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Background: Neuromedin U (NMU) is an anorexic neuropeptide
expressed in the hypothalamus. Mice lacking the NmU gene are
hyperphagic and obese, whereas mice overexpressing Nmu are hy-
pophagic and lean.

Objective: Our objective was to investigate whether variants in
NMU are associated with human obesity.

Design: The coding region of NMU was analyzed for variants in obese
Czech children and obese Danish adults. Identified missense variants
were investigated for cosegregation with obesity in families or asso-
ciation with obesity in the general population.

Setting: The study was performed at Steno Diabetes Center, Den-
mark, and Department of Pediatrics, Charles University, Czech
Republic.

Subjects and Methods: A total of 289 Czech children and adoles-
cents with early-onset obesity and 84 Danish obese adults were an-

alyzed for variants in NMU. A NMU Ala19Glu polymorphism was
genotyped in 5851 Danish subjects of the Inter99 cohort, and a rare
NMU Arg165Trp mutation was sequenced in the proband family and
in 53 lean and unrelated Czech subjects.

Results: The rare NMU Arg165Trp variant cosegregated with child-
hood obesity in a Czech family. Homozygous carriers of the Glu allele
of the NMU Ala19Glu polymorphism were more common in the over-
weight and obese subjects; the Glu/Glu frequency was 0.4 (95% con-
fidence interval, 0.2–0.6) among 2586 lean subjects (BMI � 25 kg/m2)
and 0.9 (95% confidence interval, 0.7–1.1) among 3265 overweight
and obese subjects (body mass index � 25 kg/m2) [odds ratio, 2.5
(1.2–5.3); P � 0.01].

Conclusion: Amino acid variants in NMU associate with overweight
and obesity, suggesting that NMU is involved in energy regulation in
humans. (J Clin Endocrinol Metab 91: 5057–5063, 2006)

THE WORLD HEALTH Organization (WHO) has pro-
claimed obesity as a global epidemic, and the increas-

ing prevalence of obesity has launched an interest in under-
standing the molecular basis of energy homeostasis (1).
Recently, many peripheral and central neuropeptides influ-
encing feeding behavior and energy expenditure have been
identified (2), and among these is human neuromedin U
(NMU). Pre-pro-NMU, which contains the 25-residue-long
biologically active peptide NMU, is a 174-amino-acid protein
encoded by 10 exons localized at chromosome 4q12 (3) (Fig.
1). NMU is widely expressed in the central nervous system
(CNS) with particularly high expression in the hypothala-
mus, a region known for its importance in appetite regulation
(4, 5). Mice lacking the gene encoding NMU (NmU�/� mice)
are hyperphagic and show decreased energy expenditure
resulting in increased adiposity and eventually obesity.

These knockout (KO) mice demonstrate obesity-pathophys-
iological features such as hyperleptinemia, hyperinsulin-
emia, hyperlipidemia, and late-onset hyperglycemia (6). Cor-
respondently, transgenic mice that ubiquitously overexpress
NmU are hypophagic and leaner in comparison with wild-
type mice. In addition, they are insulin sensitive and have
increased mRNA expressions of hypothalamic neuropeptide
Y, proopiomelanocortin, and melanin-concentrating hor-
mone (7). The role of NMU in the central regulation of feed-
ing behavior was further supported by the finding that in-
tracerebroventricular administration of NMU to free-fed rats
leads to decreased food intake, loss of body weight, increased
locomotor activity, elevation of body temperature, and in-
creased heat production (8, 9). The NMU receptor 1
(NMU1R) is abundantly expressed in various peripheral tis-
sues, whereas expression of the NMU receptor 2 (NMU2R)
is limited to the CNS with particularly high expression in the
hypothalamus (8). A study of a NMU2R haplotype in 500
whites from the United Kingdom showed no association
with obesity-related traits but identified two highly preva-
lent ancestral forms of this receptor (10).

Linkage studies in white Europeans have, with a LOD
score of 2.3, found suggestive genetic linkage of obesity to the
chromosomal location of 4q12, which harbors numerous
genes, including NMU (11). Based on the anorexic effect of
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Nmu in rodents and the linkage studies in humans, we con-
sider NMU a positional and biological candidate gene in the
pathogenesis of human obesity. Here we report the mutation
analysis of the coding region and exon-intron boundaries of
NMU in a cohort of 289 Czech obese children and 84 Danish
obese adults and the association of identified novel amino
acid variants to childhood obesity and overweight/obesity
in the general population of middle-aged Danish whites.

