peptide
bombesin, have a wide distribution in the central
nervous system and peripheral tissues, especially
in the gastrointestinal tract (Jensen et al. 2008).
The administration of NB or GRP in mammals
elicits several effects related to the control of end-
ocrine and exocrine secretions, neurotransmission, cell

growth and angiogenesis (Ohki-Hamazaki et al. 2005).
Bombesin-related peptides act through G protein-coupled
receptors and so far, three closely related receptors have
been described in mammals, a NB-preferring receptor
(NBR), a GRP-preferring receptor (GRPR), and an orphan
receptor called bombesin-receptor subtype-3 (BRS-3),
which has a very low affinity for both GRP and NB (Weber,
2009). Expression levels of NB-preferring receptor mRNA
and binding studies have indicated the presence of high
levels of receptors in the central nervous system, testis and
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gastro-intestinal smooth muscle cells (Ohki-Hamazaki
et al. 1997a). In the brain, the NB receptor was detected
in several regions including the arcuate nucleus and hypo-
thalamus (Sano et al. 2004).

Previous studies have suggested the involvement of
bombesin-like peptides and related receptors in the
control of food intake and body weight. It has been
reported that bombesin, GRP or NB acute administration
into rodents have satiety effects (Gibbs & Smith, 1988;
Ladenheim et al. 1994; Gonzalez et al. 2008), but whether
these are pharmacological or physiological effects remains
unclear, as well as the subtype of receptor involved.
The lack of good specific antagonists had lead to the
development of mice with targeted deletion of one of these
receptors in order to better understand their physiological
role.

BRS-3 knockout mice are hyperphagic and
develop obesity and glucose intolerance at adulthood
(Ohki-Hamazaki et al. 1997b). GRPR knockout mice
also developed higher body weight, although much
later in life, at the age of 45 weeks old (Ladenheim
et al. 2002). No alterations in body weight have been
reported for the neuromedin B receptor knockout mice
(NBR-KO) (Oliveira et al. 2006, 2008), although, to
the best of our knowledge, no systematic study has
been performed to address the subject. In addition, the
anorexic effect of acute administration of neuromedin
B could not be demonstrated in NBR knockout mice or
in their wild-type controls (Ohki-Hamazaki et al. 1999).
Interestingly, both GRP and NB are potent stimulators of
the electrical activity of proopiomelanocortic (POMC)
neurons and neuropeptide Y neurons in isolated arcuate
nucleus from mice (van del Pol et al. 2009), indicating
that both anorexigenic and orexigenic pathways are
activated by bombesin-like peptides, and the final effect
in vivo remains to be elucidated, especially regarding
neuromedin B. Neuromedin B is also involved in the
central control of the hypothalamic-pituitary-thyroid
hormones axis (Pazos-Moura et al. 1996; Ortiga-Carvalho
et al. 1996, 1997, 2003; Oliveira et al. 2006, 2008), which
is importantly involved in energy homeostasis (Moura &
Pazos-Moura, 2004). NBR-KO mice presented alterations
in defensive behaviour related to anxiety which was
associated with increased levels of serotonin at the dorsal
raphe nucleus (Yamada et al. 2002a,b,c, 2003; Yamano
et al. 2002). Since serotonin has a known anorexigenic
effect, it is feasible that neuromedin B may modulate
anorexigenic pathways through regulation of serotonin
neurons, although it has not been investigated. Recently,
neuromedin B has been shown to be expressed in
significant amounts in mouse and human white adipose
tissue, where its expression is under the negative control
of leptin (Hoggard et al. 2007). Since neuromedin B
receptors are also present in the adipose tissue (Yang et al.
2003), a role for neuromedin B in energy homeostasis

has been proposed, although it remains unknown.
Additionally, in humans, polymorphisms of the neuro-
medin B gene, which were not functionally characterized,
have been associated with increased susceptibility to
obesity (Bouchard et al. 2004; Spálová et al. 2008).

