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Abstract

Introduction: DNA methylation constitutes one important
epigenetic mechanism that regulates gene expressionin hu-
man cells. With regard to obesity, bariatric surgery-induced
weight loss has been associated with promoter methylation
changesin several genes. Hyperleptinemia is a characteristic
feature of obesity. The underlying regulating mechanisms
have not yet been completely elucidated. Methods: We in-
vestigated the methylation of the promoters of the leptin
gene (LEP) and the leptin receptor gene (LEPR) as well as
leptin expression in pre- and postbariatric surgery patients
using a comparative cross-sectional design. Results: Our re-
sults revealed significantly higher LEP promoter methylation
patterns in prebariatric surgery patients compared to post-
operatively. DNA methylation of the LEPR promoter was sig-

nificantly higher in the postoperative group. Moreover, we
found significantly higher leptin serum levels in patients be-
fore the bariatric surgery than afterwards. Discussion: These
findings strengthen the suggestion that there is an associa-
tion between LEP expression and LEP methylation in obesity.
We suggest that the epigenetic profile of LEP might be influ-
enced by leptin serum levels in the form of a regulating feed-

back mechanism. ©2021 The Author(s)
Published by S. Karger AG, Basel

Introduction

Obesity is a chronic disease that constitutes one of the
most serious global health burdens, and its occurrence is
steadily increasing around the world [1, 2]. Obesity is a
major public health problem since it is associated with
serious consequences including type 2 diabetes mellitus,

J.W.and A.B. contributed equally to this work.

karger@karger.com © 2021 The Author(s)
www.karger.com/ofa Published by S. Karger AG, Basel
NG l This article is licensed under the Creative Commons Attribution-
K p— NonCommercial-NoDerivatives 4.0 International License (CC BY-
arger > NC-ND) (http://www.karger.com/Services/OpenAccessLicense).

Usage and distribution for commercial purposes as well as any dis-

B OPEN ACCESS tribution of modified material requires written permission.

Anna Birkenstock

Department of Psychiatry, Social Psychiatry, and Psychotherapy
Hannover Medical School

Carl-Neuberg-Str. 1, Hannover DE-30625 (Germany)
birkenstock.anna @ mh-hannover.de



hypertension, and cardiovascular disease [3]. Moreover,
it lessens life expectancy markedly, especially in younger
age groups [4]. The imbalance between energy intake and
energy expenditure leads to an excess of body fat which is
regulated by the interaction of environmental and genet-
ic factors [5].

Genes are known to adapt to environmental influenc-
es [6]. Epigenetic modification is one molecular mecha-
nism regulating gene expression without affecting the
DNA sequence [7]. In this context, DNA methylation
constitutes an important epigenetic modification that
regulates gene expression in humans [8]. DNA methyla-
tion occurs mainly within the CpG nucleotides which ap-
pear grouped in clusters called “CpG islands”; it includes
the addition of a methyl group to the 5 position of the
cytosine pyrimidine ring [9]. CpG methylation is known
to be affected by different environmental influencing fac-
tors [10-12].

The adipose-derived hormone, leptin (encoded by
LEP) is substantially involved in the regulation of energy
balance and body weight [13]. Its expression is markedly
influenced by the proportion of body adipose mass, indi-
cating that hyperleptinemia is a typical feature of obesity,
and it is assumed that there is a resistance to the action of
leptin in severely overweight subjects [14].

The findings of different studies suggest LEP methyla-
tion to be involved in the pathophysiology of obesity.
Leptin DNA methylation levels have been found to be
negatively correlated with body mass index (BMI) in
obese individuals [15]. Lower methylation frequencies of
the LEP promoter have been reported in obese adoles-
cents with insulin resistance [16].

An association between LEP promoter methylation
and leptin expression has been studied in vitro during
adipose conversion [17]. In this investigation, a reduction
in methylation levels was detected coming from human
preadipocytes (which do not express leptin) in their con-
version to adipocytes expressing leptin, suggesting that
the methylation of the leptin promoter region plays an
important role in leptin expression.