Subjects and Methods
Subjects

We performed a mutation analysis of a cohort of 289 unrelated Czech
children and adolescents with early-onset obesity and 84 unrelated
Danish obese adults for variants in NMU. The Czech subjects (157 girls,
132 boys) aged 1–18 yr were recruited during the years 2003 and 2004
from pediatric endocrinologists and centers specializing in children’s
weight management. The probands were included in the present study
if obesity was observed before the age of 11 yr and if body mass index
(BMI) (kg/m2), retrospectively evaluated, exceeded the 97th percentile
for sex and age according to Czech national references (12). The mean
age at obesity onset was 4.9 � 3.1 yr (range, 0.5–11.0 yr), and the
mean Z-BMI was 4.3 � 1.7. All Czech probands were examined for
MC4R mutations to exclude MC4R mutations as a cause of obesity.

The Danish obese subjects (40 men, 44 women), aged 50 � 15 yr,
derived all from obese families, were recruited at Steno Diabetes Center
in Copenhagen. The mean BMI was 36 � 5 kg/m2.

Fifty-three normal-weight Czech subjects (28 girls/women, 25 boys/
men) aged 5–44 yr were randomly recruited from the Department of
Pediatrics in Prague and were analyzed for the NMU Arg165Trp
mutation.

Large-scale genetic epidemiological studies were done in 5851 treat-
ment-naı̈ve subjects of the Inter99 cohort, which is a population-based
randomized nonpharmacological intervention study for prevention of
cardiovascular disease conducted at the Research Center for Prevention
and Health in Glostrup, Denmark (13). The Inter99 participants were
analyzed according to their BMI: 1) BMI less than 25.0 kg/m2 (n � 2586),
mean age 45.1 � 7.9 yr, and mean BMI 22.5 � 1.8 kg/m2 and 2) BMI at
least 25.0 kg/m2 (n � 3265), mean age 46.9 � 7.8 yr, and mean BMI 29.1 �
3.8 kg/m2.

Informed consent was obtained from parents of all child probands as
well as from all adult participants. The study protocol was approved by
the Ethics Committee of the Third Faculty of Medicine, Charles Uni-

versity in Prague, and Ethical Committee of Copenhagen County and
was conducted in accordance with the Helsinki Declaration II.

Biochemical measurements

Blood samples for analyses of biochemical variables were drawn in
the morning in the fasting state after an overnight fast. Plasma glucose,
serum insulin, serum triglyceride, and serum cholesterol measured in
the Danish subjects were analyzed using Steno Diabetes Center’s stan-
dard methods and as previously reported (13).

In the Czech family with the rare NMU Arg165Trp mutation, blood
samples were analyzed for several biochemical and hormonal variables.
Plasma glucose concentration was measured by the enzymatic hexoki-
nase method using the automatic analyzer Konelab 60 (Thermo Clinical
Labsystem Oy, Espoo, Finland). C-peptide and insulin in serum were
analyzed by a chemiluminescent immunometric technique using the
commercial sets Immulite 2000 C-peptide and Immulite 2000 insulin
(DPC, Los Angeles, CA). Serum levels of lipids, TSH, and free T4 were
measured using standard assays (Laboratory of the University Hospital,
Královské Vinohrady, Prague).

Anthropometrics and eating behavior

Height and weight were measured in light indoor clothes without
shoes. BMI was calculated as body weight in kilograms divided by the
square of the height in meters. Body circumferences were measured
according to the WHO recommendations (14).

All carriers of Arg165Trp variant were asked to fill in the eating
inventory (15), the night eating syndrome (NES) (16), and binge eating
disorder (BED) (17) questionnaires. Z-scores of BMI, height, and weight
were calculated with data obtained from the Czech population as a
reference (12). The Z-score represents the number of sd an individual
subject deviates from the mean of the age- and sex-matched general
population.