Therefore, although much evidence suggests a role for
neuromedin B in the control of body energy homeo-
stasis, data are controversial, and the nature of this role is
completely unclear. In this study, we sought to investigate
whether the disruption of the neuromedin B-specific
pathway in mice targeted deleted for the neuromedin B
receptor would lead to an imbalance of energetic homeo-
stasis in animals under a normolipid diet and when
challenged with an excess calorie intake through the
ingestion of a high-fat diet.

Methods

Animals and experimental design

The present experiments comply with the policies
and regulations regarding ethical matters on animal
experimentation described in Drummond (Drummond,
2009) and our protocol was approved by our Institutional
Committee on Animal Care and Use from Instituto de
Biofı́sica Carlos Chagas Filho.

Animals were maintained under controlled temperature
(24 ± 1◦C) and 12 h alternating darkness and artificial
light cycles (light on at 7 am). Female wild-type
(WT) and neuromedin B receptor knockout (NBR-KO)
mice, 12 animals each, were used in this experiment.
Heterozygous NBR+/− mice generated as described
previously (Ohki-Hamazaki et al. 1999) were inter-
bred to generate litters containing homozygous NBR−/−

(NBR-KO) and NBR+/+ (WT) progeny. To confirm the
genotype of the mice, genomic DNA was obtained from
tail samples and analysed by polymerase chain reaction
(PCR) using specific primers as described previously
(Ohki-Hamazaki et al. 1999).

After weaning (day 21) animals were placed in cages
containing three animals with the same genotype with
water and standard chow (Bio-Tec, Brazil) ad libitum.
Body weight was measured once a week from weaning
until they were 13 weeks old. At this time, the standard
chow was switched to one of two types of commercial diet:
a normolipid diet (ND) or a high-fat diet (HFD) (Rhoster,
Sao Paulo, Brazil). As indicated in Table 1, the composition
of ND followed the recommendations of The American
Institute of Nutrition for maintenance of rodents’ body
weight (AIN93M, Reeves et al. 1993) providing the same
percentage of nutrients and amount of calories, while HFD
was modified to achieve 62% of the total calories from fat.

The body weight of the animals and food intake per
cage were measured twice a week, and after 13 weeks
on the diets animals were killed by immersing in an
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Table 1. Nutritional composition of diets: normolipid diet (ND)
and high-fat diet (HFD), used for wild-type (WT) and neuromedin
B receptor knockout (NBR-KO) mice

Ingredients (g) AIN-93M ND HFD

Cornstarch 465.692 432.87 204.11
Casein 140 172.82 236.58
Dextrinized cornstarch 155 155
Sucrose 100 100 100
Soybean oil 40 40 40
Lard – – 320
Cellulose 50 50 50
Mineral mixa 35 35 35
Vitamin mixb 10 10 10
L-Cystine 1.8 1.8 1.8
Choline bitartrate 2.5 2.5 2.5
Butylhydroquinone 0.008 0.008 0.008
Total (g) 1000 1000 1000
Carbohydrate (%) 75.9 75 23
Protein (%) 14.1 15 15
Lipid (%) 10 10 62
kcal g−1 3.6 3.6 5.2

aMineral mix (g kg−1): calcium, 357.0; phosphorus, 250.0;
potassium, 74.6; sodium, 74.0; sulfur, 300; magnesium, 24.0; iron,
5.21; copper, 0.3; manganese, 0.63; zinc, 1.65; chromium, 0.27;
iodine, 0.01; selenium, 0.01; boron, 0.08; molybdenum, 0.01;
silicon, 1.45; nickel, 0.03; lithium, 0.02; vanadium, 0.007 (AIN-93
mineral mix; DYETS 210025; Dyets, Inc., Bethlehem, PA, USA).
bVitamin mix (g kg−1 diet): thiamine HCl, 0.6; riboflavin, 0.6;
pyridoxine HCl, 0.7; niacin, 3.0; calcium pantothenate, 1.60; folic
acid, 0.20; biotin, 0.02; vitamin B12, 2.5; vitamin A palmitate, 0.80
(500.00 IU g−1); vitamin E acetate, 15.0 (500 IU g−1); vitamin D3,
0.25 (400.00 IU g−1); vitamin K1, 0.75 (AIN-93 vitamin mix; DYETS
310025; Dyets, Inc.).

