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Abstract

Background: Peripheral alterations of mitochondrial DNA copy number (mtDNAcn) in obesity and associated co-morbidities have
been previously shown. Furthermore, the possibility that methylation could occur in the mtDNA (in particular in the displacement loop,
D-Loop) and regulate its functions has been raised. However, limited data about mtDNA methylation in adipose tissue are currently
available. Since a strict crosstalk between the nucleus and mitochondria exists, especially in terms of the one-carbon cycle (that supports
methylation reactions in the cell), we investigated methylation in selected areas of the mitochondrial and nuclear DNA and their expression
in visceral adipose tissue (VAT) samples of patients with severe obesity. Methods: VAT biopsies were collected from surgery patients to
isolate DNA and RNA. Gene expression and mtDNAcn were assessed through qPCR. DNA methylation in both nuclear and mitochondrial
areas were determined through bisulfite pyrosequencing. Results: Methylation levels of the mtDNA were only marginally associated
with the obesity degree (higher D-Loop methylation in severe obesity) and were not correlated with mtDNAcn. A significant correlation
between D-Loop methylation and LINE-1 methylation was observed in VAT samples, and this was independent from the obesity degree.
A progressive reduction of mtDNAcn and increase in NRF expression levels were measured in VAT in severe obesity. NRF'] expression
was directly correlated with PPARG and MTHFR expression levels, while mtDNAcn was associated to TFAM expression. The correlation
between mtDNAcn and TFAM expression was affected by the obesity status. Conclusions: This evidence supports the hypothesis that
mtDNA alterations occur in obesity and a complex dynamic correlation between mitochondrial and nuclear DNA methylation exists,
highlighting the need for further investigations.
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1. Introduction sine triphosphate (ATP) generation by oxidative phos-
phorylation (OXPHOS). Mitochondrial dysfunction results
in detrimental effects on adipocyte differentiation, lipid
metabolism, insulin sensitivity, oxidative capacity, and
thermogenesis; indeed, it has been strongly correlated with
metabolic diseases pathogenesis [6]. Mitochondria have
their own genome, the mitochondrial DNA (mtDNA); in
humans, it is a double-stranded, closed-circular molecule
of 16569 base pairs, present in each cell in multiple copies,
whose number (mtDNAcn) can vary according to the cell
type and health status [7]. One strand of the mtDNA is re-
ferred to as the heavy strand, and the other strand is referred
to as the light strand; each one has its own promoter, a light-
strand promoter (LSP) and a heavy-strand promoter (HSP),

Among cellular organelles that play a major role in  regulating mitochondrial gene’s transcription [8]. mtDNA
regulating the functionality of VAT there are mitochon-  does not contain introns and encodes just 13 polypeptides
dria [6]. Mitochondria are involved in many key cellular  which are subunits of the respiratory complexes involved
processes such as apoptosis, calcium homeostasis, reactive  in the OXPHOS. Interestingly, most of them are located
oxygen species production, and most importantly, adeno-

Visceral adipose tissue (VAT) is a hormonally active
component of total body fat, with unique biochemical fea-
tures affecting both physiological and pathological pro-
cesses in the human body. Abnormally high deposition of
VAT is known as visceral obesity. This body composition
phenotype is associated with several complex disorders, in
particular metabolic syndrome, diabetes and cardiovascu-
lar disease [1,2]. Given the complex multifactorial origin
of this condition, a special interest is directed towards epi-
genetic mechanisms that might contribute to shift healthy to
pathological VAT phenotypes in response to environmental
triggers [3-5].
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into the heavy strand, except for the ND6 gene, which is
located in the light strand [9,10]. The promoters for tran-
scription (LSP and HSP) and the origin of replication of
the H strand (OH) are located in a specific area of the
mtDNA, the displacement loop (D-loop) which is a non-
coding control region [10], both involved in mtDNA tran-
scription and replication [11,12]. As a result, this region
is the site of interaction for the nuclear-encoded transcrip-
tion and replication factors that translocate to the mitochon-
drion to mediate mitochondrial genomic activities. Inter-
estingly it has been recently shown that mtDNA can be
methylated [13—15], especially in the D-loop area, and in
a strand-specific manner [16,17], thus potentially differen-
tially affecting mtDNA functions [18]. Variation of mtDNA
methylation have been reported in particular due to environ-
mental exposures [15,19-24], including also diet, making
this mark a potential intermediary agent acting at the inter-
face between the environment and molecular pathways’ ac-
tivation. Although promising, mtDNA methylation and its
impact on replication and transcription are still a discussed
topic [25].

