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Background: Brain-derived neurotrophic factor (BDNF) is a pro-survival factor in the brain
that also regulates energy balance. BDNF loss-of-function point mutations are responsible for
haploinsufficiency, causing severe early-onset obesity. Up to date, only a few studies have
sequenced this gene to search for rare mutations related to obesity. In this study, we aimed to
investigate the prevalence of BDNF variants in a cohort of adults with severe obesity from
Brazil.

Material and Methods: This study comprised 201 adults with severe obesity (BMI >
35.0 kg/m?) with onset during childhood- or adolescence/youth. As controls, 73 subjects with
normal weight (18.5 < BMI < 24.9 kg/m?) were selected. The exclusion criteria were
pregnancy, lactation, the use of medication to lose or gain weight, and the presence of
symptoms suggestive of syndromic obesity (only for the case group). The coding region of
the BDNF gene was screened by Sanger sequencing. Demographic, anthropometric, and
blood pressure parameters were obtained from the participants as well as serum hormone and
cytokines concentrations and biochemical values.

Results: As a result, three missense variants [p.(Thr2lle), p.(Val66Met), and p.(Arg209Gln)]
and four synonymous variants (p.Leul07=, p.Thr149=, p.Alal50=, and p.Ser213=) were
identified. The p.(Arg209GlIn) was predicted as pathogenic by all in silico algorithms used
and was not observed in the control group. The individuals carrying the p.(Val66Met)
mutated allele had higher waist circumference, HDL-cholesterol and MCP1 levels, and
reduced risk of developing metabolic syndrome.

observed that the common BDNF p.(Val66Met) variant has
influenced waist circumference, HDL-cholesterol, and MCP1 levels. This polymorphism

Conclusion: We

has also a protective effect on metabolic syndrome susceptibility. Additionally, we described
for the first time a rare potentially pathogenic BDNF variant in a Brazilian patient with severe
obesity and childhood-onset.
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Introduction

Obesity is characterized as an excessive accumulation of adipose tissue in the body.
An individual is considered obese when having a body mass index (BMI, calculated
by a ratio between weight [kilograms] to the squared height [meters]) equal to or
higher than 30 kg/m?. This disease is an important public health problem, affecting
high-, middle-, and low-income countries. Recent data estimated that there were
more than 650 million adults and 340 million children and adolescents with obesity
worldwide in 2016." In Brazil, 20.7% of women and 18.7% of men were obese in
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2018.% This disease has a massive impact on human well-
being and is associated with the development of several
metabolic-related disorders, including type 2 diabetes,
hypertension, metabolic syndrome, cardiovascular dis-
eases, and some types of cancers.'”

Obesity is a complex disorder at both clinical and
genetic levels.*> The common forms of obesity occur
due to the interaction of environmental factors with multi-
ple genetic variants of low or middle effect. However, rare
monogenic non-syndromic forms can be caused by muta-
tions with strong effects in a single gene. Currently, some
genetic forms of obesity can be treated and novel thera-
peutic interventions are in development for some specific
genetic types, highlighting the importance of determining
the molecular contributions of those mutations.®” The
number of known genes associated with monogenic and
polygenic obesity has been growing in the last years, and
overlaps between the two forms may occur.'® One of the
genes associated with both monogenic and polygenic obe-
sity is the brain-derived neurotrophic factor (BDNF).>'"-'?

BDNF gene is localized on chromosome 11p14.1, span-
ning 4.77 kb. It encodes a 247-amino acid precursor protein,
pre-pro-BDNEF, that is then cleaved into pro-BDNF. Further,
pro-BDNF can be proteolytically cleaved into mature
BDNF. This secreted protein is widely expressed in the
nervous system and plays an important role in neuronal
proliferation, survival, and differentiation.'*'* It has been
suggested that BDNF is also involved in energy balance and
food intake, acting on the leptin-melanocortin pathway as
a downstream target of MC4R signaling.'> Recently, Wang
et al showed in mouse models that the deletion of BDNF
from the paraventricular nucleus of hypothalamus signifi-
cantly blunted the sympathetic innervation of adipose tissue
and weight loss stimulated by exogenous leptin, implicating
BDNEF as an indirect but essential factor in leptin top-down
signaling.'® In another report, Bdnf heterozygous mice
developed aggressiveness and hyperphagia accompanied
by increased weight gain and abnormalities in locomotor
activity.'”!®