atmosphere of carbonic acid gas. After killing, trunk
blood was collected and glycaemia was measured by an
Optium Xceed meter (MediSense, UK), and serum was
obtained after centrifugation and frozen at −20◦C for
measurements of serum hormones and lipids. Inguinal,
perigonadal and retroperitoneal white adipose tissue
and brown adipose tissue were excised and weighed.
Inguinal and perigonadal white adipose tissue samples
(70–80 mg) were collected and frozen at −70◦C for RNA
extraction, and other samples of the same tissues (50 mg)
were maintained in buffered formalin (formaldehyde in
phosphate-buffered saline) at 4◦C for histological analysis.
Residual adipose tissue was returned to carcasses which
were eviscerated, weighed and frozen at −20◦C for
body composition analysis. Liver samples (50 mg) were
collected, fixed in a 4% paraformaldehyde solution, kept
in gradient sucrose solutions (10, 20 and 30%), washed
in phosphate buffer, embedded using optimal cutting
temperature compound (Tissue-Tek, CA, USA) and frozen
at −70◦C for histological evaluation.

Glucose tolerance test

A glucose tolerance test was performed after the mice
had been on the diets for 2 months. After a 12 h
fast, mice received an intraperitoneal injection of 2 mg
(g body weight)−1 D-(+)-glucose (Merck, Darmstadt,
Germany) in phosphate-buffered saline. Blood glucose
concentrations were measured via tail bleed before (0) and
20, 40, 60, 90 and 120 min after injection. Blood glucose
was measured using an Optium Xceed meter.

Serum parameters

Serum leptin, adiponectin and insulin were determined by
specific rodent radioimmunoassay kits (Linco Research,
MA, USA), in accordance with the recommendations of
the manufacturer. The sensitivity and intra-assay variation
were 0.5 ng ml−1 and 5.3% for leptin, 0.78 ng ml−1 and
2.6% for adiponectin, 0.1 ng ml−1 and 8.8% for insulin,
respectively. All samples were measured within the same
assay.

Serum total cholesterol, high-density lipoprotein
(HDL) cholesterol and triglycerides were measured
by colorimetric assays using commercial kits (Applied
BioSystems, CA, USA) and following the manufacturer’s
instructions.

Body composition analysis

Body composition (fat and protein masses) analysis was
determined by the carcass method, previously described
in detail (Rodrigues et al. 2009; Souza et al. 2009). Briefly,
frozen eviscerated and weighed carcasses were autoclaved
and homogenized in distilled water (1:1 w/v). Proteins
were extracted from 1 g of homogenates using potassium
hydroxide and total protein was quantified by the Bradford
method (Bradford, 1976). Three grams of homogenate
was used to determine fat mass gravimetrically. Samples
were hydrolysed with potassium hydroxide and ethanol,
and after the addition of sulfuric acid, total lipids were
extracted by three successive washes with petroleum
ether. The samples were dried at room temperature until
constant weight was obtained. Both measurements were
expressed as grams of protein or fat per 100 g carcass.

White adipose tissue histology and morphometry

Fixed samples of inguinal and perigonadal white adipose
tissue (WAT) were dehydrated in ethanol and diaphanized
in xylol and then embedded in paraffin. Fat pads were
cut into 5 μm sections at 250 μm intervals, mounted on
slides and stained with haematoxylin and eosin. Images
were captured at ×20 magnification and adipose cell area
was calculated with Image/J software (Image Processing
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and Analysis in Java, NIH) by manually tracing at least
48 adipocytes in three sections for each tissue per mouse,
and a total of four animals per group were evaluated.
The total adipocyte number in WAT was determined by
dividing the total WAT mass excised after the animals were
killed by the estimated mean adipocyte mass. The latter
parameter was calculated by multiplying adipocyte density
(0.948 mg ml−1, triolein) by mean adipocyte volume,
which was determined from the mean value of adipocyte
diameter (from area) (Johmura et al. 2009).