Another study investigating methylation-dependent
mechanisms in leptin expression found a cell type-specif-
ic inverse relation between the methylation status of the
LEP promoter and leptin expression in obese individuals
who had maintained a stable body weight in the previous
12 months [18]. The longitudinal investigation studied
obese individuals before and after bariatric surgery-in-
duced weight loss and found a decrease in white-adipose-
tissue leptin expression, although, interestingly, this did
not correspond with changes in the promoter methyla-
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tion status. The authors concluded that methylation den-
sity in the LEP promoter represents a control mechanism
for cell type-specific leptin expression, while changes in
leptin expression due to weight loss may not be methyla-
tion-dependent.

Assuming that methylation patterns might regulate
gene expression, we investigated LEP and LEPR promot-
er methylation as well as leptin serum levels in obese pa-
tients. We expected to find significant differences in LEP
and LEPR promoter methylation patterns and leptin ex-
pression between extremely obese patients prior to bar-
iatric surgery and patients who lost weight after bariatric
surgery.

Material and Methods

Study Design

This was part of a larger cross-sectional study investigating
physical activity and cognitive performance in bariatric surgery
patients [19, 20]. Data were obtained between March 2013 and
August 2014. All investigated subjects were recruited at the rou-
tine preoperative evaluation at Hannover Medical School or the
postoperative evaluation at Herzogin Elisabeth Hospital Braun-
schweig, Brunswick, Germany. The investigation was conducted
as a cross-sectional design with 2 study groups: preoperative bar-
iatric surgery candidates versus postoperative bariatric surgery pa-
tients who showed a relevant excess weight loss after the interven-
tion which was conducted via Roux-en-Y gastric bypass (RYGB)
or laparoscopic sleeve gastrectomy. To ensure that the postsurgery
patients had undergone substantial metabolic changes associated
with weight loss, the study protocol included only patients with at
least 40% excess weight loss after intervention.

The analysis included 98 patients (24 males and 74 females).
The 2 study groups were well matched concerning age, sex, and
presurgery BMI (Table 1). Main inclusion criteria were preopera-
tive obesity grade 2 or 3 (BMI 235.0) and an age of 18-65 years. A
history of previous bariatric surgery, current substance abuse, in-
tellectual disability, psychosis, neurological disorders (e.g., multi-
ple sclerosis and stroke), dementia, a history of severe head trau-
ma, and insufficient German language skills were defined as the
exclusion criteria.

In the pre- and postoperative participants, taking blood was
scheduled after the routine pre- and postoperative evaluation be-
tween 8:00 and 10:00 a.m. All blood samples were centrifuged and
stored at -20 °C immediately after collection and later transferred
to a —80 °C storage. Leptin serum levels were measured using a
commercial enzyme-linked immunosorbent assay (ELISA) kit
(HOLZEL leptin ELISA kit, Hélzel Biotech, Cologne, Germany)
according to the manufacturer’s description (assay range 1-100
ng/mlL, intra-assay coefficients of variation [CV] approx. 6%, in-
terassay CV approx. 10%).

Evaluation of Gene Promoter Methylation

LEP and LEPR promoter methylation were measured in both
study groups. We used the MN Nucleo Mag Blood 200-uL Kit (ref.
744501.4, Macherey Nagel, Diiren, Germany) for genomic DNA
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Table 1. Demographic characteristics

Before surgery After surgery
n n X p value
Gender
Female 35 39 0.053 0.818
Male 12 12
Type of intervention
Gastric bypass 45
Sleeve 6
Mean  SD Mean  SD t df p value
Age, years 45.04 10.67 41.67 11.27 1.51 96.00 0.13
BMI at assessment 46.92 7.42 32.21 4.43 11.79 73.91 <0.001
BMI before surgery 46.92 7.42 47.80 7.02 0.61 96.00 0.55
Weeks after surgery 30.80 12.34
Leptin, ng/mL 32.69 12.08 10.25 9.18 10.40 96.00 <0.001
LEP methylation, % 37.97 13.27 14.73 13.27 8.58 94.00 <0.001
LEPR methylation, % 7.83 3.29 8.79 3.50 1.39 96.00 0.17

extraction. Genomic DNA was modified with sodium-bisulfite us-
ing the EpiTect® bisulfite kit (Qiagen AG, Hilden, Germany) to
deaminate cytosines in CpG dinucleotides to uracils without mod-
ifying methylated CpG islands.

