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Abstract

Objective—Adipose tissue (AT) senescence is associated with AT dysfunction in rodents, but
little is known about human AT senescence. Our goal was to define the distribution of senescent
cells in two subcutaneous depots and understand relationships with adiposity and inflammation.

Methods—Sixty-three volunteers (48 females) underwent abdominal and femoral subcutaneous
fat biopsies. We measured fat cell size (FCS), senescent cells using senescence associated
B-galactosidase (SA-B-gal) staining per 100 nucleated cells (%), and mRNA expression of 4
cytokines.

Results—There was a larger proportion of senescent cells in femoral than abdominal
subcutaneous AT (mean difference 1.6 [95% CI 0.98-2.3%], P <0.001) and the percentage of
femoral AT senescent cells was greater in women than men (median 3.9% vs. 2.1%, P<0.01).
There was a positive correlation between senescence and FCS in abdominal (rg=0.44, P<0.001)
and femoral (rs=0.35, P=0.007) AT depots. Abdominal AT TNF-a (rs=0.49, P<0.01) and IL1-B
(rs=0.44, P=0.01) expression were positively correlated with abdominal, but not femoral AT
senescence.
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Conclusions—In human subcutaneous AT there are more senescent cells in femoral than
abdominal depots; abdominal AT senescent cells are more associated with inflammatory signals
than femoral AT senescent cells.
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Introduction

Cellular senescence occurs when there is a permanent arrest of the cell cycle in cells with
capacity to replicate (1). Cellular senescence is triggered by several stresses such as telomere
injury, DNA damage and oxidative stress. These stresses occur more frequently with aging,
induce senescence, leading to organ-tissue dysfunction via secretion of proinflammatory
cytokines and induction of mitochondrial dysfunction (2). Some, but not all senescent

cells can develop a senescence associated secretory phenotype (SASP) comprising pro-
inflammatory cytokines such as IL-6, IL-7, IL-8, IL-1p, and TNF-a.. This phenotype can
also include secretion of chemokines that attract, anchor, and activate immune cells, pro-
fibrotic and hemostatic factors, and tissue-destroying proteases (2—4); this response has been
associated with tissue dysfunction and insulin resistance. Senescent cells have been found

in many tissues and organs, including liver, bone, cartilage, blood vessels, heart, brain, and
adipose tissue (5-8). These cells are thought to play an important role in tissue dysfunction
in age-related diseases, such as cardiovascular disease, diabetes, osteoporosis, non-alcoholic
fatty liver disease, and cancer (6,9-12).

There are no fully sensitive or specific markers for cellular senescence, but several markers
for senescence are increased in adipose tissue of obese rats (13) and humans with obesity
(10). Obesity has been associated with senescence in AT mesenchymal stromal/stem cells
(1) that can impair adipogenesis of neighboring cells (14). This suggests that senescent
stromal vascular fraction derived progenitor cells and senescent preadipocytes could play
a role in the pro-inflammatory state associated with obesity and obesity related metabolic
complications (10). We found only a few studies of senescence in adipose tissue (AT)

in humans and its potential role in the pathophysiology of obesity (8,15-17). Although
senescence has been found in AT mesenchymal stromal/stem cells, preadipocytes, young
adipocytes, macrophages, and endothelial cells (1,2,15,18,19), it is not clear if differentiated,
non-dividing cells such as mature adipocytes can become senescent. There is evidence that
some non-dividing cardiomyocytes can become senescent-like (20).

There are physiologic differences in regards to inflammatory markers, triglyceride storage,
and lipolysis between abdominal and femoral subcutaneous fat depots (21,22). In addition,
humans with greater femoral than abdominal fat are more metabolically healthy, suggesting
that there may be differences in how these depots contribute to disease risk. The cause

for these differences has not been clearly elucidated and it has been hypothesized that
cellular senescence could be responsible (15). We tested the hypothesis that there are more
senescent cells in abdominal than femoral subcutaneous adipose tissue. Herein we describe
the distribution of senescent cells in different subcutaneous adipose tissue depots in men and
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women across the BMI spectrum, as well as the relationship between senescent cells and
adiposity, adipocyte size, and cytokines.

Samples and data were collected as part of three separate studies that were approved by

the Mayo Clinic IRB. We intentionally included volunteers with a wide range of adiposity
(16 — 52% body fat) and BMI (21.2 — 38.2). All participants were recruited between

March 2013 and November 2018 and provided informed, written consent. Participants
underwent a screening visit to assess their eligibility for the study, followed by body
composition measurements using dual energy x-ray absorptiometry (DXA) and a single slice
CT scan of the abdomen at the L,_3 interspace (to measure visceral fat). They subsequently
were admitted to the Mayo Clinic Clinical Research and Trials Unit (CRTU) where they
underwent adipose tissue (AT) biopsies to determine AT senescence.