Liver Oil Red O staining

Embedded tissues were cryosectioned at −22◦C into
5 μm slices, adhered onto glass slides and kept at −20◦C
overnight. Sections were washed in phosphate-buffered
saline followed by propylene glycol and were stained with

Figure 1
A, body weight of wild-type (WT, black triangles) and neuromedin B
receptor knockout (NBR-KO, grey triangles) mice fed standard chow
from weaning at 3 weeks old to 13 weeks old. Values are expressed as
means ± S.E.M. WT, n = 12; NBR-KO, n = 12. B, body weight of WT
and NBR-KO mice fed a normolipid diet (WT ND, black triangles;
NBR-KO ND, grey triangles) or high-fat diet (WT HFD, grey squares;
NBR-KO HFD, black squares) over 13 weeks, starting when animals
were 13 weeks old. Values are expressed as means ± S.E.M. n = 6
animals per group. # WT ND vs. WT HFD, † NBR-KO ND vs. NBR-KO
HFD, ∗ WT HFD vs. NBR-KO HFD (P < 0.05).

Oil Red O. Stained sections were rinsed with propylene
glycol and distilled water followed by haematoxylin
staining and glycerol/phosphate buffer 1:1 covering.
Images were captured at ×40 magnification and lipid
deposition was quantified by Image/J software using a
modified protocol (Goodpaster et al. 2000). Briefly, 10
arbitrary fields with the same area and approximately
20 nuclei were analysed in 2 sections per animal. The
threshold for the intensity of staining was adjusted in order
to pick up only the droplets of lipid, and the full range of
greyscale imaging was from 0 (complete staining) to 255
(no staining) arbitrary units. Data were expressed as the
percentage of the sum of Oil Red O stained area in relation
to the total area of the image field.

White adipose tissue leptin mRNA analysis

Real-time PCR. Total inguinal and perigonadal white
adipose tissue RNA was isolated from samples using
the commercially available RNeasy lipid tissue mini kit
(Qiagen, TX, USA). Total RNA was reverse transcribed
using 1 μg RNA and the Superscript III kit (Invitrogen,
CA, USA). Leptin primer was designed as follows:
forward: 5′-CATCTGCTGGCCTTCTCCAA-3′ reverse:
5′-ATCCAGGCTCTCTGGCTTCTG-3′. 36B4 primer was
used as control as previously described (Machado et al.
2009). Products were amplified on Applied Biosystems
7500 Real-Time PCR System (Life Technologies Corp.,
MD, USA) using SYBR Green PCR Master Mix (Applied
BioSystems, MD, USA). Cycle parameters were: 50◦C for
2 min and 95◦C for 10 min, followed by 40 cycles at 95◦C
for 15 s, 60◦C for 30 s, and 70◦C for 45 s. Product purity
was confirmed by agarose gel analysis. Changes in mRNA
expression were calculated from the cycle threshold, after
correcting for 36B4. Data are expressed as fold induction
over control group, which was set to 1.

Statistical analyses. Data are expressed as means ± S.E.M.
and were evaluated using GraphPad Prism 5 (GraphPad
Prism Software, Inc., CA, USA). Data were analysed by
two-way ANOVA followed by a Bonferroni post test.
Differences were considered to be significant at P ≤ 0.05.

Results

As depicted in Fig. 1A, NBR-KO mice and their wild-type
controls fed standard chow exhibited similar body weights
from weaning at 3 weeks old until 13 weeks old. Also, they
ingested a similar amount of chow (data not shown).

At that age, NBR-KO and WT were started on a
normolipid diet (ND) or a high-fat diet (HFD) and were
fed with these diets for 13 weeks. The body weights of
NBR-KO and WT mice fed the normolipid diet did not
differ during the experiment which ended when they
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were 26 weeks old (Fig. 1B). Therefore, deletion of the
neuromedin B receptor did not interfere with growth and
body weight gain of mice fed a normolipid diet. However,
the genotype interfered with the response to a high-fat
diet (Fig. 1B). WT mice fed a high-fat diet exhibited
significantly higher body weights than the WT animals
fed a normolipid diet (P < 0.05), starting at 4 weeks on the
diets until the end of the experiment (54.6%). NBR-KO
mice on the high-fat diet also gained more weight than
NBR-KO on the normolipid diet (19.7%); however, the
difference in body weight was lower than that of the
WT groups, and became statistically significant only after
10 weeks on the diets (P < 0.05). Therefore, for animals
fed a high-fat diet, the gain in body weight was significantly
smaller for NBR-KO than WT mice from 5 to 13 weeks
on the diets, when the cumulative body weight gain of
HFD-fed WT mice was 8.9-fold while that of the NBR-KO
was 4.8-fold compared to animals of the same genotype
on the normolipid diet (P < 0.05).