In humans, BDNF haploinsufficiency has been related
to severe early-onset obesity. Gray et al reported an
8-year-old proband with a de novo chromosomal inversion
(46, XX, inv (11) (p13p15.3)), which disrupts one copy of
BDNF. The patient exhibited reduced levels of serum
BDNF, hyperphagia, severe obesity, impaired cognitive
function, and hyperactivity.'® Harcourt et al have found
a novel 2.0 Mb heterozygous deletion encompassing the
BDNF in a mother and a child with obesity and

development delay.?® In this context, complete functional
loss of one BDNF allele seems to cause severe obesity and
other neurodevelopmental abnormalities. Despite these
results, data regarding point pathogenic mutations in this
gene are still limited in the literature. Recently, Serra-Juhé
et al have identified two potentially pathogenic mutations
[p.(Ile231Val) and p.(Cys141Gly)] in patients with severe
early-onset obesity and mild to severe hyperphagia from
the Spanish population. None of them presented congenital
and behavioral problems.'? In addition, Sonoyama et al
have reported a missense variant [p.(Glul83Lys)] in
a patient with severe obesity and moderately severe learn-
ing difficulties.”! Kleinendorst et al have also found two
variants [c.133A>C; p.(Ser45Arg) and c.440G>A; p.
(Trp147*)] with uncertain clinical significance (VUS) in
patients with obesity.? It is well established that BDNF is
essential for regulating energy balance and food intake,
and functional loss of one allele can cause severe obesity
in humans. Since epidemiological studies of rare BDNF
point mutations are scarce in the literature, we aimed to
investigate the prevalence of BDNF variants in a cohort of
patients with severe obesity from Rio de Janeiro, Brazil.

Subjects and Methods

Subjects and Sample

This cross-sectional observational study included 201 unre-
lated patients, aged 18 to 65 years from Rio de Janeiro State,
Brazil. The inclusion criteria were severe obesity
(BMI>35 kg/m?) with childhood onset (n=122 individuals;
0-11 years) or adolescence/youth onset (n= 79 subjects;
12-21 years). The information about period of obesity-
onset was self-reported. The exclusion criteria were preg-
nancy, lactation, the use of medication to lose weight, and the
presence of symptoms suggestive of syndromic obesity (cog-
nitive delay, dysmorphic characteristics, and organ-specific
developmental abnormalities). All patients were candidates
to undergo bariatric surgery in Brazil. All participants were
recruited from a nongovernmental organization, called
Rescue Group to Self-Esteem and Citizenship of the Obese
(in Portuguese, “Grupo de Resgate a Autoestima e Cidadania
do Obeso™). Additionally, we have selected 73 unrelated
subjects with normal weight (18.5 < BMI < 24.9 kg/m?).
The exclusion criteria were pregnancy, lactation, and the use
of medication to lose or gain weight. These participants were
volunteers from public hospitals in the same city. This study
was performed according to the Declaration of Helsinki
(1964) and was approved by the Ethics Committee of the
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Oswaldo Cruz Foundation (CAAE: 09225113.0.0000/
Protocol no: 346.634) and all patients gave their written
informed consent after the study had been explained.

Metabolic Phenotyping of Participants

All participants underwent a clinical examination, includ-

ing anthropometric and biochemical parameters, as well as

All
fast, as

blood pressure measurements. information was

obtained, after an overnight previously
described.*** Briefly, body weight, height, neck, waist,
and hip circumference were measured. Waist circumfer-
ence was measured at the midpoint between the iliac crest
and the last costal arch. Hip circumference was evaluated
at the level of the greater trochanters. Neck circumference
was measured in the midway of the neck. BMI, body
adiposity index (BAI), and waist to hip ratio (WHR)
were calculated. BMI was calculated as weight in kilo-
grams divided by the square of the height in meters. BAI is
used to estimate the percentage of body fat, calculated
using the formula: hip circumference/(height'~)-18.%
The measurement of plasma glucose, total cholesterol
(TC), high-density lipoprotein cholesterol (HDL-c), and
triglyceride (TG) was performed by oxidase—peroxidase
method (BioSystems). Low-density lipoprotein cholesterol
(LDL-c) was calculated using Friedewald formula (LDL-
¢=TC—HDL-c-TG/S).
C-reactive protein (CRP) were measured using by latex

Hemoglobin  glycated and
agglutination method and turbidimetric inhibition immu-
noassay (TINIA), respectively. Blood pressure was mea-
sured with the individual seated using blood pressure
monitor, indicated for patients with severe obesity.?®

Suspicion of hypertension was considered when high
blood pressure (140/90 mmHg) was observed or by the use
of antihypertensive drug therapy.?” Metabolic syndrome
was diagnosed by the presence of abnormalities in any
three of the following five measurements: fasting glucose
level (=100 mg/dL or drug treatment for elevated glucose),
triglycerides (=150 mg/dL or drug treatment for elevated
triglycerides), HDL-cholesterol (<40 mg/dL in men and
<50 mg/dL in women or drug treatment for reduced HDL-
cholesterol), waist circumference (=102 cm in men and
>88 cm in women) and blood pressure (>130/85 mmHg or
drug treatment for hypertension).?®

Demographic Variables

Cigarette smoking status was defined as “never smoked”
or “already smoked”, which included current smokers and
ex-smokers. Exercise habit was classified as “yes”, if the

patient has been practicing physical activities during the
last month, or “no”. All information was collected by

standardized questionnaires.

