The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE

Clinical and Molecular Genetic Spectrum of
Congenital Deficiency of the Leptin Receptor

|. Sadaf Faroogi, M.B., B.S., Ph.D., Teresia Wangensteen, M.D.,
Stephan Collins, Ph.D., Wendy Kimber, Ph.D., Giuseppe Matarese, M.D., Ph.D.,
Julia M. Keogh, B.Sc., Emma Lank, B.Sc., Bill Bottomley, Ph.D.,

Judith Lopez-Fernandez, M.D., Ph.D., lvan Ferraz-Amaro, M.D., Ph.D.,
Mehul T. Dattani, M.D., Oya Ercan, M.D., Anne Grethe Myhre, M.D.,

Lars Retterstol, M.D., Ph.D., Richard Stanhope, M.D., Julie A. Edge, M.B., B.S.,
Sheila McKenzie, M.B., B.S., Nader Lessan, M.B., B.S.,

Maryam Ghodsi, M.B., B.S., Veronica De Rosa, Ph.D., Francesco Perna, M.D.,
Silvia Fontana, Ph.D., Inés Barroso, Ph.D., Dag E. Undlien, M.D., Ph.D.,
and Stephen O’Rahilly, M.D.

ABSTRACT

BACKGROUND
A single family has been described in which obesity results from a mutation in the
leptin-receptor gene (LEPR), but the prevalence of such mutations in severe, early-
onset obesity has not been systematically examined.

METHODS

We sequenced LEPR in 300 subjects with hyperphagia and severe early-onset obesity,
including 90 probands from consanguineous families, and investigated the extent to
which mutations cosegregated with obesity and affected receptor function. We evalu-
ated metabolic, endocrine, and immune function in probands and affected relatives.

RESULTS

Of the 300 subjects, 8 (3%) had nonsense or missense LEPR mutations — 7 were ho-
mozygotes, and 1 was a compound heterozygote. All missense mutations resulted in
impaired receptor signaling. Affected subjects were characterized by hyperphagia,
severe obesity, alterations in immune function, and delayed puberty due to hypogo-
nadotropic hypogonadism. Serum leptin levels were within the range predicted by
the elevated fat mass in these subjects. Their clinical features were less severe than
those of subjects with congenital leptin deficiency.

CONCLUSIONS
The prevalence of pathogenic LEPR mutations in a cohort of subjects with severe, early-
onset obesity was 3%. Circulating levels of leptin were not disproportionately elevat-
ed, suggesting that serum leptin cannot be used as a marker for leptin-receptor defi-
ciency. Congenital leptin-receptor deficiency should be considered in the differential
diagnosis in any child with hyperphagia and severe obesity in the absence of devel-
opmental delay or dysmorphism.
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HE ASSESSMENT OF PATIENTS WITH SE-
vere early-onset obesity conventionally in-
cludes screening for potentially treatable
neurologic and endocrine conditions and identi-
fying known genetic conditions so that appropri-
ate genetic counseling and, in some cases, treat-
ment can be instituted.! Classically, patients with
genetic obesity syndromes have been identified in
childhood as a result of associated mental retarda-
tion and developmental abnormalities.2 However,
several monogenic disorders have been identified
in which obesity itself is the predominant present-
ing feature. These disorders result from disruption
of the hypothalamic leptin—melanocortin signaling
pathway.?-8
Twelve subjects with congenital leptin defi-
ciency due to loss-of-function mutations in the
gene encoding leptin have been identified3+91°
(and unpublished data). Characteristic features in-
clude hyperphagia, obesity, hypogonadism, and
impaired T-cell-mediated immunity. Treatment
with recombinant human leptin reverses all as-
pects of the phenotype.»1%12 So far, only one mu-
tation in the leptin-receptor gene (LEPR) has been
reported, in three severely obese adult siblings
from a consanguineous family of Algerian origin.
This mutation results in abnormal splicing of
leptin-receptor transcripts and generates a mutant
leptin receptor that lacks both transmembrane and
intracellular domains. The mutant receptor circu-
lates at high concentrations, binding leptin and
resulting in very elevated serum leptin levels.** To
determine the prevalence of pathogenic mutations
in LEPR in severely obese patients, we studied 300
subjects with severe, early-onset obesity.