The total amounts of food intake (grams) and energy
intake (calories) during the 13 weeks were not modified
by the genotype, and NBR-KO and WT mice had similar
energy intakes, when fed either the normolipid diet or
the high-fat diet (Fig. 2A and B). The mass of white
adipose tissue depots as well as the size of their adipocytes
did not differ between NBR-KO and WT mice fed the
normolipid diet. However, NBR-KO mice accumulated
less fat than wild-type in response to the high-fat diet
(Fig. 3, P < 0.05). The relative mass (corrected by body
weight) of inguinal, perigonadal and retroperitoneal fat
depots of HFD-fed NBR-KO mice was 44, 40 and 50%,
respectively, lower than that of HFD-fed WT mice (Fig. 3A,
D and G, P < 0.05). Also, the relative percentage of fat
in the eviscerated carcasses of HFD-fed NBR-KO mice
was lower than in HFD-fed WT mice (19.2% and 31.3%,
respectively, Fig. 3H , P < 0.05), and no differences were
observed in terms of protein content in their carcasses
(Fig. 3I). The histological and morphometric analysis of
adipocytes of inguinal and perigonadal fat depots revealed
that the degree of hypertrophy caused by the high-fat diet
was lower in NBR-KO mice than in WT (Fig. 3C and
F). Compared to animals fed the normolipid diet, the

mean areas of inguinal and perigonadal adipocytes were
increased by 3- and 3.5-fold, respectively, in HFD-fed
WT mice, while the increases were 2.5- and 2-fold,
respectively, in the HFD-fed NBR-KO mice (Fig. 3B and E,
P < 0.05). Therefore, for HFD-fed mice, the mean areas of
inguinal and perigonadal adipocytes were 41% and 46%,
respectively, lower in NBR-KO than in WT (P < 0.05). No
influence of genotype or diet was observed in terms of
the estimated number of adipocytes (WT ND: 51 ± 10,
40 ± 7; NBR-KO ND: 79 ± 13, 45 ± 6; WT HFD: 50 ± 5,
32 ± 4; NBR-KO HFD: 46 ± 11, 33 ± 4 (×104); inguinal
and perigonadal, respectively), and presumably, hyper-
plasia was not contributing to the increased adiposity of
mice fed the high-fat diet.

Brown adipose tissue mass relative to body weight
was not modified by diet or genotype (in mg (g
body weight)−1: WT ND, 0.104 ± 0.008; NBR-KO ND,
0.108 ± 0.019; WT HFD, 0.139 ± 0.010; NBR-KO HFD,
0.109 ± 0.007).

As expected, mice fed the high-fat diet exhibited
increased serum leptin compared to mice fed the
normolipid diet; however, the increase was lower in
NBR-KO (3.1-fold) mice than in WT (5.4-fold) (Fig. 4A,
P < 0.05). Serum leptin was 2.1-fold higher in HFD-fed
WT mice than in HFD-fed NBR-KO. No significant
difference related to genotype was observed in mice
fed the normolipid diet. The same pattern of response
to normolipid and high-fat diet occurred in terms of
leptin mRNA expression in inguinal and perigonadal
white adipose tissues. Interestingly, the high-fat diet
induced a higher increment in leptin mRNA expression
in perigonadal WAT than in inguinal WAT, regardless of
genotype. Compared to animals of the same genotype
fed normolipid diet, HFD-fed WT mice exhibited a 6-
and 3-fold increase in leptin mRNA expression in peri-
gonadal and inguinal WAT, respectively (Fig. 4C and
D), while NBR-KO mice presented no increase in leptin
mRNA expression in inguinal and a small, not statistically
significant increase in leptin mRNA of perigonadal WAT
(Fig. 4C and D).

