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ARTICLE INFO ABSTRACT

Keywords: Obesity is a prevalent multifactorial chronic disorder characterized by metabolic dysregulation. Sustained pro-
Aging oxidative mediators trigger harmful consequences that reflect at systemic level and contribute for the estab-
Obesity lishment of a premature senescent phenotype associated with macromolecular damage (DNA, protein, and li-

Oxidative stress
Shelterin complex
Telomere length
TRF1

pids). Telomeres are structures that protect chromosome ends and are associated with a six-protein complex
called the shelterin complex and subject to regulation. Under pro-oxidant conditions, telomere attrition and the
altered expression of the shelterin proteins are central for the establishment of many pathophysiological con-
ditions such as obesity. Thus, considering that individuals with obesity display a systemic oxidative stress profile
that may compromise the telomeres length or its regulation, the aim of this study was to investigate telomere
homeostasis in patients with obesity and explore broad/systemic associations with the expression of shelterin
genes and the plasma redox state. We performed a cross-sectional study in 39 patients with obesity and 27
eutrophic subjects. Telomere length (T/S ratio) and gene expression of shelterin components were performed in
peripheral blood mononuclear cells by qPCR. The oxidative damage (lipid peroxidation and protein carbony-
lation) and non-enzymatic antioxidant system (total radical-trapping antioxidant potential/reactivity, sulfhydryl
and GSH content) were evaluated in plasma. Our results demonstrate that independently of comorbidities, in-
dividuals with obesity had significantly shorter telomeres, augmented expression of negative regulators of the
shelterin complex, increased lipid peroxidation and higher oxidized protein levels associated with increased non-
enzymatic antioxidant defenses. Principal component analysis revealed TRF1 as a major contributor for firstly
telomeres shortening. In conclusion, our study is first showing a comprehensive analysis of telomeres in the
context of obesity, associated with dysregulation of the shelterin components that was partially explained by
TRF1 upregulation that could not be reversed by the observed adaptive non-enzymatic antioxidant response.
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1. Introduction

Obesity, recognized as a multifactorial chronic disorder, is the most
prevalent non-communicable disease (NCD) and a preventable condi-
tion that has tripled since 1975, affecting more than 650 million adults
nowadays [1]. It constitutes a major risk factor for other comorbidities
such as cardiovascular diseases, diabetes, musculoskeletal disorders,
and some cancers. Obesity is associated with chronic inflammation and
oxidative stress and besides contributing to the emergence of physio-
logic imbalances, obesity accelerates aging and reduces lifespan [2].

Aging is a biological process characterized by the progressive de-
terioration of physiological functions, and some proposed hallmarks
include increased genomic instability and telomere attrition [3]. Aging
is also a risk factor for the appearance of comorbidities and augmented
susceptibility to death [4,5]. Because obesity is an important risk factor
for the development of many age-related diseases associated with low-
grade systemic inflammatory status and oxidative stress (OS) [6], it
seems reasonable to speculate that aging and the condition of obesity
share common features. The theory of free radicals associated with
aging [7] postulates that aging is the result of macromolecules (DNA,
protein, and lipid) damage accumulation, mainly caused by mi-
tochondrial reactive oxygen species (ROS) production connected with
the reduced ability of the organism to deal with these deleterious ef-
fects, that plays a significant role in the organism's lifespan.

Telomeres are specialized nucleoprotein structures located at the
end of eukaryotic chromosomes. They are formed by a double-stranded
tandemly repeated DNA sequence (TTAGGG) [8] followed by a G-rich
3’-single strand protrusion [9]. Telomeres play a critical role in the
maintenance of genomic integrity [10,11]. The tridimensional structure
of the telomeres is assembled in association with six telomere-specific
proteins, named the shelterin complex, composed of TRF1, TRF2, TIN2,
POT1, TPP1, and RAP1. The shelterin complex binds to telomeric re-
peats and mediates the formation of an intricate structure sequestering
the single-stranded telomeric DNA [12,13]. A proper function of the
complex is necessary to avoid unwanted repair events and the induction
of the DNA damage response (DDR).

Because telomere length (TL) shortens at each cycle of replication
[14], TL has been considered a marker for biological aging [15]. Ex-
perimental and clinical studies have already established a causal rela-
tion between inflammation, OS [16] and TL [17]. We have recently
published a review with meta-analysis to critically evaluate and sum-
marize the scientific evidence about the effect of obesity on TL among
69 different studies. Our results showed a trend toward a negative
correlation between obesity and shorter TL [18]. In addition, no study
has yet addressed the interconnection between inflammation, oxidative
stress (OS) and the shelterin components in a single report. Thus,
considering that individuals with obesity have an augmented chronic
systemic oxidative profile that may compromise the homeostasis of the
telomeric region, the aim of this study was to investigate TL from
peripheral blood mononuclear cells (PBMC) in patients with obesity
and explore its association with the expression of shelterin genes and
the plasma redox state.

2. Methodology

The project was approved by the Research Ethics Committee of the
Institutions under protocol number 760.537 (UFRGS) and 640.817
(PUCRS). Participants read, agreed and signed an informed consent.