METHODS

SUBJECTS
When we began the study, the Genetics of Obesity
Study (GOOS) cohort consisted of 2100 unrelated
probands with severe obesity of early onset (before
10 years of age); severe obesity was defined as a
standard-deviation score for the body-mass index
(BMI) (the weight in kilograms divided by the
square of the height in meters) of more than 3. We
calculated BMI standard-deviation scores using ref-
erence data from the U.K. population.'* The mean
(£SD) score in the GOOS cohort is 4.2+0.8. Of the
2100 subjects, 1800 were reported to have a history
of hyperphagia. Of these 1800 subjects, 300 were
selected to determine the prevalence of leptin-

receptor mutations: all 90 subjects in the GOOS
cohort from consanguineous families, as well as
210 additional subjects who were impartially se-
lected. The mean BMI standard-deviation score
for the group screened was 4.5+1.2. Mutations in
known obesity genes were ruled out with the use
of biochemical analysis (mutant leptin and prohor-
mone convertase 1 genes) and direct nucleotide
sequencing (of the genes encoding pro-opiomela-
nocortin and the melanocortin 4 receptor [MC4R]);
there were no mutations in additional candidate
genes for obesity (SIM1, NHLH2, CPE, MCHR1, and
MCHR2).

Subjects with mutations in LEPR and their rela-
tives were invited to participate in clinical studies
at the Wellcome Trust Clinical Research Facility at
Addenbrooke’s Hospital, Cambridge, United King-
dom. All studies were approved by the Anglia and
Oxford multiregional ethics committee and the
local-regional ethics committee of Cambridge.
Each subject, or his or her parent if the subject was
a child younger than 16 years, provided written
informed consent; the minors provided oral con-
sent. All clinical studies were conducted in accor-
dance with the principles of the Declaration of
Helsinki.

In adults, overweight and obesity were defined
according to the World Health Organization cri-
teria: a BMI of 25.0 to 29.9 and a BMI of 30.0 or
higher, respectively. Because there are no interna-
tionally recognized definitions of overweight and
obesity in persons under 18 years of age, we used
criteria proposed by the International Obesity Task
Force and supported by a recent International Con-
sensus on Childhood Obesity!>: an age-adjusted
BMI above the 91st percentile and an age-adjusted
BMI above the 99th percentile, respectively.

DETECTION OF MUTATIONS AND GENOTYPING
Genomic DNA was isolated from leukocytes de-
rived from whole blood, and the coding region of
the LEPR gene was amplified with the use of the
polymerase chain reaction and was then sequenced
(see the Supplementary Appendix, available with
the full text of this article at www.nejm.org). We
also sequenced LEPR in impartially selected non-
obese control subjects: 100 alleles from each of
three population-derived cohorts — of white Eu-
ropean origin,*° of South Asian origin,’” and of
Turkish origin.'® (See the Supplementary Appen-
dix for details of our studies of mutant-receptor
function.)
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BODY COMPOSITION, GROWTH,
AND ENERGY BALANCE

We used anthropometric methods and whole-body
dual-energy x-ray absorptiometry (DPX software,
Lunar) to determine body composition, as previ-
ously described.®'* We measured resting metabolic
rate using indirect calorimetry after a 12-hour over-
night fast and using an open-circuit, ventilated,
canopy measurement system (Europa Gas Exchange
Monitor, Nutren Technology). After adjustment for
body composition, the resting metabolic rate was
compared with that predicted by age- and sex-spe-
cific equations.'®2° Semiquantitative assessment of
eating behavior was undertaken in subjects young-
er than 18 years, as previously described.®°

METABOLIC AND ENDOCRINE STUDIES
Fasting blood samples were analyzed for levels of
leptin, glucose, insulin, thyrotropin, free thyroxine,
insulin-like growth factor 1 (IGF-1), follicle-stim-
ulating hormone, luteinizing hormone, estradi-
ol, and testosterone, with the use of standard as-
says.!?

LYMPHOCYTE COUNT AND FUNCTION
Lymphocytes were isolated from fresh whole blood,
and cell phenotypes were measured by cytofluo-
rometric (fluorescence-activated cell-sorting) analy-
sis, as reported previously.® Proliferative responses
to antigenic stimuli were measured.® Lymphocyte
counts and proliferative responses in subjects with

leptin-receptor deficiency were compared with
those in 46 control subjects matched for age (from
8 years to adult).