Men and premenopausal women between 18 and 55 years of age were included. Study 1
included volunteers ranging from normal BMI to Class 1l obesity., Studies 2 and 3 included
only volunteers in the overweight to Class Il obesity range of BMI. Those with history of
chronic systemic inflammatory diseases, cardiovascular disease, use of anti-inflammatory
medications or medications that affect fatty acid metabolism were excluded. All participants
had to be weight stable for 2 months before the study visit.

Adipose biopsies for all studies were obtained after an overnight fast. Biopsies were
collected using a small-bore liposuction approach under local anesthesia with sterile
technique. Samples were taken from the abdominal subcutaneous region lateral to the
umbilicus and the femoral region on the anterior-lateral aspect of the mid-thigh.

Determination of AT Senescence

Senescent cells were identified using SA-B-gal staining that at a pH of 6 is a marker to
detect senescent cells. The tissue was fixed in 0.5% glutaraldehyde, washed with PBS, and
incubated at 37° C for 16 h with SA-p-gal activity solution. The solution is at a pH of

6 in order to allow the SA-B-gal enzyme to catalyze the hydrolysis of B-galactosides into
monosaccharides, which occurs only in senescent cells. Hoechst 33342 dye was used to stain
nuclei. The sample was placed between two mounting slides and fluorescent microscopy
was used to measure the number of cells with SA-B-gal activity and the number of nucleated
cells per field using NIS software (Nikon). The number of SA-p-gal expressing cells is
reported per 100 nucleated cells.

To test whether the expression of SA-B-gal correlates with another marker of cellular
senescence, we stained 16 of the above described samples for CDKN2A/p16!NK4A ysing
immunohistochemical techniques. We used anti-p16'NK4A antibody [EPR1473] AbCam
108349 for senescence. The number of positive cells per 100 adipocytes was calculated.
Fat cell size was measured as previously described (23).

Plasma IL-6 and TNF-a concentrations were measured as described by the manufacturer
using the Meso Scale Discovery (MSD) pro-inflammatory Panel 1 assay (catalog
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#K15049D) in the Immunochemical Core Laboratory of Mayo Clinic. Reportable ranges
were 1.58-488 pg/mL for IL-6 and 0.69-248 pg/mL for TNF-a..

Real Time PCR

RNA was isolated from adipose tissue using the RNeasy Lipid Tissue mini kit

(Qiagen # 74804) and then reverse transcribed using the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems #4368813) into cDNA as described by the
manufacturer. RT-PCR was performed using Tagman Gene Expression assays (Applied
Biosystems (CD68=Hs02836816 g1, CD206=Hs00267207_m1, CD14=Hs02621496 s1,
p16'NK4A =Hs00923894 m1, and CYCA=Hs99999904 m1) and TagMan Fast Advanced
Master Mix (Applied Biosystems #4444964) on an ABI Quant thermocycler using “Fast”
settings in duplicate. We used the AACt method to analyze the data and cyclophilin A
expression was used to normalize samples.

Statistical Analysis

Results

Continuous variables are expressed as mean + SD if normally distributed, and median,
inter-quartile range (IQR) if non-parametric. Spearman correlation coefficient (rg) was used
for correlation analysis of nonparametric variables. The Wilcoxon signed-rank test was used
as the non-parametric matched pairs test for comparison of senescent cells between fat
depots. JIMP 10.0 was used for all analyses.

Subject Characteristics

The subject characteristics are provided in Table 1. Sixty-three volunteers underwent body
composition studies; 59 had abdominal subcutaneous AT biopsies and 58 had femoral
subcutaneous AT biopsies. Of the total of 63 volunteers, 54 had AT biopsies done in both
abdominal and femoral depots; the remaining 9 volunteers had biopsies successful for these
measures in only one of the depots. Males and females did not differ with respect to age or
BMI, but had the expected differences in percent body fat, visceral fat, and leg fat.

Technical Assessments of Adipose Cellular Senescence Measurements

Because there is a manual, and thus potentially subjective component to counting the
number of SA-B-gal -stained cells, we compared the results from two different readers who
analyzed the same images from 32 biopsies. The agreement between the two readers was
excellent (r = 0.99, P < 0.0001, Figure 1A), indicating we could rely on results from a single
reader.