Serum adiponectin was similar between groups
(Fig. 4B), but correcting serum values per total white

Figure 2
Total amount of food intake (A) and energy intake (B) of WT and
NBR-KO mice fed a normolipid diet (ND) or a high-fat diet (HFD)
for 13 weeks. Values are expressed as means ± S.E.M. n = 2
cages with 3 mice per group. # WT ND vs. WT HFD, † NBR-KO
ND vs. NBR-KO HFD (P < 0.05).
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adipose tissue mass excised, animals fed the high-fat diet
showed lower values than those fed the normolipid diet;
however, HFD-fed NBR-KO mice presented a 2.8-fold
higher relative adiponectin than HFD-fed WT mice
(WT ND, 0.044 ± 0.007; NBR-KO ND, 0.055 ± 0.007;
WT HFD, 0.010 ± 0.001; NBR-KO HFD, 0.028 ± 0.003 μg
ml−1 (g body weight)−1, P < 0.05).

Regarding serum lipids, total cholesterol, triglycerides
and HDL cholesterol exhibited no significant differences
among all experimental groups, either comparing diets or
genotype (Table 2).

Oil Red O staining in liver samples (Fig. 5A and B)
revealed that the percentage of area occupied by lipid
staining in liver from mice fed a high-fat diet was higher
than in mice fed the normolipid diet (P < 0.05) and no
significant difference was observed between genotypes in
either diet.

As depicted in Fig. 6A, NBR-KO and WT fed the
normolipid diet showed similar glucose tolerance curves.
Fasting glycaemia (time zero) and all other time-points
after intraperitoneal injection of glucose were similar. The
high-fat diet caused an imbalance in glucose homeostasis

Figure 3. White adipose tissue morphology in WT and NBR-KO mice fed a normolipid or high-fat diet
for 13 weeks
Mass of inguinal (A), perigonadal (D) and retroperitoneal (G) white adipose tissue. Area of inguinal (B) and
perigonadal (E) white adipocytes. Haematoxylin–eosin-stained histological sections of inguinal (C) and perigonadal
(F) white adipose tissue. Percentage lipid (H) and protein (I) contents in eviscerated carcasses. Values are expressed
as means ± S.E.M. n = 6 animals per group. # WT ND vs. WT HFD, † NBR-KO ND vs. NBR-KO HFD, ∗ WT HFD vs.
NBR-KO HFD (P < 0.05).
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Table 2. Serum lipids of wild-type mice (WT) and neuromedin B receptor knockout
mice (NBR-KO) fed a normolipid diet (ND) or high-fat diet (HFD) for 13 weeks

Serum lipids WT ND NBR-KO ND WT HFD NBR-KO HFD

Total cholesterol (mg dl−1) 129 ± 8 124 ± 4 147 ± 15 143 ± 8
HDL cholesterol (mg dl−1) 74 ± 5 74 ± 4 81 ± 5 90 ± 7
Triglycerides (mg dl−1) 89 ± 12 84 ± 8 69 ± 3 103 ± 18

n = 6 per group.

in WT mice, but not in NBR-KO mice, as revealed by
the glucose tolerance curves. HFD-fed WT mice exhibited
an 89% higher blood glucose than ND-fed WT mice at
90 min after the intraperitoneal injection of glucose, and
the area under the curve of HFD-fed mice was increased
by 19% in comparison to ND-fed WT mice (Fig. 6B,
P < 0.05). However, NBR-KO on a high-fat diet showed a
similar glucose tolerance curve to mice on the normolipid
diet. Glycaemia of animals, who were not fasted over-
night, was similar among groups regardless of diet or
genotype (Fig. 6C). Serum insulin of the same animals
showed important trends, which did not reach statistically
significant differences (Fig. 6D). Comparing mice fed the
normolipid diet, NBR-KO mice exhibited a 55% lower
serum insulin than WT. HFD-fed WT and NBR-KO
animals showed a 1.45-fold and 2.15-fold higher serum
insulin, respectively, than mice of the same genotype on
a normolipid diet, and comparing mice fed the high-fat
diet, NBR-KO mice presented a 23% lower serum insulin
than WT.