Not only mitochondrial genes, but also several nuclear
genes regulate mitochondrial functions as well as the epi-
genetic homeostasis [26]. Indeed, genes expressed in mi-
tochondria work in concert with those expressed in the nu-
cleus to regulate OXPHOS [27]. Nuclear-encoded genes
that are important for adipose tissue metabolism and mito-
chondrial functions include mitochondrial transcription fac-
tor A (TFAM), that encodes for the protein primary driv-
ing the mtDNA packaging generating nucleoids [28,29],
peroxisome proliferator-activated receptor v (PPARG) and
PPAR~ coactivator 1la (PGCIa), regulating adipogenesis,
insulin sensitivity and mitochondrial biogenesis [30] and
the nuclear respiratory factor 1 (NRFI), that regulates mi-
tochondrial biogenesis and binds to promoters of genes in-
volved in mtDNA transcription such as TFAM [31,32]. In
addition, mitochondria have a central role in the one carbon
(1C) metabolism, that regulates bioavailability of methyl
groups necessary for DNA methylation [33]. Indeed, mi-
tochondrial respiratory chain dysfunction have been as-
sociated to alterations in 1C metabolism pathways [34].
Thus, other nuclear genes with relevant roles in this con-
text are the methylenetetrahydrofolate reductase (MTHFR)
and the phosphoglycerate dehydrogenase (PHGDH), regu-
lating methyl groups coming from folate or serine, respec-
tively, and whose methylation levels have been previously
associated to obesity and its complications [35,36].

Recent evidence associated the 1C metabolism to
body composition and epigenetic features in obesity [24,
37]; moreover, a reduction of mtDNAcn in circulating
blood has been detected as a common feature in both indi-
viduals with obesity [24] and patients with cardiovascular
diseases [38].

Since epigenetics is tissue-specific [39], the aim of this
study was to evaluate if these alterations, previously mea-

sured at systemic level, are also typical of dysfunctional
VAT in severe obesity (BMI >40). To this purpose, this
investigation focuses on mtDNAcn and D-loop methyla-
tion in VAT samples collected from extreme phenotypes
(BMI ranging from 22 to 53), in association to other epi-
genetic marks and gene expression of mitochondrial and
nuclear genes associated to obesity and DNA methylation
pathways.

2. Materials and Methods
2.1 Samples and Data Collection

VAT biopsies from omental depot were obtained from
53 subjects with a wide BMI range, spanning from 22.8
to 53.5, undergoing bariatric and non-bariatric (i.e., chole-
cystectomy) surgery at the General Hospital Azienda Os-
pedaliera Universitaria (AOU Ospedali Riuniti; Ancona,
Italy). Samples from VAT were collected, immediately
snap frozen in liquid nitrogen, and stored at —80 °C. The
study protocol was approved by the Ethics Committee of
Ospedali Riuniti (Ancona, Italy). The information collected
included anthropometric data (BMI) and medical history.
Exclusion criteria were the presence of infectious or au-
toimmune diseases, cancer and neurodegenerative disor-
ders.

2.2 DNA and RNA Extraction

DNA was isolated from adipose tissue using QIAamp
Fast DNA Tissue Kit (Qiagen, Milano, Italy) according to
the manufacturer’s instructions. The amount of input ge-
nomic DNA was quantified by Qubit dSDNA BR Assay
Kit (Applied BioSystems, MA, USA). DNA was stored at
—80 °C until use. Total RNA was isolated using the Nor-
gen Biotek Kit (Thorold, ON, Canada), according to the
manufacturer’s instructions. A first step with Trizol (Ther-
moFisher Scientific, MA, USA) and chloroform (Sigma-
Aldrich, MO, USA) was performed to remove lipid con-
tent. RNA was stored at —80 °C until use. RNA amount was
determined by spectrophotometric quantification with Nan-
odrop ONE (NanoDrop Technologies, Wilmington, DE,
USA).

2.3 Gene Expression Assessment

Total RNA was reverse-transcribed using High-
Capacity cDNA RT Kit with RNase Inhibitor (Applied
BioSystems, MA, USA) in a total volume of 20 uL accord-
ing to the manufacturer’s instructions. qRT-PCR was per-
formed using TagMan Gene Expression Assays and Master
Mix TagMan (Applied BioSystems, MA, USA). All probes
(Supplementary Table 1A) were from Applied BioSys-
tems. Reactions were carried out in a Step One Plus Real
Time PCR system (Applied BioSystems, MA, USA) using
50 ng RNA in a final reaction volume of 10 uL. The ther-
mal cycle protocol included: initial incubation at 95 °C for
10 min followed by 40 cycles of 95 °C for 15 s and 60 °C
for 20 s. A control reaction without reverse transcriptase in
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the amplification mixture was performed for each sample
to rule out genomic contamination. All samples were run
in duplicate. Samples not containing the template were in-
cluded as negative controls in all experiments. TATA box-
binding protein (TBP) and 3-actin were used as endogenous
controls to normalize gene expression. Relative mRNA ex-
pression was determined by the ACt method (2°2).