Mutation analysis of the coding region of NMU

Analyses of the coding region of NMU (NCBI accession no. X76029)
were performed by denaturing high-performance liquid chromatogra-
phy and subsequent confirmation using direct sequencing on both
strands (ABI Prism Dye primer cycle sequencing kit) on genomic DNA
extracted from whole blood using the QIAamp DNA blood kit (QIAGEN
GmbH, Hilden, Germany). To identify homozygous carriers of rare
NMU variants, the DNA of cases was mixed with wild-type DNA.
Primers for mutation detection are available on request. NMU Ala19Glu

FIG. 1. The structure of the human NMU pre-propeptide. The human NMU precursor contains 174 amino acids including the 25-residue NMU
peptide near the C terminus of the precursor. The NMU peptide sequence is in bold, and its location is demonstrated by an asterisk. The vertical
arrow indicates the signal peptide cleavage site in humans. The identified variant Ala19Glu is located in the signal peptide of the pre-pro-NMU,
and the Arg165Trp mutation is located in the active peptide.
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was genotyped by TaqMan allelic discrimination (KBioscience, Hod-
desdon, UK). The genotype success rate was 98%, and the discrepancy
rate in the examination of 909 samples was 0%. All genotype distribu-
tions obeyed Hardy-Weinberg equilibrium.

Statistical and in silico analyses

Logistic regression with adjustment for sex and age was applied to
test for significant differences in genotype distribution in the case-con-
trol studies. We did not detect any signs of population stratification in
the study sample of 6360 subjects from Inter99 when we applied 39
unlinked markers using the Structure program (18). Differences in quan-
titative phenotypes between the genotype groups were tested using a
general linear model that included genotype and sex as fixed factors and
age as covariate. All statistical analyses were performed using the Sta-
tistical Package for Social Science (SPSS) version 13. A P value � 0.05 was
considered significant.

Prediction of secondary peptide structure change was done at ww-
w.cmpharm.ucsf.edu/�nomi/nnpredict.html. Analysis of conserva-
tion of amino acid sequence among species was done at
www.ncbi.nlm.nih.gov.

Results

We identified 23 variants in the coding region and exon-
intron boundaries of NMU by examining 289 obese children
and adolescents and 84 adults (Table 1). Large-scale geno-
typing was restricted to missense variants with an allele
frequency above 5% to have enough statistical power to
detect association with obesity with an odds ratio (OR) of 1.3
in 5851 subjects. One variant met these criteria, the novel
NMU Ala19Glu missense polymorphism with an allele fre-
quency of 7%. Furthermore, one novel missense mutation in
exon 9 (Arg165Trp) was identified in only one obese child
(Table 1).

The Ala19Glu polymorphism was genotyped in the In-
ter99 cohort and analyzed in a case-control setting for asso-
ciation with overweight and obesity. Homozygous carriers
of the Glu allele had an increased prevalence of overweight

TABLE 1. Location and frequency of identified variants of NMU among Czech and Danish study subjects

Exon Variant name RS number
Variant frequency in
obese Czech children

(%)

Variant frequency in
obese Danish adults

(%)

1 �151C�T 4.5 0
Ala18Glu 3828555 4.5 1.0
Ala19Glu 1.5 7.0
�23C�G 0.5 0.5
�70C�T 3792703 4.0 0

2 �100G�A 12.0 7.0
3 �40T�A 0.2 0
4 �46T�C 0.2 0

Asn76Asn 3805383 42.0 49.0
5
6 �106A�G 2412666 22.0 37.0
7 �35T�C 3805382 32.0 24.0

�9T�C 1873091 29.0 36.0
�38G�A 1873090 29.0 24.0

8 �134A�G 11727729 12.0 15.0
�172G�A 11722645 12.0 15.0
�31A�T 0.2 13.0
�36C�T 21.0 0
�102A�G 0.2 0

9 �126delT 0.2 0
Arg165Trp 0.2 0
�38T�C 13.0 17.0

10 T128C 0.5 0
�40G�T 2087319 45.0 35.0

The variants were identified in 289 obese Czech children and 84 obese Danish adults. Positions are relative to the nearest exon; minus
indicates nucleotide position before the start of the exon; plus indicates position after the end of the exon. A frequency of 0.2 represents one
carrier of a particular variant. RS number is given if known. RS, reference single-nucleotide polymorphism.