STATISTICAL ANALYSIS
Clinical data are expressed as means +SD. Differ-
ences between groups were compared with use of
the unpaired Student’s t-test. All reported P values
are from two-sided tests, and P values of less than
0.05 were considered to indicate statistical signif-
icance.

RESULTS

DETECTION OF MUTATIONS AND FAMILY STUDIES
We identified five nonsense and four missense mu-
tations in 8 of the 300 probands (Table 1 and Fig.
1A). Seven probands were homozygous for such
mutations, and one proband (Subject 1 in Family
8) was a compound heterozygote for a missense
mutation (R612H) and a nonsense mutation. None
of these mutations were found in alleles from con-
trol subjects. Six of the probands were from con-
sanguineous families (Fig. 2A). In three pedigrees
(Families 1, 2, and 4), additional homozygous fam-
ily members were identified, all of whom had se-
vere, early-onset obesity (Fig. 2A).

FUNCTIONAL ANALYSIS OF MUTANT RECEPTORS
All frame-shift mutations occurred in the N-termi-
nal domain of the leptin receptor and were pre-

Table 1. Leptin-Receptor Mutations in Subjects with Severe Early-Onset Obesity.
Family No. of
Mutation No. Affected Subjects Race or Ethnic Group*
Homozygous frame-shift
4-bp deletion in codon 22 1 3 (1 deceased) Bangladeshi
11-bp deletion in codon 70 2 2 Turkish
66-bp deletion in codon 514 3 1 (deceased) Iranian
Homozygous nonsense
W31X 4 3 Southern European
Homozygous missense
A409E 5 1 Turkish
W664R 6 1 Norwegian
H684P 7 1 White (United Kingdom)
Compound heterozygous
1-bp deletion in codon 15 and R612H 8 1 White (United Kingdom)

* Race or ethnic group was assigned by the physician.
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dicted to result in the loss of all leptin-receptor iso-
forms. We examined the signaling properties of
receptors with missense mutations (Fig. 1B). Three
of the missense mutations (A409E, W664R, and
HG684P) resulted in a complete loss of signaling, as

Figure 1. Mutations in the Leptin-Receptor Gene
(Panel A) and in Vitro Function of the Leptin-Receptor
Mutant Constructs (Panel B).

Panel A shows the positions of the identified muta-
tions in the leptin receptor. We observed homozygous
mutations in seven severely obese probands; in an
eighth (Subject 1 in Family 8, a compound heterozy-
gote), we observed a nonsense mutation and a mis-
sense mutation (asterisks). Amino acid numbers are
shown on the left-hand side. Panel B shows the induc-
tion of the phosphorylation of signal transducer and
activator of transcription 3 (STAT3) by wild-type and
mutant leptin receptors in the absence (minus signs)
and presence (plus signs) of recombinant human
leptin. The control construct was an empty pcDNA3
vector.

measured by leptin-stimulated phosphorylation of
signal transducer and activator of transcription 3
(STAT?3). The other missense mutation, R612H, en-
codes receptors with some residual ability to phos-
phorylate STAT3 in response to leptin (Fig. 1B).

CLINICAL PHENOTYPE OF LEPTIN-RECEPTOR
DEFICIENCY

We studied the clinical phenotype of leptin-recep-
tor deficiency in 10 subjects (6 probands and 4 af-
fected relatives) with early-onset obesity who were
homozygous for complete loss-of-function muta-
tions in LEPR. All 10 had become obese in early
childhood; at the time of study, 4 were adults and
6 were children. We compared their phenotype
with that of five subjects with congenital leptin de-
ficiency and with that of five subjects who were
homozygous for complete loss-of-function muta-
tions in MC4R, whom we had studied previously
using identical protocols®® (and unpublished data).

