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Materials and Methods: DNA methylation levels of ACE2 were extracted from
our data sets generated by the hybridization of subcutaneous (SAT) (n = 32) or
visceral (VAT; n = 32) adipose tissue, and PBMCs (n = 34) samples in Infinium
HumanMethylation450 BeadChips. Data were compared based on the degree of
obesity and after 4-6 months of weight loss either by following a nutritional or
surgical treatment and correlated with ACE2 transcript levels.

Results: As compared with normal weight, VAT from patients with obesity
showed higher ACE2 methylation levels. These differences were mirrored in
PBMCs but not in SAT. The observed obesity-associated methylation of ACE2
was reversed after VLCKD and HCD but not after BS. Among the studied CpG
sites, cgl6734967 and cg21598868, located at the promoter, were the most af-
fected and correlated with BMI. The observed DNA methylation pattern was in-
versely correlated with ACE2 expression.

Conclusion: Obesity-related VAT shows hypermethylation and downregulation
of the ACE2 gene that is mirrored in PBMCs and is restored after nutritional
weight reduction therapy. The results warrant the necessity to further evaluate
its implication for COVID-19 pathogenesis.

KEYWORDS

1 | INTRODUCTION

In the era of the pandemic COVID-19 disease, excess body
weight was significantly associated with severe forms of
the disease, independent of its classical associated comor-
bidities."* It was observed and reported by international
groups that overweight, obesity and morbid obesity were
directly associated with higher infection rates, worse evo-
lution at hospital and increased probability of death.**
However, it is not yet known why excess adiposity is as-
sociated with worse outcome following coronavirus infec-
tion.” Knowledge of the mechanistic connection between
excess body weight and the risk of developing severe
forms of COVID-19 will enable the identification of pa-
tients at higher risk and provide tools for protecting this
most disadvantaged group of patients."

The most critical features for viral transmission and
potential therapeutic targets are the cellular factors used
for virus entry. It was discovered that SARS-CoV-2 uses
ACE2 receptor for entry into cells during the process of
infection.® Since this discovery, scientific efforts have
focussed on the function of ACE2 on the risk and de-
velopment of COVID-19.” On the other hand, since its
discovery 20 years ago, ACE2 was also associated with a
protective role for counteracting several pathological pro-
cesses such as cardiorenal® or liver disorders.’ Moreover,
ACE2 exerts beneficial effect on glycolipid metabolism
and thermogenesis.'°

bariatric surgery, COVID-19, epigenetics, obesity, VLCKD

Adipose tissue (AT) has been proposed as a relevant
player among the potential mechanisms involved in the
association between obesity and COVID-19 severity.”
Particularly, visceral adipose tissue (VAT) plays a leading
role in the context of obesity comorbidities.’ Weight loss
treatments considerably reduce these intrinsic patholog-
ical conditions within AT and, therefore, also decrease
the health risks."*'* Unravelling the molecular mecha-
nisms underlying the role of AT could provide tools for
the prevention and management of COVID-19 in the most
susceptible group of patients in the form of more person-
alized and precise treatment.

Epigenetic research has revealed that global DNA meth-
ylation along with the ACE2 gene sequence, noncoding RNA
and post-translational histone modifications, may drive dif-
ferences in individual responses to viral infection.">*° In
light of these findings and the association between epigene-
tic mechanisms and obesity comorbidities risk, we hypoth-
esized that the contribution of AT to COVID-19 severity
could be mediated by epigenetic mechanisms.

The search for epigenetic biomarkers for the diagnosis
and management of diseases presents a challenge in that
the target tissue is usually inaccessible without surgery,
such as in the case of AT in obesity research. In lieu of AT,
epigenetic markers might be detectable in easily accessi-
ble samples, such as peripheral blood cells,” which are
increasingly being used in clinical and obesity research to
identify risk biomarkers.**>
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This study aimed to (1) evaluate and compare methylation
levels in ACE2 in SAT and VAT depending on obesity status,
(2) validate the observations in PBMCs and (3) determine the
effect of weight loss therapy based on very-low-calorie keto-
genic diet (VLCKD), a hypocaloric diet or bariatric surgery
on the obesity-related methylation levels of ACE2.

