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Key points

® Ageing is associated with increased systemic inflammation and metabolic dysfunction that
contributes to the development of age-associated diseases.

e Therole of adipose tissue in immunometabolic alterations that take place with ageing is unknown
in humans.

e We show, in healthy, active and lean older adults, that adipose tissue, but not skeletal muscle,
displays considerable pro-inflammatory transcriptomic, cellular and secretory changes, as well as
a reduction in insulin signalling proteins compared to younger adults.

e These findings indicate that adipose tissue undergoes substantial immunometabolic alterations
with ageing, and that these changes are tissue-specific and more profound than those observed in
skeletal muscle or in the circulation.

o These results identify adipose tissue as an important tissue in the biological ageing process
in humans, which may exhibit signs of immunometabolic dysfunction prior to systemic
manifestation.

Abstract Ageing and obesity are both characterized by inflammation and a deterioration in
metabolic health. It is now clear that adipose tissue plays a major role in inflammation and
metabolic control in obesity, although little is known about the role of adipose tissue in human
ageing. To understand how ageing impacts adipose tissue, we characterized subcutaneous adipose
tissue and skeletal muscle samples from twelve younger (27 & 4 years [Young]) and twelve older
(66 * 5 years [Old]) active/non-obese males. We performed a wide-range of whole-body and
tissue measures, including RNA-sequencing and multicolour flow cytometry. We also measured a
range of inflammatory and metabolic proteins in the circulation and their release by adipose tissue,
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William Trim received his PhD in 2019 from the University of Bath (UK) under the supervision of Professor Dylan Thompson.
His PhD investigated the impact of physical inactivity and ageing on adipose tissue, skeletal muscle, and systemic inflammatory
and metabolic health. His PhD was part of an international collaboration with the European Space Agency and the I2MC institute
(Toulouse, France) investigating the effect of long-term bed rest on human adipose tissue. He is currently a postdoctoral researcher in
the Lynch Lab across Trinity College Dublin (Ireland) and Harvard University (USA) characterizing multiple human adipose tissue
depots in health and disease.
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ex vivo. Both adipose tissue and muscle had ~2-fold more immune cells per gram of tissue with
ageing. In adipose tissue, this immune cell infiltration was driven by increased memory/effector
T-cells, whereas, in muscle, the accumulation was driven by memory/effector T-cells and
macrophages. Transcriptomic analysis revealed that, with ageing, adipose tissue, but not muscle,
was enriched for inflammatory transcripts/pathways related to acquired and innate immunity.
Ageing also increased the adipose tissue pro-inflammatory secretory profile. Insulin signalling
protein content was reduced in adipose tissue, but not muscle. Our findings indicate that adipose
tissue undergoes substantial immunometabolic changes with ageing in humans, and that these
changes are tissue-specific and more profound than those observed in the circulation and skeletal

muscle.

(Received 16 October 2020; accepted after revision 12 April 2021; first published online 24 April 2021)
Corresponding author D. Thompson: Department for Health, Centre for Nutrition, Exercise and Metabolism,
University of Bath, Bath, Somerset, BA2 7AY, UK. Email: d.thompson@bath.ac.uk

Introduction

Ageing is accompanied by dysregulation of a variety
of biological systems (Lopez-Otin et al. 2013) and is
characterized by sarcopenia, whole-body metabolic
dysfunction and low-grade chronic inflammation (Pérez
et al. 2016; Franceschi et al. 2018). It has been proposed
that adipose tissue may become dysfunctional with
advancing age and play a role in the development of
age-related morbidities (Pérez et al. 2016). Adipose
tissue is an endocrine organ that produces a wide
array of adipokines from either adipocytes and/or
the immune/non-haematopoietic stromal vascular
fraction (SVF). Adipokines affect a range of physio-
logical processes involved in the regulation of energy
balance and inflammation and also influence the function
of other organs via endocrine action (Fantuzzi, 2005; Trim
et al. 2017). In the context of obesity, the link between
metabolic and inflammatory dysfunction in adipose
tissue is well established, with stromal cells playing a
central role (Trim et al. 2018). Adipose tissue dysfunction
can occur in response to many stimuli and leads to
adipocyte apoptosis, necrosis, fibrosis and hypoxia (Reilly
& Saltiel, 2017). These processes contribute to changes
in the extracellular matrix, local blood flow and aberrant
adipokine secretory profiles, all of which drive local
and systemic metabolic and inflammatory perturbations
(Hotamisligil, 2006; Trim et al. 2017).

Ageing is associated with an altered systemic adipokine
profile including reduced adiponectin, and elevated leptin
and interleukin (IL)-6 (Mancuso & Bouchard, 2019).
These changes could be a result of age-associated adipose
tissue dysfunction involving adipocytes and/or adipose
SVE independent of the expansion in absolute adiposity
with age (Batsis & Villareal, 2018). In humans, during
ageing, there is some evidence that adipose tissue
macrophages increase in number and pro-inflammatory
potential, similar to obesity (Ortega Martinez de Victoria

et al. 2009). However, that study was restricted to a
population of Pima Indians with a maximum age of
45 years (Ortega Martinez de Victoria et al. 2009).
Rodent studies indicate that ageing leads to macrophage
accumulation secondary to decreased vascularization and
local hypoxia (Soro-Arnaiz et al. 2016; Trim et al.
2018) and that changes to adipose tissue regulatory
T-cells, CD4+/CD8+ T-cells and B-cells contribute to
age-associated adipose tissue dysfunction (Lumeng et al.
2011; Bapat et al. 2015; Frasca & Blomberg, 2017; Camell
et al. 2019). Moreover, a recent proteomics analysis
of nine tissues in aged mice revealed altered adipose
tissue inflammation and metabolism as a key signature
of organismal ageing (Yu et al. 2020). However, little
is known about the impact of ageing on adipose tissue
function in humans beyond 45 years, as well as how
changes in adipose tissue are linked to whole-body
metabolic and inflammatory health or changes in other
tissues that are impacted by age, such as skeletal muscle
(Pillon et al. 2013; Dalle et al. 2017; Yang & Hu, 2018).

The present study aimed to characterize inflammatory
and metabolic changes in subcutaneous adipose tissue
that occur with ageing, as well as compare these changes
to those in muscle and blood in younger and older,
non-obese adults. Collectively, this will provide vital
information on the atiology of age-related chronic
inflammatory diseases and potentially aid in the
identification of therapeutic targets against age-related
diseases.

Methods
Experimental design and ethical approval

One-hundred and nine individuals undertook pre-
liminary screening, from which 24 males aged 20-35 years
(n = 12; Young) and 60—85 years (n = 12; Old) years
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participated based on predetermined eligibility criteria.
Participants were recruited by local advertisement.
The protocol was reviewed and approved by the South
West, Bristol Central NHS Research Ethics Committee
(REC reference: 16/SW/0003), was registered on
ClinicalTrials.gov (NCT02777138) and was conducted
in accordance with the Declaration of Helsinki. All
participants provided their written informed consent.
Participant recruitment was conducted between August
2016 and March 2018. Participant data was assigned
identifying codes within respective groups, without
blinding from group allocation.

Briefly, participants attended the laboratory for a pre-
liminary assessment, including body composition, resting
metabolic rate and anthropometric measures. Following
this initial visit, potential participants had their physical
activity levels monitored across seven consecutive days
using a multisensor physical activity monitor and also
completed weighed food and fluid records across 3 days.
Participants meeting eligibility criteria following these
initial assessments attended the laboratory on one more
occasion (main experimental visit) to undergo fasted
blood sampling, as well as provide adipose tissue and
skeletal muscle biopsies, followed by a 3 h meal tolerance
test.

Participant eligibility

To be eligible for the study, participants were required
to have a physical activity level (PAL) in the range
1.4—1.9 and fat mass index (FMI) in the range 4—8
kg m2. The range of PAL was used to capture individuals
who were low-to-moderately active (Brooks et al. 2004;
FAO/WHO/UNU, 2005) to control for the effect physical
activity has on adipose tissue physiology (Thompson et al.
2012). The range of FMI was used to include individuals
who were lean to moderately overweight to avoid the
effects of excess adiposity on adipose tissue inflammation
(Travers et al. 2015).