Discussion

The main finding of the present study was that female
neuromedin B receptor knockout mice developed a
partial resistance to diet-induced obesity, suggesting the
involvement of the NB–NBR pathway in the control of
body energetic homeostasis.

Previous studies have demonstrated, in short-term
feeding tests, that neuromedin B has an acute anorexic
effect when administered centrally or systemically, as a
single dose, in rats (Gibbs & Smith, 1988), although
it could not be reproduced in mice, either wild-type
or NBR-KO (Ohki-Hamazaki et al. 1999). Our results
do not support an important influence of NB and
NBR on the control of long-term appetite in female
mice fed a normolipid diet or a high-fat diet, since
they showed similar food intake. A previous study
demonstrated that NB stimulated the electrical activity of
both proopiomelanocortic (POMC) and neuropeptide Y
neurons of the arcuate nucleus (van del Pol et al. 2009).
Our study suggests that, in vivo, at least in female

Figure 4. Adipocyte hormones in WT and NBR-KO
mice fed a normolipid or high-fat diet for 13 weeks
A, serum leptin, n = 6 per group, except for NBR-KO ND
(n = 5). B, serum adiponectin, n = 6 per group, except for
NBR-KO ND (n = 5). C, relative expression of inguinal white
adipose tissue leptin mRNA (normalized by 36B4) to values
of WT animals on normolipid diet (set as 1). Data were
obtained by quantitative PCR. Values are means ± S.E.M.
n = 5 per group, except for WT ND (n = 4). D, relative
expression of perigonadal white adipose tissue leptin mRNA
(normalized by 36B4) to values of WT animals on a
normolipid diet (set as 1). Values are means ± S.E.M. n = 6
per group, except for WT HFD (n = 5). # WT ND vs. WT
HFD, † NBR-KO ND vs. NBR-KO HFD, ∗ WT HFD vs. NBR-KO
HFD (P < 0.05).
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Figure 5. Hepatic lipid deposition of WT and NBR-KO mice fed a normolipid or high-fat diet for 13 weeks
A, percentage of the sum of Oil Red O-stained area in relation to the total analysed area. B, Oil Red O-stained
sections of liver. Values are means ± S.E.M. n = 5 animals per group. # WT ND vs. WT HFD, † NBR-KO ND vs.
NBR-KO HFD (P < 0.05).

mice, the final result of the lack of neuromedin B action
via its specific receptor does not favour an orexigenic
or anorexigenic pathway, which may reflect the fact
previously reported that NB acted with similar potency
on those antagonist neurons (van del Pol et al. 2009).

The fact that serum lipids are not altered in animals
fed HFD, independent of genotype, suggests that those
animals still had the ability to metabolize and deposit this
excess of ingested lipids in the adipose tissue, and also in
the liver. In other studies, serum lipids of mice on high-fat

Figure 6. Glucose homeostasis in WT and NBR-KO mice fed a normolipid or high-fat diet for 13 weeks
A, glucose tolerance test: blood glucose was measured at time zero (following an overnight fast), and after
intraperitoneal injection of glucose. n = 6 per group (WT ND, black squares; NBR-KO ND, black triangles; WT
HFD, grey squares; NBR-KO HFD, grey triangles). B, area under the curve during the glucose tolerance test of WT
and NBR-KO fed ND or HFD. C, fed blood glucose concentrations of WT and NBR-KO on ND or HFD. Values are
expressed as means ± S.E.M. n = 6 per group. D, fed serum insulin concentrations of WT and NBR-KO on ND or
HFD. Values are expressed as means ± S.E.M. n = 6 per group, except for NBR-KO HFD (n = 5). # WT ND vs. WT
HFD, ∗ WT HFD vs. NBR-KO HFD (P < 0.05).
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diets were reported to be normal (Sheng et al. 2008)
or diminished (Guo et al. 2009), probably depending
on mice strain and diet composition and duration of
administration. The observation that adipose tissue of
HFD-fed NBR-KO is less hypertrophied is consistent with
the lower adiposity of these mice. This is probability the
result of a higher capacity to burn calories, decreasing
the availability of lipids to be deposited in adipose tissue.
However, since neuromedin B is abundant in adipose
tissue and its role in the tissue physiology is unknown,
we cannot rule out the existence of some abnormality
in the ability of adipocytes of NBR-KO to accumulate
triglycerides, which is not the case for the liver where lipid
deposition was similar between genotypes. In addition,
the reduced leptin levels in HFD-fed NBR-KO mice may
be directly related to their decreased amount of adipose
fat; however, we also cannot exclude the possibility of
impaired leptin production, since although it is known
that leptin modulates the expression of neuromedin B
in epididymal fat and pituitary gland (Hoggard et al.
2007; Ortiga-Carvalho et al. 2002) it is currently unknown
whether neuromedin B may affect leptin production.