Body Composition and Energy Balance

In all cases, the body weight of subjects with LEPR
mutations deviated from predicted percentiles
within the first year of life (data not shown). The
mean BMI standard-deviation score for these sub-
jects was 5.1%1.6, as compared with 6.8+2.1 for
subjects with congenital leptin deficiency (P=0.005)
and 5.0%1.5 for MC4R-deficient subjects. The mean
percentage of body fat among homozygous car-
riers of LEPR mutations was high (52.8%3.2; nor-
mal range, 15 to 25) and was similar to that in the
subjects with congenital leptin deficiency (mean,
58.0£3.5) but higher than that in the subjects lack-
ing MC4R (45.2+3.3; P<0.001) (Fig. 3B). The per-
centage of lean mass was lower in subjects with
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LEPR mutations than in equally obese subjects
without such mutations, although the actual
amount of lean mass in kilograms for each sub-
ject was within the age-related normal range?%22
(data not shown).

All subjects had a history of increased food-
seeking behavior in childhood, which continued
into later life in the adult subjects. During an ad
libitum test meal, the probands with LEPR muta-
tions consumed almost three times the amount of
energy that control subjects consumed (Fig. 3C).
This increased intake was similar to that of sub-
jects lacking MC4R but considerably less than that
of subjects with congenital leptin deficiency. The
basal metabolic rate was greater in leptin-recep-
tor—deficient, obese subjects than in subjects of
normal weight, as one would expect. However, the
basal metabolic rate is usually adjusted for lean
mass (in kilograms) to allow for differences in
body weight (and thus lean mass) among subjects.
The adjusted basal metabolic rate per kilogram of
lean mass in the subjects with LEPR mutations was
similar to that predicted for persons with this body
composition on the basis of accepted age- and sex-
specific calculations?? (see Fig. 1A in the Supple-
mentary Appendix).

Metabolic and Endocrine Function

Most of the subjects with LEPR mutations had nor-
mal glucose concentrations (Table 2), although the
two oldest adults (Subjects 1 and 2 in Family 4) had
type 2 diabetes, which was managed with oral hy-
poglycemic medication. All subjects had hyperin-
sulinemia (Table 2) to a degree consistent with the
degree of obesity (see Fig. 1B in the Supplementary
Appendix).

In childhood, linear growth was normal, and
the standard-deviation scores for height of chil-
dren with LEPR mutations (Table 2) were similar
to those of equally obese children without LEPR
mutations.® Serum levels of IGF-1 were appropriate
for the age of the children (Table 2), and growth
hormone was secreted in a pulsatile fashion (data
not shown). However, final height was reduced in
adults with LEPR mutations, owing to the lack of
a pubertal growth spurt. This is reflected in the
short statures of the 15-year-old male subject with
a standard-deviation score for height of 1.7 and
the four female subjects with a score of —-2.0
(Table 2).

All four adults (all of whom were female) had
clinical evidence of hypogonadism, with lack of a

pubertal growth spurt and reduced expression of
secondary sexual characteristics; three had no
menses until after 20 years of age. The 18-year-old
female (Subject 1 in Family 2) and the 15-year-old
male (Subject 2 in Family 2), both of whom were
clinically prepubertal, had low sex-steroid levels
and low follicle-stimulating hormone and lutein-
izing hormone levels, indicative of hypogonad-
otropic hypogonadism. In addition, Subject 2 in
Family 1 had a complete loss of luteinizing hor-
mone pulsatility (see Fig. 1C in the Supplementary
Appendix). Notably, the females who were 31, 41,
and 55 years of age had irregular menses after the
age of 20 years and had estradiol, luteinizing hor-
mone, and follicle-stimulating hormone levels that
were consistent with their age. Free thyroxine and
thyrotropin levels were within the normal range
in all subjects (Table 2).

Serum leptin levels in subjects with LEPR mu-
tations (Table 2) were similar to those in equally
obese subjects with a normal leptin-receptor gene
sequence (Fig. 3D). Serum leptin levels correlat-
ed with the fat mass in subjects with LEPR muta-
tions and in age- and BMI-matched subjects (see
Fig. 1D in the Supplementary Appendix).