2 | MATERIALS AND METHODS
2.1 | Data collection and DNA
methylation assessment

The DNA methylation profile of ACE2 was evaluated
by analysing our different methylome data sets of SAT,
VAT and PBMCs as published®*”* plus unpublished
data, as described in the Figure S1. The methylome data
were obtained through the hybridization of samples in
the Illumina Infinium HumanMethylation450 BeadChip
or the Ilumina Infinium MethylationEPIC BeadChip
(Illumina) depending on the cohort. These data were
overlapped and commonly detected CpGs with a valid sig-
nal (p < .01) in all samples included in this study were
selected to evaluate the differential methylation levels
based on obesity phenotypes, obesity-related comorbidi-
ties and after weight loss therapies. Obesity phenotypes
were defined based on individual BMI as normal weight
(BMI < 25), obesity (BMI > 25- < 35) and severe obesity
(BMI > 35). The characteristics of patients included in this
study are shown in Table S1.

Changes in methylation levels after weight loss ther-
apies were explored using data sets of blood leukocyte-
derived DNA from patients with obesity underwent a
VLCKD (PnK method),*® a short-term hypocaloric diet®®
or bariatric surgery.”” Methylation data were extracted
from DNA samples of these patients before and 6 months
after weight loss therapies that were hybridized to the
Ilumina Infinium MethylationEPIC BeadChip.

The study protocols from which the data were collected
were performed in accordance with the Declaration of
Helsinki and were approved by the corresponding Ethics
Committee for Clinical Research: Clinica Universidad de
Navarra Ethics Committee (CEI-UN), Ethics Committee
of the University Hospital of Girona (Spain), Ethics
Committee of Clinical Research of Galicia (Spain), Ethics
Committee of the University Hospital of Malaga (Spain)
and Ethics Committee of the University Hospital of
Valladolid (Spain). Written consent has been obtained
from each patient or subject after full explanation of the
purpose and nature of all procedures used.

For all samples, DNA extraction, bisulfite conversion
and the hybridization, as well as data normalization, qual-
ity filtering and statistical calculations were carried out
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following the protocols according to the manufacturer’s
instructions as previously described.*!*? Reporting of the
study conforms to broad EQUATOR guidelines.*

2.2 | Data collection and gene
expression assessment

AT ACE2 gene expression data were obtained from a
previously published gene expression microarray data
set deposited in the Gene Expression Omnibus database
(GSE15524 GEO COHORT). Briefly, this study consisted
in individualized analysis through expression profiling of
20,000 probes in 28 tissue samples obtained during surgi-
cal intervention and evaluated in SAT and VAT. Patient
samples from men and women of varying body size (nor-
mal weight to morbid obesity) were collected at the time
of operation in the fasting state.

The expression of ACE2 in PBMCs samples from
transversal and a longitudinal cohorts of patients was
measured as published.* Differential expression of the
ACE2 gene was quantified based on the obesity status
with respect to normal weight. In addition, expression
data were quantified in obese patients undergoing weight
loss intervention using a VLCKD (PnK method ). In both
cohorts, gene expression was quantified using TagMan
real-time PCR as previously described.'**>*® Gene ex-
pression levels were normalized to GAPDH as an internal
control and expressed as the average value for the control
group based on the 272" method. The real-time qPCR
experiments were performed in accordance with the
Minimum Information Guidelines for the Publication of
Quantitative Real-Time PCR Experiments (http://www.
rdml.org/miqe). The following commercially available
and pre-validated TagMan primer/probe sets were used:
glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
Hs02758991 g1, Applied Biosystems) and angiotensin-
converting enzyme 2 (ACE2, Hs01085333_m1; Applied
Biosystems).

Further analysis in ACE2 transcript levels after follow-
ing a hypocaloric diet or bariatric surgery was obtained
and analysed from previously published gene expression
microarray data sets deposited at the Gene expression om-
nibus (E-GEOD-18897 cohort and EGEOD-32575 cohort
respectively).

2.3 | Statistical analysis

The sample size of the current study was calculated to de-
tect differences for methylation levels taking into account
published values of epigenome-wide analysis in the field
of obesity.”"*”>* It was calculated for an effect of size >2%
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in methylation levels, and a = .05, and a power (1—f) of
80%. The sample size provided sufficient power to test for
effects on methylation levels and other metabolic vari-
ables of interest.

