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Adipocyte hypertrophy and hyperplasia have been shown to be associated with shorter telomere length,
which may reflect aging, altered cell proliferation and adipose tissue (AT) dysfunction. In individuals with
obesity, differences in fat distribution and AT cellular composition may contribute to obesity related
metabolic diseases. Here, we tested the hypotheses that telomere lengths (TL) are different between: (1)

Keywords: abdominal subcutaneous and omental fat depots, (2) superficial and deep abdominal subcutaneous AT
I)eblg;?;re length (SAT), and (3) adipocytes and cells of the stromal vascular fraction (SVF). We further asked whether AT TL

is related to age, anthropometric and metabolic traits.

TL was analyzed by quantitative PCR in total human genomic DNA isolated from paired subcutaneous
and visceral AT of 47 lean and 50 obese individuals. In subgroups, we analyzed TL in isolated small and
large adipocytes and SVF cells.

We find significantly shorter TL in subcutaneous compared to visceral AT (P < 0.001) which is
consistent in men and subgroups of lean and obese, and individuals with or without type 2 diabetes
(T2D). Shorter TL in SAT is entirely due to shorter TL in the SVF compared to visceral AT (P < 0.01). SAT TL
is most strongly correlated with age (r = —0.205, P < 0.05) and independently of age with HbAlc
(r=-0.5, P < 0.05). We found significant TL differences between superficial SAT of lean and obese as well
as between individuals with our without T2D, but not between the two layers of SAT. Our data indicate
that fat depot differences in TL mainly reflect shorter TL of SVF cells. In addition, we found an age and
BMI-independent relationship between shorter TL and HbA1lc suggesting that chronic hyperglycemia
may impair the regenerative capacity of AT more strongly than obesity alone.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Metabolic disorders such as obesity and diabetes may accelerate
the aging process [1]. Cellular and tissue telomere length (TL)
represents a strong biological marker for the aging process, cell
proliferation, tissue regeneration and a dysbalance between these
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processes [2]. Short telomeres have become a widely accepted
molecular/cellular measure of aging [3]. Although telomere length
seems to be tissue specific, the age-associated TL shortening occurs
in parallel and proportionally in skeletal muscle, skin, leukocytes,
and subcutaneous adipose tissue (SAT) [4]. At the tissue level, aging
is characterized by a substantial decrease in the regenerative po-
tential of several cell types [4,5]. Both genetic and environmental
factors determine the rate and balance between cell death and
regeneration [5].

Recently, it has been demonstrated that at least in extremely
obese individuals, adipocyte TL is a marker of adiposity, and whole
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adipose tissue (AT) TL shortening may reflect AT dysfunction [2].
The number of adipocytes is determined in childhood and adoles-
cence and remains largely constant in lean and obese individuals
during adulthood [6]. Spalding and co-workers showed that each
year approximately 10% of the adipocyte population is renewed [6].
However, these data are based on measurements of subcutaneous
fat [6]. It is not yet known whether different fat depots have a
specific fat cell turnover rate, and whether the renewal of AT is
related to anthropometric and metabolic parameters.

It has been shown that individuals with obesity, type 2 diabetes
(T2D) and additional cardiovascular risk factors have shortened
telomeres in the peripheral blood and in SAT [1,7]. The TL in
circulating blood cells is negatively associated with age, BMI, hip
and waist circumference, systolic blood pressure, triglycerides,
fasting glucose levels and body fat percentage [1]. Moreover, TL in
adipocytes correlates negatively and independently of age with
waist circumference and adipocyte size [2]. The finding that TL in
SAT and/or visceral adipose tissue (VAT) is negatively associated
with BMI, systolic blood pressure, hyperglycemia and adipocyte
size is highly consistent across independent cohorts [2,8—10]. Since
obesity seems to be related to shorter telomeres and obesity related
metabolic disturbances are related to adipose tissue mass, depot
distribution and gender, we hypothesize that TL are different be-
tween SAT and VAT depots in humans. We further tested the hy-
potheses that TLs are different between superficial and deep SAT,
and between adipocytes and cells of the stromal vascular fraction
(SVF). In addition, we sought to investigate whether telomere
length is associated with parameters of obesity and fat distribution,
adipocytes size or with metabolic traits including insulin sensitivity
and glucose tolerance.