Individuals were excluded if they self-reported
any of the following: diagnosed medical condition;
taking medications known to interfere with immune
function or lipid/glucose metabolism; taking analgesic or
anti-inflammatory medication; prior negative reactions
to lidocaine anaesthetic; regularly undertaking heavy
resistance exercise; smokers; or not weight stable for the
past 3 months (i.e. weight change &+ 3 %).

Preliminary assessments

Resting energy expenditure was determined between
08.30 and 09.00 h via indirect calorimetry as described
previously (Frayn, 1983). Briefly, participants rested for 15
min before measurements were taken. The percentage of

Adipose tissue immunometabolic alterations with ageing 923

O, and CO; in expired air samples was determined using
paramagnetic and infrared gas analysers, respectively
(Series 1400; Servomex Ltd, Crowborough, UK). This
process was repeated a minimum of four times. A mean
of two or three recordings made within 100 kcal of one
another was assigned as the resting metabolic rate (RMR)
(Betts, 2012).

Body composition was determined using dual-energy
X-ray absorptiometry (DEXA) (Discovery; Hologic,
Marlborough, MA, USA). FMI (Kelly et al. 2009) and
central fat mass (fat mass between L1 and L4 vertebrae)
were also determined (Paradisi et al. 1999; Travers
et al. 2015). Waist-hip ratio was calculated according to
guidelines from the World Health Organization (WHO,
2011).

Participants were fitted with a multisensor physical
activity monitor (SenseWear; Bodymedia, Pittsburgh,
PA, USA) for seven consecutive days to determine
habitual physical activity levels. Data were uploaded onto
SenseWear Professional, version 8.0.0 (Bodymedia)
for analysis. PAL was quantified using SenseWear
Professional, version 8.0.0, and categorized according
to Brooks et al. (2004) and FAO/WHO/UNU (2005)
guidelines. Individuals recording a PAL between
1.4—1.9 (low-to-moderately active) (Brooks et al. 2004;
FAO/WHO/UNU, 2005) were eligible for participation.
Total energy expenditure (TEE) was then calculated
as a product of recorded estimates of activity energy
expenditure + RMR + diet induced thermogenesis
(estimated at 10 % of TEE) (Westerterp, 2004).

Dietary analysis

Three day (two weekdays and one weekend day) weighed
food and fluid records were collected during the 7 day
activity monitoring period to assess habitual dietary
intake. Participants recorded food mass (g) and fluids
consumed (mL) pre- and post-meal on digital scales
accurate to 1 g (Salter, Tonbridge, UK). Food and fluid
records were analysed using Nutritics software (Nutritics,
Dublin, Ireland).

Main experimental visit

Participants were required to refrain from performing any
strenuous physical activity for 48 h, and from consuming
alcohol or caffeine for 24 h prior to the main trial, which
was confirmed verbally. Visit days were scheduled so as
to ensure participants had been free from self-reported
illnesses for >2 weeks and from vaccinations for >4 weeks
(Huang et al. 1992).

Individuals were asked to attend the laboratory between
08.00 and 09.00 h after fasting for a minimum of 10 h and
to consume one pint of water upon waking to normalize

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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hydration status. Following a 15 min rest in the supine
position, fasted blood samples were drawn followed by
adipose tissue and skeletal muscle biopsies. Following
these procedures, participants consumed a mixed-meal
drink and blood samples were drawn at regular intervals
for 3 h following consumption to assess the metabolic
response to a meal challenge.

Blood sampling

Venous blood samples were collected from an antecubital
vein. Samples for serum separation were rested at room
temperature for 30 min prior to centrifugation at 3000 x g
for 10 min at 4°C. Plasma samples were immediately
centrifuged upon collection and stored at —80°C until
analysis. Peripheral blood mononuclear cells (PBMCs)
were isolated by density gradient separation (Ficoll;
Greiner Bio-One, Stonehouse, UK) in Leucosep tubes
(Greiner Bio-One Ltd., Gloucestershire, UK) for fresh
analysis on the day of collection.

Adipose tissue sampling

Subcutaneous adipose tissue samples were obtained from
~5 cm lateral to the umbilicus with a 14 G needle
using the needle aspiration method (Travers et al.
2015) under local anaesthesia (1 % lidocaine hydro-
chloride; Hameln Pharmaceuticals, Gloucester, UK).
Visible connective tissue, blood and vasculature were
removed with scissors prior to washing the remaining
tissue with 0.9 % NaCl solution (B.Braun, Shefhield,
UK) over a single-use sterile 100 um gauze to further
clean the sample of contaminating blood. Adipose tissue
was portioned dependent on sample size for trans-
criptomic analysis (~100 mg); ex vivo culture (3—4
x ~25 mg) for 3 h to assess basal secretory profiles;
enzymatic digestion (250—500 mg) to separate the
SVF and mature adipocytes; and immunoblotting.
Adipocytes isolated during SVF isolation procedures
were harvested and placed into Dulbecco’s modified
Eagle’s medium (DMEM) containing 10 % foetal bovine
serum (FBS) and were partitioned for microscopy
analysis and insulin stimulation. Tissue partitioned
for transcriptomic and immunoblotting analyses was
snap-frozen in liquid nitrogen and stored at —80°C until
analysis.

Skeletal muscle sampling

Skeletal muscle was obtained from the Vastus Lateralis
of the dominant leg under local anaesthesia using the
Bergstrom technique (Bergstrom et al. 1967). Samples
were partitioned for transcriptomic and immunoblotting

J Physiol 600.4

analysis (30—50 mg) and enzymatic digestion to iso-
late the SVF for flow cytometry (60—100 mg). Tissue
partitioned for transcriptomic and immunoblotting
analyses was snap-frozen in liquid nitrogen and stored at
—80°C until analysis.

Mixed-meal tolerance test

To examine metabolic control, participants consumed
a formulated mixed-meal beverage following the
completion of adipose tissue and skeletal muscle biopsy
procedures. A standardized mixed-meal test was chosen
to produce a physiological response similar to that of a
conventional meal (Travers et al. 2017). This beverage
was formulated in-house, proportional to body mass for
consistency across participants, equating to 2 g kg™! body
mass (BM) carbohydrate, 0.8 g kg™! BM fat and 0.4 g kg™
BM protein, as used previously (Travers et al. 2017).
The beverage consisted of whey protein (MyProtein,
Cheshire, UK), Elmlea double cream (Elmlea, Exeter,
UK), maltodextrin (MyProtein), and 1 pint of whole milk
as standard across participants, with five drops of vanilla
flavouring (MyProtein). Venous blood was collected
immediately following the consumption of the beverage
and every 15 min for 90 min, followed by every 30 min
thereafter until 180 min post-consumption.

Adipose tissue culture

Adipose tissue was cultured ex vivo in sterile culture plates
(Nunc, Roskilde, Denmark), at a final concentration of 50
mg of tissue per millilitre in endothelial cell basal medium
(PromoCell, Heidelberg, Germany) supplemented with
0.1 % fatty acid-free bovine serum albumin (BSA) and
100 U mL penicillin and 0.1 mg mL™' streptomycin
(Sigma-Aldrich, Gillingham, UK). Cultures were
maintained at 37 °C, 5 % CO,, and 95 & 5 % relative
humidity (MCO-18A1C CO, incubator; Sanyo, Osaka,
Japan) for 3 h, as described previously (Travers et al.
2017). Explant media were collected and stored at —80 °C
until analysis.

Adipose tissue digestion

Adipose tissue (250 to 500 mg) was digested using 250
U mL™" type-I collagenase (Worthington Biochemical,
Lakewood, NJ, USA) in PBS containing 2 % BSA (pH
7.4) for 45—60 min in a shaking water bath (225 r.p.m)
at 37 °C as described in Travers et al. (2015). Digestions
were terminated by the addition of two volumes of
PBS supplemented with 10 % FBS. Isolated adipocytes
were recovered by flotation and the SVF cells were then
recovered following centrifugation at 700 x g for 5 min.