Primers were designed to amplify a region covering a fragment
of 703 base pairs (bp) for LEP (from -572 bp prior to the starting
base pair of exon 1 of leptin to +131 bp following the first bp of the
leptin exon) containing 62 CpG sites within the 5' upstream pro-
moter region of LEP and 460 bp for LEPR (from -234 to +226 bp).
As described before [21], we performed a nested PCR for amplifi-
cation. Conditions of the PCR are described in the online supple-
mentary material (see www.karger.com/doi/10.1159/000511918)
in detail.

The automatic clean-up of amplification products was done
with Biomek® NXP using Agencourt® AmPure® XP magnetic
beads (Beckman Coulter, A63881).

We used a standard 2.0% agarose gel to visualize the PCR prod-
uct to measure the product size. A BigDye® Terminator v3.1 cycle
sequencing kit and 3500x] genetic analyzer (both from Applied
Biosystems, Foster City, CA, USA) were employed for sequencing.

We applied the Epigenetic Sequencing Methylation analysis
software (ESME) package to analyze the obtained sequences.
ESME identifies the DNA methylation status based on the se-
quence trace files. Moreover, it normalizes the signals, ensures
quality control, corrects for incomplete bisulfite conversion, and
aligns the generated bisulfite sequence and reference sequence to
compare C to T values (forward sequence) and G to A values (re-
verse sequence) peaks at CpG sites.

Statistical Analyses

The variables did not deviate from the normal distribution ac-
cording to the Kolmogorov-Smirnov test, so parametric methods
were applied. All data are given as mean (SD). All statistical tests
were 2-tailed, a significance level of a = <0.05 was considered sig-
nificant. The confidence interval (CI) and p value of post hoc tests
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were corrected for multiple comparisons according to the method
of Bonferroni. Differences between the pre- and postbariatric
group were analyzed using Student’s ¢ test, Fisher’s exact test, or
the ¥? test. For analyzing DNA methylation differences between
groups, we performed linear mixed models using a restricted esti-
mated maximum likelihood approach with the 2 hierarchical levels
of subjects and CpG sites within subjects. DNA methylation of LEP
or LEPR were set as the dependent variable, and group and CpG
position were computed as fixed factors. We also included CpG x
group interaction in the model, to test for evenly distributed effects
across the promoter region. Age and gender were used as covari-
ates in the model. Correlations between mean promoter methyla-
tion and leptin serum levels were calculated using Pearson’s test.
Multiple linear regression analyses were used to further validate
correlative findings. Statistical analysis was performed employing
SPSSTM for Windows v21.0 (SPSS Inc., Chicago, IL, USA) and
GraphPad Prism 6 for Windows (GraphPad Software, Inc., San
Diego, CA, USA).

Results

Demographic characteristics of the study population
are given in Table 1. Patients after bariatric surgery had
significantly lower serum levels of leptin (¢[97] = 10.47;
p <0.001; Fig. 1). DNA methylation of LEP promoter was
significantly lower in postbariatric patients (fixed effect:
F[1;5, 973] = 1,326.3; p < 0.001) while the CpG position
had no influence (F[64; 5, 973] = 0.51; p = 0.99) and no
CpG x group interaction occurred (F[64; 5, 973] = 0.57;
p=0.998).
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Fig. 1. Difference in leptin serum levels in the pre- and post-bariatric surgery groups; difference in the mean pro-
moter methylation of leptin and leptin receptor in the pre- and post-bariatric surgery groups.
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Fig. 2. LEP promotor methylation profile with regard to the specific CpG positions in the pre- and post-bariatric
groups. pre-BS, study group before undergoing bariatric surgery; post-BS, study group after undergoing bariatric

surgery.

Figure 2 shows the LEP promotor methylation profile
with regard to the specific CpG positions in the pre- and
postbariatric groups. Gender had an independent main
effect on DNA methylation (F[1; 5,973] = 31.14; p <
0.001), with male participants showing slightly lower
methylation levels (estimated marginal mean [EMM]
0.237 and standard error [SE] 0.006 vs. female partici-
pants EMM 0.273 and SE 0.003) while no group x gender
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interaction was observed (F[1; 5, 973] = 0.634; p = 0.43).
Age did not affect the methylation (F[1; 5, 937] = 1.53;
p =0.22). Comparing mean methylation between groups
by Student’s ¢ test, a significant difference between pre-
and postbariatric surgery patients was also observed
(t[95] = 8.59; p < 0.001; Fig. 1).