We included 66 subjects with age ranging between 18 and 65 years
old. Based on BMI (kg/mz) [1], participants were divided into two
groups. Individuals with severe or morbid obesity (BMI = 35.0 kg/m?)
(n = 39) were recruited by convenience at the Center of Obesity and
Metabolic Syndrome unit at Sao Lucas Hospital at Pontificia Uni-
versidade Catdlica do Rio Grande do Sul. The control group (n = 27)
was composed of healthy eutrophic individuals (18.5kg/m?® = BMI <
24.9 kg/m?) who did not have any obesity associated comorbidity nor
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cancer and were not alcohol or tobacco consumers.
2.1. Samples

PBMC were purified using Histopaque®-1077 (Sigma-Aldrich, USA)
from 10 mL of whole blood previously collected in tubes containing
EDTA as an anticoagulant. Yield (0.8-1.0 x10° PBMC per 1 mL of
whole blood from eutrophic patients and higher yield in the group of
patients with obesity) and cell viability (> 95%) were determined by
trypan blue dye exclusion (Sigma-Aldrich). Plasma samples were stored
at —80 °C until use.

2.2. DNA extraction

Genomic DNA (gDNA) was extracted from 0.5 X 10° PBMC using
UltraPure Phenol: Chloroform: Isoamyl Alcohol reagent (25:24:1, v/v,
Sigma-Aldrich) and Proteinase K (2 mg/mL, Promega, USA) as pre-
viously described [19]. gDNA was stored at —20 °C until use.

2.3. Relative telomere length

Relative telomere length was assessed as we previously described
[20,21] with modifications from previous work [22]. For each sample,
two qPCR reactions were performed - for the amplification of a telo-
mere sequence (T) and for the single-copy autosomal gene, encoding
the ribosomal acid phosphoprotein PO 36B4 (S) (Supplementary
Table 1). Results were analyzed by the comparative cT (cycle threshold)
method (AAcT) [23] and expressed as relative T/S ratio.

2.4. RNA extraction and cDNA synthesis

Total RNA was extracted from 1 X 10° PBMC using TRIzol® reagent
according to the manufacturer's instructions (Invitrogen, USA). RNA
purity was assessed spectrophotometrically by absorbance at 260/
280nm in a BioPhotometer Plus (Eppendorf, Germany).
Complementary DNA (cDNA) was synthesized from 2 pg of total RNA
using High-Capacity c¢DNA Reverse Transcription Kit (Applied
Biosystems, USA) and stored at —20 °C until use.

2.5. Quantitative real-time polymerase chain reaction (qPCR)

All reactions were performed in triplicate using the Platinum® Taq
DNA polymerase enzyme (Invitrogen) in a 96-well Real-Time PCR in-
strument StepOnePlus™ (Applied Biosystems). The specificity of the
amplified products was confirmed by dissociation curves analyses at the
end of each reaction. All plates included two different controls: a ne-
gative control, to detect possible contamination of the reagents or false-
positive in the absence of sample and a random sample to monitor the
interplacement variation and used to obtain a normalizing factor to
compare inter-plate variation. Triplicates with standard deviation
= 0.3 cT were excluded and rerun.

Gene sequence information was collected (www.ensembl.org and
https://www.ncbi.nlm.nih.gov/refseq/) and used to design specific
primers for TRF1, TRF2, TIN2, RAP1, TPP1, POT1, DKC1, TERT or IL-1f
and TNF-a using a freely available software from Integrated DNA
Technologies (www.idtdna.com). PCR reactions were performed in
triplicate in a final volume of 20 pL. We used 3 pL of cDNA (1:20) as a
template for qPCR reactions and SYBR green as the fluorescent detector.
Primers’ sequence, concentration, and specific running conditions are
depicted in Supplementary Table 1. Thermal cycling profile for gene
expression consisted of an initial denaturation step at 94 °C for 10 min
followed by 40 cycles of 15s at 94 °C, 15 at specified annealing tem-
perature (Supplementary Table 1) and 15 s at 72 °C for data acquisition.
Sole product amplification and absence of primer-dimer was confirmed
using melting curve analysis at the end of each run. Additionally, we
confirmed the amplification of a unique amplicon of the specified size
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by agarose gel electrophoresis. Samples were normalized using the
housekeeping gene GNB2L1 as suggested by GeNorm (https://genorm.
cmgg.be/) analysis and calibrated by the average of the AcT of the
group. In order to analyze data by the AAcT method [23], we previously
confirmed similar PCR efficiencies between all studied targets (TRFI,
TRF2, RAP1, TPP1, POT1, DKC1, TERT, IL-18 and TNF-a) and en-
dogenous control (GNB2L1).

2.6. Lipid peroxidation

Lipid peroxidation levels in plasma samples were assessed by the
non-enzymatic formation of eicosanoid levels in response to phospho-
lipid oxidation using an 8-isoprostane (8-iso-P) competitive enzyme-
linked immunosorbent assay (ELISA) kit (Cayman Chemical, USA) ac-
cording to the manufacturer's instructions. Lipid peroxidation was
measured at 370nm by spectrophotometry using a SpectraMax® i3
plate reader (Molecular Devices).

2.7. Protein carbonyl content

Protein carbonyl content was quantified as previously described
[24]. To sum up, plasma samples were treated with 10 mM dini-
trophenylhydrazine (DNPH) in 2M HCI for 1h at room temperature
and then precipitated with 10% trichloroacetic acid (TCA). The sub-
sequent protein pellet was washed 3 x with 1:1 ethanol/ethyl acetate
mixture. Proteins were solubilized in 8 M urea and centrifuged at
16,000 x g for 4min to remove any trace of insoluble material. The
carbonyl content was measured at 370 nm by spectrophotometry using
a SpectraMax® i3 plate reader (Molecular Devices, USA).