To assess the test-retest reliability of the SA B-gal approach for measuring senescent cells
we collected abdominal and femoral AT samples from 16 volunteers on two separate
occasions separated by 2 weeks. Senescent cells constituted 3.8 + 2.7% of abdominal and
5.7 £ 2.7% of femoral subcutaneous AT cells, respectively. The values for % of senescent
cells from all the first biopsies and all the second biopsies were highly correlated (r =

0.83, P < 0.0001, Figure 1B). The test-retest intra-class correlations were 0.90 and 0.77 for
abdominal and femoral AT samples, respectively.
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Representative images of adipose tissue stained for SA-B-gal and p16'NK4A are provided

in Figure 2. The relationship between SA-B-gal and p16'NK4A staining in AT is shown in
Figure 1C. There was a positive correlation (r = 0.53, P < 0.001) between senescent cells
measured using senescence SA-B-gal staining and p16'NK4A immunohistochemical staining.
For the remainder of this report we will use SA-B-gal as the measure of the number of
senescent cells.

Relationship between Senescent Cells and Adiposity

The percentage of cells that stained positive for SA-B-gal in femoral adipose tissue was
greater (P = 0.002) in women than men (Table 1), whereas the sex difference in the number
of SA-B- galactosidase positive cells in abdominal subcutaneous fat was not statistically
significant (p=0.09).

Adults with obesity had more abdominal subcutaneous AT senescent cells than adults
without obesity (2.2% (0.9-4.0) vs. 0.9% (0.6-2.2) [median (IQR)], P = 0.02). In contrast,
there was not a significant difference in the number of senescent cells in femoral
subcutaneous fat in those with and without obesity [3.5% (2.4-5.1) vs. 2.8% (1.4-5.1),

P =0.14].

For those for whom we had both abdominal and femoral adipose samples (N= 54), the
percentage of senescent cells was greater in femoral than abdominal fat (mean of 4.1%
(£2.7) vs. 2.5% (x2.1), mean difference of 1.6 [95% CI1 0.98-2.3%], P < 0.001).

There was a positive correlation between total body fat and senescent cells in abdominal

(rs = 0.57, P <0.001) and femoral (rs = 0.52, P < 0.001) fat. We also found a positive
correlation between the number of abdominal senescent cells and upper body subcutaneous
fat mass (rg = 0.53, P < 0.001, Figure 3A), but the relationship between leg fat mass and
the number of femoral senescent cells was not statistically significant (rs = 0.19, P = 0.15,
Figure 3B).

There was positive correlation between fat cell size and the number of senescent cells in the
abdominal (rs = 0.43, P < 0.001, Figure 3C) and femoral (rs = 0.35, P = 0.007, Figure 3D)
subcutaneous AT. There was no correlation between age and the number of abdominal or
femoral senescent cells, but there was a correlation between the number of senescent cells in
abdominal and femoral subcutaneous adipose tissue (r = 0.52, P < 0.001).

Senescent Cells and Cytokines

There was no significant correlation between plasma IL-6 or TNF-a concentrations and AT
senescent cell burden. The correlation between plasma IL-6 concentrations and senescent
cells in the abdominal and femoral depots were rg = 0.21 (P = 0.32) and 0.39 (P = 0.08),
respectively. Correlations between plasma TNF-a concentrations and senescent cells in
abdominal and femoral depots were rg = 0.07 (P = 0.74) and —0.26 (P = 0.27), respectively.
In contrast, we did find statistically significant, positive correlations between abdominal AT
senescent cells and abdominal mRNA expression levels of TNF-a, IL1-B, and I1L-10. The
relationship between senescent cell and adipose IL-6 mMRNA was not significant (Figure
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4). There were no significant relationships between femoral AT senescent cells and the
expression of any of the cytokine mRNAs (Figure 5).

Discussion

Cellular senescence, including that occurring in adipose tissue (13,24,25), is linked to a
number of adverse metabolic profiles in animal models. Our goal was to understand the
patterns of adipose cellular senescence in humans in order to help develop a definition of
what constitutes “normal” amounts of senescent cells vs. a burden of cellular senescence
that is linked to markers of inflammation. We measured the number of senescent cells in
abdominal and femoral subcutaneous depots in a large number of adults to assess how depot,
sex, and adiposity relate to senescent cell burden. To our surprise, there were more senescent
cells in femoral than abdominal AT and women had more femoral senescent cells than

men. Abdominal, but not femoral senescent cell burden was correlated with local MRNA
expression of TNF-a, IL1-B, and IL-10, but neither abdominal nor femoral AT senescent
cell burden was correlated with plasma IL-6 or TNF-a concentrations. We suggest that
senescent cells in different adipose depots have different implications for inflammation and,
potentially, adipose function.