2.4 Mitochondrial DNA Copy Number Assessment

As previously published [38,40], relative mtDNAcn
quantification was performed by real-time PCR (CFX96;
Biorad, CA, USA) considering nDNA as a normalizer

(mtLEU_fw; 5'-CACCCAAGAACAGGGTTTGT-
3’;  mtLEU rv; 5-TGGCCATGGGTATGTTGTTA-3';
B2M fw, 5-TGCTGTCTCCATGTTTGATGTATCT-3';

B2M rv, 5-TCTCTGCTCCCCACCTCTAAGT-3'). Rela-
tive mtDNAcn was determined by the ACt method (2°2¢).
The mitochondrial primers were previously validated
for their specificity (unique amplification of mtDNA)
and for the absence of co-amplified nuclear insertions of
mitochondrial origin (NUMTs) [40]. All DNA samples
were processed under the same conditions and with the
same DNA extraction method since variations of the DNA
extraction method might affect the evaluation of mtDNAcn
[40]. An inter-run calibrator sample was used to adjust the
results obtained from different amplification plates.

2.5 Bisulfite Pyrosequencing for Nuclear and
Mitochondrial DNA Methylation Analysis

Bisulfite pyrosequencing was performed to evaluate
DNA methylation levels in both nuclear and mitochon-
drial sequences. To avoid inaccurate bisulfite conversion
due to the circular structure of the mtDNA, 600 ng of
DNA were digested with BamHI (New England Biolabs,
MA, USA). Digestion with BamHI was performed in or-
der to linearize the mtDNA, thus reducing the risk of false
positive methylation results [41]. Then, DNA was con-
verted with sodium bisulfite using the EZ-96 DNA methy-
lation Gold kit (Zymo Research, CA, USA) according to
the manufacturer’s instructions. Primers used to amplify
the areas of interest (both nuclear and mitochondrial) are
shown in Supplementary Table 1B. Mitochondrial DNA
methylation was assessed in two areas of the D-loop, one
located in proximity of the mtDNA replication initiation
site (Oh) in the heavy strand (heavy chain D-Loop re-
gion, HDLR), the other in proximity of the transcription
initiation site in the light-strand promoter (light chain D-
Loop region, LDLR), as previously described and vali-
dated by Vos et al. [16]. The D-loop region is highly
relevant to mitochondrial gene transcription, and is one
of the few regions on mtDNA that is not included in the
nuclear DNA as a NUMTs [42]. For this reason, analy-
sis of methylation in this area does not require previous
isolation of mtDNA from nuclear DNA. Concerning nu-
clear genes, we studied promoters of MTHFR, PHGDH and
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PPARG, whose methylation has been previously associated
to obesity [35,36,43,44]. For MTHFR, a sequence in the
5’-untranslated (UTR) region of the MTHFR gene span-
ning from +30 to +184 from the transcription start site was
studied, whose methylation levels were previously found
to be inversely correlated with the MTHFR gene expres-
sion levels [45—47] and whose methylation varied in whole
blood in a cohort of obese subjects [24]. For PHGDH and
PPARG, two areas encompassing specific CpGs (PHGDH
cgl4476101; PPARG cg01412654) included in the Infinium
HumanMethylation450 BeadChip were investigated, sup-
ported to have a functional role and whose methylation has
been previously associated to obesity and metabolic alter-
ations [35,44,48-52]. In addition, global DNA methylation
was measured in the long-interspersed nuclear element-1
(LINE-1), arepetitive DNA retrotransposon. Since LINE-1
constitutes a large portion of the human genome, the extent
of LINE-1 methylation is regarded to be a surrogate marker
of global DNA methylation. Moreover, since the mitochon-
drial genome lacks histone complexes and retrotransposons
(such as LINE-1) this estimation of global DNA methyla-
tion refers exclusively to the nuclear and not to the mito-
chondrial DNA. LINE-1 methylation was determined in-
terrogating the L1Hs sequences as described by Tabish et
al. [53]. PCR amplification of the selected areas was per-
formed using PyroMark PCR kits (Qiagen Inc., The Nether-
lands) according to the following protocol: 95° for 15 min;
94° for 30 s, 56° for 30 s, 72° for 30 s (x45 cycles); 72° for
10 min. Amplicons were checked for specificity by agarose
gel electrophoresis and then pyrosequenced using the Pyro-
mark Q24 (Qiagen Inc., The Netherlands). The degree of
methylation was defined as a percentage of methylated cy-
tosines over the sum of methylated and unmethylated cy-
tosines.