2.8. Total reactive antioxidant potential (TRAP) and Total antioxidant
reactivity (TAR)

Total reactive antioxidant potential (TRAP) is an in vitro non-enzy-
matic method based on the action of total antioxidants on the lumi-
nescence decay of luminol-enhanced chemiluminescence generated by
the reaction of luminol with a reliable and quantifiable source of alkyl
peroxyl radical derived from 2,2’-azobis-(2- amidinopropane) dihy-
drochloride (AAPH). The thermal decomposition of these compounds in
the presence of luminol produces luminescence, which is quenched by
the addition of peroxyl radical scavengers [25,26]. Plasma samples
were added to the reaction and the luminescence produced by the free
radical reaction was quantified every 5 s using a MicroBeta TriLux 1450
liquid scintillation counter (Perkin-Elmer, USA) until the readings were
stabilized. Raw data were analyzed as 1 - area under the curve (1 -
AUQ).

The Total Antioxidant Reactivity (TAR) was obtained from the same
experiment. The TAR results were calculated as the ratio of light in-
tensity in the absence of samples/first light intensity reading after
sample addition (Ip/1;).

2.9. Sulfhydryl groups (-SH)

Total sulfhydryl groups were measured as previously described
[27]. The assay provides a colorimetric readout of total reduced thiol
content of a sample, based on the capacity of thiols groups to chemi-
cally reduce 5,5-dithiobis-2-nitrobenzoic acid (DTNB, Ellman's Re-
agent), which possesses a reactive disulfide bond susceptible to reduc-
tion. The reduction occurs by an exchange reaction in which a mixed
disulfide and a yellow-colored 5-thio-2-nitrobenzoic acid (TNB) is
formed. The intensity of the yellow color (indicating reduced thiol
content) was measured at 412 nm by spectrophotometry using a Spec-
traMax® i3 plate reader (Molecular Devices).
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2.10. Reduced glutathione (GSH) content

This method is based on the reaction of GSH with ortho-phtha-
laldehyde (OPA) [28]. Briefly, plasma samples were incubated with 1:1
metaphosphoric acid (MPA) in order to be deproteinized. Samples were
maintained in the dark for 15 min after an addition of OPA (1 mg/mL,
Sigma-Aldrich). The fluorescence was measured by excitation at
350nm and emission at 420 nm by spectrophotometry using a Spec-
traMax® i3 plate reader (Molecular Devices). The results were quanti-
fied based on a GSH standard curve.

2.11. Data imputation

Missing data from each experimental procedure was imputed using
the fully conditional specification approach, also known as multivariate
imputation by chained equations, by supplying all other experimental
data as well as demographic information. In brief, the algorithm im-
putes an incomplete column (the target column) by generating 'plau-
sible' synthetic values given other columns in the data. Each incomplete
column must act as a target column and has its own specific set of
predictors. The default set of predictors for a given target consists of all
other columns in the data. For predictors that are incomplete them-
selves, the most recently generated imputations are used to complete
the predictors prior to the imputation of the target column. The im-
putation procedure was implemented using the mice package in the R
statistical environment [29,30]. The mice function was employed using
predictive mean matching method (PMM), 50 multiple imputations
(m = 50), 10 iterations (maxit = 10) and seed = 123. The mean of the
50 computed imputations was considered the final values (expressed as
black dots in the plots).

2.12. Principal component analysis (PCA)

Imputed experimental data from all procedures, except TRAP, was
Box-Cox transformed. The arcsine square root transformation was em-
ployed for TRAP imputed values. After transformation, PCA computa-
tion and visualization was implemented using FactoMineR and fac-
toextra packages in the R statistical environment [30-32].

2.13. Flow cytometry

Ex vivo protein expression of TRF1 was analyzed by flow cytometry.
PBMC (1 x 10° cells) were stained with anti-TRF1 antibody conjugated
with Alexa Fluor-647 (1:30, clone G-7, Santa Cruz Biotechnology, CA,
USA) incubated for 30 min at 4 °C in the dark with the transcription
factor kit (BD Pharmingen™, USA) following manufacturer's instruc-
tions. Samples (10,000 events) were acquired in the Accuri C6 Flow
Cytometer (BD Biosciences, USA) and analyzed in the monocyte or
lymphocyte gates with the Accuri C6 software. Results are expressed as
median fluorescence intensity (MFI).