DNA methylation of LEPR was marginally, but sig-
nificantly, higher in the postsurgery group (F[1; 3, 536] =
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7.27; p = 0.007). No CpG x group interaction was ob-
served (F[37; 3, 536] = 0.82; p = 0.78) even though we
found a significant main effect of the CpG position (F[37;
3,536] = 55.38; p < 0.001). Age had a significant effect on
DNA methylation (F[1; 3, 536] = 18.12; p < 0.001) while
gender did not show any effect (F[1; 3, 536] = 0.78; p =
0.38). Mean methylation of LEPR was significantly cor-
related with age (Pearson’s r = 0.288; p = 0.004). Compar-
ing mean methylation between groups by Student’s ¢ test,
no significant difference was observed for LEPR (t[97] =
1.34; p = 0.184; Fig. 1).

We found significant correlations between leptin se-
rum levels and the methylation of both genes. Mean
methylation of LEP was positively associated with leptin
levels (Pearson’s r = 0.571; p < 0.001), while a negative as-
sociation was found between serum levels and LEPR
methylation (Pearson’s r = -0.238; p = 0.018). Mean
methylation of both genes was not correlated (Pearson’s
r=0.078; p = 0.45). We performed multiple linear regres-
sion analysis to test whether the observed association was
merely driven by the group (pre- vs. postoperative), and
found that mean methylation of both genes and also
group were independently associated with leptin serum
levels (whole model: R?adj. = 0.57; F[3] = 42.38; p < 0.001;
group: p = -0.562; t = -6.01; p < 0.001; LEP methylation:
B = 0.221; t = 2.39; p = 0.019; LEPR methylation: f =
-0.181; t =-2.59; p = 0.011). No significant partial corre-
lation between leptin or leptin receptor methylation and
BMI at assessment was observed when controlling for
group (data not shown).

Discussion

DNA methylation patterns, modified by environmen-
tal factors, have been suggested to be involved in the
pathophysiological mechanisms of obesity and related
disorders [15, 16, 22, 23]. The impact of LEP promoter
methylation on leptin expression in humans has not
completely been elucidated up to now. Some studies con-
clude that this epigenetic mechanism might act as a tool
for regulating leptin expression. It has been suggested
that, in most cases, DNA methylation exerts a repressive
effect on gene expression [24]. Our study group was able
to show that in alcohol-dependent patients undergoing
withdrawal, low LEP promoter methylation is associated
with increasing serum leptin levels and an increased
craving for alcohol [10]. Another investigation into diet-
induced obese rats revealed significantly higher leptin
promoter methylation levels at one of the studied CpG
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sites than in the normal-weight control rats [22]. This
high methylation status was associated with lower circu-
lating leptin levels. Melzner et al. [17], an in vitro inves-
tigation of maturing human (pre-) adipocytes, found in-
creased leptin expression to be associated with reduced
methylation of the promoter region. In this context, they
concluded that demethylation at distinct CpG sites in the
LEP promoter of human adipocytes is required for its
expression.

At a glance, our results are not in line with the above
finding that a demethylation pattern of the LEP promoter
is associated with higher leptin expression. Our cross-sec-
tional study revealed significantly higher LEP methyla-
tion patterns at all investigated CpG sites in the patients
preoperatively when compared to postoperatively (with
an excess weight loss of at least 40% after surgery). We
found significantly higher leptin serum levels in pre- ver-
sus postoperative patients. Additionally, DNA methyla-
tion of LEPR was marginally but significantly higher in
the postsurgery group. These results are in contrast to
those of a recent study which analyzed leptin expression
longitudinally in 8 patients before and after bariatric sur-
gery [18]. The authors found significantly decreased
leptin levels postoperatively in bariatric surgery patients
but no changes in the corresponding methylation pattern
and concluded that weight loss-induced changes in leptin
expression are not methylation-dependent. Negating a
dynamic regulation of leptin levels in white adipose tissue
through methylation patterns in patients undergoing gas-
tric surgery-induced weight loss, they described a tissue-
specific inverse correlation between methylation status
and leptin expression in patients under stable weight con-
ditions. According to the authors, these findings imply
that steady-state and dynamic-state leptin expression are
differently regulated.