2. Material and methods
2.1. Subjects

For this cross-sectional study, paired visceral (VAT) and subcu-
taneous (SAT) adipose tissue samples were obtained from 97
extensively characterized Caucasian lean (n = 47) or obese (n = 50)
men (n = 46) and women (n = 51) from the University Hospital
Leipzig (Table 1). Patients either underwent elective bariatric sur-
gery (n = 43), cancer related surgery (n = 33) or cholecystectomy
(n=11). The mean age of the study cohort was 55 + 17 years (range:
16.7—93.2 years) with a mean BMI of 37.2 + 15.3 kg/m? (range:
18.6—78.8 kg/m?). 36 participants had a diagnosis of T2D. For each
participant, demographic and anthropometric data, concomitant
medication before surgery and routine laboratory results were
recorded. The study was approved by the local ethics committee

Table 1

Clinical characterization of lean and obese study participants. Data represent
means + SD. Differences between lean and obese individuals: *P < 0.05, **P < 0.01,
P < 0.001.

BMI <25 kg/m? n = 47 BMI >40 kg/m? n = 50

Age (years) 63.7 + 16 46.1 + 13.6"**
Gender (women/men) 26/21 25/25

BMI (kg/m?) 230+ 18 50.6 + 8.9***
Type 2 Diabetes (no/yes) 41/3 17/33***
HbA; ¢ (%) 492 + 0.96 5.93 + 1.80**
Fasting plasma glucose (mmol/l) 5.41 + 1.6 6.23 +293
Fasting plasma insulin (pmol/l) 23 + 29 133 + 87
HOMA-IR 086+ 1 54+43
Triglycerides (mmol/l) 1.11 £ 0.12 1.81 + 0.75**
Total cholesterol (mmol/l) 521 +0.19 4.72 + 0.92*
HDL cholesterol (mmol/l) 1.79 = 0.15 1.18 + 0.3**
LDL cholesterol (mmol/l) 293 +0.28 2.77 +0.85

(Reg. No. 031-2006 and 017-12-23012012) and the participants
gave their written informed consent.

In a subgroup of 22 subjects, we analyzed TL in SVF and isolated
adipocytes. The mean age of this subcohort was 49 + 13.8 years
(range: 16.7—75.5years) with a mean BMI of 43.9 + 10.6 kg/m?
(range: 20.7—60.1 kg/m?). 10 participants had a diagnosis of T2D. In
a third subgroup (n = 13), we measured TL in small (<100 pm) and
large adipocytes (>100 um).

2.2. Measurement of body fat content, glucose metabolism and
insulin sensitivity

BMI was calculated as weight divided by squared height. Hip
circumference was measured over the buttocks; waist circumfer-
ence was measured at the midpoint between the lower ribs and
iliac crest. Percentage body fat was measured by bioelectrical
impedance analysis (BIA). Abdominal visceral and subcutaneous fat
areas were calculated using computed tomography (CT) or MRI
scans at the level of L4—L5. Insulin sensitivity was assessed using
the HOMA-IR index. All baseline blood samples were collected
between 8 and 10 am after an overnight fast. Plasma insulin was
measured with an enzyme immunometric assay for the IMMULITE
automated analyzer (Diagnostic Products Corporation, Los Angeles,
CA, USA).

2.3. Adipocyte- and SFV isolation

AT samples were digested with 1 mg/mL (Type 1 collagenase,
CellSystems Troisdorf, Germany) for 45 min in 37 °C shacking water
bath (90 bpm). After digestion, samples are centrifuged at 362 g for
5 min at room temperature. Supernatant containing mature adi-
pocytes were filtered through a 100 um nylon mesh (NeoLab,
Heidelberg, Germany) to separate small and large adipocytes. Cell
pellets (SVF) as well as adipocytes were snap frozen in liquid ni-
trogen immediately.

2.4. TL studies in different SAT layers

The separation of paired superficial SAT (sSAT) and deep SAT
(dSAT) was performed in a subgroup of 25 subjects. We defined
SSAT in parallel histological sections as the region of AT between
the Scarpa's fascia and lower dermis, whereas dSAT was defined as
the AT below Scarpa's fascia. These layers were obtained from male
(n = 9) and female (n = 16) patients underwent abdominal plastic
surgery (e.g. body lift). The mean age of the study cohort was
50.6 + 15.4 years (range: 23—82years) with a mean BMI of
33.2 + 6.4 kg/m? (range: 22.1-52.5 kg/m?). 17 participants had a
diagnosis of T2D. The study was approved by the local ethics
committee and the participants gave their written informed
consent.