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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Adipocyte insulin stimulation and microscopy

Isolated adipocytes were incubated at 37°C and 5 % CO,
in DMEM supplemented with 10 % FBS, whereupon a
fraction was serum-starved in 1 mL of unsupplemented
DMEM for 30 min and then incubated with or without
100 nM of insulin for 30 min. Cells were then washed twice
with PBS and snap frozen in liquid nitrogen and stored at
—80°C until analysis.

A portion of isolated adipocytes was placed onto a
glass slide and cover slip for imaging under a light micro-
scope (Olympus, Tokyo, Japan). Adipocyte diameters were
measured using Image] (National Institutes of Health,
Bethesda, MD, USA) after image file randomization to
mask participant grouping. A minimum of 50 adipocytes
were measured for each participant (two participants
from the Old group were removed for having insufficient
adipocytes).

Skeletal muscle digestion

Between 35 and 100 mg of skeletal muscle was placed into
5 mL of DMEM (low glucose, with Glutamax; GIBCO,
Fisher Scientific, Waltham, MA, USA) at 37°C in a
60 mm Petri dish. Visible signs of blood were washed
away by passing samples into successive Petri dishes
containing fresh DMEM. Cleaned tissue was digested
enzymatically using the method described in Girousse
et al. (2019). Following the unexpected discovery that the
CD¢4 surface protein was cleaved by Dispase II, which we
retrospectively found had been documented previously
(Abuzakouk et al. 1996); this protocol was subsequently
modified. All remaining skeletal muscle digestions [n = 10
(Young) and 5 (Old)] were digested with only collagenase
B (0.5 U mL™") in DMEM for 1 h at 37°C and 5 % CO,
with slow agitation. Digested samples were then exposed
to ACK lysis buffer (Thermo Fisher, Leicester, UK) for 1
min, washed in FACS buffer (PBS with 2 % FBS and 2 mm
EDTA) followed by filtration through a 40 wm cell strainer
(Falcon; BD Bioscience, San Jose, CA, USA). This final
suspension was centrifuged at 400 x g for 7 min at 4°C
to pellet off stromal cells which were then put forward for
flow cytometry analysis.

Adipose tissue and skeletal muscle RNA isolation

Total RNA (including microRNAs) was extracted from
frozen adipose tissue (~100 mg) or skeletal muscle
samples (30-50 mg) using miRNeasy Mini Kit (Qiagen,
Crawley, UK) in accordance with the manufacturer’s
instructions.

Following RNA isolation, samples were DNase treated
with TURBO DNase (Thermo Fisher) in accordance
with the manufacturer’s instructions, followed by
phenol-chloroform extraction and ethanol precipitation.

Adipose tissue immunometabolic alterations with ageing 925

The purified RNA pellets were re-suspended in 35 uL
of nucleotide-free water each (Thermo Fisher) with 2
uL used for quality control. Thirty microlitres of RNA
at a set concentration of 2.1 ug per 30 uL was sent for
RNA-sequencing.

Transcriptomic and bioinformatics analyses

RNA-sequencing was performed on RiboZero-treated
total RNA, on a HiSeq4000 (Illumina, Inc., San Diego,
CA, USA) by the Oxford Genomics Centre (Wellcome
Trust, Oxford, UK). In brief, total RNA was quantified
using RiboGreen (Invitrogen, Carlsbad, CA, USA) on
the FLUOstar OPTIMA plate reader (BMG Labtech
GmbH, Aylesbury, UK) and the size profile and integrity
analysed on the 2200 or 4200 TapeStation (RNA
ScreenTape; Agilent Technologies, Santa Clara, CA,
USA). RIN estimates for all samples were between
1.8 and 8.5. Input material was normalized to 200 ng
prior to library preparation. Total RNA was depleted
of ribosomal RNA using Ribo-Zero rRNA Removal
Kit (Epicentre/Illumina, Human; Illumina, Inc.) in
accordance with the manufacturer’s instructions. Library
preparation was completed using NEBNext Ultra II
mRNA kit (New England Biolabs Inc., Ipswich, MA,
USA) in accordance with the manufacturer’s instructions.
Libraries were amplified (11 cycles) on a Tetrad (Bio-Rad
Laboratories, Hercukes, CA, USA) using in-house unique
dual indexing primers (Lamble et al. 2013). Individual
libraries were normalized using Qubit (Thermo Fisher)
and the size profile was analysed on the 2200 or 4200
TapeStation (Agilent Technologies, California, US).
Individual libraries were normalized and pooled together
accordingly. The pooled library was diluted to ~10 nm
for storage. The 10 nM library was denatured and further
diluted prior to loading on the sequencer. Paired end
sequencing was performed using a HiSeq4000 75 bp
platform (HiSeq 3000/4000 PE Cluster Kit and 150 cycle
SBS Kit; Illumina, Inc.), generating a raw read count of
>38.5 million reads per sample.

FastQ sequencing files were uploaded to the Galaxy
web platform (usegalaxy.org) for quality control
analysis. Raw sequencing files were splice-aligned
to the GRCh38/hg38 reference genome using Hisat2
(Pertea et al. 2016), with mapping distance <500 kb
between reads. Ensembl (Cambridge, UK) was used to
annotate sequencing files against the reference genome
(Cunningham et al. 2019). Expression levels (fragments
per kilobase of transcript per million mapped reads)
were estimated using Stringtie (Pertea et al. 2015).
Differential expression analysis was undertaken using
Cuftdift v.7 (Trapnell et al. 2012) and Deseq2 (Love et al.
2014), using Gencode v.29 as the reference database
(GRCh38.p12) (Frankish et al. 2018). P values were
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adjusted for transcriptome-wide false discovery rate
(FDR), with an adjusted significance threshold of g
< 0.05. P values are reported after adjustment, unless
otherwise stated. Functional annotation analysis was
performed in the database for annotation, visualization
and integrated discovery (DAVID) 6.8 (2019 release)
(Huang da et al. 2009a, 2009b) and Genesis 1.8.1 (Sturn
et al. 2002). Pathway analysis was performed using
Kyoto Encyclopaedia of Genes and Genomes (KEGG)
(https://www.genome.jp/kegg) and Gene Ontology (GO)
(http://geneontology.org), using a modified Fisher’s exact
test [EASE (expression analysis systematic explorer)]
(Hosack et al. 2003) with a significance threshold of P
< 0.05. As a result of the loss of one sample and the
exclusion of another sample which was identified as a
statistical outlier by principal component and hierarchical
clustering analysis, the final sample size for adipose tissue
was n = 11 for both Young and Old.

Immunoblotting

Total proteins from biopsies were recovered from the
organic phase of QIAzol-treated (Qiagen, Hilden,
Germany) tissue samples used for RNA extraction.
Organic phases were extracted and processed for western
blot analysis as described previously (Walhin et al. 2013).
Protein content was determined by BCA protein assay
(Thermo Fisher). Isolated primary adipocytes recovered
during the SVF preparation and treated or not with insulin
were thawed on ice and lysed in RIPA buffer (2 x stock: 10
mM Tris, pH 7.4, 300 mm NaCl; 1 % sodium deoxycholate;
0.2 % SDS; 0.2 % NP-40), supplemented 1:50 with HALT
protease inhibitor cocktail (100 x stock) (Thermo Fisher)
and one tablet per 5 mL of 2 x RIPA buffer of PhosSTOP
EASYpack phosphatase inhibitor (Roche AG, Basel,
Switzerland).