Hormone Analysis

Serum hormone and cytokines concentrations were deter-
mined in the group of patients with childhood-onset obe-
sity in order to perform an extended characterization of
their phenotype. Leptin, resistin, monocyte chemoattrac-
tant protein-1/CCL2 (MCP1), and plasminogen activator
inhibitor-1  (PAI-1) were
Adipocyte Magnetic Bead on Bio-Plex 200 Multiplexing

measured using Human

Analyzer System (Merck, Darmstadt, Germany). Assays
were carried out in accordance with the manufacturer’s
protocol.

Mutation Screening

Genomic DNA was isolated from peripheral blood using
QIAamp Blood Kit (Qiagen, Valencia, CA, USA). The
coding region of BDNF (ENST00000525528.1) was
screened by Sanger automatic sequencing. Two sets of
primers were designed using Primer3Plus software:
BDNF-I forward primer, 5'-GTCTGGTGCAGCTGGAG
TTT-3'; BDNF-I reverse primer, 5'-CGCCGTTACCCAC
TCACTAA-3’; BDNF-II forward primer, 5'-CCTTTGGA
GCCTCCTCTTCT-3"; and BDNF-II reverse primer, 5'-A
AGTTGTGCGCAAATGACTG-3'. Reactions were per-
formed in a total volume of 25 pL, which included
1020 ng of genomic DNA, 1 unit of Tag DNA
Polymerase Class five, 1x Class five buffer with MgCl,,
0.2 mmol/L of each DNTP, and 0.3 pmoles of each primer.
Amplification was carried out as follows: 95°C for 1 min-
utes, followed by 35 cycles of 94°C for 15 seconds, 61°C
for 15 seconds, and 72°C for 1 minute and 30 seconds;
then an elongation step of 72°C for 10 minutes.

After amplification, PCR products were visualized on
1.5% agarose gels, purified by ExoSAP-IT™ PCR Product
Cleanup Reagent (ThermoFisher Scientific, Waltham, MA,
USA) and sequenced using Big Dye Terminator kit v.3.1
(Applied Biosystems, Austin, TX, USA) on 3730x] DNA
analyzer (Applied Biosystems). Reactions of sequencing
were carried out in a total volume of 10 pL, including
10-40 ng of PCR products, 0.32 pmoles of primer, 1X
sequencing buffer, and 1.0 pL Big Dye Terminator kit
v.3.1. The sequencing of these products was performed as
follows: 40 cycles of 94 °C for 10 sec, 50 °C for 5 sec, and
60 °C for 4 min. The chromatograms were analyzed and
aligned with the sequence provided by Ensembl database
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using BioEdit software. All genetic variations were con-
firmed by bidirectional sequencing of a second PCR.

Bioinformatic Tools

The BDNF genomic, transcript, and protein sequences were
obtained from the Ensembl database (http://www.ensembl.org/)
and the National Centre for Biotechnology Information (https://
www.ncbi.nlm.nih.gov/). The reference sequence was
ENSTO00000525528.1. UniProt database was used to obtain
information on the protein structures (http://www.uniprot.org/).

The pathogenicity of missense variants was analyzed using
Polyphen (Polymorphism Phenotyping) (http:/genetics.bwh.har
vard.edu/pph2/), SIFT (Sorting Intolerant from Tolerant) (https:/
sift.bii.a-star.edu.sg/) and MutationTaster (http:/www.mutationta
ster.org/). The potential pathogenic variants were also interpreted

according to current standards and guidelines.” Identified var-
iants were checked in public databases, such as PubMed, Clinvar,
dbSNP (https./www.ncbi.nlm.nih.gov/), Genome Aggregation
Database (gnomAD) (https://gnomad.broadinstitute.org/), 1000
Genomes Project database (1000 genomes) (http:/www.interna
tionalgenome.org/) and Online Archive of Brazilian Mutations
(ABraOM) (http://abraom.ib.usp.br/).

Statistical Analysis

Normality of quantitative variables was tested by
Kolmogorov—Smirnov and Shapiro Wilk tests, in which all
evaluations showed a non-normal distribution. Descriptive
statistics were expressed as median (interquartile 25-75%)
and number (percentage [%]). Mann—Whitney and y* tests
were used to compare quantitative and qualitative variables,
respectively. Association between polymorphism and qualita-
tive variables was carried out by logistic regression analysis.
The effect of polymorphisms on the quantitative parameters
was tested by linear regression analysis after a logarithmic
transformation of these variables. All linear and logistic regres-
sion analyses were adjusted for age and gender (model 1), and
then adjusted for age, gender, exercises habits, smoking status,
and BMI (model 2) [except for the body weight and BMI].
P-value of 0.05 was applied as a significance cutoff. Statistical
analyses were performed using SPSS statistical package (IBM

Corporation, Chicago, IL, USA).

Results

Characteristics of Study Population

This study included 201 unrelated Brazilian patients with
severe obesity, stratified in childhood-onset obesity (60.7%)
and adolescence/youth-onset obesity (39.3%). The clinical

characteristics of the study population are shown in Table 1.
We compared whether the period of obesity-onset influences
on obesity-related traits. Our results showed an increased
prevalence of metabolic syndrome in subjects with child-
hood-onset obesity (77.4% vs 63.1%; P= 0.049). No differ-
ence of anthropometric, biochemical, and blood pressure
measurements as well as the presence of hypertension was
found between the stratified groups.