Our findings that greater adiposity is associated with greater AT senescent cell burden

is consistent with previous studies (10,26). A few studies have looked into differences

in senescence in AT but mostly between visceral and subcutaneous fat. In humans with
cancer (10), those with diabetes had increased senescence in visceral AT. In patients with
severe obesity (10,15), markers of senescence are increased, more so in visceral than in
abdominal SC AT. It has been reported that senescence in the intramuscular quadriceps fat
is associated with worse measures of mobility and physical function in older women with
overweight/obesity (8), but senescence in subcutaneous femoral depot has not been studied.
Our findings indicate that AT cellular senescence is present in both major subcutaneous
depots in humans ranging from normal weight through Class 11 obesity.

Preadipocytes vary in capacity for differentiation, adipogenesis, replication, and apoptosis
among fat depots (13,27). Therefore, a potential explanation for the greater senescent cell
burden in the femoral depot in women is the greater replicative capacity of adipocyte
precursors in this depot. Femoral AT expands more readily via the process of adipocyte
hyperplasia than abdominal subcutaneous AT (28). Women have more leg fat than men and
normal weight women have greater adipocyte cellularity and less hypertrophy than men
(29). It seems likely that the greater cell replication leads to telomere shortening, which can
induce cellular senescence (9). Therefore, the greater proportion of senescent cells in leg
than abdominal subcutaneous fat may be a consequence of the increased replicative ability
of femoral preadipocytes, especially in women.

Human senescent cells secrete inflammatory and immune-modulatory proteins, including
cytokines/chemokines (IL-6, 1I-7, 11-8, IL-1B, TNF-a, MCP-1, 2), growth factors (TGF-

B, VEGF) and cell surface molecules (ICAMs) (3,4). These molecules are referred as

the senescence-associated secretory phenotype (SASP). Studies have shown that SASP
promotes senescence of other cells (30,31), recruitment of immune inflammatory cells (19),
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and, in the AT of obese mice, can lead to insulin resistance (10,19). Reduction of AT
senescent cells with senolytics (drugs that selectively decrease senescent cells) in obese
mice improves local and systemic insulin sensitivity (19). This finding provides evidence

for a causal relationship between senescence and AT insulin resistance in rodents. Although
we did not find a correlation between AT senescent cells and circulating cytokines in our
population, the positive association between abdominal AT senescence and abdominal AT
TNF-a and IL1-B mRNA suggests that these cells could contribute to local AT inflammation
in that depot.

In contrast, we did not find a correlation between AT cytokines and senescent cells in the
femoral fat. The secretory profile and function of senescent cells varies among tissues and
cell types (4), and many cell types can undergo senescence. It is possible that most of the
senescent cells we observed in abdominal adipose tissue were of the endothelial cell type,
which is known to be influenced by the adipose microenvironment (10,15). Our findings
suggest that cellular senescence in the femoral depot may be more benign than senescence
in the abdominal depot. We acknowledge that our data are only associative and cannot prove
causality.

We found that the reproducibility of SA-B-gal staining measurement in AT was very

good. Because there are conditions that can cause cells to stain positive for SA-p-gal in

the absence of senescence (prolonged cell incubation time or conditions with increased
lysosome number or activity) (32) we tested whether the SA B-gal staining results correlated
with another index of senescence — cells expressing the p16'NK4A protein. Although the
correlation between SA-B-gal and p16'NK4A counts was not perfect, this could be due to

the differences in how such data is derived. The SA-B-gal staining is of necessity expressed
per 100 nuclei, whereas the number of p16'NK4A positive cells by immunohistochemistry

is expressed per 100 adipocytes. The varying size of adipocytes and the varying number

of non-adipocytes relative to adipocytes in adipose tissue is expected to create some
disagreement in values even if these markers perfectly identified senescent cells. The
finding of a reasonably strong positive correlation between SA-B-gal staining and p16/NK4A
supports the use of these markers to evaluate AT senescence.

There are some limitations to our study. Although age should be a predictor of AT
senescence, the age range of our participants (between 22 and 55 years) was likely too
narrow to detect an association. Because the BMI range of our volunteers was 21-38
kg/m?2 our results should not be extrapolated to humans with class 3 obesity. Adipose tissue
cytokines levels were assessed by mRNA expression, which might not necessarily translate
to AT protein content or secretion. Studies to examine the relationship between senescence
and AT cytokine protein content in different SC fat depots are needed to confirm our
findings. Finally, we did not evaluate genes related to adipogenesis, adipocyte differentiation
and proliferation. To the extent that senescent cells inhibit these processes, information