One limitation of our study was the use of a bisulfite
sequencing method which relies on the chemical modi-
fication of unmethylated cytosines and PCR, which may
have introduced a relevant bias into the measurements.
Our research group has used this method (bisulfite treat-
ment followed by direct cycle capillary sequencing) in
several studies that yielded valid and reproducible re-
sults, but all bisulfite-based methods (e.g., pyrosequenc-
ing and matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry [MALDI-TOF]) are flawed
by the relevant DNA degradation due to this chemical
reaction. Future studies should therefore employ meth-
ods with direct measurement of methylation, e.g., target
enrichment and nanopore sequencing. Another limita-
tion was the cross-sectional study design (rather than
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longitudinal). Being aware that DNA methylation is af-
fected by cell-type heterogeneity, genetic variants, and
aging, it will be necessary to review the results by means
of a longitudinal analysis, and, moreover, by analyzing
the methylation of a third gene and also a control group
in future studies.

We displayed a causal relation between LEP promoter
methylation patterns and leptin serum levels in our pa-
tients’ sample. Even though there are other mechanisms
that influence leptin expression in humans, like the func-
tion of the androgen receptor as a transcription factor
[25], the finding of significantly higher leptin levels in ex-
tremely obese patients prior to bariatric surgery is in line
with recent data showing that leptin expression is sub-
stantially determined by obesity and related conditions.
An increase in adipose mass leads to significant leptin
induction while leptin expression is reduced during
weight loss [14]. There are 2 different ways in which our
results could further be interpreted. As stated above,
leptin expression, among other mechanisms, might be
regulated by the methylation profile of its promoter.
Therefore, our results might hint towards a positive as-
sociation between methylation patterns of the LEP pro-
moter and leptin expression, with the high methylation
status in obese patients probably resulting in leptin in-
duction. Taking into account that most of the studies we
have cited found an opposite effect, in fact, an inverse re-
lation between LEP methylation status and leptin expres-
sion, this interpretation of our results does not seem very
likely even though we studied promoter methylation in
blood cells and not adipose tissue.

Assuming that hypermethylation of the LEP promoter
leads to decreased leptin expression, the other more prob-
able interpretation of our findings is that the well-known
condition of elevated leptin levels in obese subjects leads
to attempts to counterregulate its epigenetic profile. We
thus suggest that the epigenetic pattern of LEP might be
influenced by leptin serum levels, in the form of a regulat-
ing feedback mechanism.

A weakness of our study is that we investigated blood
cells instead of metabolically active adipose tissue since
leptin is mainly produced in adipocytes. Therefore, it
might be assumed that a correlation between leptin se-
rum levels and LEP promoter methylation in the blood
cells may not be associated with obesity or weight loss
via bariatric surgery, but rather (for example) to altera-
tions in blood cell types. In this context, 2 recent studies
by Houde et al. [15, 26] appear to be of great interest.
The objective of the first study was to compare LEP epi-
genetic profiles in the blood as well as subcutaneous
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and visceral adipose tissue samples [26]. They found
that LEP methylation levels at some of the investigated
CpG sites (different from those in our study) were sig-
nificantly correlated in the blood and subcutaneous ad-
ipose tissue and partially significantly correlated in the
blood and visceral adipose tissue. In their study mean
LEP methylation was also correlated in the visceral adi-
pose tissue and the blood. This might lead to the con-
clusion that blood cells may reflect the DNA methyla-
tion profile of metabolically active tissues and can even-
tually serve as a biomarker in this context. Their other
investigation showed an association between LDL-C
levels and LEP methylation, suggesting that LDL-C
might regulate its epigenetic profile in adipose tissues.
Interestingly, similar correlations were found between
LDL-C and LEP methylation in blood cells, suggesting
a common regulatory pathway for DNA methylation in
the blood and adipose tissues [15].

Conclusions

Our results suggest that bariatric surgery-induced
weight loss is associated with changes in leptin serum
levels as well as with LEP and LEPR promoter methyla-
tion, and, moreover, that there is an association be-
tween LEP expression and LEP methylation. We hy-
pothesize that the epigenetic profile of LEP might be
influenced by leptin serum levels via a regulating feed-
back mechanism. In all respects, further and particu-
larly longitudinal investigations, that also consider
probable tissue-specific features, are needed to precise-
ly interpret our results and elucidate the complex rela-
tionship between epigenetic mechanisms and gene ex-
pression in metabolic pathways.
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