BDNF Mutations

The coding region of BDNF gene was screened in our patients
with severe obesity, leading to the identification of seven dis-
tinct variants (Table 2). Among these variations, three were
missense [¢.5C>T, p.(Thr2lle); c.196G>A, p.(Val66Met); and
c.626G>A, p.(Arg209GIn)] and four were synonymous
(c.321C>T, p.Leul07=; ¢.447G>A, p.Thr149=; c.450G>A, p.
Alal50=; and ¢.626G>A, p.Ser213=). The eclectropherogram
of these variants is presented in Figure 1. All alterations, except
for the p.Val66Met, were found only in the heterozygous state.
Two subjects have two distinct genetic variants [p.(Val66Met)/
p-Ser221= and p.(Val66Met)/p.Leul 15=].

We also screened the coding region of BDNF in our control
cohort, but we did not find the p.(Thr2Ile) or the p.(Arg209GIn)
mutations. The p.(Val66Met) is a polymorphism and it was
observed in our patient and in controls. Furthermore, we also
observed the p.Thr149= and p.Alal50= variants in both
groups. No other alteration was observed in our control
group. We checked the presence of the missense variants in
online mutation databases, and our results showed that the p.
(Arg209Gln) variant is rare. This mutation was absent in 1000
Genomes Project and ABraOM, but it was presented in the
gnomAD database with a very low allele frequency (MAF =
0.00001991). The p.(Thr2Ile) was found in the three databases
with the minor allele frequency under 0.001.

In silico analyses were carried out using three different
algorithms in order to investigate the impact of the missense
mutations on BDNF structure and function. The p.(Thr2lle)
variant was predicted to be “probably damaging” and “disease
causing” by SIFT and Mutation Taster, respectively.
Nevertheless, it was predicted as “tolerated” by PolyPhen.
Additionally, the p.(Val66Met) alteration was predicted as non-
the three The
p.(Arg209GIn) mutation was predicted to be “deleterious”,

disease causing by all softwares.
“probably damaging” and “disease causing” by Polyphen,
SIFT, and MutationTaster, respectively. The potential impact
of this variant was interpreted according to current standards
and guidelines, which classified this mutation as likely

pathogenic.””> We also investigated the conservation of the
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Table | Characteristics of the Study Population

Variables All Childhood-Onset Obesity Adolescence/Youth-Onset Obesity | P-value
n Values n Values n Values
Age (years) 201 | 36 (28; 43) 122 | 37.0 (28; 45) 79 34.0 (28.0; 40) 0.190
Gender
Female 201 160 (79.6) 122 | 97 (79.5) 79 63 (79.7) 0.967
Male 41 (20.4) 25 (20.5) 16 (20.3)
Weight (kg) 201 128.7 (122.9; 146.0) 122 | 1289 (114.0; 146.9) 79 128.7 (110.6; 145.5) 0.973
Height (m) 201 1.63 (1.58; 1.70) 122 | 1.64 (1.58; 1.70) 79 1.63 (1.58; 1.70) 0.997
BMI (kg/m?) 201 | 47.3 (42.6; 53.0) 122 | 47.0 (42.8; 52.6) 79 48.0 (42.5; 55.0) 0.723
BAI 199 | 50.3 (44.8; 55.6) 122 | 49.2 (44.4; 55.7) 77 50.7 (45.2; 54.6) 0.472
Waist circumference (cm) | 199 | 137.0 (126.0; 147.0) 122 | 137.0 (126.0; 144.0) 77 137.0 (123.5; 149.5) 0.940
Hip circumference (cm) 199 | 142.0 (133.0; 152.0) 122 | 141.8 (133.0; 151.2) 77 143.0 (133.5; 154.0) 0.492
WHR 199 | 0.96 (0.90; 1.00) 122 | 0.97 (0.91; 1.00) 77 0.95 (0.89; 0.99) 0.195
SBP (mm Hg) 109 | 132.0 (119.0; 147.5) 6l 131.0 (121.0; 148.5) 48 132.0 (115.2; 147.0) 0.776
DBP (mm Hg) 109 | 87.0 (77.0; 95.5) 6l 88.0 (79.0; 97.5) 48 84.0 (75.2; 94.2) 0.568
Glucose (mg/dL) 149 | 96.0 (89.5; 108.0) 85 97.0 (92.0; 105.5) 64 94.5 (88.0; 112.0) 0.598
Cholesterol total (mg/dL) 168 | 189.0 (165.0; 216.0) 98 192.0 (162.2; 221.7) 70 184.0 (166.5; 211.2) 0.444
HDL-cholesterol (mg/dL) 168 | 46.0 (41.0; 52.7) 98 44.5 (40.0; 52.2) 70 48.0 (43.0; 53.2) 0.186
LDL-cholesterol (mg/dL) 164 | 116.0 (96.2; 132.0) 95 118.0 (97.0; 143.0) 69 110.0 (95.0; 127.0) 0.149
Triglycerides (mg/dL) 168 | 122.0 (89.2; 162.0) 98 123.5 (84.7; 166.5) 70 120.0 (91.5; 138.2) 0.558
Hemoglobin glycated (%) 110 | 5.65 (5.07; 6.30) 66 5.65 (5.10; 6.50) 44 5.65 (5.00; 6.20) 0.434
CRP (mg/dL) 109 | 1.05 (0.56; 1.58) 66 1.08 (0.56; 1.64) 43 0.85 (0.64; 1.52) 0.685
Leptin (pg/mL) 96 2644.7 (2058.5; 3380.0) 96 2644.7 (2058.5; 3380.0) na -
MCPI (pg/mL) 96 246.3 (134.2; 366.8) 96 246.3 (134.2; 366.8) na -
PAI-1 (pg/mL) 96 25,210.0 (1,7057.9; 31,640.4) | 96 25,210.0 (1,7057.9; 31,640.4) na -
Resistin (pg/mL) 96 8330.6 (5708.7; 10,843.6) 96 8330.6 (5708.7; 10,843.6) na -
Smoking status
Already smoked 189 | 22 (11.6) 118 | 15(12.7) 71 7 (9.9 0.554
Never smoked 167 (88.4) 103 (87.3) 64 (90.1)
Physical activity practice
Yes 191 | 48 (25.1) 120 | 33 (27.5) 71 15 (21.1) 0.356
No 143 (74.9) 87 (72.5) 56 (78.9)
Metabolic syndrome
Yes 158 | 113 (71.5) 93 72 (774) 65 41 (63.1) 0.033
No 45 (28.5) 21 (22.6) 24 (36.9)
Hypertension
Yes 193 | 128 (66.3) 122 | 83 (68.0) 71 45 (63.4) 0.510
No 65 (33.7) 39 31.9) 26 (36.6)