Protein from whole adipose tissue (20 ng), skeletal
muscle (30 ug) and isolated adipocytes (10—15 ug)
was separated by SDS-PAGE and transferred to a
nitrocellulose membrane for immunoblot analysis using
the following antibodies against the following proteins:
actin (Sigma-Aldrich, Poole, UK; #A2066, dilution
1:1000); Akt2 (Cell Signaling Technology, Beverly, MA,
USA; #3063, dilution 1:500); phosphoserine-473 Akt
(Cell Signaling Technology; #4058, dilution 1:1000); Akt
substrate of 160 kDa (AS160) (Millipore, Burlington, MA,
USA; #07-741, dilution 1:500); GAPDH (Proteintech,
Manchester, UK; #60004-1-Ig, dilution 1:2000); glucose
transporter 4 (GLUT4) (Holman et al. 1990) (dilution
1:5000); and insulin receptor §-chain (InsRB) (Santa Cruz
Biotechnology, Dallas, TX, USA; #sc711, dilution 1:500).
Images were acquired with EPI Chemi IT darkroom (UVP,
Upland, CA, USA) and bands were quantified using
ImageStudio Lite (LI-COR Biosciences, Lincoln, NE,
USA).
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In fasted plasma, advanced glycated end-products
(AGEs) were assessed by immunoblotting with an
anti-carboxymethyl lysine antibody (Abcam; Cambridge,
UK; ab27684, dilution 1: 1000). Nine microlitres of plasma
diluted 1:30 in 100 mm Tris HCL (pH 8.5) and prepared
for immunoblotting as detailed above with alterations to
the blocking buffer which was a 3 % BSA solution (in
PBS), 0.22 pum filtered. Images were acquired with EPI
Chemi II darkroom (UVP) and bands were quantified
using ImageStudio Lite (LI-COR Biosciences).

Flow cytometry

Samples (250,000 PBMCs or half of the tissue SVF) were
incubated with fluorophore-conjugated antibodies in two
separate tubes, one for T-cells and another for mono-
cytes/macrophages and endothelial/progenitor cells.
PBMC, adipose and muscle T-cell panels contained
the following antibodies, all purchased from BD
Biosciences (Oxford, UK): anti-CD3-PE-Cy7 clone SK7
(#557851, dilution 1:40), anti-CD4-APC clone RPA-T4
(#555349, dilution 1:40), anti-CD8-APC-Cy7 clone SK1
(#557834, dilution 1:40), anti-CD45RA-FITC clone
HI100 (#555488, dilution 1:10), anti-CD27-PE clone
M-T271 (#555441, dilution 1:10), anti-CD45-V450 clone
HI30 (#560367, dilution 1:80) and anti-HLA-DR-V500
clone G46-6 (#561224, dilution 1:40). PBMC mono-
cyte, and adipose and muscle macrophage panels
contained the following fluorophore-conjugated anti-
bodies: anti-CD14-FITC clone M5E2 (#555397, dilution
1:10), anti-CD16-APC-Cy7 clone 3G8 (#555407, dilution
1:80), anti-CD45-V450 clone HI30 (#560367, dilution
1:80), anti-CD206-APC clone 19.2 (#550889, dilution
1:40) and anti-HLA-DR-V500 clone G46-6 (#561224,
dilution 1:40). Isotype controls for CD206 (IgG1, k-APC)
(#554681, dilution 1:40) and HLA-DR (IgG2a, x-V500)
(#561221, dilution 1:40). Fluorescence minus-one
controls were conducted on CD45, CD45RA, CD27
and CD206 using PBMCs to inform gating strategies.
In the adipose tissue and skeletal muscle tubes, satellite,
endothelial and progenitor cells were assessed using
the following fluorophore-conjugated antibodies;
anti-CD15-PE-Cy7 clone HI98 (#551376, dilution 1:40),
anti-CD31-PE clone WM59 (#563652, dilution 1:10),
anti-CD34-PE-Cy7 clone 581 (#560710, dilution 1:40),
anti-CD56-PE clone B159 (#557747, dilution 1:10) and
anti-CD140a-PerCP-Cy5.5 clone aR1 (#563575, dilution
1:40). Gating strategies for PBMCs and tissues are detailed
in Fig. 1.

To obtain absolute cell counts for PBMC and SVF
samples, counting beads (100 ul of Perfect-Count
Microspheres; Cytognos, Salamanca, Spain) were
added to all experimental samples, in accordance with
the manufacturer’s instructions. Flow cytometry was
performed on a FACSAria IIT (BD Biosciences) and the
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Figure 1. Representative flow cytometry gating profiles in peripheral blood, adipose tissue and skeletal
muscle

For the purpose of concision, adipose tissue is used as a representative gating strategy for both adipose tissue
and skeletal muscle in (/) to (R) as a result of their similarity in population distributions. Non-haematopoietic cell
gating strategies are presented in Fig. 5G. T-cells and monocytes in peripheral blood were gated as follows:
first, singlets were gated against FSC-H and FSC-A (A). Next, singlets were gated against SSC-A and FSC-H
to identify lymphocytes (B, red) and monocytes (B, green). These, respectfully, were gated against FSC-H and
CD45 (C) to identify CD45+ leukocytes. From here, monocytes were gated against HLA-DR and CD14 to exclude
CD14—HLA-DRY NK-cells (D). Non-NK-cells were then gated against CD16 and CD14 to identify monocyte sub-
sets (H). Lymphocytes were gated from (C) against FSC-A and CD3 to identify CD3+ T-cells (G), which were further
gated against CD4 and CD8 to identify CD4+ and CD8+ T-cell subsets (F, blue and orange, respectively). Each T-cell
subset gated in (F) was gated against CD45RA and CD27 to further identify CD4+ and CD8+ T-cell naive (NA),
central memory (CM), effector memory (EM) and terminally differentiated effector memory cells (EMRA) subsets
(E). Lymphocyte and monocyte subsets were further tested for activation status by HLA-DR median fluorescence
intensity (MFI). In adipose tissue and skeletal muscle, singlets were first identified by gating FSC-H against FSC-A (A),
whereupon all events (J, grey) were identified by gating SSC-A and FSC-A. Tissue macrophages and granulocytes
were identified by taking all viable events from (J) and gating SSC-A against CD45 to identify CD45+ leukocytes,
which were subsequently gated against SSC-A and CD14 (P). For tissue macrophages, SSC-A®“CD14+ events
(P, yellow) were then gated against FSC-A and CD206 to identify CD206+ macrophages (R, violet), which were
subsequently assessed for HLA-DR MFI (Q). Granulocytes were identified in (P) as SSC-AM9"CD14— events (P, red),
which were subsequently gated against SSC-A and CD16 to broadly identify CD16+ and CD16— granulocytes (L,
grey and rose, respectively). Tissue T-cells were identified by all CD45+ events from (K) and gating against SSC-A
and CD3 to identify CD3+ T-cells (O), which were then gated against CD4 and CD8 to identify CD4+ and CD8+
T-cell subsets (N). CD4+ and CD8+ T-cells were gated against CD45RA and CD27 to identify NA, CM, EM and
EMRA CD4+ and CD8+ T-cells (M), which were also assessed for activation status by HLA-DR MFI. [Colour figure
can be viewed at wileyonlinelibrary.com]
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results were analysed using Flow]Jo, version 10 (Flow]o
LLC, Ashland, OR, USA). Adipose tissue SVF samples that
were potentially contaminated by peripheral blood were
identified using unbiased outlier assessments. Briefly,
linear regression modelling (Cook, 1977) was used to
identify statistical outliers within respective groups,
across all cell types measured. If >2 cell types for a given
individual (e.g. CD4+ EM and CD8+ NA) exceeded 3 p
relative to the group mean, this individual was considered
to be unduly influencing the group mean as a result of
blood contamination and was removed from the final
analysis. For skeletal muscle CD4+ T-cell data, as a result
of an unforeseen effect of the Dispase II enzyme on the
CD4 receptor as reported previously (Abuzakouk et al.
1996), this outcome represents a total 7 of 10 (Young) and
5 (Old) for CD4+ T-cell results. Furthermore, because
of the small tissue biopsy vyields, insufficient sample
was obtained in some individuals for flow cytometry
[<250 mg (adipose tissue) and <35 mg (skeletal muscle)
available]. This amounted to one missing adipose tissue
sample from each group and two missing skeletal muscle
samples for the Old group.