Immune Function

All the children with LEPR mutations had more fre-
quent childhood infections (predominantly of the
upper respiratory tract) than did their siblings with
wild-type LEPR. The premature deaths of two obese
children in these families were associated with
acute respiratory tract infections. Since our group
previously found that leptin-deficient subjects have
a marked reduction in the CD4+ T-cell count and
reduced T-cell proliferation,® we analyzed the im-
munophenotype and T-cell responses in subjects
with LEPR mutations and compared these data with
those of age-matched control subjects. We observed
a modest reduction in the absolute CD4+ T-cell
counts in the leptin-receptor—deficient subjects
(mean, 988+186 cells per cubic millimeter; 42+
13%), as compared with those in control subjects
(mean, 11004892 cells per cubic millimeter; 44+
7%), although the CD4+:CD8+ ratios were simi-
lar (2+2 and 2+1). However, leptin-receptor—defi-
cient subjects had a significant compensatory in-
crease in the CD19+ cell (B-cell) count (mean, 460+
238 cells per cubic millimeter; 18+6%) as compared
with control subjects (mean, 280+328 cells per cu-
bic millimeter; 11+3%) (P=0.006). T cells from
subjects with LEPR mutations showed reduced pro-
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liferative responses to a variety of polyclonal stim-
uli specific to T cells, such as muromonab-CD3
(OKT3), phytohemagglutinin, phorbol myristate
acetate (PMA) or ionomycin (Iono), and the recall
antigen purified protein derivative (PPD) (see Fig.
1E in the Supplementary Appendix). The cytokine
pattern of the subjects with leptin-receptor defi-
ciency was less impaired than that of the leptin-
deficient subjects, with only a modest reduction
in secretion of the proinflammatory cytokine in-
terferon-y as compared with age-matched con-
trols — especially during OKT3 and PMA/Iono
stimulation — and increased secretion of the in-
hibitory cytokine interleukin-10 during stimula-
tion with purified protein derivative (see Fig. 1F
and 1G in the Supplementary Appendix), but no
significant change in interleukin-4 secretion (see
Fig. 1H in the Supplementary Appendix).

Heterozygote Phenotype

We assessed the level of obesity in the 22 family
members who were heterozygous and the 6 who
were homozygous for wild-type LEPR. Heterozy-
gous subjects were not severely obese, and their
mean BMI standard-deviation score (0.6+0.8) was
similar to that of their relatives who were homo-
zygous for wild-type LEPR (0.6£1.0). We compared
the measured percentage of body fat and that pre-
dicted according to height and weight; the abso-
lute difference was significantly greater in the 14
of the 22 heterozygotes for whom fat-mass data
were available than in their relatives with wild-
type LEPR® (mean, 8.2% vs. 2.1%; P=0.009).

DISCUSSION

The prevalence of pathogenic LEPR mutations in
our subjects with hyperphagia and severe early-
onset obesity was 3%. The prevalence of LEPR mu-
tations in this highly selected cohort is unlikely to
reflect that in unrelated populations of obese sub-
jects or in populations in which the age at the onset
of obesity is more heterogeneous.?#2°> Six of the
probands were from consanguineous families, but
two probands (including the compound heterozy-
gote) were whites in the United Kingdom whose
parents were not known to be related. Although the
prevalence of LEPR mutations is likely to be high-
er in ethnic groups in which consanguinity is com-
mon, LEPR deficiency should be considered in all
patients with hyperphagic obesity of early onset.

Figure 2 (facing page). Pedigrees of Consanguineous
Families and Nonconsanguineous Families with Muta-
tions in the Leptin-Receptor Gene That Segregate

with Severe Obesity.

The squares represent male family members, and the
circles female family members; open symbols repre-
sent unaffected family members, and solid symbols
family members with obesity (in adults, defined as a
BMI [the weight in kilograms divided by the square of
the height in meters] of 30 or more; in children, de-
fined as a BMI above the 99th age-adjusted percentile).
A slash through the symbol denotes a subject who has
died. Below each symbol, age is given, followed by the
BMI value, the BMI standard-deviation score, and the
genotype, with N denoting the normal (wild-type) allele
and M the mutant allele. In Family 8, M denotes the
frame-shift mutation, and M,, the missense mutation.
For subjects in whom it was available, the percentage
of body fat, measured by dual-energy x-ray absorptiom-
etry, is listed below the genotype.