The selected CpG sites of ACE2 gene were previously
filtered using the Genome Studio Illumina software
(V2010.3). The global methylation level in the ACE2 gene,
measured at the CpG sites present in all data sets, was
compared between the different study groups which were
classified based on BMI using univariate ANOVA and a
Bonferroni post hoc analysis. Differential ACE2 meth-
ylation levels following a VLCKD, a hypocaloric diet or
bariatric surgery, were measured using repeated measures
ANOVA. The potential association between the BMI and
DNA methylation levels of cgl16734967 and cg21598868
was evaluated using the Pearson coefficient test.
Differences in ACE2 gene expression levels between the
groups comprising subjects with normal weight, obesity
and morbid obesity, as well as the group of patients with
obesity subjected to VLCKD, hypocaloric diet or bariatric
surgery were evaluated using univariate ANOVA and re-
peated measures ANOVA respectively. No association was
found between global methylation levels of ACE2 gene in
SAT, VAT nor PBMCs and age (p = .112, p =.702, p = .056
respectively) or sex (p = .161, p = .822, p = .206 respec-
tively). All data are expressed as mean + standard devi-
ation (SD) in the tables and as mean =+ standard error of
the mean (SEM) in the figures. p < .05 was considered sta-
tistically significant, and a value of p <.1 was considered
indicative of a trend of significance. Statistical analyses
were performed using SPSS 25.0 software (SPSS Inc) for
Windows 10 (Microsoft) and GraphPad Prism 7.0 software
(GraphPad Software Inc).

3 | RESULTS

3.1 | Comparison of ACE2 methylation
levels and gene expression in AT according
to obesity phenotypes

The methylation levels in CpG sites in the promoter, body
and 3'UTR of the ACE2 gene in human AT were evalu-
ated and compared based on obesity status (Figure 1A).
No statistically significant differences in ACE2 methyla-
tion levels were observed in SAT in the different obesity
phenotypes, except for the CpGs located at body that
showed higher methylation levels in obesity and morbid
obesity group than in normal weight group (Figure 1B).
In contrast, ACE2 methylation level in VAT was statisti-
cally higher in the obesity and morbid obesity group than
in the normal weight group in most of studied CpG sites
in the promoter and 3’UTR regions, while in the body,

methylation levels were lower in morbid obesity group
than in normal weight group (Figure 1C).

Because DNA methylation affects transcription,
ACE2 mRNA level was examined based on the microar-
ray analysis reported in SAT and VAT.*® Relevantly, ACE2
expression was lower in the obesity group than in normal
weight group, with statistical significance particularly in
VAT (fold change of —.39; p = .002), while in SAT the ex-
pression of ACE2 was not affected (fold change of —.09,
p = .693).

3.2 | Comparison of ACE2 methylation
levels and gene expression in PBMCs
according to obesity phenotypes and in
response to weight loss intervention

The analysis of the ACE2 methylation levels in PBMCs
mirrored the results observed in VAT (Figures 1C and 2A).
It was detected particularly at CpG sites located at the pro-
moter (cg05748796, cg08559914, cg16734967, cg18877734,
€g21598868) and 3'UTR regions (cg23232263). When
ACE2 gene expression was evaluated in PBMCs, also
a downregulation was observed in the obesity groups
(Figure 2E).

Relevantly, the analysis of the ACE2 methylation levels
in PBMCs of patients with obesity undergoing a VLCKD
revealed a decrease at the maximum ketosis point (mean
of 9 kg of body weight loss) and endpoint phase (mean of
20 kg of body weight loss) compared with basal (Figure 2B).
Differences were statistically significant in two CpGs lo-
cated at the promoter of the gene (cgl6734967, p = .015 at
Maximum Ketosis and p = .021 at Endpoint; cg21598868,
p = .022 at Maximum Ketosis and p = .003 at Endpoint
compared with basal levels). Statistically significant dif-
ferences were also observed in ACE2 methylation levels
after following a hypocaloric diet™ in a CpGs (cg08559914,
p = .019) and a trend in two CpGs (cg18877734, p = .083;
€g21598868, p = .095; Figure 2C). By contrast, in patients
with obesity underwent bariatric surgery,” no statistically
significant differences were observed in ACE2 methyla-
tion levels, despite a reduction of 23 kg in body weight
(Figure 2D).

These weight loss-induced decreases in methylation
were correlated with an increase in ACE2 mRNA expres-
sion after the VLCKD (Figure 2F) and after the short-term
hypocaloric diet (Figure 2G) compared with basal lev-
els. These differences reached statistical significance at
6 weeks (p = .010) and a trend towards statistical signifi-
cance at 3 weeks (p = .059) after a hypocaloric diet and at
4 weeks after a VLCKD (p = .096), whereas similar tran-
script levels than baseline were observed after bariatric
surgery (p = .419; Figure 2H).
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FIGURE 1 Analysis of

ACE?2 methylation levels of gene in
adipose tissue (AT). (A) Map of a DNA
fragment from ACE2 gene sequence _—