2.14. Statistical analyses

Categorical data are presented by absolute and relative frequency
and continuous variables, using median and interquartile range, ac-
cording to the asymmetry of the variables. Shapiro-Wilk test was per-
formed to verify the normal distribution of samples for each variable.
The comparison between groups was evaluated by unpaired t-test or
Mann-Whitney test, depending on normal vs. non-normal distributed
sample, respectively. To obtain data with a possible relationship be-
tween TL and age of the subjects, and among all observed variables,
Spearman non-parametric correlation tests were performed. GraphPad
Software Inc. version 6.01 (La Jolla, California, USA) and Statistical
Package for Social Sciences (SPSS) (SPSS v.22 for Windows, IBM Corp.
Armonk, New York, USA) were used in all analyses. All tests were bi-
directional and the differences were considered significant at p < 0.05
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Table 1
Baseline and demographic characteristics.
Groups p value
Control (n = 27)  Obese (n = 39)
Gender (male), n/total (%) 11/27 (40.7) 9/39 (23.1) 0.1742
Age (years), median (IQR) 28.0 (26.0-33.0) 36.0 (32.7-41.2)  0.0006
BMI, median (IQR) 22.1 (20.7-23.2) 45.0 (41.4-50.2) < 0.0001
Physical activity, n/total 2/27 (7.4) 0/39 (0) 0.1636
(%)
Comorbidities, n/total (%)
Dyslipidemia 0/27 (0) 24/39 (61.5) -
Hepatic steatosis 0/27 (0) 19/39 (48.7) -
Hypertension 0/27 (0) 21/39 (53.8) -
Metabolic syndrome 0/27 (0) 21/39 (53.8) -
Type 2 diabetes mellitus 0/27 (0) 11/39 (28.2) -

IQR = Interquartile range.

Results are shown with number (percent) or median IQR (25-75%).

Bolded results indicate significant differences between groups (95% confidence
interval).

(*), p < 0.01 (**), p < 0.001(***) or p < 0.0001 (*¥***),

3. Results
3.1. Baseline and demographic characteristics

Subjects with obesity (n = 39) were older than subjects in the
control (n = 27) group (p < 0.0006) and had more comorbidities
(p < 0.0001). No differences regarding gender and physical activities
were observed (Table 1).

3.2. Shorter telomere length in patients with obesity

Because age was different between groups (p < 0.0006) and telo-
meres naturally shorten with age, we compared TL after adjustment for
age. Individuals with obesity had significantly shorter telomeres when
compared to healthy controls (p = 0.026) (Fig. 1A). Because telomeres
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attrition could also be explained by the presence of comorbidities, we
did a subgroup analysis. We divided the group of patients with obesity
(n = 39) according to the absence (n = 7) or presence of comorbidities
(n = 32). Kruskal-Wallis analysis showed differences in the T/S ratio
among the groups (p = 0.0008). Post-hoc Dunns’ multiple comparisons
test revealed that obese patients without (p = 0.05) and with co-
morbidities (p = 0.01) were different from controls (Fig. 1B). When we
matched eutrophic individuals (n = 7), and obese patients without
(n = 7) or with comorbidities (n = 6) for age [median (IQR); 32.0
(26.0-42.0), 33.0 (25.0-47.0) and 34.5 (30.0-48.8) years], and for sex
(male/n; 2/7; 2/7; 2/6), we observed comparable results shown in
Fig. 1C. In this regard, we can conclude that the differences in the T/S
ratio are related to the obesity condition by itself and not related to
different comorbidity disturbances. As expected, we detected an inverse
association between age and telomere length in the group of patients
with obesity (r = -0.317, p = 0.0025) (Fig. 1D).

3.3. Upregulated gene expression of shelterin components, DKC1 and an
inflammatory profile in patients with obesity

In this work, we included 66 subjects. Because there were missing
data for some of the analyzed variables, we performed data imputation.
Results from imputed (n = 66) and non-imputed incomplete data sets
(n < 66) did not differ and maintained the same significance
(Supplementary Table 2). Our results from imputed data showed in-
creased mRNA levels for TRF1 (p = 0.0216), TRF2 (p = 0.0145), RAP1
(p = 0.003), POT1 (p = 0.0315) and the accessory protein DKCI
(p = 0.0244) in PBMC from subjects with obesity. Shelterin component
TPP1 showed no difference (p = 0.9665) (Fig. 2). Irrespective of the
group, gene expression of the telomerase catalytic subunit (TERT) was
not detected in most of the samples (data not shown).

As expected, gene expression from IL-1f [detected in few controls
(12/27) and in few obese patients (14/39); 0.035 (0.02-0.07) vs 56.92
(8.05-99.61), p < 0.0001] and TNF-a [detected in few controls (3/27)
and in few obese patients (8/39); 0.48 (0.05-0.81) vs 1.65 (0.69- 4.24),
p = 0.097], were upregulated in patients with obesity (data not
shown).

Fig. 1. Shorter telomeres among individuals with
obesity. A) Individuals with obesity (n = 39) had
shorter telomeres (T/S ratio) compared to healthy
controls (n = 27) (p = 0.026) after adjustment for age.
Differences were analyzed with Mann-Whitney U-test.
B) Subgroup analysis of control individuals (n = 27),
individuals without (n = 7) and with comorbidities
(n = 32) from the obesity group show shorter telo-
meres’ length (T/S) compared to healthy controls
(p = 0.01 and p = 0.05, respectively) after adjustment
for age. Differences were analyzed with Kruskal-Wallis
test and Dunn's post-hoc comparisons. C) Subgroup
analysis, paired for age and sex, among controls
(n = 7) and individuals with obesity without (-COM,
n = 7) or with comorbidities (+COM, n = 6) show
shorter telomere length (T/S) compared to healthy
controls (p=0.05 and p = 0.05 respectively).
Differences were analyzed with Kruskal-Wallis test and
Dunn's post-hoc comparisons. D) Inverse association
between age and telomere length in the group with
obesity (Spearman correlation r=-0.317;
p = 0.0025). Data are presented as median and IQR
(25-75%). Significant differences considered when
p < 0.05 (*) or p < 0.01 (**). Abbreviations: n:
sample size; IQR: Interquartile range.
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3.4. Augmented macromolecules’ damage in patients with obesity

Patients with obesity showed increased lipid peroxidation levels,
reflected as a higher amount of 8-iso-P (p = 0.0027) (Fig. 3A). We also
found significantly higher oxidized protein levels (p = 0.0074) by
carbonyl content measurement (Fig. 3B). These results indicate an in-
creased damage caused by oxidative imbalance observed in plasma
from patients with obesity.