Notes: P-value for differences between childhood- and adolescence/youth-onset obesity. Bold font indicates statistical significance.
Abbreviations: BAI, body adiposity index; BMI, body mass index; CRP, C-reactive protein; DBP, diastolic blood pressure; HDL-cholesterol, high-density lipoprotein-
cholesterol; LDL-cholesterol, low-density lipoprotein-cholesterol; MCPI, monocyte chemoattractant protein-|; na, not available; PAI-1, plasminogen activator inhibitor-1;

SBP, systolic blood pressure; WHR, waist-hip ratio.

BDNF sequence across different species, suggesting that the
threonine at codon 2 [p.(Thr2lle)] and arginine at codon 209 [p.
(Arg209Gln)] are located in a highly conserved amino acid
position (Figure 2A and B). Finally, the patients carrying p.
(Thr2lIle) and p.(Arg209Gln) variants did not present other
potentially deleterious variant in several candidate genes for
non-syndromic monogenic obesity (LEP, MC4R, POMC, and
MRAP?2).

Clinical Features of the Patients with the

Rare Variants

The patient carrying the BDNF' p.(Thr2lle) variant was
a 35-year-old female patient, which reported severe early-
onset obesity (childhood). Her body weight was 166.5 kg
for 1.70 m of height with a BMI of 57.6 kg/m?. The waist
circumference was 134 cm; hip circumference, 168 cm;
WHR, 0.80; and BAI, 57.8. We measured biochemical
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Table 2 Summary of Variants Identified in the Coding Region of BDNF Gene
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parameters, in which fasting plasma glucose was 89 mg/dl,
total cholesterol, 190 mg/dl; HDL-c, 50 mg/dl; LDL-c,
128 mg/dl; and TG, 61 mg/dl. We also measured the
concentration of serum hormones and cytokines, leptin,
733.8 pg/mL; MCP1, 50.46 pg/mL; PAI-1, 10,280.98 pg/
mL; and resistin, 1199.1 pg/mL. The patient had hyperten-
sion and was under treatment to control the blood pressure.
The p.(Arg209GlIn) variant was detected in a 46-year-old
female patient, who developed obesity during childhood.
Her body weight was 102.7 kg for 1.64 m with a BMI of
38.2 kg/m%. On clinical examination, her waist circumfer-
ence was 140 cm; hip circumference, 128 cm; WHR, 1.09;
neck circumference, 37 cm; and BAI, 42.9. The blood
pressure was 131/104 mmHg. We obtained biochemical
parameters, in which fasting plasma glucose was 92 mg/dl;
total cholesterol, 182 mg/dl; HDL-c, 40 mg/dl; LDL- c,
125 mg/dl; TG, 87 mg/dl; hemoglobin glycated, 5.2%; and
CRP, 2.11 mg/dl. The serum concentration of hormones and
cytokines was not available. The patient presented hyperten-
sion and metabolic syndrome (reduced HDL-cholesterol,
increased waist circumference, and hypertension).