None of the subjects with LEPR mutations char-
acterized in this study, including those with non-
sense mutations that were predicted to result in
the loss of all isoforms, had disproportionately
elevated serum leptin levels. Thus, serum leptin
levels are not a generally useful marker of leptin-
receptor deficiency — contrary to a previous sug-
gestion.'3

Congenital leptin-receptor deficiency is charac-
terized by severe, early-onset obesity associated
with selective deposition of fat mass, as seen in
subjects with leptin deficiency.® All of our subjects
had hyperphagia from an early age, and we dem-
onstrated that the ad libitum energy intake was
greatly increased in children with leptin-receptor
deficiency, with no evidence of a major deficit in
basal energy expenditure.

Children with leptin-receptor deficiency had
normal linear growth during childhood and had
normal IGF-1 levels. However, because of the lack
of a pubertal growth spurt, the final height of
adult subjects was reduced. In the one previously
described family, short stature and abnormal se-
rum growth hormone levels and IGF-binding pro-
tein 3 levels were noted in childhood.> However,
assessment of the growth hormone-IGF axis is
difficult in obese children and adults, since obe-
sity is itself associated with abnormal results of
basal and of dynamic tests of this axis.?>2” We
conclude that impaired linear growth does not
appear to be a common characteristic of patients
with this disease.
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Figure 3. Body-Mass Index (BMI) (Panel A), Percentage of Body Fat (Panel B), Ad Libitum Energy Intake (Panel C),
and Serum Leptin Levels (Panel D) in Leptin-Receptor Deficiency.
Panel A shows the BMI standard-deviation score.** Panel B shows the percentage of body fat as measured by dual-
energy x-ray absorptiometry. Panel C shows the ad libitum energy intake at a test meal (adjusted for kilograms of
lean mass).® In Panel D, the horizontal line indicates the geometric mean. The data in Panels A, B, and C are means
+SD. Subjects 1, 2, and 3 in Family 4 were not able to travel to the United Kingdom, so data for 7 (rather than 10)
subjects who were homozygous for LEPR mutations are presented in Panels B and C. The BMI is calculated as the
weight in kilograms divided by the square of the height in meters. MC4R denotes melanocortin 4 receptor.

Adults with leptin-receptor deficiency have hy-
pogonadotropic hypogonadism and do not under-
go puberty. Irregular menses developed in the
third and fourth decades in the three oldest wom-
en in our study, as reported previously for one
woman with leptin deficiency.?® It is plausible that
the excess mass of adipose tissue leads to the pro-
duction of sufficient estrogen (owing to the action

of aromatase) to result in uterine development and
irregular menses in the absence of fully developed
secondary sexual characteristics. However, this
may not be the only explanation, since luteinizing
hormone and follicle-stimulating hormone levels
in these three subjects were within the normal
range for the follicular phase of the menstrual cy-
cle, suggesting that even in the absence of leptin
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Table 2. Metabolic and Endocrine Features of Leptin-Receptor Deficiency in Subjects Homozygous for LEPR Mutations.*
Variable Subject
Family no. 5 6 7 1 1 2 2 4 4 4
Subject no. 1 1 1 3 2 2 1 3 2 1
Age (yr) 4 8 8 10 11 15 18 31 41 55
Sex M F M M M M F F F F
Glucose (mg/dl) 76 76 81 88 83 94 72 99 157 130
Insulin (U/ml) 4 4 17 28 81 26 29 15 azﬁitj: E:Zﬁit::
Standz_x\rd-deviation score for 18 42 21 13 18 17 20 20 20 .
height
IGF-1 (U/ml) 4 29.1 27.3 19.5 16.5 8.4 8.0 8.5 5.7 —
FSH (IU/L) 0.3 0.3 02 02 13 3.7 18 42 7.7 13.7
Luteinizing hormone (IU/L) 0.1 0.1 0.2 0.2 0.2 1.8 0.9 4.8 6.8 7.6
Estradiol (pg/ml) = 188 = = = — 172 548 50.4 13.6
Testosterone (ng/ml) — 0.058 0.058 0.058 0.26 — — — —
Thyrotropin (mU/L) 33 1.6 4.1 0.8 2.1 0.9 0.9 29 4.2 3.8
Free thyroxine (ng/dl) 1.1 1.0 0.9 11 11 11 11 0.9 1.2 1.0
Serum leptin (ng/ml) 36 194 14 97 110 178 365 180 133 90

Normal
Ranget

75-115

5-20

Age-specific
Age-specific
Age-specific
Age-specific
Age-specific
0.6-4.6
0.7-1.7

* To convert values for glucose to millimoles per liter, multiply by 0.05551; to convert values for insulin to picomoles per liter, multiply by
6.95; to convert values for estradiol to picomoles per liter, multiply by 3.671; to convert values for testosterone to nanomoles per liter, multi-
ply by 3.467; and to convert values for thyroxine to picomoles per liter, multiply by 12.87.