2.6 Statistical Analysis

Statistical analysis was performed by using SPSS
(IBM SPSS Statistics for Windows, Version 24.0, USA)
and R version 3.5.3 (R Core Team, Austria). The Shapiro-
Wilk test was used for the analysis of the normality of data
distribution. Parameters with skewed distributions were
appropriately log-transformed before parametric analyses.
Pearson’s correlation was measured to test parametric cor-
relations between continuous variables. Multiple linear re-
gression was applied to test correlations between continu-
ous variables adjusting the model for covariates (age, sex
and diagnosis of diabetes). Principal Component Analy-
sis (PCA) with Varimax rotation was used as a technique
for dimension reduction in multivariate analysis. Samples
with missing data were excluded from the analysis; no im-
putation was performed. A p value < 0.05 was considered
significant through the study. Bonferroni correction was
applied to correct p values in multiple comparisons. Due
to the exploratory character of the work, nominal p values
were also displayed. Technical replicates were not consid-
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Fig. 1. Correlations between BMI and mitochondrial DNA copy number and methylation. Scatter plots showing unadjusted Pear-
son’s correlation between BMI and mtDNAcn (A), % of DNA methylation in the HDLR (B) or in the LDLR (C).

ered for the inference statistics (no inflation of units of anal-
ysis was performed).

3. Results
3.1 Descriptive Statistics

The analysed population was composed of 53 subjects
(25% males; 75% female) with a mean age of 51 £+ 12 y/o.
Of 53 subjects, 12% were diagnosed with diabetes. The
mean BMI of the recruited population was 41.32 + 7.8,
ranging from a minimal value of 22.8 to a maximum value
of 53.4.

3.2 mtDNA Copy Number and Methylation in Obese
Omental Adipose Tissue

The mtDNAcn was inversely correlated to BMI (Pear-
son’s correlation =—0.344; p =0.011) (Fig. 1A). This asso-
ciation was even more significant after adjusting the anal-
ysis for confounding factors (age, sex and diagnosis of di-
abetes) (8 =-0.329; p = 0.004), supporting the hypothesis
that obesity is associated to a reduction of mtDNAcn in the
omental adipose tissue.

DNA methylation levels measured in the D-loop area
of the mitochondrial DNA were different between HDLR
and LDLR. In particular, methylation levels measured in
the HDLR were low (mean% = 1.22 4 0.38), with simi-
lar levels between the 3 CpGs analysed in the selected area
(CpG1=1.404+0.57; CpG2=1.14 £ 0.40; CpG3=1.14 +
0.40). Higher levels were measured in the LDLR (mean%
=4.49 + 2.12), with a major contribution of the first CpG
among the 3 analysed (CpG1 = 7.56 £ 2.58; CpG2 = 2.83
+ 2.05; CpG3 =3.07 £ 2.26). These results confirm that,
in VAT, DNA methylation levels in the mtDNA can differ
between these two areas of the mtDNA (p = 6.6 x 10716)
and are similar to levels previously detected in the whole
blood [24] or in placenta [16]. BMI was not correlated to
D-loop methylation in the HDLR (p = 0.982) (Fig. 1B) or
in the LDLR (p = 0.156) (Fig. 1C). However, adjusting the
analysis for age and sex, the association of BMI to LDLR

methylation was significant (3 = 0.255; p =0.039). This as-
sociation showed a p for trend adjusting also for diabetes (3
=0.236; p=0.052). This might suggest a role of diabetes as
a confounding factor, although no associations between di-
abetes and LDLR methylation were detected in this sample
(8 =1.164; p=0.101). However, this cohort is not suitable
to investigate the impact of diabetes on D-loop methylation
since this pathology was diagnosed only in a small subset
of samples (12%). D-loop methylation levels were not as-
sociated to mtDNAcn, neither considering the HDLR (p =
0.522) nor the LDLR (p = 0.773). In a regression model
including mtDNAcn and LDLR methylation (adjusted for
age, sex and diagnosis of diabetes), both the parameters re-
sulted to be independently associated with BMI, with an op-
posite direction of the association (mtDNAcn, 8 =-0.329,
p=0.004; LDLR, 5=0.250, p=0.029). These data suggest
that subjects with severe obesity are more likely to have low
mtDNAcn and high LDLR methylation despite these two
parameters were not directly correlated in this sample.