TABLE 2. Association study of the NMU Ala19Glu polymorphism with overweight/obesity in Danish whites

Group n Ala/Ala
(%)

Ala/Glu
(%)

Glu/Glu
(%)

MAF
(95% CI)

P, Ala/Ala �
Ala/Glu � Glu/Glu

P, Ala/Ala vs.
Ala/Glu � Glu/Glu

P, Ala/Ala �
Ala/Glu vs. Glu/Glu

All
BMI � 25 kg/m2 2586 2237 (86.5) 340 (13.1) 9 (0.4) 6.9 (6.2–7.6) 0.07 0.2 0.01 �OR, 2.5 (1.2–5.3)	
BMI � 25 kg/m2 3265 2784 (85.3) 453 (13.9) 28 (0.9) 7.8 (7.1–8.4)

Men
BMI � 25 kg/m2 1013 879 (86.8) 132 (13.0) 2 (0.2) 6.7 (5.6–7.8) 0.07 0.1 0.04 �OR, 4.8 (1.1�20.8)	
BMI � 25 kg/m2 1906 1613 (84.6) 275 (14.4) 18 (0.9) 8.2 (7.3–9.0)

Women
BMI � 25 kg/m2 1573 1358 (86.3) 208 (13.2) 7 (0.4) 7.1 (6.2–8.0) 0.7 0.9 0.4
BMI � 25 kg/m2 1359 1171 (86.2) 178 (13.1) 10 (0.7) 7.3 (6.3–8.3)

P values are calculated using logistic regression with sex and age as covariates and describe the significance level comparing lean and
overweight/obese subjects. OR is given with 95% CI. MAF, Minor allele frequency.
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and obesity [OR, 2.5; 95% confidence interval (CI), 1.2–5.3;
P � 0.01). Gender-specific analysis showed that this finding
was also observed in men only (OR, 4.8; 95% CI, 1.1–20.8; P �
0.04) but not in women only (P � 0.4) (Table 2). The same
Inter99 cohort was examined in the setting of obesity-related
quantitative phenotypes, and the variant was associated with
increased waist circumference in the total Inter99 population,
without known type 2 diabetic patients (P � 0.03). In accor-
dance with the case-control studies, gender-specific analyses
showed that the variant was associated with increased BMI
(P � 0.04) and increased waist (P � 0.02) and increased hip
(P � 0.005) circumference in men only (Table 3).

We identified one severely obese child who was heterozy-
gous for an Arg165Trp mutation of NMU. On examination,
the proband was a 4-yr-old girl, and her weight was 33 kg
(Z-weight � 5.9), height was 113.5 cm (Z-height � 1.7), and
BMI was 25.6 kg/m2 (Z-BMI � 5.7). Her birth weight was 3.76
kg (50th percentile). A progressive and accelerated weight
gain occurred from the age of 6 months when she had a
weight of 9,680 g (Z-weight � 2.6), whereas her weight was
14,870 g at the age of 1 yr (Z-weight � 4.9) (Fig. 2). Since 18
months of age, her height has exceeded the 97th percentile
of the national standards of height (12). All adult mutation
carriers self-reported as being tall from early childhood. She
has had a normal intellectual development.

Studies of the pedigree showed a cosegregation with obe-
sity except for one family member with a history of over-
weight (30-yr-old man; BMI, 24 kg/m2; maximum BMI was

26.3 kg/m2 at the age of 26 yr) (Fig. 3). All obese mutation
carriers reported obesity onset at early childhood (0.5–7.0 yr).
None of the carriers reported NES or BED. Evaluation of the
eating inventory questionnaires of all mutation carriers did
not reveal any differences from normal range. There was no
biochemical evidence of adrenal or thyroid disorders among
the mutation carriers. None of the carriers had hyperinsu-
linemia or severe hyperglycemia. All carriers of the 165Trp
variant except the proband had elevated levels of fasting
serum triglycerides (Table 4). This rare mutation was absent
in 53 unrelated Czech control subjects.

Discussion

With the first mutation analysis of the coding region of
NMU, we have identified a novel Ala19Glu polymorphism
that in its homozygous form associates with the combined
phenotypes of overweight and obesity and with increased
waist circumference. Gender-stratified analysis showed that
homozygosity of this variant was associated with an in-
creased BMI and increased waist circumference in men only.
Comparable gender-gene interaction has, among others,
been demonstrated for variants in the NPY2R gene, whose
encoded protein also acts in the hypothalamus on the reg-
ulation of energy balance (19). Furthermore, a recent study
shows that there exists a gender difference in the role of
hypothalamic-acting hormones in the pathogenesis of obe-
sity (20), which might be related to gender-gene interactions.