Biochemical analysis of adipose tissue culture and
peripheral blood

Baseline blood samples were analysed for plasma glucose,
HDL cholesterol, total cholesterol, triglycerides and
non-esterified fatty acids (NEFA) using clinical chemistry
spectrophotometer (RX Daytona, Randox Laboratories;
County Antrim, Northern Island). Quantification of
low-density lipoprotein (LDL)-cholesterol was achieved
using the Friedwald equation (Friedewald et al. 1972).
Insulin was measured using Insulin ELISA kits (Mercodia;
Mercodia AB, Uppsala, Sweden). A further 24 biomarkers
of inflammation, cytokines and adipokines were measured
in fasted plasma and adipose cell culture supernatant
using R-plex, U-plex and V-plex kits on a QuickPlex
SQ120 (Mesoscale Diagnostics, LLC, Maryland, USA). A
human leptin ELISA kit (Quantikine; Bio-Techno Ltd,
Minneapolis, MN, USA) was used to assess ex vivo leptin
release by adipose tissue.

Statistical analysis

Comparisons between Old and Young groups were
made using two-way independent samples ¢ tests
where normally distributed, and Mann-Whitney U
non-parametric  equivalents where Shapiro-Wilks
distribution tests were violated (P > 0.05). Meal
tolerance test data were analysed by repeated measures,
two-way ANOVA with Bonferroni adjustments. Serial
measurements of glucose, insulin, triglycerides and
NEFAs were converted into summary statistics to
illustrate the net response of each parameter using
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the trapezoid method for total area under the curve
(Matthews et al. 1990). Homeostasis model assessment
for insulin resistance (HOMA-IR) was estimated using
the equation by Matthews et al. (1985): fasting glucose
(mmol L") x fasting insulin (mU L™')/22.5. Adipocyte
size distribution data were analysed by multiple ¢ tests
with Benjamini and Yekutieli FDR corrections applied.
Descriptive data are presented as the mean + SD, with
the exception of DESeq2 outputs, which are presented
as the mean =+ SE as standard according to the analysis
output provided by usegalaxy.org. Statistical analysis was
performed using Prism, version 9.0.1 (GraphPad Software
Inc., San Diego, CA, USA) and SPSS, version 22 (IBM
Corp., Armonk, NY, USA). P < 0.05 was considered
statistically significant.

Results
Participant characteristics

Table 1 outlines the characteristics of Young and
Old groups. There were no significant differences
between groups for PAL (P = 0.347), body mass
(P = 0.112), body mass index (P = 0.695), systolic
blood pressure (P = 0.173), HOMA-IR (P = 0.178),
fasting  HDL-cholesterol (P = 0.291), triglycerides
(P = 0.242), glucose (P = 0.590), NEFA (P = 0.925)
and insulin (P = 0.160) (Table 1). There were small but
consistent differences between groups for measures of
body composition, adipose distribution, and RMR in
Young compared to Old. Although all participants were
within pre-determined ranges for inclusion, spanning
from ‘normal’ to very low ‘overweight' categories,
FMI was modestly higher in Old compared to Young
(P = 0.001). The Old group also had higher total
cholesterol (P = 0.009), LDL-cholesterol (P = 0.003)
and diastolic blood pressure (P = 0.009) (Table 1). There
was also an almost 2-fold significantly higher level of
plasma carboxymethyl lysine residue abundance in the
plasma of Old compared to Young (P = 0.019) (Table 1).
Dietary intake was similar across groups (Table 1). There
were no significant differences between groups for post-
prandial plasma glucose (F;, = 1.395, P = 0.250),
insulin (F1,22 = 1004, pP= 0327), NEFAs (F1,22 = 1331,
P = 0.261) or triglycerides (F;, = 0.985, P = 0.332) in
response to a mixed-macronutrient drink (Fig. 2).

Adipose tissue and skeletal muscle exhibit unique
stromal cell landscapes with age

Both adipose tissue and skeletal muscle exhibited a
significantly higher number of CD44 (P = 0.021 and
0.005, respectively) and CD8+ T-cells (P = 0.034 and
0.004, respectively) per gram of tissue in Old compared
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Table 1. Characteristics of young and old groups
Young old
(n=12) (n=12) P

Age (years) 27 + 4 66 + 5 <0.0012
Height (m) 1.84 £+ 0.06 1.77 £ 0.05 0.012°
Body mass (kg) 83.0 + 9.0 77.9 £ 55 0.1122
Body mass index (kg m=2) 245 + 1.4 248 + 1.4 0.6952
Waist-hip ratio 0.88 + 0.03 0.95 + 0.04 <0.001P
Fat mass index (kg m=2) 48 + 1.0 6.0 +£ 0.9 0.001°
Total bone mineral content (kg) (DEXA) 3.3+ 04 2.8 + 0.3 0.0022
Fat-free mass (kg) (DEXA) 62.7 + 7.4 55.6 £ 5.1 0.0122
Fat mass (kg) (DEXA) 16.1 + 3.7 18.8 + 2.7 0.020°
Estimated visceral adipose tissue mass (g) (DEXA) 360 + 89 728 + 202 <0.001°
Physical activity level 1.79 + 0.12 1.73 + 0.16 0.347°
Resting metabolic rate (kcal day™") 1942 + 234 1666 + 237 0.0092
Carbohydrate intake (g kg™' BM) 3.4 +£ 0.9 3.9 + 1.2 0.2832
Protein intake (g kg~' BM) 1.6 + 0.5 1.3 £ 03 0.0842
Fat intake (g kg~' BM) 1.2 +£ 04 1.4 + 0.4 0.5032
Fibre intake (g kg™ BM) 0.3 + 0.1 04 + 0.4 0.387°
Systolic blood pressure (mmHg) 124 + 9 132 + 18 0.1732
Diastolic blood pressure (mmHg) 80 + 4 87 £7 0.009
Total cholesterol (mmol L") 43 + 0.9 54 + 1.2 0.007°
HDL cholesterol (mmol L) 1.1 £ 0.3 1.2 £ 0.3 0.291°
LDL cholesterol (mmol L") 27 £ 05 3.7 £ 09 0.003°
Triglycerides (mmol L") 0.98 + 0.56 1.17 + 0.43 0.242°
Glucose (mmol L") 5.33 + 0.32 5.42 + 0.27 0.590°
NEFA (mmol L") 0.39 + 0.24 0.40 + 0.19 0.9252
Insulin (pmol L) 33.3 + 15.9 36.7 + 10.4 0.160°
HOMA-IR 1.33 £ 0.68 1.47 £ 0.41 0.178°
Plasma CML residues (AU pL~! plasma) 5.87 £+ 0.70 9.03 + 1.03 0.0192

All measures (excluding dietary intake data) were taken following an overnight fast. Dietary intake data are representative of 3
days’ (2 weekdays; 1 weekend day) recording. Plasma CML residues were measured by semi-quantitative immunoblotting. Data are

presented as the mean =+ SD.
®An independent-samples t test was performed.
A Mann-Whitney U test was performed.

AU, arbitrary units; BM, body mass; CML, carboxymethyl lysine; HDL, high-density lipoprotein; HOMA-IR, homeostatic model of insulin
resistance; LDL, low-density lipoprotein; NEFA, non-esterified fatty acids.

to Young (Fig. 3A and 3B). The number of CD4+
cells in peripheral blood was not impacted by age
(P = 0.368), whereas CD8+ numbers were significantly
lower (P = 0.042) in Old compared to Young (Fig. 3C).
Further analyses of CD4+ T-cell subsets showed that
both central (CM) and effector memory cells (EM)
(CD27+4CD45RA— and CD27—CD45RA —, respectively)
were significantly more abundant in Old compared to
Young in both adipose and muscle (P = 0.021, 0.031,
0.021 and 0.031 for adipose tissue and skeletal muscle
CD4+ CM and EM T-cells, respectively). By contrast,
no differences were observed for the naive (NA) and
terminally differentiated effector memory cells (EMRA)
(CD27+4-CD45RA+ and CD27—CD45RA+, respectively)
(P = 0.158, 0.762, 0.768 and 0.313 for adipose tissue
and skeletal muscle CD4+ NA and EMRA T-cells,
respectively) (Fig. 3D and 3E). Similarly, for the CD8+

T-cell subpopulations, CM and EM cells were significantly
elevated in Old compared to Young across both adipose
(P =0.043 and 0.002, respectively) and muscle (P = 0.002
and 0.002, respectively) (Fig. 3G and 3H), whereas only
muscle exhibited a significantly greater number of CD8+
EMRA cells in Old compared to Young (P = 0.047)
(Fig. 3H).