3.3 One-carbon Cycle and Mitochondrial Function Genes’
Expression in Obese Omental Tissue

A correlation matrix to explore the relationship be-
tween the expression pattern of genes involved in mitochon-
drial functions, mtDNAcn and obesity degree was com-
puted in the whole population. A cluster of correlated ex-
pression levels including genes that regulate mitochondrial
biogenesis (PGCla and PPARG) and genes that regulate
the 1C cycle (MTHFR and PHGDH)), was shown in Fig. 2.
NRFI mRNA expression clustered with BMI, while TFAM
expression with mtDNAcn. This is coherent with the tight
relationship existing between mtDNAcn and TFAM [54],
which is the protein around which the mitochondrial DNA
is wrapped into nucleoids. Coefficients and p values for
single correlations are available in Supplementary Table
2A. This exploratory analysis showed that BMI exhibited a
positive correlation with PPARG (Spearman’s Rho = 0.395;
p =0.005) and NRFI (Spearman’s Rho =0.513; p=1.9 x
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Fig. 2. Heatmap of expression of genes involved in mitochondrial and 1C metabolism. This heatmap shows correlations (Pearson’s

correlations; no adjustments) between expression of mitochondrial genes, genes regulating the 1C cycle and BMIL

10~%) expression. This association carries along the alter-
ation of the expression of other genes (PGCla, PHGDH
and MTHFR), which characterize the expression pattern
identified in subjects with severe obesity (Supplementary
Table 2A).

Given the presence of multiple co-correlations among
these variables (Bartlett’s Test of Sphericity, p = 7.5 X
10716), a PCA analysis was performed. Dimension re-
duction was applied to mtDNAcn, PPARG, NRF1, PGCla,
ND6, PHGDH and MTHFR expression levels. 3 PC were
identified, cumulatively explaining 75.3% of the variance.
The analysis of the loadings (Supplementary Table 3,
Supplementary Fig. 1) showed that PGCla, PHGDH,
PPARG and MTHFR gave a major contribution to PCI,
ND6 and TFAM to PC2 and NRFI and mtDNAcn to PC3.

BMI was significantly correlated to PC3 (Spearman’s
Rho = 0.524; p = 7.3 x 10~%) (Fig. 3A), nominally with
PC2 (Spearman’s Rho = 0.327; p = 0.045) (Fig. 3B), while
it was not correlated with PC1 (Spearman’s Rho = 0.145; p
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=0.384). This highlights that alteration of TFAM and ND6
expression, but even more the mtDNAcn and NRF] expres-
sion are the factors associated with severe obesity in these
samples. Adjusting the analysis for age, sex and diabetes
diagnosis, BMI exhibited a significant correlation with PC3
(8 =0.409; p = 0.003), but not with PC2 (5 = 0.103; p =
0.489) or PC1 (8 =0.089; p = 0.533), supporting that mtD-
NAcn and NRFI show the major changes according to the
degree of obesity.

Despite the genes involved in the 1C cycle (mostly
represented by PC1) were not directly associated to BMI,
MTHFR and PPARG expression levels were strongly corre-
lated to NRF'I (Supplementary Table 2A). Moreover, ad-
justing for age, sex and diabetes, PC1 was positively corre-
lated to the global levels of D-Loop methylation (HDLR +
LDLR) (5 = 0.375; p = 0.033), supporting the hypothesis
of a potential functional role of methylation in the mtDNA.
BMI was not a confounder of this association (p = 0.282).
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Fig. 3. Correlation between BMI and PC describing mitochondrial and 1CC gene expression. Correlations between BMI and PC3

(A) and PC2 (B) resulting from the PCA.

PCA results suggest that individuals with high BMI
had lower mtDNAcn (PC3), but higher TFAM expression
(PC2) values. This was confirmed by a linear regression
model including both these parameters, showing that TFAM
expression (8 = 0.309; p = 0.040) and mtDNAcn (8 = —
0.427; p = 0.005) were independently and inversely associ-
ated to BMI. This is unexpected since TFAM expression has
been associated to an up-regulation of mtDNAcn in a pre-
vious study [55]. In our samples, a linear regression model
adjusted for age, sex, diabetes diagnosis and BMI, showed
that TFAM was nominally correlated with mtDNAcn (8 =
0.354; p = 0.025) (Supplementary Table 2B), but BMI
acted as a significant confounding factor in this association
(B=-0.474; p=0.009). This suggests a perturbation of the
equilibrium between TFAM and mtDNA in severe obesity
(Supplementary Fig. 2).

3.4 DNA Methylation of Nuclear Genes Promoters,
Expression Levels and Associations with the mtDNAcn

Since methylation of MTHFR promoter has been pre-
viously associated to obesity [24], associations between
methylation levels and MTHFR expression and obesity de-
gree were tested in VAT samples. No significant correla-
tions between methylation in the analysed area and MTHFR
expression (r =—0.243; p=0.111) or BMI (p = 0.384) were
detected. No significant association with PPARG expres-
sion (r =—0.130; p = 0.400) or with BMI (5 = 0.245; p =
0.176) were detected in this population, despite methylation
levels of the same area of the PPARG promoter were previ-
ously associated with obesity [43,44]. Similarly, the methy-

lation status of an area of the PHGDH promoter previously
associated to obesity [35,36] was investigated in VAT, but
we did not find any association with PHGDH expression
levels (r=0.136; p = 0.398) nor with BMI (5 = 0.004; p =
0.983).