" The age-specific normal ranges for insulin-like growth factor 1 (IGF-1) are 2.5 to 20.0 U per liter for 0.0 to 6.9 years, 4.5 to 37.5 for 7.0 to 9.9

years, 7.0 to 50.0 for 10.0 to 10.9 years, 8.5 to 60.0 for 11.0 to 11.9 years, 10.0 to 75.0 for 12.0 to 12.9 years, and 7.0 to 50.0 for 13.0 years or
older; for follicle-stimulating hormone (FSH), less than 0.2 U per liter for clinically prepubertal subjects, 2.9 to 8.4 for women in the follicu-
lar phase of the menstrual cycle, 21.0 to 140.0 for postmenopausal women, and 1.0 to 10.0 for men,; for luteinizing hormone (LH), less than
0.2 U per liter for clinically prepubertal subjects, 1.3 to 8.4 for women in the follicular phase, 16.0 to 75.0 for postmenopausal women, and
1.5 to 6.3 for men,; for estradiol, less than 22 pg per milliliter for clinically prepubertal persons, 27 to 204 for women in the follicular phase,
and less than 30 for postmenopausal women; and for testosterone, less than 14.3 ng per deciliter for clinically prepubertal persons and

229.0 to 1086.0 for men.

activity, some activation of the hypothalamic—pitu-
itary—gonadal axis is possible, albeit temporally
delayed.

Subjects with LEPR mutations tended to have a
lower CD4+ T-cell count and a significantly great-
er compensatory B-cell count than age-matched
control subjects — findings that are consistent
with the known effects of leptin on immune func-
tion.?° Lymphocytes in the affected subjects showed
decreased proliferation and altered cytokine re-
lease in response to nonspecific and antigen-spe-
cific stimuli. In two families, very obese children
died after an infection in the first decade of life.
It is likely that this immune dysfunction, perhaps
together with impaired respiratory reserve as a
result of severe obesity, contributed to these early
deaths.

Heterozygotes who were leptin-receptor—defi-

N ENGL) MED 356;3 WWW.NEJM.ORG

cient but not obese had an increased fat mass, a
finding consistent with our observation that
heterozygote carriers of a leptin mutation had
23% more fat than was predicted with anthropo-
metric methods.'” These findings are consistent
with those of Chung et al., who found an in-
crease in the fat mass of mice that were hetero-
zygous for deletion of leptin or of the leptin re-
ceptor (ob*'~ or db*).30

Our data suggest that several phenotypic fea-
tures seen in subjects with leptin-receptor defi-
ciency are not as severe as those in subjects with
leptin deficiency.®1* This is surprising, given the
fact that the LEPR protein product is the only
known receptor for leptin and given the pheno-
typic similarity between mice lacking leptin (objob)
and mice lacking the leptin receptor (db/db) that
share the same genetic background.3* The differ-
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ences seen between the two groups of subjects
may relate to the fact that our leptin-receptor—
deficient subjects were, on average, older than the
leptin-deficient subjects we studied previously.°
Also, the leptin-deficient subjects were of Paki-
stani origin, whereas the leptin-receptor—deficient
subjects were from various ethnic groups. How-
ever, the differences between these two groups are
striking in magnitude and consistency and raise
the possibility that in humans, the canonical leptin
receptor may not be the only receptor that me-
diates the actions of leptin, at least when serum
leptin levels are high.

Congenital leptin-receptor deficiency cannot be
ruled out by measuring serum leptin levels, and
this diagnosis should be considered in all patients
with severe obesity and hyperphagia in the ab-
sence of developmental delay and dysmorphic
features. This diagnosis has implications for the
care of these patients, both in terms of genetic

counseling of the affected families and in terms
of future prospects for treatment, since these pa-
tients would be predicted to have a favorable re-
sponse to drugs targeted at pathways downstream

of the leptin receptor.
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