There was also double the number of macrophages
per gram of skeletal muscle in Old compared to Young
(P =0.002) (Fig. 3B), whereas adipose tissue macrophage
abundance was not different between groups (P = 0.824)
(Fig. 3A). Macrophage surface expression of HLA-DR was
not different between groups in either adipose tissue or
skeletal muscle (P = 0.124 and 0.115, respectively) (Fig. 3]
and 3K). Within the SSC-AM"CD14— granulocyte
fraction, adipose tissue CD16— granulocytes were
significantly more abundant in Old compared to Young

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society

95U8D17 SUOWIWOD) dA1TES1D (et dde au Aq pausenob aJe sapLe YO ‘8sN Jo S| J0) AReiq 1 auluQ A8]1/ UO (SUOIIPUOI-PUE-SWLBIW0 4B | 1M AJeiq 1 |Buljuo//:SdiL) SUONIPUOD PUe SIS 1 8U) 39S *[€202/20/T0] U0 Aleiqiauluo 48]/ ‘Wes | SfelieS puy ssaunosaig weybuiwiig Jo AIseAun Aq 226082dr/STTT OT/I0p/wod A3 (1M Aeidjpuljuo dosAydy/sdny woy pspeojumoq ‘v ‘2202 ‘S6.L697T



930 W. V. Trim and others

>
¢

[e<]
1

(o]
1

/ /\\I\FH\!\.

0 30 60 90 120 150 180

Plasma Glucose (mmol/L)
~

[6)]

B

. Time (minutes)

SoI 1,000~ 300,000

£ 800 -

= =

£ 6004 [ 1A ! N £ 200,000

2 A\ 3 l IS

£ 4004 ; / - ~ I &

@ [ 1 100,000

5 200 / %,

o 0 E T T T T T 1 0
0 30 60 90 120 150 180 Young Old

C Time (minutes)
<0.54 40-
o —
£ 044 =
£o4id % 301
- ©°
E 0.3 2 50
Z 0.2 E g
© O 10
g 0.1 2
o 0.0 T T T T T 1 -
0 30 60 90 120 150 180 Young Old
D
o Time (minutes)
818 400-
E —_
= =
g 1°7 & 3001
g 3
@ 1.2 £ 500-
< g 200
= =
£ 0.94 S 100
©
= <
ﬁ 0.6 T T T T T 1 T T
o 0 30 60 90 120 150 180 Young Old

Time (minutes)
—= Young - QOld

Figure 2. Plasma glucose, insulin, triglyceride and NEFA
responses over 3 h following the consumption of a liquid
mixed-meal, for Young and Old individuals

Temporal responses for (4) glucose, (B) insulin, (C) NEFAs and (D)
triglycerides, alongside total area under the curve (tAUC) for each.
Data represent n = 12 per group. Temporal data are presented as the
mean + SEM and tAUC data are presented as box-whisker
min-to-max plots, where boxes represent median with 25th/75th
quartiles, with whiskers from minimum to maximum values, with
individual values overlaid. Continuous data were analysed using
two-way repeated measures ANOVA with Bonferroni corrections.
tAUC data were analysed using independent samples t tests or
Mann-Whitney U tests where not normally distributed
(Shapiro-Wilks, P > 0.05). [Colour figure can be viewed at
wileyonlinelibrary.com]
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(P = 0.034) (Fig. 3M). Likewise, in skeletal muscle,
both CD16+ neutrophils and CD16— granulocytes were
significantly more abundant in Old compared to Young
(P =0.001 and 0.007, respectively) (Fig. 3N).

In blood, of the cell types measured, only total CD8+
T-cells and naive CD8+ T-cell numbers were significantly
reduced in Old compared to Young (P = 0.032 and
0.037, respectively) (Fig. 3C and 3I). However, peripheral
blood naive CD4+ and EMRA CD8+ T-cell HLA-DR
expression as a marker of activation was significantly
lower in the Old compared to Young group (P = 0.024 and
0.028, respectively) (Fig. 4A and 4D). Likewise, adipose
tissue and skeletal muscle EMRA CD8+ T-cell HLA-DR
expression, on a per-cell basis, was also significantly lower
in the Old compared to Young groups (P = 0.051 and
0.038, respectively) (Fig. 4B and 4F).

In the non-haematopoietic portion of skeletal
muscle and adipose tissue progenitor cells were
quantified.  Progenitor cell number (identified
as CD45-CD31-CD344 in adipose tissue and
CD45—CD15+CD56— in skeletal muscle) was similar
across groups (both P > 0.999) (Fig. 5A and 5D),
although the expression of the adipocyte progenitor
marker CD140a was significantly greater on a per-cell
basis in Old muscle and adipose tissue (P = 0.002 and
P < 0.0001, respectively) (Fig. 5B and 5E). The relative
cell surface expression of CD140a was ~10-fold higher in
Old muscle compared to adipose tissue. Within skeletal
muscle, CD45—CD56+ cells were also identified as a
general marker of satellite cells, which were significantly
more abundant within the Old group compared to Young
(P = 0.009) (Fig. 5C). Likewise, CD45—CD31+CD34+
pan-endothelial cells were identified in the adipose tissue,
but were similar across groups in number (p = 0.112)
(Fig. 5F).

Analysis of the proportional breakdown of both adipose
tissue and skeletal muscle SVFs is presented in Fig. 6A
and 6B. These analyses revealed a significantly greater
total CD45+ pool relative to CD45— in Old compared to
Young adipose tissue (P < 0.001) (Fig. 6A4). Furthermore,
within the adipose tissue CD454 portion, non-CD4+ and
non-CD8+ CD3+ T-cells (i.e. double-negative T-cells)
were significantly lower in Old compared to Young
(P = 0.016), as was the proportional representation
of CD206+ macrophages within the CD45+ pool
(P = 0.022) (Fig. 6A). In the skeletal muscle SVE
the proportion of CD45+ cells (i.e. cell subtypes not
phenotyped) was significantly smaller in Old compared
to Young (P = 0.048) (Fig. 6B). A cumulative breakdown
of absolute CD45+ cell counts is presented in Fig. 6C,
representing cell counts from cell populations displayed
as proportions in Fig. 6A and 6B. In both adipose tissue
and skeletal muscle, total CD45+ cell counts were almost
3-fold higher in Old compared to Young (P = 0.004 and
P = 0.003, respectively) (Fig. 6C).
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Figure 3. Adipose tissue, skeletal muscle, and peripheral blood T-cells, macrophages and monocytes in
Young and Old individuals

A, adipose tissue CD4+ and CD8+ T-cells and CD206+ macrophages. Young (n = 10-11); Old (n = 8-9). B, skeletal
muscle CD4+ and CD8+ T-cells and CD206+ macrophages. Young (n = 10-12); Old (n = 5-12). C, peripheral
blood CD4+ and CD8+ T-cells. Young (n = 12); Old (n = 12). D, adipose tissue CD4+ T-cell subpopulations. Young
(n =10); Old (n = 8). E, skeletal muscle CD4+ T-cell subpopulations. Young (n = 9-10); Old (n = 5). F, peripheral
blood CD4+ T-cell subpopulations. Young (n = 12); Old (n = 12). G, adipose tissue CD8+ T-cell subpopulations.
Young (n = 10); Old (n = 8). H, skeletal muscle CD8+ T-cell subpopulations. Young (n = 12); Old (n = 8). /, peripheral
blood CD8+ T-cell subpopulations. Young (n = 12); Old (n = 12). J, adipose tissue macrophage HLA-DR median
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Adipose tissue exhibits a pro-inflammatory

fluorescence intensity (MFI). Young (n = 11); Old (n = 10). K, skeletal muscle macrophage HLA-DR MFI. Young
(n=12); Old (n = 9). L, peripheral blood monocyte subpopulations. Young (n = 11); Old (n = 12). Cell counts
represent absolute cell counts per gram of tissue. Boxes represent median with 25th/75th quartiles, with whiskers
from minimum to maximum values, with individual values overlaid. Data were analysed using independent samples
t tests or Mann-Whitney U tests where not normally distributed (Shapiro-Wilks P > 0.05). [Colour figure can be
viewed at wileyonlinelibrary.com]
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Figure 4. CD4+, CD8+ T-cell and monocyte subset HLA-DR expression across adipose tissue, skeletal
muscle, and peripheral blood between Young and Old