Genotype—Phenotype Analysis of

Common Variants

Our case group was divided according to the period of
obesity onset, stratified in childhood-onset obesity, and
adolescence/youth-onset obesity. Firstly, we analyzed
whether the BDNF p.(Val66Met) (rs6265) polymorphism
influences the period of obesity onset; however, no asso-
ciation was found (P= 0.926) (Table 3).

The effect of BDNF p.(Val66Met) polymorphism on
anthropometric, biochemical, serum hormone and cyto-
kines, and blood pressure measurements as well as the
presence of comorbidities was also investigated in this
study (Table 3). Our results showed that this polymorph-
ism was associated with HDL-cholesterol, MCP1, and
resistin levels. However, the association with resistin did
not remain after correcting for covariates (model 2). We
also observed that this polymorphism influenced waist
circumference after adjusting for possible confounding
variables (model 2). The results showed higher median
of HDL-c among the carriers (49.0 [44.0; 57.0]; n= 31)
when compared to non-carriers (45.0 [40.0; 52.0]; n= 137)
(P= 0.008). We also observed a significant higher median
of MCP1 among the carriers (327.1 [236.2; 437.1]; n=17)
than non-carriers (239.8 [127.9; 361.5]; n=79) (P=0.041).
Moreover, the median of waist circumference was higher
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Figure 2 A portion of the amino acid sequence of BDNF in diverse species, in which the position of p.Thr2lle (A) and p.Arg209GlIn (B) variants is showed in the red squares.

The white squares showed the non-conserved position.
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Table 3 Association of BDNF p.Val66Met Polymorphism and Obesity Related-Traits and Presence of Comorbidities

Variables BDNF p.Val66Met Polymorphism (rs6265) P-value®
n Non-Carriers (GG) n Carriers (GA+AA) P- value¥

Weight (kg) 166 128.0 (112.1; 146.0) 35 131.0 (112.9; 145.5) 0.749 0.857
BMI (kg/m?) 166 47.3 (42.7; 52.8) 35 47.5 (42.3; 54.9) 0.870 0.965
BAI 164 50.3 (44.8; 55.0) 35 49.8 (44.5; 59.1) 0.732 0.650
Waist circumference (cm) 164 135.5 (125.5; 145.5) 35 139.0 (130.0; 152.0) 0.161 0.043
Hip circumference (cm) 164 141.7 (133.0; 152.0) 35 147.0 (135.0; 152.0) 0.530 0.180
WHR 164 0.95 (0.90; 0.99) 35 0.98 (0.93; 1.03) 0.176 0.286
SBP (mm Hg) 90 132.0 (120.0; 149.0) 19 126.0 (110.0; 140.0) 0.683 0.935
DBP (mm Hg) 90 87.5 (78.0; 97.2) 19 82.0 (72.0; 91.0) 0.873 0.881
Glucose (mg/dL) 122 96.0 (89.7; 109.0) 27 97.0 (89.0; 104.0) 0.672 0.685
Cholesterol total (mg/dL) 137 190.0 (162.0; 217.0) 31 187.0 (170.0; 214.0) 0.538 0.476
HDL-cholesterol (mg/dL) 137 45.0 (40.0; 52.0) 31 49.0 (44.0; 57.0) 0.008 0.008
LDL-cholesterol (mg/dL) 134 116.0 (95.7; 132.2) 30 116.0 (97.2; 133.7) 0.563 0.456
Triglycerides (mg/dL) 137 125.0 (94.5; 167.0) 31 106.0 (77.0; 135.0) 0.177 0.128
Hemoglobin glycated (%) 88 5.60 (5.10; 6.27) 22 5.80 (4.87; 7.15) 0.379 0.345
CRP (mg/dL) 87 1.04 (0.56; 1.52) 22 1.12 (0.55; 1.89) 0.509 0.366
Leptin (pg/mL) 79 2645.4 (1903.4; 3354.6) 17 2627.0 (2370.0; 3740.2) 0.407 0.290
MCPI (pg/mL) 79 239.8 (127.9; 361.5) 17 327.1 (236.2; 437.1) 0.015 0.041
PAI-1 (pg/mL) 79 24,940.2 (16,771.7; 31,045.5) 17 34,083.5 (17,798.7; 39,676.8) 0.104 0.252
Resistin (pg/mL) 79 7952.9 (5140.7; 10,504.1) 17 10,488.3 (6901.7; 14,033.8) 0.028 0.115
Period of obesity onset

Childhood 166 101 (60.8) 35 21 (60.0) 0.665 0.632

Adolescence/youth 65 (39.2) 14 (40.0)
Metabolic syndrome

Yes 128 98 (76.6) 30 16 (53.3) 0.009 0.007

No 30 (234) 14 (46.7)
Hypertension

Yes 158 106 (67.1) 35 22 (62.8) 0.545 0.569

No 52 (32.9) 13 (37.1)

Notes: P-value for differences between BDNF p.Val66Met polymorphism carriers and non-carriers. P-value¥ was adjusted for age and gender (model I). P-value® was
adjusted for age, gender, exercises habits, smoking status and BMI (except for BMI and body weight) [model 2]. Bold font indicates statistical significance.