2.5. Measurement of telomere length

SAT, VAT, SVF, sSAT, dSAT and isolated adipocytes were imme-
diately frozen in liquid nitrogen after explantation or collagenase
digestion. Genomic DNA was extracted from frozen samples using
QIAamp DNA blood & tissue kit (Qiagen, Hilden, Germany). TL was
quantified using quantitative RT-PCR assay as described by Caw-
thon [11]. For each sample, containing 10 ng/ul genomic DNA, we
assessed telomeric DNA and a single-copy control gene (36B4). The
following primers were used: 36B4 5'-CAGCAAGTGGGAAGGTGT
AATCC-3' (forward) and 5’-CCCATTCTATCATCAACGGGTACAA-3’
(reverse); TEL 5'-GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGG
GT-3' (forward) and 5'-TCCCGACTATCCCTATCCCTATCCCTATCCCTA
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TCCCTA-3’ (reverse). A serial diluted standard curve, based on
pooled children genomic DNA (mean age 3.3 + 1.5 years), served
as reference. For determining relative telomere length we
calculated for all samples the factor by which they differ
from reference children's DNA in its ratio of telomere
repeat copy number to single-copy gene copy number
housekeep Efficiency Cp— —sample

sample
telomere Efficiency Cp

T/S — ratio =

housekeep Efficiency Cp— —control

Telomere Efficiency Cp
The average T/S ratio is an indicator of telomere length. Lower T/
S ratio reflects shorter telomere length.

2.6. Statistical analyses

Statistical analysis including multivariate linear regression an-
alyses were performed with SPSS version 20 (SPSS; Inc., Chicago, IL,
USA). All experimental data are presented as means + SD unless
stated otherwise. Non-normally distributed parameters were
logarithmically transformed. Differences in TL between VAT and
SAT were assessed using paired Student's t test. Results of univar-
iate correlation analysis were described with Pearson's correlation
coefficient. All P values presented are two-tailed, and P-values less
than 0.05 are considered statistical significant.

3. Results
3.1. Shorter telomere length in SAT compared to VAT

We investigated TL in SAT and VAT in 97 AT donors (51 women,
46 men), which have been further classified into individuals with a
BMI <25 kg/m? or >40 kg/m? (Table 1). The AT donors were
selected to represent a wide range of age, BMI and parameters of
insulin sensitivity and glucose metabolism. Analysis of the entire
cohort revealed significantly shorter TL in SAT compared to VAT

(Fig. 1A). Shorter TL in SAT compared to VAT was consistent across
subgroups of men (but not women, Fig. 1B), lean versus obese
(Fig. 1C) and individuals with or without T2D (Fig. 1D). There were
no significant TL differences in both SAT and VAT for the compar-
isons of men versus women (Fig. 1B), lean versus obese (Fig. 1C) and
AT donors with or without T2D (Fig. 1D).

3.2. Shorter telomere length in SAT is due to shorter TL in
subcutaneous SVF cells

Adipose tissue is composed of several cell types including
adipocytes and cells of the SVFE. To further elucidate the contri-
butions of these two cell fractions on whole adipose tissue TL
differences between SAT and VAT, we analyzed TL in isolated
adipocytes and cells of the SVF in a subgroup of AT donors
(n = 22). There was no TL difference between isolated adipocytes
from SAT and VAT (Fig. 2A), whereas TL was significantly shorter
in SVF cells from the subcutaneous compared to the visceral fat
depot (Fig. 2B). Isolated adipocytes were then further divided
into small (diameter<100 pm) and large adipocyte
(diameter>100 pm) subfractions. TL was not significantly
different between small and large adipocytes, independently of
the fat depot (Fig. 2C).