A, adipose tissue CD4+ T-cell subset activation. Young (n = 8-10); Old (n = 7-9). B, adipose tissue CD8+ T-cell
subset activation. Young (n = 10); Old (n = 9). C, PBMC CD4+ T-cell subset activation. Young (n = 12); Old
(n = 8-12). D, PBMC CD8+ T-cell subset activation. Young (n = 12); Old (n = 12). E, PBMC monocyte subset
activation. Young (n = 12); Old (n = 12). F, skeletal muscle CD8+ T-cell subset activation. Young (n = 10-12); Old
(n =9). Boxes represent median with 25th/75th quartiles, with whiskers from minimum to maximum values, with
individual values overlaid. Data were analysed with independent samples t tests and Mann-Whitney U tests where
not normally distributed (Shapiro-Wilks, P > 0.05). [Colour figure can be viewed at wileyonlinelibrary.com]

T Cell Expressed and Presumably Secreted), macrophage
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(ICAM)-1, vascular cell adhesion molecule (VCAM)-1,

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society

3SUBD 1T SUOWILIOD SAIIER1D 3|cedl(dde auy Aq pausonof are sajonte YO ‘asn Jo Sa|nJ Joj AriqiauluQ A3]IM UO (SUO R IPUOD-PUe-SWLR) W0’ A3 1M Aelq | Ul |Uo//:Sdiy) SUORIPUOD pUe SWid | U} 38S *[£202/20/T0] Uo A%iqiauluQ AB|IM ‘Wea | SfeldS puY s80inosaig weybuiwlig JO ANseAIuN A 226082d0/STTT OT/I0p/wod A 1m Arlgipul|uo-oosAyd//sdny wolj papeoumoq ‘v ‘220z ‘€6..L69vT



J Physiol 600.4

vascular endothelial growth factor (VEGF)-A, granzyme
A, adipsin and resistin from ex vivo cultured Old adipose
tissue explants compared to Young (P = 0.002—0.052)
(Fig. 7A) indicative of a pro-inflammatory phenotype.
Tumour necrosis factor (TNF)-« and inteferon (IFN)-y
were below the limits of detection in adipose tissue
culture media. Plasma concentrations of IL-6, IL-17D,
monocyte chemoattractant protein (MCP)-1, IL-8,
VEGEF-A, adipsin and adiponectin were significantly
higher in Old compared to Young, whereas IL-4 was
lower (P < 0.0001—0.038) (Fig. 7B).

Adipose tissue immunometabolic alterations with ageing 933

Ageing impacts adipose tissue and skeletal muscle
transcriptomes

Transcriptomic analyses revealed substantial differences
in tissue transcriptomes in both adipose tissue and
skeletal muscle between Young and Old with 463 and
913 differentially expressed genes (DEGs) between
groups, respectively. In both tissues, there were also
considerably more up-regulated DEGs than those
down-regulated with age. There were 142 and 321
significantly down/up-regulated transcripts between
Young and Old adipose tissue, respectively (Fig. 8A

Skeletal Muscle
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0.05). [Colour figure can be viewed at
wileyonlinelibrary.com]
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and 8B) and 346 and 567 significantly down/up-regulated
transcripts in skeletal muscle (Fig. 8C and 8D). The 10
most up/down-regulated transcripts between Young and
Old in adipose and muscle are presented in Fig. 8E and 8F.
To identify whether ageing was associated with any shared
transcriptomic differences, up- and down-regulated

J Physiol 600.4

transcripts in adipose tissue and skeletal muscle were
compared (Fig. 8G). Nine transcripts were found to be
up-regulated in both adipose tissue and skeletal muscle
in Old relative to Young, whereas eight transcripts were
found to be down-regulated in both adipose tissue
and skeletal muscle in Old relative to Young (Table 2).
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Figure 6. Adipose tissue and skeletal muscle SVF proportional and cell count breakdown between
Young and Old individuals

A, proportional breakdown of adipose tissue for Young (top set of three wheels) and Old (bottom set of three
wheels). Red lines indicate the subfractionation, and taking forward of either CD45— or CD45+ fractions. Pie
charts are laid out as: left wheels = CD45+/— SVF split; middle wheels = CD45— cells proportional breakdown;
right wheels = CD45+ cells proportional breakdown. Cell type proportional representations (%) are displayed
with/within respective segments. Young (n = 10); Old (n = 8). B, proportional breakdown of skeletal muscle for
Young (top set of three wheels) and Old (bottom set of three wheels). Red lines indicate the subfractionation, and
taking forward of either CD45— or CD45+ fractions. Pie charts are laid out as: left wheels = CD45+/— SVF split;
middle wheels = CD45— cells proportional breakdown; right wheels = CD45+ cells proportional breakdown. Cell
type proportional representations (%) are displayed with/within respective segments. Young (n = 8); Old (n = 4). C,
cumulative cell counts per gram of tissue for the CD45+ fraction of adipose tissue and skeletal muscle, between
Young and Old individuals. Young [n = 10 (adipose tissue); n = 8 (muscle)]; Old [n = 8 (adipose tissue); n = 4
(muscle)]. All data represent respective group means. Data were analysed using independent samples t tests or
Mann-Whitney U tests where not normally distributed (Shapiro-Wilks, P > 0.05). [Colour figure can be viewed at
wileyonlinelibrary.com]
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Consequently, <2 % of all DEGs in adipose tissue and
skeletal muscle shared their response across tissues, with
age.

All of the significantly (g < 0.05) up or down-regulated
transcripts revealed by DESeq2 analyses (142 and 321
transcripts in adipose tissue, respectively, and 346 and
567 transcripts in skeletal muscle, respectively), were
taken forward for GO analysis to further explore the gene
networks associated with all DEGs between Young and
Old in both adipose tissue and muscle. Over half of the
up-regulated GO-biological processes (BPs) (13/25) in
adipose tissue were associated with pro-inflammatory
processes (Fig. 8H, purple), whereas skeletal muscle did
not exhibit any GO-BPs related to pro-inflammatory
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Adipose tissue immunometabolic alterations with ageing
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processes. In adipose tissue, GO-BPs associated with
up-regulated DEGs between Young and Old were related
to both innate and acquired immune processes, and
the mounting of inflammatory responses (i.e. T-cell
proliferation, B-cell proliferation, immune response,
neutrophil chemotaxis, and innate and inflammatory
immune responses, etc.). Moreover, there were pathways
up-regulated in adipose tissue associated with the
recruitment of immune cells, including chemotaxis,
cell adhesion and integrin-mediated signalling pathways.
These observations were also supported by similar trends
in KEGG, GO-molecular function and GO-cellular
compartment analyses in adipose tissue and skeletal
muscle (data not shown).
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Figure 7. Adipose tissue-secretion and plasma protein profile in Young and Old individuals

A, abdominal subcutaneous adipose tissue secretion profile during 3 h of ex vivo culture. Data represent the ratio
of protein secretion, relative to the Young group average from three or four adipose tissue technical replicates
per participant, and represent protein secretion of adipose tissue cultured at a ratio of 50 mg of tissue per mL of
culture media. Young (n = 7-12); Old (n = 8-12). B, plasma protein profile. All data are expressed as a ratio relative
to the Young group mean for each respective protein. Young (n = 7-12); Old (n = 9-12). Data are presented as
the mean + SEM, with individual data points overlaid. n.d., not detected. Data were analysed using independent
samples t tests or Mann-Whitney U tests where not normally distributed (Shapiro-Wilks, P > 0.05). [Colour figure

can be viewed at wileyonlinelibrary.com]
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Figure 8. Adipose tissue and skeletal muscle transcriptional differences between Young and Old
individuals (n = 11 and 12 per group for adipose tissue and skeletal muscle, respectively)

A, volcano plot of transcripts by log2 fold difference against DESeq2-adjusted P values (referred to as g values)
in adipose tissue. Red dots, significantly down-regulated; green dots, significantly up-regulated; orange dots,

significantly differentially expressed genes (DEGs) within 0.