(A)

with nucleotides upstream (—) and
downstream (+) of the transcription
start site (TSS) containing the examined
CpG sites represented by the target IDs
of the Infinium Human Methylation
450 BeadChip array and located at

the body, promoter and 3'UTR of the
gene sequence. (B) ACE2 methylation
levels based on obesity phenotypes in
subcutaneous adipose tissue (SAT).
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3.3 | Differential ACE2 methylation independently of insulin resistance (Figure 3A) or NASH

levels based on obesity-related insulin
resistance and nonalcoholic steatohepatitis

Considering that obesity comorbidities could also induce
changes in the epigenetic regulation of ACE2, its methyla-
tion profile was evaluated based on the insulin resistance
status in VAT*’ or on the nonalcoholic steatohepatitis
(NASH) status in PBMCs. Again, in these cohorts, sta-
tistically higher methylation levels were observed in the
obesity groups compared with the normal weight group,

(Figure 3B) status.

3.4 | Association between
ACE2 methylation levels and BMI in
VAT and PBMCs

Taking all data together, two CpG sites located at ACE2
promoter region (cgl6734967 and cg21598868) were
commonly statistically significantly different based on
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adiposity in both the transversal and longitudinal studies.
To further evaluate the biological significance of the dif-
ferential methylation observed in ACE2 associated with
obesity, a correlation analysis was performed between the
methylation levels of the identified CpG sites and BMI in
VAT and PBMCs samples. We found that higher -values
of the identified CpGs in VAT (Figure 4A,B) and PBMCs
(Figure 4C-F) were correlated with higher BMI.

4 | DISCUSSION

The current study reveals a global obesity-related increase
in methylation levels through the sequence of ACE2 gene,
which encodes the main SARS-CoV-2 entry factor,®in VAT
that can be reflected in easily obtainable samples of PBMCs,
but not in SAT compared with normal weight. This finding
was independently of the presence of the obesity comor-
bidities, such as insulin resistance or NASH. Relevantly,
the obesity-related methylation pattern was reversed after
following a nutritional weight loss therapy, but not after
bariatric surgery. Moreover, two CpG sites at the promoter
of the ACE2 gene, cgl6734967 and cg21598868, were
identified as potential biomarkers for monitoring obesity-
related COVID-19 risk and its progression in a noninvasive
sample (blood leukocytes). These results could be useful
to clinicians for identifying subjects with susceptibility to
SARS-CoV-2 infection and severity of COVID-19, as well

as allowing personalization of treatment'’ by measuring
ACE2 methylation levels in a noninvasive sample.

The high methylation levels in the regulatory re-
gion of ACE2 observed in this study are associated with
downregulation of the gene expression in VAT and
PBMCs. This was concordant with a previous study that
demonstrated an association between lower AT ACE2
expression and adverse cardiometabolic health indices,
including type 2 diabetes and obesity status.” VAT plays
a relevant role in the onset of obesity comorbidities and
also has led to interest in understanding the pathology
of COVID-19 in patients with obesity.** However, other
reports have evidenced an increased gene expression of
ACE?2 in other adipose tissue depots such as epicardial
adipose tissue.*!

Since the onset of the COVID-19 pandemic, several fac-
tors have been associated with a higher risk of infection
and severity of the disease, such as age, sex, smoking and
excess body weight. Epigenetic regulation has been pro-
posed as a promising mechanistic target for understanding
the physiopathology of SARS-CoV-2 infection and for de-
veloping epigenetic drugs for treatment and prevention.*?
DNA methylation levels in ACE2 have been associated
with increased vulnerability to COVID-19.17* However,
some studies have observed that under-methylation and
over-methylation of ACE2 in different tissues are also risk
factors for COVID-19, underscoring the necessity for fur-
ther investigation in this field."”
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It is known that dysfunctional AT secretes proinflam-
matory factors that promote disease development.***
Our research group has previously proposed that in-
creased health risk due to dysfunctional AT effect could
be mediated by epigenetic mechanisms.””*® Similar mech-
anisms could be proposed for the contribution of AT to
COVID-19 clinical severity. Epigenetic changes occurring
in the VAT of obesity groups could lead to increased in-
flammation. Therefore, the results observed in this study
could be related to the high severity of the COVID-19
disease observed in patients with obesity. This is related
to the fact that the proinflammatory status promoted by
the dysfunctional AT has been linked to the cytokine
storm involved in the severity of COVID-19 disease.”*"*