TABLE 3. Association studies of the NMU Ala19Glu with obesity-related quantitative traits in Danish whites

Trait Ala/Ala
(%)

Ala/Glu
(%)

Glu/Glu
(%)

P, Ala/Ala �
Ala/Glu � Glu/Glu

P, Ala/Ala vs.
Ala/Glu � Glu/Glu

P, Ala/Ala �
Ala/Glu vs. Glu/Glu

All
n 5021 793 37
BMI (kg/m2) 26.2 (26.1–26.3) 26.1 (25.8–26.4) 27.4 (25.9–28.8) 0.2 0.9 0.1
Waist (cm) 86.5 (86.1–86.9) 86.2 (85.3–87.1) 91.1 (86.9–95.3) 0.08 0.9 0.03
Hip (cm) 100.8 (100.6–101.1) 100.7 (100.1–101.4) 104.0 (100.9–107.1) 0.2 1.0 0.05

Men
n 2492 407 20
BMI (kg/m2) 26.7 (26.6�26.9) 26.7 (26.3–27.1) 28.6 (26.9–30.4) 0.1 0.9 0.04
Waist (cm) 92.9 (92.5–93.4) 92.8 (91.7–93.8) 98.4 (93.7–103.2) 0.07 0.9 0.02
Hip (cm) 101.3 (100.9–101.6) 101.6 (100.8–102.3) 106.4 (102.9–109.9) 0.01 0.2 0.005

Women
n 2529 386 17
BMI (kg/m2) 25.7 (25.5–25.9) 25.6 (25.1–26.0) 26.0 (23.6–28.3) 0.9 0.7 0.8
Waist (cm) 80.1 (79.7–80.6) 79.4 (78.1–80.6) 82.5 (76.9–88.1) 0.4 0.3 0.4
Hip (cm) 100.4 (100.0�100.9) 99.8 (98.7�100.9) 101.1 (95.9–106.3) 0.6 0.3 0.7

Data are means (95% CI). Means were adjusted for the effect of age. Phenotypic differences between the genotype groups were tested with
a general linear model that included genotype as fixed factor and age as covariate factor.

FIG. 2. Weight development of the proband carrying the
NMU Arg165Trp mutation (IV-4) and the brother carrying
the wild type (IV-3). Percentiles are according to the Czech
national standard references for girls (12). The brother is
included in the figure for comparison with his sister.
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To date, there exists only one published study of the NmU KO
mice. All results are shown for the male mouse, with a notice
that the female mouse also developed obesity. However,
because there is no real comparison reported between the
genders of the NmU KO mouse, it is unclear whether there

also is a gender effect in this specific mouse model. The NMU
Ala19Glu polymorphism is located in the signal peptide of
pre-pro-NMU (Fig. 1), which is important for the cellular
translocation and export of the peptide. Ala is a hydrophobic
amino acid and is important for the proper signal peptide

FIG. 3. Pedigree of the family with the NMU Arg165Trp mutation. Black symbols indicate obese subjects. Obesity in adults (age � 18 yr)
is defined as a BMI more than 30 kg/m2. Obesity in children is defined as a BMI above the 97th percentile according to the Czech national
references for a given sex and age (12). Square symbols represent men; round symbols represent women. The proband is indicated by an
arrow. An asterisk indicates a nonobese mutation carrier with a history of overweight. The text below each individual represents the
following: ID no., age (yr)/BMI (kg/m2) and Z-BMI in subjects less than 18 yr old; genotype NN, no mutation; NM, heterozygous carrier
of the NMU Arg165Trp mutation.