3.3. Telomere length in SAT negatively correlates with age and
HbAlc

To further investigate the association between whole adipose
tissue TL and parameters of obesity, fat distribution and meta-
bolism, we performed univariate correlation analyses using data
from the entire study population (n = 97). In SAT, we find signifi-
cant negative correlations between SAT TL and age (Fig. 3A) and
HbA;. (Fig. 3B). The only significant correlate of VAT TL is mean
visceral adipocytes size (Fig. 3C), which is however not significant
after adjusting for age and BMI (r = —0.14, P = 0.26). Multivariate
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Fig. 1. Fat depot specific differences in telomere length. (A) Telomere length difference between human subcutaneous (SAT) and omental visceral (VAT) adipose tissue from 97
donors of paired samples. Telomere length differences in SAT and VAT of (B) men (n = 46) and women (n = 51); (C) adipose tissue donors with a BMI <25 kg/m? (n = 47) versus
>40 kg/m? (n = 50); (D) as a function of absence (no) or diagnosis of type 2 diabetes (T2D). Data were log transformed to achieve normal distribution. *, p < 0.05, **p < 0.01.
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Fig. 2. Telomere lengths analyses in adipocytes and cells of the stromal vascular fraction. Telomere length in isolated adipocytes (A) and stromal vascular fraction (B) from human
subcutaneous (SAT) and omental visceral (VAT) adipose tissue (n = 97). (C) Isolated adipocytes from SAT and VAT were further subdivided into small (diameter < 100 pm, n = 13)
and large (diameter > 100 pm, n = 13) adipocytes. **P < 0.01.

linear regression models revealed that the negative correlation 3.4. Telomere length of superficial SAT is significantly shorter in
between SAT TL and HbA1c remained significant upon adjusting for patients with T2D

age and BMI (Table 2). Noteworthy, there were no significant cor-

relations between VAT TL and any of the parameters (see Table 1) We tested the hypothesis that TL differs between different layers
tested. of abdominal subcutaneous AT. In the entire group, we do not find
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Table 2

Multivariate linear regression analysis of telomere length in subcutaneous (SAT) and
visceral (VAT) adipose tissue. r = correlation coefficient (significant correlations are
highlighted in bold).

Telomere length SAT (r; P-value) VAT (r; P-value)

Model 1:
Age (years) —0.041; 0.045 —0.019; 0.347

Model 2:
Age (years) —0.028; 0.187 0.002; 0.924
HbA ¢ (%) —0.426; 0.05 0.193; 0.389
Model 3:

Age (years) —0.018; 0.491 0.011; 0.677
HbA . (%) —0.501; 0.047 0.129; 0.605
BMI (kg/m?) 0.021; 0.503 0.018; 0.550

significant TL differences between sSAT and dSAT (Fig. 4A) which is
consistent in men and women (Fig. 4B). There is a trend for shorter
TL in both sSAT and dSAT in individuals with a BMI >30 kg/m?
compared to lean controls (Fig. 4C).

SAT of patients with T2D is characterized by a significantly
shorter TL in sSAT (but not in dSAT) compared to individuals with
normal glucose metabolism (Fig. 4D).

4. Discussion

In obese individuals, adipocyte TL has been shown to reflect the
degree of adipose tissue accumulation and AT function [2]. In
addition, shortened telomeres in AT appear to be significantly
associated with hypertrophy of adipocytes, low circulating adipo-
nectin levels, and impaired glucose and lipid metabolism [9]. These
associations were reported for both individuals with obesity, but
also for lean individuals with metabolic diseases including T2D [9].
Based on these previous findings, we tested here the main
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hypothesis that TL is related to obesity, AT function and metabolic
abnormalities in fat depot-specific manner.

We find that TL is significantly shorter in SAT compared to VAT
due to shorter TL in cells of the SVF in SAT. Fat depot TL difference is
independent of gender, diabetes status and BMI in our Caucasian
cross-sectional study population. In addition, TL in SAT, but not in
VAT is significantly negatively associated with age and indepen-
dently of age and BMI with HbA1c. Further subclassification of SAT
into superficial and deep SAT revealed shorter TL in sSAT from T2D
patients compared to controls.

As telomeres shorten when cells proliferate, our data suggest
that cell turnover rate of SVF cells in VAT is lower compared to SAT.
Our data may therefore support previous findings that human
abdominal subcutaneous preadipocytes had the highest and
omental cells the lowest capacity to differentiate [12,13]. In this
context, van Harmelen and colleagues found that the correlation
between age and preadipocyte proliferation was restricted to sub-
cutaneous AT and could not be detected in omental AT [13].
Together with these previous data, our findings confirm that aging
has distinct effects on preadipocytes from different fat depots and
could explain loss of subcutaneous and relative preservation of
omental fat with aging. The TL differences between SAT and VAT in
our study was consistently found in men, and across subgroups of
lean versus obese, and individuals with or without T2D suggesting
that gender, fat mass itself and chronic hyperglycemia do not
significantly alter preadipocyte proliferation rate. TL differences
between SAT and VAT have not been detected in women, which
could be due gender differences in TL shortening with aging. In
accordance with this postulate, it has been repeatedly shown that
there are no gender differences in TL at birth, but in the aging
process telomeres shorten faster in men than in women [14,15].
However, many of these previous data rely on TL measurements of
leukocytes [14]. Although age-associated telomere shortening
seems to occur proportionally in muscle, skin, leukocytes, and SAT
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Fig. 4. Telomere length analyses in different abdominal subcutaneous adipose tissue segments. (A) Telomere length comparison between human superficial subcutaneous (sSAT)
and deep subcutaneous (dSAT) adipose tissue from 25 donors who underwent plastic surgery of the abdominal region. Telomere length differences in sSAT and dSAT of (B) adipose
tissue donors with a BMI <30 kg/m? (n = 7) versus >30 kg/m? (n = 18); (C) men (n = 9) and women (n = 16); (D) as a function of absence (no, n = 8)) or diagnosis of type 2 diabetes