Finally, since ND6 is the unique mitochondrial gene
located in the light strand of the mtDNA, the correlation
between its expression level and LDLR methylation was
tested. No significant correlations were measured (r = —
0.069; p =0.668) in these samples. Plots are shown in Sup-
plementary Fig. 3.

Surprisingly, mtDNAcn was nominally negatively
correlated with methylation levels of MTHFR and PHGDH
nuclear genes (Fig. 4), despite it was not associated with
their expression (Supplementary Table 2B). These corre-
lations were independent from the BMI.

3.5 LINE-1 Methylation

Given the potential alteration of the overall cellular
methylation pattern in obesity, methylation levels at the
LINE-1, a surrogate marker of global nuclear DNA methy-
lation, were measured in the VAT samples. Adjusting the
analysis for age and sex, no direct associations between
LINE-1 methylation and BMI (5 = —0.58; p = 0.719) or
with mtDNAcn (8 = 0.015; p = 0.918) were detected. On
the other hand, LINE-1 was significantly correlated with
HDLR (Spearman’s tho = 0.389; p = 0.008) (Fig. 5A) and
barely with LDLR (Spearman’s rho = 0.260; p = 0.068).
Adjusting the analysis for age and sex, the association with
LINE-1 was confirmed for HDLR (6 = 0.537; p = 5.5 x
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Fig. 4. Correlation between mtDNAcn and methylation in nuclear genes involved in 1CC. MtDNAcn nominally correlates with

methylation level at MTHFR (A) PHGDH (B) promoters.

10~5), but not for LDLR (3 = 0.112; p = 0.444). Moreover,
LINE-1 methylation was associated to MTHFR methylation
(8 =0.370; p = 0.008) (Fig. 5B), but not with methylation
levels at other promoters analysed (Supplementary Table
4). LINE-1 methylation was not associated to mtDNAcn
in this population (8 =-0.016; p = 0.913; adjusted for age
and sex). Concerning gene expression, LINE-1 methyla-
tion was significantly correlated with TFAM expression (3
=-0.456; p =0.006) (Fig. 5C) and nominally with MTHFR
expression (8 =-0.315; p = 0.031) (Fig. 5D). All these as-
sociations were independent from the BMI. No associations
with other genes or PCs were detected (Supplementary Ta-
ble 5).

4. Discussion

Peripheral changes in mtDNAcn have been associated
with obesity complications such as cardiovascular disease
and diabetes [38,56,57]. Moreover, lower mtDNAcn has
also been associated with frailty and all-cause mortality
[58]. Cells with reduced mtDNAcn show reduced expres-
sion of vital complex proteins, altered cellular morphology
and lower respiratory enzyme activity [59].

Previous studies have shown that obesity is associated
with mtDNAcn changes in peripheral blood [24,60,61].
However, contrasting evidence about the association be-
tween obesity and mtDNAcn measured in adipose tissue
was reported. Lindinger and colleagues showed that omen-
tal adipose tissue in obese subjects had a decreased mtD-
NAcn, which was not correlated with basal metabolic rate
and fat oxidation rate [62]. On the contrary, recent inves-
tigations did not find changes in mtDNAcn in omental adi-
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pose tissue of obese people with respect to controls, while
the diagnosis of diabetes was associated to an increase of
this parameter [63], suggesting that diabetes rather than
obesity might have driven the previously reported associa-
tion. Litvinova and collaborators have recently shown that
mtDNAcn in various fat depots was higher in obese patients
with type 2 diabetes than in obese patients without diabetes
or in the control subjects and it was related to the levels of
leptin and proinflammatory cytokines [64]. In our study,
adjusting the analysis for age, sex and diagnoses of dia-
betes, we found that mtDNAcn in VAT decreased linearly
with BMI. This result was coherent with data collected in
subcutaneous adipose tissue (SAT) by Fischer ef al. [65]
and Heinonen et al. [66], that showed a decrease of mtD-
NAcn in isolated subcutaneous adipocytes of subjects with
obesity. According to these findings, a down-regulation
of mtDNA-encoded proteins has been measured in VAT of
subjects with obesity and associated with aging progression
[67]. Coherent findings from animal models showed that a
high-fat diet was able to reduce adipose tissue mitochon-
drial proteins, triggering glucose intolerance in rats [68].