3.5. Augmented non-enzymatic antioxidant defenses in obese patients

Subjects with obesity also showed total non-enzymatic antioxidant
capacity (TRAP) and reactivity (TAR) significantly higher than healthy
controls (p < 0.0001) (Fig. 3C and D), as well as higher levels of total
reduced sulthydryl groups (p = 0.0451) (Fig. 3E), with no difference in
GSH content (p = 0.4127) (Fig. 3F).

3.6. TRF1 is the main factor contributing to the variance between groups

To explore additional associations, we investigated correlations
among all observed variables and whether telomere shortening was
correlated to any studied factor. The results demonstrated positive as-
sociations between TRF1 and many observed variables (Fig. 4). Inter-
estingly, the T/S ratio was only inversely correlated with TRAP (non-
significant correlations are depicted in Supplementary Figure 1).

Since many factors can influence telomeres’ length, we performed a
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Fig. 2. Individuals with obesity showed increased
gene expression levels of shelterin components.
Relative gene expression of shelterin components was
analyzed in PBMC from controls (n = 27) or in-
dividuals with obesity (n = 39). Samples were ana-
lyzed by the comparative method (AAcT) and nor-
malized to GBN2L1. A) TRF1, B) TRF2, C) RAP1, D)
POT1, and F) the accessory protein DKC1. Shelterin
component E) TPP1 showed no difference between
groups. Data are presented as median and IQR
(25-75%). Differences were analyzed with Mann-
Whitney U-test. Green dots represent individuals from
the control group; red dots represent individuals with
obesity and black dots represent imputed data.
Significant differences considered when p < 0.05 (*)
andp < 0.01 (**). Abbreviations: n: sample size; IQR:
Interquartile range; TRF1: Telomeric repeat binding
factor; TRF2: Telomeric repeat binding factor 2; RAP1:
Repressor/activator protein 1; TPP1: Adrenocortical
dysplasia protein homolog; POT1: Protection of telo-
meres protein 1; DKC1: Dyskerin; TERT: Catalytic
subunit of the telomerase holoenzyme complex;
GNB2L1: Guanine nucleotide binding protein (G pro-
tein), beta polypeptide 2-like 1.

CONTROL
OBESE

principal component analysis (PCA) to analyze the contribution of these
analyzed factors into the shortening of telomeres as our outcome. Our
analysis showed that 36.6% of the sample variance can be explained by
the first principal component (PC1) (Fig. 5A), and the first two principal
components (PC1 + PC2) contain 52.3% of the variance information
between groups, as depicted by the plots that defined two clusters of
data (Fig. 5B). In addition, the PCA allowed us to simplify the analysis
and discover a hierarchical order for telomere shortening contribution
to each PC. In this case, TRF1, POT1 RAP1, TPP1, and DKC1 were re-
vealed as variables that mostly contributed to PC1 variance (Fig. 5D).

Because TRF1 appeared as a major contributor for telomere short-
ening, TRF1 protein expression was validated by flow cytometry in
samples from newly recruited participants (Fig. 6A and B). Similar to
TRF1 gene expression (Fig. 2A), protein levels of TRF1 were higher in
the group of patients with obesity (n = 10) when compared to age and
sex-matched controls (n = 8) (p = 0.0002). Demographic data from
this new cohort is depicted in Supplementary Table 3.

4. Discussion

Obesity is characterized as an energy imbalance-related disorder
where adipose tissue expansion is central for metabolic impairment.
Obesity leads to an increased risk of morbidity and reduced life ex-
pectancy [33,34]. Metabolic dysfunctions associated with obesity, such
as dyslipidemia, hypertension, insulin resistance, high LDL levels, and
DM2, contribute to a pro-inflammatory and pro-oxidative imbalance
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environment [35]. Increased ROS levels play a crucial role in the me-
tabolic syndrome onset, mostly triggering insulin resistance and dys-
regulating glucose homeostasis [36]. Even more interesting is the ob-
servation that all the above-mentioned obesity-related comorbidities
are also associated with shortened telomeres [37-39].