Moreover, in the current study, the differential methyl-
ation levels observed in obesity compared with normal
weight status were independent of obesity comorbidities
such as insulin resistance or NASH. This is in agreement
with a recent study demonstrating that excess body weight
is significantly associated with severe forms of the disease,
independent of its classical associated comorbidities."
Because ACE2isa crucial factor for SARS-CoV-2 infection
and AT was proposed as a reservoir of the virus, our results
could be counterintuitive. However, it was suggested that
ACE2 downregulation induced by viral invasion may be es-
pecially detrimental in people with baseline ACE2 deficiency
associated with the above conditions because it decreases the
conversion of angiotensin II into angiotensin-(1-7), which
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FIGURE 4 Scatter plot representing the correlation between ACE2 methylation levels and body mass index (BMI). (A-D) Correlation
between BMI and cg16734967 or cg21598868 methylation levels in visceral adipose tissue (VAT) and peripheral blood mononuclear cells
(PBMCs) based on obesity phenotypes. (E-F) Correlation between BMI and cg16734967 or cg21598868 methylation levels in peripheral
blood mononuclear cells (PBMCs) following a very-low-calorie ketogenic diet (VLCKD). The centre line represents the linear regression

trend line. The lines above and below the centre line represent the upper and lower bounds of the 95% confidence interval around the trend

line. r, Correlation coefficient evaluated using the Pearson test; p, p-value

has protective properties.* Thus, the proinflammatory status
induced by the dysfunctional AT in obesity could promote
the downregulation of ACE2 gene expression by increasing
DNA methylation. Consequently, local angiotensin II accu-
mulation could favour a vicious proinflammatory circle, thus
promoting the cytokine storm.>*>

Considering the consistent association between obesity
and COVID-19, strategies that can reverse the molecular
factors involved in the risk and progression of infection
are urgently needed. Weight loss is a therapeutic strat-
egy for reversing the metabolic and molecular factors in-
volved in the pathophysiology of obesity, such as reducing
visceral fat mass and preserving muscle mass and func-
tion,>>>> as well as decreasing inflammation and oxida-
tive stress' 24234358 or protumoral status. In addition,
weight loss therapies are also able to modulate the obesity-
related methylation profile.®****% In line with these
results, weight loss therapies based dietary energy restric-
tion were able to reverse the obesity-related methylation

levels of ACE2 with a putative increase in the transcript
levels. However, after 6 months of bariatric surgery, the
methylation and transcript levels of ACE2 did no change
respect to baseline, even though patients showed a weight
loss higher than 20%. It could be due to patients still re-
mained in an excess body weight status (BMI > 25) or a
potential metabolic stress observed in patients underwent
this surgical intervention.'*%

Therefore, the methylation marks of ACE2 gene in
AT could provide useful tools for identifying at-risk in-
dividuals and predicting disease progression. However,
obtaining an AT biopsy from a healthy subject is difficult
without surgery. Instead of tissue biopsy, blood leukocytes
are a suitable, minimally invasive sample for evaluating
gene expression regulation and epigenetic markers.®! The
lack of reproduction in PBMCs of differences in all CpG
sites observed in VAT could be a limitation to use PBMCs.
It is because epigenetic mechanisms are tissue specific.
However, despite considering that limitation, leukocytes
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can be used as a surrogate to evaluate those CpG sites that
are reproduced in both tissues as representative. In this
context, the strength of the current work is that it adds rel-
evant information by mirroring most of the ACE2 methyl-
ation profile of VAT in PBMCs.

Possible limitations of the current study warrant
consideration before interpretation of the findings. The
study design does not allow us to demonstrate causation.
Patients with normal weight in this cohort were older than
patients with obesity and morbid obesity. Methylation
levels are modulated with age,62 and the results could be
confounded by this fact. However, we did not find a cor-
relation between global methylation levels of ACE2 and
age, suggesting that the results are independent of the dif-
ferences in age between groups. Moreover, the sample size
of this study could be considered small. However, the sta-
tistical significance found when using small populations
usually indicates that there is a real difference between the
experimental groups. These limitations do not invalidate
the results but they reinforce the necessity to further eval-
uate the potential regulation of ACE2 expression by epi-
genetic mechanisms in preclinical models and to identify
potential therapeutic targets and biomarkers for prevent-
ing and monitoring COVID-19 in patients with high risk
such as patients with obesity.

In conclusion, the findings of this study demonstrate a
methylation-based epigenetic regulation of the ACE2 gene
in VAT from patients with obesity. The obesity-related
methylation profile is mirrored in PBMCs and reversed
after a dietary-based weight loss therapy. It suggests that
the association between obesity and predisposition to
COVID-19 severity could be mediated by an epigenetic
regulation of ACE2 gen in VAT and its methylation levels
measured in PBMCs could be a good biomarker for mon-
itoring the management of COVID-19 in at-risk patients.
These results warrant further research in larger cohorts of
healthy controls and SARS-CoV2 infected subjects.
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