Exogenous neuromedin B, as well as GRP, has shown the
ability to stimulate insulin secretion in vivo and in isolated
pancreatic preparations (Namba et al. 1984; Otsuki et al.
1987). However, our study suggests that disruption of NB
receptor signalling does not result in a major imbalance
of glucose homeostasis, although this remains to be
further investigated with proper measurements of insulin
secretion. Since there was a non-significant trend to
reduced insulin levels in the fed state of NBR-KO mice
on a normolipid diet, there is the possibility that NBR-KO
mice might exhibit abnormalities of insulin secretion and
action, as demonstrated for the GRPR knockout mice.
Although GRP also has a direct stimulatory effect on
insulin secretion, GRPR knockout mice have adaptive
responses leading to increased cholinergic-induced insulin
secretion (Persson et al. 2000, 2002). Furthermore,
the responses of GRPR knockout mice and female
NBR-KO mice to diet-induced obesity are different, since
high-fat-diet-fed GRPR knockout mice behave similarly
to wild-type, developing obesity and glucose intolerance
(Persson et al. 2002).

A role for NB in energy expenditure could not be
demonstrated in a previous study that showed no effect of
the acute administration of NB on oxygen consumption
or locomotor activity (Hoggard et al. 2007). Indeed,
in our study when fed normolipid diets, there was no
difference in adiposity between NBR-KO and wild-type
mice, suggesting that long-term disruption of the neuro-
medin B signalling pathway does not cause an imbalance
in energy expenditure. However, the lower accumulation
of fat in adipose tissue of NBR-KO mice in response
to a high-fat diet, maintaining the same caloric intake
as wild-type, and the absence of an alteration in stools

consistency, suggest that NBR-KO mice have a higher
energy expenditure in response to a high-fat diet. Since the
biological role of neuromedin B in integrative physiology
is not at all clear, an intensive investigation will be needed
to clarify the mechanisms leading to partial resistance to
diet-induced obesity in female NBR-KO mice.

The extent to which resistance to diet-induced obesity
is primarily due to disruption of the neuromedin B
receptor signalling pathway or may reflect an adaptative
mechanism to that disruption is unknown. The possibility
that an up-regulation of GRP receptors may participate
in this response is unlikely since it has been previously
demonstrated that NBR-KO mice have no increase
in GRPR expression in whole brain and pituitary
(Ohki-Hamazaki et al. 1999; Oliveira et al. 2006), and
more importantly, GRP receptor knockout mice did not
exhibit abnormalities in food ingestion or body weight at
ages comparable to the NBR-KO mice in our study, even
when fed a high-fat diet (Persson et al. 2002).

The finding of resistance to diet-induced obesity in
female mice raises the question of whether oestrogen
and neuromedin B might have some association in terms
of the control of energy metabolism, which is presently
unknown. However, we have shown before that oestrogen
up-regulates NB expression at the pituitary, and the
oestrogen status of female rats modulates the response
of thyrotrophs and lactotrophs to the action of neuro-
medin B on thyrotropin and prolactin secretion (Moreira
et al. 2003).

In conclusion, this study shows that disruption of the
neuromedin B receptor pathway did not change body
weight or food intake in female mice fed a normolipid diet;
however, it did result in partial resistance to diet-induced
obesity, not accounted for alterations in food intake.
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