Abbreviations: BAIl, body adiposity index; BMI, body mass index; CRP, C-reactive protein; DBP, diastolic blood pressure; HDL-cholesterol, high-density lipoprotein-
cholesterol; LDL-cholesterol, low-density lipoprotein-cholesterol; MCPI, monocyte chemoattractant protein-|I; na, not available; PAI-1, plasminogen activator inhibitor-1;

SBP, systolic blood pressure; WHR, waist-hip ratio.

in individuals carrying the mutant allele (139.0 [130.0;
152.0]; n= 35) when compared to subjects carrying the
wild-type allele (135.5 [125.5; 145.5]; n= 164) (P= 0.043).

We also observed that this polymorphism was asso-
ciated with metabolic syndrome in patients with severe
obesity. We found that the frequency of the wild-type
genotype (GG) was significantly higher in patients with
metabolic syndrome when compared to normal cases
(76.6% vs 53.3%; P=0.009). This result remained signifi-
(model 2).
Furthermore, individuals with severe obesity carrying
BDNF p.Val66Met (G) variant had a 3.4-fold increased
risk of developing metabolic syndrome when compared to

cant after adjusting for the covariates

subjects carrying the mutant allele (GA and AA) (OR=
3.43 CI:[1.41-8.35]; P=0.007).

Discussion

In the present study, we screened the coding region of the
BDNF gene in 201 unrelated Brazilian patients with severe
obesity from the Southeast of Brazil. Patients developed this
phenotype during childhood or adolescence/youth. As a result,
a total of seven variants were identified, in which three were
missense [p.(Thr2lle), p.(Val66Met), and p.(Arg209Gln)] and
four were synonymous variants (p.Leul07=, p.Thr149=,
p-Alal50=, and p.Ser213=). The prevalence of BDNF variants
in our sample was 21.9%. Only a few studies have screened
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the BDNF gene in a cohort of individuals with obesity or
overweight in order to identify point mutations as the cause
of this disorder. In our study, two patients carrying different
rare potentially pathogenic variants [(p.(Thr2lle) and
p-(Arg209GIn)] were identified, and absent in the control
group.

In the literature, Friedel et al have screened the coding
region of BDNF in 183 children and adolescents with
extreme obesity and in 187 students that were underweight
from the German population. They identified the p.
(Thr2Ile) variant in one patient with morbid obesity, who
inherited this variation from the overweight mother.'
Zegers et al performed a mutation screening of BDNF in
a large cohort from Belgium (554 children and adolescents
with overweight or obesity and 561 subjects with normal
weight). They have found the p.(Thr2Ile) variant in three
subjects with obesity, but it was also present with compar-
able frequency in their control group.’® This variant was
found in 1000 Genomes Project, EXAC database, and
ABraOM. All these results suggest that the p.Thr2lle is
a rare, but a non-disease causing variant.

Furthermore, we identified a BDNF p.(Arg209Gln)
missense variant in a 46-year-old female patient with
severe obesity (BMI of 38.2 kg/m?), who developed this
disease during childhood. The patient also showed hyper-
tension and metabolic syndrome. Our in silico analyses
predicted that this variant may have an impact on function,
supporting a disease-causing effect. Moreover, BDNF
p.(Arg209Gln) was interpreted as likely pathogenic by
current  standards and  guidelines for  variant
classification.”” Additionally, this variant was absent in
our normal-weight controls and in 1000 Genomes Project
as well as in the Brazilian mutation database. This variant
was observed in the gnomAD database with an extremely
low allele frequency.

The arginine at codon 209 is positioned in a highly
conserved position among different species from zebrafish
up to human, suggesting that this region might be func-
to UniProt

(P23560), the mutated arginine residue is present in the

tionally important. According database
mature BDNF, supporting that it might have an effect in
the protein activity. The patient was negative for any other
variants in BDNF and in genes related or linked to mono-
2431 and the pathogenic p.(Arg209Gln)

mutation was the only one detected. All these results

genic obesity,

support that this variant is disease-causing for non-

syndromic monogenic obesity. However, functional

experiments are still needed in order to investigate the

effect of the p.(Arg209Gln) variant on the function of
mature BDNF and the development of obesity. Moreover,
additional genetic studies with other genes associated to
non-syndromic monogenic obesity should be performed in
the future. These studies may allow us to identify other
potentially pathogenic variants in our patients.

To the best of our knowledge, the p.(Arg209Gln) var-
iant was not found in the literature. However, some studies
have identified rare and potential pathogenic BDNF var-
iants. Recently, Sonoyama et al have identified a missense
variant [p.(Glul83Lys)] that disturbed the processing and
secreting of the mature peptide. This variant was found in
a 15-year-old girl with severe obesity and moderate learn-
ing difficulties, which was inherited from her father who
also had severe obesity and learning difficulties.?’ Serra-
Juh¢ et al have found two predicted pathogenic variants [p.
(Ile231Val) and p.(Cys141Gly)] in patients with severe
early-onset obesity and mild to severe hyperphagia from
the Spanish population. The patients did not exhibit con-
genital or behavioral problems. None of these variants
were observed in the control group. Interestingly, the p.
(Cys141Gly) variant was not observed in parental samples,
suggesting that it occurred de novo in this participant.'?