TABLE 4. Characteristics of Arg165Trp NMU mutation carriers in a Czech family

IV-4 III-7 III-6 III-2 II-3

Age (yr) 4 32 30 47 58
Weight (kg) 34 104 82 131 94
Height (m) 1.15 1.71 1.85 1.79 1.76
BMI (kg/m2) 26 36 24 41 31
Maximum BMI (kg/m2)/at age (yr) 26/4 32/36 26/26 44/36 32/57
Childhood obesity Yes Yes No Yes Yes
Obesity from age (yr) 0.5 7 7 6
Fasting serum insulin (�29 mIU/liter) 7 18 3 8 17
Fasting serum C-peptide (290–1320 pmol/liter) 515 1993 809 1257 1819
Fasting plasma glucose (3.6–6.1 mmol/liter) 3.9 6.4 5.0 4.5 5.6
Fasting serum total cholesterol (3.6–5.2 mmol/liter) 3.8 5.2 4.8 6.8 6.2
Fasting serum triglycerides (0.6–1.7 mmol/liter) 1.2 2.6 1.8 2.5 3.2

Identification numbers correspond to those in the pedigree (Fig. 2). Values in parentheses are normal ranges.
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docking and following translocation out of the ribosome,
whereas the nonhydrophobic Glu might inhibit this docking
and following export of the peptide. Furthermore, the Ala
allele is conserved among species (i.e. monkeys, mice, and
rats), and replacement of the Ala-allele with the Glu allele
predicts a secondary protein structure change. This infor-
mation may indicate that Glu19/Glu19 pre-pro-NMU has
lower cell exportation ability with following lower levels of
circulating NMU, which may explain that homozygous car-
riers of the Glu allele are more common among overweight
and obese people.

The rare NMU Arg165Trp mutation cosegregated with
childhood-onset obesity in a Czech family with an auto-
somal dominant inheritance of obesity, suggesting that the
NMU mutation may cause either haploinsufficiency or a
dominant negative protein. The inheritance pattern can-
not, however, be clarified because no experiments on KO
NmU heterozygous mice have been published. One of the
mutation carriers was not obese, yet he has had a history
of overweight. This nonobese phenotype may be due to a
limited penetrance and expression of the mutation as ob-
served in several nonobese carriers of pathogenic MC4R
mutations (21) and/or interaction with other BMI-regu-
lating genetic and environmental modulators. Interest-
ingly, the mutation carriers showed, like the phenotype of
the NmU KO mice, hypertriglyceridemia. Although hy-
pertriglyceridemia is frequently associated with obesity,
we found hypertriglyceridemia also in the nonobese mu-
tation carrier, suggesting that the NMU mutation may
have impact independently on both energy and lipid bal-
ance as observed in the NmU KO mice (6). According to the
analyses of questionnaires, the NMU Arg165Trp mutation
was not related to NES or BED. However, because ad
libitum food intake was not investigated, it is difficult to
precisely quantify and qualify the eating habits of the
mutation carriers. The replacement of Arg with Trp at
codon 165 of NMU represents a major change from a basic
amino acid to a hydrophobic aromatic amino acid, pre-
dicting a secondary change of the peptide structure. More-
over, the mutation is located in exon 9, which encodes the
biologically active 25-residue-long NMU (NMU-25) (Fig.
1). Among species (i.e. rat, mouse, rabbit, pig, chicken, and
frog), this is a highly conserved region of NMU. These
findings suggest that the presence of the Trp165 allele
partially disrupts the anorexic function of NMU, maybe
through dominant negative antagonism of the receptor,
leading to childhood obesity.

Obviously, functional studies would be appropriate to
elucidate the impact of the two NMU mutations as well as
measurements of the circulating levels of NMU. However, to
date there are no assays available for measurements of the
circulating human NMU protein level. Also, in future stud-
ies, it will be important to perform mutation analyses of the
regulatory regions of NMU to elucidate whether such po-
tential variants have impact on obesity or obesity-related
phenotypes. Similarly, pertinent association studies apply-
ing tagged single-nucleotide polymorphisms that capture
most of the diversity of the NMU locus will be of relevance.
Furthermore, it is unresolved whether the identified variants
in NMU that are associated with obesity are in linkage dis-

equilibrium with unidentified variants, in the noncoding
regions of NMU or in other genes in this genomic region, that
are the obesity-causative variants.

In conclusion, an Ala19Glu variant of NMU was asso-
ciated with an increased prevalence of the combined phe-
notypes of overweight and obesity in middle-aged white
people, and a rare mutation, Arg165Trp, cosegregated
with childhood obesity. Together these findings suggest
that NMU may play a role in the regulation of the energy
balance also in humans.
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