From our study, three important conclusions can be drawn. First,
our results demonstrate that adults with severe or morbid obesity show
reduced telomeres’ length in comparison with eutrophic subjects.
Second, it evidences that the condition of obesity alters telomeres’
homeostasis through the shelterin components, mainly TRF1, and fi-
nally, indicates that the antioxidant adaptive responses are not
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Fig. 3. Increased macromolecules' damage in
plasma from subjects with obesity. Plasma from
patients with obesity showed, A) increased levels of
lipid peroxidation (p = 0.0027) and B) higher oxidized
protein levels (p = 0.0074). C) TRAP and D) TAR were
both higher in patients with obesity (p > 0.0001), as
well as E) total sulfhydryl groups (p = 0.0451). F)
There was no difference in GSH content (p = 0.4127).
Data are presented as a median and IQR (25-75%).
Black dots represent imputed data. Differences were
analyzed with Mann-Whitney U-test. Green dots re-
present individuals from the control group; red dots
represent individuals with obesity and black dots re-
present imputed data. Significant differences con-
sidered when p < 0.05 (*), p < 0.01 (**) or
p < 0.0001 (****). Abbreviations: IQR: Interquartile
range; TRAP: Total Reactive Antioxidant Potential;
TAR: Total Antioxidant Reactivity; GSH: Reduced
Glutathione.

CONTROL
OBESE

sufficient to counteract the oxidative stress and telomeres attrition.
One hypothesis about aging is that immediate telomeres’ shortening
occurs early in many diseases, suggesting that telomere length may be
an important biological marker for the early development of patholo-
gies [40]. Indeed, dysregulated telomere length has been implicated
and causally related to hematological diseases, such aplastic anemia,
dyskeratosis congenita and idiopathic pulmonary fibrosis [41-43] and
also different types of cancers [44,45]. However, in the context of
obesity, the nature of the association with shorter TL is still under de-
bate. Obese children are at higher risk for the persistence of obesity and
development of other comorbidities in adulthood [46]. Buxton et al.

Fig. 4. Plot depicting gene interactions between sig-
nificantly different (p < 0.05) variables. The number
of interactions within one variable is represented by the
size of the node (circle), and the magnitude (line thick-
ness) and color (blue or red) of the connector represent the

1

2 regression coefficient (based on r values) and direction
3 (r > Oorr < 0), respectively. The absence of significant
4 correlation (r) and significance (p > 0.05) between vari-

ables is not represented. Abbreviations: TRF1: Telomeric
repeat binding factor; TRF2: Telomeric repeat binding
6 factor 2; RAP1: Repressor/activator protein 1; TPPI:
Adrenocortical dysplasia protein homolog; POTI1:
Protection of telomeres protein 1; DKC1: Dyskerin; TRAP:
Total Reactive Antioxidant Potential; TAR: Total
Antioxidant Reactivity; GSH: Reduced Glutathione.
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Fig. 5. TRF1 as a major contributor for clustering among the groups. Principal component analysis (PCA) showed that A) 36.6% of the sample variance can be
explained by the first principal component (PC1), and B) the first two principal components (PC1 + PC2) contain 52.3% of the variance information between groups.
C) Bar plot showing TRF1 as a variable that mostly contributed to PC1. The red dashed line indicates the expected average contribution (1/12 studied vari-
ables = 8,33%) of each variable. Abbreviations: TRF1: Telomeric repeat binding factor; TRF2: Telomeric repeat binding factor 2; RAP1: Repressor/activator protein
1; TPP1: Adrenocortical dysplasia protein homolog; POT1: Protection of telomeres protein 1; DKC1: Dyskerin; TRAP: Total Reactive Antioxidant Potential; TAR: Total

Antioxidant Reactivity; GSH: Reduced Glutathione.

demonstrated that the impact caused by accelerated shortening of tel-
omeres due to obesity might begin as early as childhood. Their results
evidence a strong association between short leukocyte telomeres and
the occurrence of obesity for both genders [47]. To our knowledge,
there is only one study in adults suggesting that shorter telomeres in
leukocytes may be a risk factor for increased adiposity possibly accel-
erating the aging process in the context of obesity [48].

Our results showing shorter TL in patients with obesity after age-
adjustment are in accordance with a previous meta-analysis published
by our group where we evaluated 63 original studies comprising
119,439 subjects. Although heterogeneity was high among the studies,
in this analysis we observed a weak and moderate negative correlation
between obesity and TL, suggesting that additional studies are still on
demand [18]. Telomeres’ attrition doesn't always correlate with aging
in all studied groups from humans, especially in the elderly; suggesting
that the argument of telomeres length as a biomarker of aging is still
under debate [49,50].

Also, many confounding variables such as gender and comorbidities
might influence TL and male gender is associated with shorter telo-
meres [51]. For example, in our first cohort (Table 1), the number of
men in each group was different (40.7% and 23.1% in the control and
obese group, respectively), and analyses were not adjusted for sex.
However, the higher percentage of males is in the control group, sug-
gesting that, if present, the effect of sex on the T/S ratio would bias the
TL in the opposite direction: diminishing the T/S in the control group.
In addition, the absence of comorbidities in the control group could be
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misinterpreted and super estimate the differences found in the TL from
the obese group; shorter TL could be interpreted as due to the obesity
condition either by itself or to the different comorbidities disturbances.
Indeed, subgroup analysis, separating patients with obesity according
to the absence or presence of comorbidities demonstrated differences in
the T/S ratio among the groups (control versus obese) and no differ-
ences between obese patients without and with comorbidities. We ob-
served comparable results when groups were paired for age and sex
without and with comorbidities. In this regard, we can conclude that
the observed differences in the T/S ratio are related to the obesity
condition by itself and not related to different comorbidities dis-
turbances. In line with these findings, longitudinal studies are focusing
on biological mechanisms that elucidate the relationship between ac-
celerated telomere shortening and obesity. Formichi et al. monitored 93
individuals with severe obesity after bariatric surgery and observed
reduced TL in obese patients when compared to healthy individuals
with no effect after 12 months of surgery [52]. Contrary, Laimer et al.
observed a recovery and increase in TL post-bariatric surgery after 10
years of accompaniment [53]. Their results may indicate that telomere
length restoration may be achieved by pronounced and sustained
weight loss over a longer period of intervention but no mention of the
possible mechanism of action was addressed.