Finally, Kleinendorst et al have selected 1230 patients
with obesity in order to screen 52 obesity-related genes. They
identified two rare BDNF variants of unknown significance
[c.133A>C; p.(Serd5Arg) and c.440G>A; p.(Trpl147*)] in
their patients with obesity. The p.(Ser45Arg) (c.133A>C)
was found in a 48-year-old female patient and also in her
overweight mother. The p. Trp147* (c.440G>A) was identi-
fied in a 39-year-old male participant and also in his daughter
with obesity. However, his mother with normal weight also
presented this variant.”* Further segregation analysis and/or
functional studies are necessary to elucidate the pathogeni-
city of these genetic alterations.

Interestingly, BDNF patients could present some clin-
ical features, including hyperactivity, impaired concentra-
tion and memory, reduced nociception, delayed speech and
language, limited attention span, and pain sensation.>
However, Serra-Juhé et al have found obesity patients
with pathogenic missense variants in BDNF which did
not exhibit congenital and/or behavioral problems. Our
study identified one female patient with potential deleter-
ious variant, who did not present cognitive delay, dys-
morphic characteristics, and organ-specific developmental
abnormalities. Nevertheless, we suggest a future examina-
tion in order to investigate deeply the BDNF specific
clinical features.
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We also investigated the influence of BDNF p.(Val66Met)
polymorphism on obesity-related traits as well as the presence
of comorbidities. Our results showed higher levels of HDL-c,
MCP1 and waist circumference in patients carrying the mutant
allele (GA and AA genotypes). In addition, this polymorphism
was associated with a lower prevalence of metabolic syn-
drome, suggesting a protective effect of this polymorphism.
In contrast to our findings, Rana et al (2019) reported that this
polymorphism (GA genotype) was associated with reduced
HDL-c levels in males from Pakistani population. They also
reported that this polymorphism is a risk factor for metabolic
syndrome development (independent of BMI). However, they
reported an increased risk of having abdominal obesity in
female participants.®® Peng et al observed that individuals
carrying the A allele had lower HDL-c than non-carriers in
a long-lived population of Guangxi Province (China).>* In
another study, Suriyaprom et al did not find any association
between BDNF p.(Val66Met) polymorphism and risk of meta-
bolic syndrome as well as HDL-c levels and waist circumfer-
ence in Thai individuals.>® Reasons for the discrepancies of the
results might be explained by differences in the genetic back-
ground between the cohorts and the selection criteria of the
samples. Regarding MCP1 levels, this is the first study show-
ing the association between p.(Val66Met) and the concentra-
tion of this chemokine. Therefore, more studies are necessary
to mechanistically elucidate this result. The substitution of the
valine for methionine at the 66th amino-acid residue in the pro-
BDNF protein disturbs intracellular trafficking and decreases
depolarization-induced secretion of BDNF without disturbing
its baseline constitutive secretion.>®*” Despite these effects on
protein secretion and function, several studies have been
reporting that p.(Val66Met) polymorphism has a protective
effect against obesity and metabolic-related traits,**-*°
which is in accordance with our data showing an inverse
association with the occurrence of metabolic syndrome. The
mechanism for this protective effect is still unknown, but we
show here that it is at least partially mediated by an increase in
HDL-c levels. One possible hypothesis is that the diminished
secretion of BDNF in specific activities might result in chroni-
cally higher constitutive basal secretion of BDNF, causing
inhibition of food intake.** Further functional studies are
needed to investigate how this allele can have a protective
effect.

Finally, we also identified that the prevalence of meta-
bolic syndrome was higher in individuals with childhood-
onset obesity when compared to whom developed during
adolescence/youth. One possible explanation is that the
individuals with early-onset had to cope with obesity for

a longer period and this may have enhanced the chances of
developing comorbidities, including metabolic syndrome.
Another possibility may rely on the fact that early-onset
obesity is often genetically inherited, and this genetic and
epigenetic background may prime the individual for the
development of comorbidities.

Our study has some limitations that must be considered
when analyzing the results: (1) no family members were
available, it was not possible to carry out the segregation
analysis; (2) the period of obesity onset was self-reported;
(3) functional analyses were not performed in order to
investigate the impact of the identified variants on protein
structure and function.

Conclusion

In summary, we observed that the BDNF common variant
(p.Val66Met) has an influence on waist circumference,
HDL-c, and MCP1 levels. Moreover, this polymorphism
has a protective effect on metabolic syndrome develop-
ment in patients with severe obesity. We also described,
for the first time, a rare pathogenic mutation in BDNF
gene that may cause non-syndromic monogenic obesity.
Our results support the clinical utility of genetic testing to
detect patients who might benefit from specific medical
management, genetic counseling to the family and targeted
therapeutic intervention.
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