In addition, methylation of the mtDNA has been
recently proposed as a potential regulator of mitochon-
drial functions, despite this is still a controversial topic
[21,25,69]. Alterations of mtDNA methylation patterns
have been measured in obesity analysing peripheral sam-
ples [22,23,70—72], but no previous studies investigated this
parameter in the omental adipose tissue of people with se-
vere obesity. In our population, methylation in the LDLR
was mildly correlated with the BMI adjusting the analy-
sis for sex, age and diagnosis of diabetes. This suggests
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Fig. 5. Associations between global DNA methylation measured in LINE-1 and methylation in specific areas of the genome

involved in the regulation of mitochondrial dynamics. Associations between LINE-1 methylation levels and HDLR methylation (A),
MTHFR methylation (B), TFAM expression (C) and MTHFR expression (D). All the associations are independent from BMI.

that increased methylation levels in this area might be im-
plicated in dysfunctional mitochondria, that are typical of
people with obesity. However, despite significant, this as-
sociation is driven by a few individuals with extreme phe-
notype (BMI >40). It remains to be demonstrated whether
the methylation in this area of the mitochondrial DNA has
a relevant role in less extreme phenotypes, such as over-
weight or mild obesity.

Interestingly, HDLR (but not LDLR) methylation was
strongly correlated to LINE-1 methylation level (an esti-
mator of global level of DNA methylation in the nucleus
also associated to genome stability and to the adiposity
status [73]), suggesting a correlation between mitochon-
drial and nuclear dynamics also from the epigenetic point

of view. Indeed, previous studies highlighted a connec-
tion between mtDNA and epigenetic regulations in the nu-
cleus [69,74]. For example, cells harbouring distinct mi-
tochondrial polymorphisms showed differences in nuclear
DNA methylation [75,76]. Recent evidence suggests that
also nuclear DNA methylation might contribute to regu-
late mtDNA methylation. For example, some nuclear en-
coded proteins involved in mitochondrial function (e.g.,
PGCla and NRFI) can up-regulate or down-regulate, re-
spectively, the levels of intra-mitochondrial DNMT1 [77].
However, this is the first study reporting a correlation
between methylation at mitochondrial DNA and nuclear
LINE-1 sites (which do not encode for specific proteins
working in the mitochondrion). It has been recently de-
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scribed that LINE-1 demethylation and consequential retro-
transposons activation can be triggered by mitochondrial
stress [ 78], thus representing an additional link between mi-
tochondrial dysfunctions and the nuclear epigenome to in-
vestigate. Moreover, in our study LINE-1 methylation was
also highly correlated with TFAM expression, which is in-
volved in the regulation of mtDNA copy number, stability,
replication and transcription [55,79]. Remarkably, it has
been recently shown that D-loop methylation has the poten-
tial to impact TFAM-DNA recognition [18], thus possibly
regulating the TFAM-dependent activities in vitro. Since
TFAM expression is also correlated to global methylation
levels in the nuclear DNA (LINE-1), we can speculate that
epigenetic regulations might operate both at mitochondrial
(where TFAM operates) and nuclear level (where TFAM is
encoded) to regulate the nucleoid functions. These findings
suggest further investigations to corroborate this hypothe-
sis. Remarkably, low mtDNAcn and high TFAM expres-
sion were independently associated with the obesity degree
in the VAT samples analysed in this study. Interestingly, the
correlation between mtDNAcn and TFAM was perturbed
by obesity, suggesting a deregulation of the ratio between
mtDNAcn and the proteins around which it is wrapped
(TFAM) to assemble nucleoids. Despite it has been pre-
viously demonstrated that mtDNAcn regulation is directly
dependent on the TFAM protein levels [55], recently it has
emerged that also the ratio of TFAM-to-mtDNAcn is criti-
cal for regulating the normal mtDNA expression and is as-
sociated with nucleoid replication and transcription both in
vitro [54] and in vivo [80]. In mice, a moderate increase
in TFAM protein levels still resulted in a normal TFAM-to-
mtDNA ratio and unaltered mtDNA expression. However,
very high TFAM levels lead to deficient OXPHOS and early
postnatal lethality [80]. The authors suggested that TFAM
can act as a repressor of mtDNA expression, and this ef-
fect can be counterbalanced by tissue-specific expression
of regulatory factors. Despite we could not quantify TFAM
protein in our samples, results suggest that the direct cor-
relation existing between TFAM expression and mtDNAcn
is lost in subjects with severe obesity, which display high
TFAM expression without increasing their mtDNAcn.

PCA analysis confirmed that TFAM and ND6 expres-
sion (PC2) were correlated to BMI. Also, lower mtDNAcn
and higher NRFI expression (PC1) were identified as mark-
ers of severe obesity in our VAT samples. Of note, NRF/
expression was correlated with genes regulating the one-
carbon cycle (MTHFR, PHGDH), despite they were not di-
rectly associated to BMI. No direct correlations between
gene expression and DNA methylation in their respective
promoters were detected.