Telomere length can be controlled at distinct levels. Cross-talk be-
tween the enzyme telomerase and the shelterin proteins is necessary to
preserve telomeres homeostasis [54]. In our settings, we did not ob-
serve gene expression of the catalytically active component of the
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TRF1

Fig. 6. Augmented TRF1 protein expression. A) TRF1 analysis showed an overexpression in PBMC of obese patients (red dots, n = 10) compared to controls (green
dots, n = 8) (p = 0.0002). B) Representative histograms of TRF1 protein expression. Abbreviations: MFI: median fluorescence intensity.
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telomerase enzyme (TERT) in PBMC. This result is expected, as circu-
lating peripheral leukocytes are not proliferating cells and telomerase
has low activity in T and B cells but not in monocytes [55]. On the other
side, in this study, we observed an up-regulation of IL-1f3 gene expres-
sion in PBMC from subjects with obesity, a cytokine also synthesized by
adipocytes and resident and infiltrated macrophages that might con-
tribute to the establishment of a local and systemic inflammation en-
vironment during the expansion of the adipose tissue [56,57]. Thus,
this para-inflammation state present in obesity might induce an aug-
mented rate of proliferation of hematopoietic precursors in the bone
marrow and the expansion and proliferation of leukocytes in peripheral
sites driving leukocyte senescence and telomeres shortening. In agree-
ment with these findings, we have previously shown that plasma from
patients with obesity is responsible for the induction of an im-
munosenescent phenotype in non-related donor healthy PBMC [58].

Shelterin proteins are main regulators of telomere length metabo-
lism. The tridimensional structure of the T and D-loop is responsible for
protecting chromosomes ends from degradation, repair activities and in
active-telomerase cells, of its action [12]. In the context of obesity, our
study reveals gene expression up-regulation of TRF1, TRF2, POT1 and
RAPI transcripts in PBMC. TRF1, TRF2, and POT1 have all been de-
scribed as cis-negative regulators for TL [59], although they perform
different functions in telomeres' maintenance during homeostasis. We
measured different variables, as gene expression from the shelterin
complex, parameters of the redox system, parameters of inflammation
and telomeres shortening. Because the aim of our work was to identify,
which of the variables, in the context of the obesity, best explain and
reflect the dynamics of our system: the observation of shortened telo-
meres, we performed a PCA. PCA was used as a statistical tool to sys-
tematically extract from all that measurements, the variable/variables
that best reflected the dynamics of telomeres attrition [60], and the
results identified TRF1 as a major negative regulator of telomeres’ at-
trition in the context of obesity. To our knowledge, we are first to de-
monstrate up-regulation of TRF1 in PBMC from patients with obesity, a
condition that is associated with a higher incidence of cancer [61-63].
TRF1 depletion has been associated with chromosome breakage [64]
and protection but not elongation of the telomeres [65]. In contrast
with these findings, we have additional data from our cohort of patients
with obesity showing a higher frequency of micronucleus and kar-
yolysis in oral mucosal epithelial cells (Parisi et al., manuscript under
preparation), conditions also associated with a higher predisposition for
the augmented incidence of cancer observed in the context of obesity.
Although our study design did not allow us to demonstrate causal re-
lationships but associations, our data suggest that an initial genetic
damage already established is present in the context of obesity and
might be interpreted as signaling for future transformation.

Similar to TRF1 and TRF2, recent data suggest that POT1 would
initially inhibit the translocation of the enzyme telomerase to the tel-
omeres and prevent its interaction with the telomeres, therefore elon-
gation [66]. In addition, POT1's promoter has an element recognition
site for the binding of NF-kB suggesting another link with inflamma-
tion. Indeed, in a macrophages lineage, POT1 action has been observed
in extranuclear locations in the cytosol, pointing to extra-telomeric
functions associated with the inhibition of the endocytosis mechanism
and reduction of the inducible nitric oxide synthase (iNOS) enzyme
[67]. In conclusion, these observations suggest that POT1 up-regulation
might act as a mechanism for telomeres elongation inhibition, a link
with inflammation and impairment of the innate immune system,
contributing to an augmented susceptibility towards bacterial infec-
tions, as already documented in the context of obesity. Our results on
PCA also revealed POT1 up-regulation as an important factor, resem-
blant to TRF1 and contributing to telomere shortening in the context of
obesity. Indeed, POT1 is related to repress DDR by the serine/threonine
kinases ataxia telangiectasia-mutated Rad3-related (ATR) - mediated
pathway [68], protecting telomeric DNA from genetic abnormalities.
These findings could possibly be related to an attempt to prevent the
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activation of DNA damage response related to dysfunctional telomeres.