(T2D, n = 17). Data were log transformed to achieve normal distribution. *, P < 0.05.
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[4], there are no longitudinal data available for the dynamic of TL
shortening in adipose tissue.

In isolated adipocytes, we do not find significant fat depot-
related differences in TL supporting the notion that the number
of adipocytes remains largely constant during adulthood [6].
Higher preadipocyte proliferation rate in SAT compared to VAT may
not be reflected by different TL in mature adipocytes due to the
relatively low renewal rate of adipocytes [6]. One limitation of our
study is that we can only evaluate TL at a given time point and can
therefore not exclude that differences in the dynamic of adipocyte
turn over exist between different fat depots. Interestingly, we do
not find a significant TL difference between small and large adi-
pocytes from both SAT and VAT. This is in contrast with a recent
report demonstrating that shortened TL is associated with hyper-
trophied adipocytes [9]. The tendency for shorter TL in small versus
large adipocyte observed in our study could support the hypothesis
that smaller adipocytes may represent a younger generation of
preadipocytes, which underwent more cell cycles (and have
therefore a higher probability of shortened TL) than the mature
larger adipocytes. In contrast to that, we found a significant cor-
relation between shorter TL in VAT and larger visceral adipocytes.
However, this correlation was not statistically significant upon
adjusting for age and BMI.

The internal integrity of our TL measurements is at least
suggested by the significant negative correlation between TL in
SAT and age. Tissue aging is characterized by shortened TL due to
a substantial decrease in the regenerative potential of several cell
types and both genetic and environmental factors determine the
rate of tissue regeneration and the balance between accumula-
tion and removal of cellular damage [5]. Independently of the
correlation between TL in SAT and age, we found a significantly
negative correlation between TL and HbAlc, suggesting that
chronic hyperglycemia may affect the cell turnover in SAT. The
association between shorter TL and impaired glucose meta-
bolism has been reported in previous studies [2,7—10]. Further
studies are required to define the mechanism how chronic hy-
perglycemia may affect the balance between tissue damage and
regeneration.

Abdominal SAT is divided by the Scarpa's fascia into a dSAT and
SSAT layer [ 16]. These two layers of SAT are characterized by distinct
structural and functional properties. Compared to sSAT, dSAT has a
higher expression of proinflammatory, lipogenic, and lipolytic
genes and is more closely related to visceral fat mass and whole
body insulin resistance [16,17]. We therefore sought to determine
potential TL differences between sSAT and dSAT. Interestingly, we
did not find significant differences in TL between these two SAT
layers neither in the entire cohort nor in subgroups of men and
women or obese versus lean individuals. It has been shown that
dSAT expands disproportionally more than sSAT with increasing
obesity [16], but we cannot provide data that this difference is re-
flected by differences in TL between the two TL layers.

In patients with T2D, TL was significantly shorter in sSAT (but
not in dSAT) compared to non-diabetic controls suggesting that
hyperglycemia may affect AT turnover differentially in these two
SAT layers. Our observation may point to a limited expandability of
SAT, which may contribute to the development of obesity-related
insulin resistance and T2D [18,19]. Interestingly, shorter TL has
been recently associated with limited expandability of SAT and the
expression of polymerase I and transcript release factor, which may
inhibit adipocyte differentiation [20].

Taken together, our data indicate that fat depot differences in TL
mainly reflect shorter TL of SVF cells supporting the notion that
subcutaneous preadipocytes have higher capacity to differentiate
than omental preadipocytes. In addition, we found an age and BMI-
independent relationship between shorter TL and HbAlc

suggesting that chronic hyperglycemia may impair the regenera-
tive capacity of AT more strongly than obesity alone.
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