on these variables could have better allowed us to test whether the greater senescence in
femoral AT is secondary to a greater replication capacity of preadipocytes in that depot or
whether the greater number of senescent cells may feed back to inhibit these processes.
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In conclusion, we found that femoral AT has more senescent cells than abdominal
subcutaneous AT. Abdominal subcutaneous AT senescent cell content increases as a function
of increased adipocyte size and fat mass, whereas only femoral adipocyte size correlated
with femoral AT senescent cell content. Although women have more femoral AT senescent
cells than men, femoral AT senescent cells are less linked to cytokine gene expression than
abdominal AT senescent cells are. Our findings suggest that femoral senescence may reflect
replicative activity of femoral AT rather than being a marker of dysfunction. Further research
into the cellular lineage origin of senescent cells in different AT depots should help clarify
some of these findings.
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Study Importance Questions
What is already known about this subject?

. Senescent cells in AT have been associated with AT dysfunction and
inflammation in animal studies.

. The distribution of senescent cells in subcutaneous AT and their association
with inflammation in humans is not known.

What are the new findings in your manuscript?

. The proportion of senescent cells in femoral AT is greater than in abdominal
adipose issue.

. Abdominal subcutaneous, but not femoral subcutaneous, senescence is
positively associated with AT cytokines.

How might your results change the direction of research or the focus of clinical
practice?

. Our results suggest that AT senescence could be a marker of dysfunction in
the abdominal fat depot, and a marker of increased replicative activity in the
femoral fat depot.

. Further research should evaluate the cellular origin of senescence in different
AT depots in humans.
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Figure 1.

Correlation between number of SA-B-gal positive cells per 100 nuclei in adipose tissue (A)
as counted by two different readers; (B) between replicate biopsies performed 2 weeks apart;
and (C) between SA-B-gal positive cells and p16 positive cells per 100 adipocytes.
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Figure 2.
Left panel - fluorescent photomicrograph of adipose tissue (AT) stained for nuclei (blue) and

B-galactosidase (white arrow) to identify senescent cells; right panel, photomicrograph of
adipose stained for p16 (black arrow).
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Figure 3.

Correlation between senescent cells and fat mass in the abdominal and femoral depots
(A,B). Correlation between senescent cells and fat cell size in the abdominal and femoral
depots (C,D). Spearman correlation coefficient was used for analysis for all participants,
women and men combined.
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Figure 4.
Correlation between mRNA levels of cytokines and senescence in abdominal AT depot RU —

relative units
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Figure 5.

Correlation between mRNA levels of cytokines and senescence in femoral AT depot RU —
relative units
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Table 1.
Subject Characteristics

Variable All (N=63) Females (N=48) Males (N=15) Pvalue
Age (years), median (IQR) 39 (28-45) 38 (27-45) 39 (29-44) 0.57
BMI (kg/m2), median (IQR) 32.9(30.2-34.4) | 32.9(30.6-34.4) | 33.1(26.1-34.9) | 0.91
Fat (%), median (IQR) 44 (39-47) 45 (41-48) 37 (26-39) <0.001
FFM (kg), median (IQR) 51.1 (45.8-58.7) | 48.3(44.8-52.7) | 66.7 (62.2-71.6) | <0.001
UBSQ fat (kg), median (IQR) 21.0 (16.7-24.5) | 22.1(17.6-24.7) | 20.7 (10.6-22.2) | 0.18
Visceral Fat (kg), median (IQR) 3.4 (2.2-5.6) 3.1(2.1-4.5) 6.6 (2.7-7.7) <0.001
Leg fat (kg), median (IQR) 13.4(10.9-15.9) | 14.2 (12.3-17.3) | 105 (7.2-11.5) | <0.001
Abdominal fat cell size (pg/cell), median (IQR) 0.72 (0.48-0.99) | 0.72 (0.50-0.94) | 0.71(0.39-1.11) 0.85
Femoral fat cell size (ug/cell), median (IQR) 0.96 (0.71-1.16) | 0.97 (0.74-1.21) | 0.76 (0.59-0.97) 0.05
Fasting plasma glucose (mg/dL), median (IQR) 90 (84-94) 87 (84-92) 90 (86-99) 0.09
Abdominal SapGal (%)  (N=59), median (IQR) | (0.9-3.7) 2.0 (0.9-4.0) 1.5 (0.6-2.3) 0.09

3.4(2.3-5.1) 3.9 (2.7-5.3) 2.1(0.7-3.3) 0.002

Femoral SapGal (%) a (N=58), median (IQR)

P-values refers to the difference between males and females.
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a . . . .
Senescence associated B-galactosidase staining was used to measure senescent cells. BMI - body mass index; FFM - fat free mass; UBSQ - upper
body subcutaneous; SapGal - senescence associated B-galactosidase.
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