TRF1 and TRF2 forms a bridge with TIN2 and connects with ssDNA
through POT1 [69]. Knock out mice confirm the role of TRF2 in the
assembly of the T-loop. Its overexpression is associated with augmented
T-loop formation, inversely correlated with telomerase activity [70]
and functions avoiding end-to-end fusions [71,72]. The presence of a
single strand non-protected or uncapped DNA is a trigger for the DDR
signaling and induction of senescence or apoptosis. Because TRF2
physically interacts with enzymes from the nucleotide excision repair
[73], it's upregulation is also associated with chromosomal instability,
suggesting again an augmented risk factor for the development of
cancer, as shown in prostate cancer [61].

In this report, we showed augmented RAP1 expression in the con-
text of obesity. This result was at least surprisingly, as previous works
done in mice suggest a protective role for RAP1 against obesity and
metabolic dysfunction [74-76]. However, RAP1 is associated in the
shelterin complex through the interaction with TRF2 and does not have
regulatory functions for telomere length [77]. Additional non-telomeric
cytoplasmic functions have been described for mammalian RAP1
through interaction with the inhibitor kappa B kinases (IKK) in the
cytoplasm and the modulation of nuclear factor kappa B (NF-kB)-
mediated pathways. A regulatory feedback has been ascribed for RAP1
where augmented levels are positively regulated by NF-kB, and human
breast cancers with NF-xB hyperactivity show elevated levels of cyto-
plasmic RAP1 [78]. In agreement with these findings, breast carcinoma
cell lines treated with tumor necrosis factor-alpha (TNF-a) have shown
a 5 or 6-fold induction of TRF1, TIN2, and POT1. The pro-inflammatory
milieu further suggests a link between shelterin proteins and in-
flammation.

Peroxisome proliferator-activated receptors (PPAR) are ligand-acti-
vated transcription factors that belong to the superfamily of nuclear
hormone receptors and play a key role in various processes including
modulation of differentiation and cell viability, biomolecules metabo-
lism, and inflammation. However, the activities promoted by PPAR
depends on the cell type and the binding isoform, to favor different cell
processes in distinct outcomes [79,80]. Martinez et al. demonstrated
that RAP1 knockout mouse embryonic fibroblasts (MEF) have down-
regulation of PGC-1a [81] and PPARa, showing the premature devel-
opment of obesity and associated comorbidities [74]. Furthermore,
macrophages induce PGC-1a [82]. In this way up-regulation of RAP1
gene expression, as observed in this work, could be involved in the
regulation of the PPAR pathway.

Telomere shortening contributes to metabolic dysfunction through
the impact on mitochondrial biogenesis and metabolism in a rodent
model [83]. Metabolic dysfunctions such as those seen in obesity have
an important role in accelerated aging development even in the absence
of any other source [84]. Studies demonstrate that damage caused by
ROS accumulation is related to physiological aging in both human
[85,86] and rodent [87] models, although the mechanisms by which
oxidative imbalance can accelerate aging is still under debate. In
normal physiological functions, redox homeostasis allows maintenance
of a reduced intracellular environment by ensuring properly protein
structure and function and lower peroxidation levels [88]. However, an
impairment of redox status promote an oxidative imbalance by an ac-
cumulation and dysregulated ROS signaling that may lead to anomalous
cell dysfunction, contributing to disease progression [89]. Thus, ex-
cessive oxidative stress appears to be an important feature in numerous
aging-related diseases since there is an increased level of ROS produc-
tion that cannot be totally scavenged by antioxidants defenses [90].

In this regard, we also demonstrate that subjects with obesity have a
plasmatic pro-oxidant environment observed by a higher protein oxi-
dation and lipid peroxidation levels. Our results also indicate that this
impairment caused by an oxidative imbalance leads to increased non-
enzymatic antioxidant defenses, which appears to be an adaptive rescue
response to avoid cellular dysfunction by an excessive damage caused
by enhanced ROS levels.
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Biomolecule damage caused by ROS in obesity is widely described
in the literature. Several studies show an elevated protein carbonylation
amount, both in adipose tissue [91] and plasma, with a strong asso-
ciation with diabetes mellitus [92]. Besides this, higher plasmatic lipid
peroxidation levels are also detected [93]. Our results on antioxidant
capacity are in agreement with a recent study that evaluated DM2 pa-
tients in relation to healthy controls, in which the authors showed an
increased total antioxidant status in plasma samples [94]. Non-enzy-
matic antioxidants, composed by ascorbic acid (Vitamin C), a-toco-
pherol (Vitamin E), polyphenols (flavonoids and phenolic acids), car-
otenoids, GSH, and others, represents the major defenses in plasma
[95]. However, because of sample limitation, we were unable to ana-
lyze further enzymatic antioxidant defenses such as superoxide dis-
mutase, glutathione peroxidase, and catalase.

In summary, our study adds valuable information to current lit-
erature and shows that PBMC telomeres’ homeostasis is compromised,
favoring shorter telomeres, in the context of severe and morbid obesity.
Additionally, our study identifies TRF1 as a major regulator of telo-
meres attrition in the context of obesity. We suggest that telomeres
uncapping by shelterin components might be partially explained by
TRF1 upregulation, a mechanism that might accelerate the aging pro-
cess associated with augmented damage of proteins and lipids and the
pro-oxidant environment and might predispose cells for neoplastic
transformation. The increased non-enzymatic antioxidant defenses ob-
served in the plasma may be a cellular oxidative imbalance adaptive
rescue response to evade dysfunctional signaling and cell death.
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