Independently from the BMI, LINE-1 methylation
was also associated to methylation in the MTHFR promoter
and negatively correlated with MTHFR expression. This is
coherent with previous findings suggesting that demethy-
lation of MTHFR promoter might be a strategy to promote
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MTHFR transcription only in case of suppression of methy-
lation pathways, such as in case of folate deficiency [24].
However, these associations were independent on the obe-
sity condition in this sample. High methylation at MTHFR
and PHGDH promoters’ level were nominally correlated to
mtDNAcn. According to our findings, recent evidence has
shown that changes in mtDNAcn can affect nuclear DNA
methylation at specific loci and results in differential ex-
pression of specific genes with an impact on human health
and disease via altered cell signalling [81]. A bidirectional
control of the nuclear and mitochondrial genomes through
modulation of DNA methylation to control mtDNA copy
number and gene expression has been demonstrated also in
tumours [82]. Moreover, adipose tissue mitochondrial dys-
function in obesity has been associated to a specific DNA
methylation signature in adipose-derived stem cells [83].
Our findings corroborate the hypothesis of the existence
of a crosstalk between the nuclear and the mitochondrial
genome [26], also in terms of epigenetic regulations, even
though the direction of this association is still to be clarified.

A limit of this study is the low number of samples,
especially VAT from healthy normal weight individuals,
whose adipose tissue biopsies from surgery were difficult to
obtain. However, analysing extreme phenotypes (i.e., VAT
from people having a BMI from 22 to 53) should increase
the possibility to identify pathways that are normally sub-
tly altered in mild obesity. Secondly, VAT is mostly but
not only composed by adipocytes. It also contains pre-
adipocytes, fibroblasts, immune cells and vascular cells,
which are collectively known as the stromal vascular frac-
tion [84]. The number and phenotype of these cells vary
depending on the adipose tissue depot and is also differ-
ent between obese and lean individuals [85]. Thus, cellu-
lar heterogeneity might blur differences in molecular marks
which are cell specific such as epigenetic and gene expres-
sion changes. Also, we cannot exclude that methylation
in other areas of both the nuclear and the mitochondrial
genome might play a relevant role in regulation of gene ex-
pression in the instances where we did not identify a direct
correlation with this epigenetic mark.

In addition, even though we reduced the risk of poten-
tial failure of bisulfite conversion due to three-dimensional
structures of the mtDNA by linearizing it before the conver-
sion, some other limitations must be recognized when ap-
plying bisulfite pyrosequencing to the analysis of mitochon-
drial DNA: (1) the assessment of methylation with this tech-
nical approach was limited to CpG sites, (2) it was not possi-
ble to distinguish between methylation and hydroxymethy-
lation, (3) methylation levels in the mtDNA are typically
low and near to the limit of detection of the instrument and
(4) preferential amplification of low-methylated sequences
might occur (in case methylation exists also out of the CpG,
as it has been suggested in mtDNA [86]), thus leading to an
underestimation of the methylation levels. Despite these
limitations, bisulfite pyrosequencing remains the gold stan-
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dard for targeted analyses of DNA methylation because of
its high scalability, specificity and robustness of the results
which are given as a percentage of the overall amplicons.
Further investigations through Nanopore sequencing tech-
nology are planned to provide the missing information.

Finally, the observational design of this study reduces
the possibility of mechanistic speculations; in particular,
it is not possible to demonstrate the causality of the asso-
ciations measured between molecular marks and obesity.
Also, no information about dietary habits of these individ-
uals were available. Thus, it was not possible to adjust re-
sults for different dietary patters. Nevertheless, the impact
of diet on mtDNA copy number and methylation has been
investigated in another study from our group [87].

5. Conclusions

Evidence from this study suggests that mtDNA can
be methylated, especially in the light-strand promoter area
(LDLR). According to previous findings [16], despite the
low levels of methylation detected in the initiation of
mtDNA replication site in the heavy chain (HDLR) do not
correlate with mtDNAcn, a possible biological relevance
is suggested by their association to global nuclear DNA
methylation levels. Since mitochondrial dynamics are cor-
related to DNA methylation pathways also through the reg-
ulation of mtDNAcn, further studies on this topic, includ-
ing a specific focus on epigenetic regulation of the mito-
chondrial DNA are warranted. Moreover, additional in-
vestigations are required to clarify the role of mtDNAcn in
adipocytes, especially in association to the TFAM protein,
since conflicting findings exist on its involvement on in-
flammatory processes [88,89], and also taking into account
the possibility of an involvement of mitochondrial epige-
netics in regulating its functions.
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