5 log2 fold difference; grey dots, non-DEGs. Significance

was set at g < 0.05 (DESeq?2). B, quantification of DEGs from (A). Significance was set at g < 0.05 (DESeq?2). C,

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society

3SUBD 1T SUOWILIOD SAIIER1D 3|cedl(dde auy Aq pausonof are sajonte YO ‘asn Jo Sa|nJ Joj AriqiauluQ A3]IM UO (SUO R IPUOD-PUe-SWLR) W0’ A3 1M Aelq | Ul |Uo//:Sdiy) SUORIPUOD pUe SWid | U} 38S *[£202/20/T0] Uo A%iqiauluQ AB|IM ‘Wea | SfeldS puY s80inosaig weybuiwlig JO ANseAIuN A 226082d0/STTT OT/I0p/wod A 1m Arlgipul|uo-oosAyd//sdny wolj papeoumoq ‘v ‘220z ‘€6..L69vT



J Physiol 600.4 Adipose tissue immunometabolic alterations with ageing 937

volcano plot of transcripts by log2 fold difference against DESeq2 adjusted P values in skeletal muscle. Red dots,

significantly down-regulated; green dots, significantly up-regulated; orange dots, significantly DEGs within 0.5

log2 fold difference; grey dots, non-DEGs. Significance was set at g < 0.05 (DESeq2). D, quantification of DEGs

from (Q). Significance was set at g < 0.05 (DESeq2). E, top-10 significantly up/down-regulated transcripts by

magnitude of log2 fold difference between groups in adipose tissue. Data are presented as the mean + SEM.

Significance was set at g < 0.05 (DESeq2). F, top-10 significantly up/down-regulated transcripts by magnitude

of log2 fold difference between groups in skeletal muscle. Data are presented as the mean + SEM. Significance

was set at g < 0.05 (DESeq2). G, Venn diagram of up- and down-regulated transcripts across adipose tissue

and skeletal muscle to identify shared up/down-regulated transcripts across tissues. H, top-25 up/down-regulated

gene ontology-biological processes (GO-BPs) in adipose tissue. Purple highlight represents a GO-BP related to

inflammation. /, top-25 up/down-regulated GO-BPs in skeletal muscle. A and C, dotted lines indicate significance

threshold (g < 0.05, horizontal) and >0.5 log2 fold difference (>0.5/< —0.5 log2 fold change, vertical). The

specific number of hits within a given pathway from the DEGs put into the analyses are presented within each

respective bar. A minimum threshold of two genes within a given pathway was set for consideration. Significance

was set at P < 0.05 (EASE score) using DAVID 6.8. P values are presented as log10 values. [Colour figure can be

viewed at wileyonlinelibrary.com]
Table 2. Shared up- and down-regulated transcripts across adipose tissue and skeletal muscle

Adipose tissue Skeletal muscle
Log2 Fold Difference Log2 Fold Difference
(Young vs Old) P (Young vs Old) P

Gene name Shared up-regulated
AC021517.1 0.80 + 0.22 0.031 1.88 £+ 0.42 <0.001
AC104564.5 0.77 + 0.18 0.006 0.52 + 0.15 0.017
AL157396.1 1.96 £+ 0.50 0.014 1.83 £ 0.35 <0.001
CYP1B1-AST 0.66 + 0.13 0.001 0.95 + 0.26 0.009
GCNT2 0.92 + 0.16 <0.001 1.42 £ 0.39 0.009
LGI1 1.58 £+ 0.45 0.032 1.34 £+ 0.31 0.001
LINC02028 0.93 £+ 0.23 0.012 0.84 + 0.24 0.013
LINC02432 1.44 + 0.41 0.033 1.68 £+ 0.40 0.001
ZNF385B 1.53 £ 0.23 <0.001 0.71 + 0.22 0.026
Gene name Shared down-regulated
COLTAT -0.97 £+ 0.26 0.021 -1.99 £+ 0.50 0.003
COL1A2 -0.55 + 0.16 0.039 -0.97 + 0.28 0.014
DMRT2 -0.70 + 0.16 0.005 -1.07 £+ 0.29 0.007
FAMZ222A -1.00 £+ 0.22 0.003 -0.72 £ 0.22 0.021
PGK1P2 -1.26 + 0.36 0.037 -0.95 + 0.29 0.022
RET -1.47 + 0.28 <0.001 -0.52 + 0.14 0.009
SLC25A25 -0.62 + 0.18 0.041 -0.56 £+ 0.15 0.006
SLCIC1T -1.25 + 0.37 0.046 -1.04 £ 0.25 0.002

Data represent the difference in expression for each transcript from Old relative to Young individuals across adipose tissue (n = 11
per group) and skeletal muscle (n = 12 per group). Data represent the shared up- and down-regulated transcripts between groups
for adipose tissue and skeletal muscle presented in Fig. 8G. Transcripts are ranked in alphabetical order. Zero represents no difference
between groups. Data were analysed using DESeq2 and are presented as the mean + SE. Adjusted P values were produced by

DESeq2

The content of insulin signalling proteins (but not
transcripts) is lower in adipose tissue with age

To assess the potential metabolic dysregulation occurring
with ageing, we measured the protein expression of
major components of the insulin signalling pathway
leading to increased glucose uptake in adipose tissue
and skeletal muscle. In adipose tissue from participants
in the Old group, InsRB, AS160 and GLUT4 protein

levels were ~0.5-fold lower than in the Young group
(P = 0.04, 0.041 and 0.002, respectively) (Fig. 9C).
A similar difference was also apparent for these three
proteins in isolated adipocytes (P = 0.022, 0.029 and
0.018, respectively) (Fig. 9E). There were no statistically
significant differences between groups within skeletal
muscle for any of the insulin signalling proteins measured
by immunoblotting (P = 0.677, 0.565, 0.401 and 0557
for InsR(B), Akt2, AS160 and GLUT4, respectively). For
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Figure 9. Adipose tissue and skeletal muscle insulin signalling gene expression, and adipose tissue,
skeletal muscle and adipocyte protein expression in Young and Old individuals

A, adipose tissue mRNA expression for a range of targeted insulin signalling molecules extracted from trans-
criptomics analysis. Young (n = 11); Old (n = 11). B, skeletal muscle mRNA expression for a range of targeted
insulin signalling molecules extracted from transcriptomics analysis. Young (n = 12); Old (n = 12). C, adipose tissue
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protein expression for a range of targeted insulin signalling molecules. Young (n = 12); Old (n = 12). D, skeletal
muscle protein expression for a range of targeted insulin signalling molecules. Young (n = 12); Old (n = 12). E,
adipocyte protein expression for a range of targeted insulin signalling molecules. Young (n = 11); Old (n = 11). F,
Akt phosphorylation in isolated adipocytes represented as fold difference in Akt2 phosphorylation at Ser473 from
unstimulated (B) to stimulated (/) (100 nm insulin for 30 min, ex vivo) conditions. Representative blots are presented
to the right of each respective graph. G, heat map of expression levels for mRNA transcripts within the KEGG insulin
signalling pathway between Young and Old individuals in adipose tissue (left) and skeletal muscle (right), excluding
those presented separately in (A) and (B). Data represent each individuals’ expression level as a ratio relative to the
Young group mean, for each respective transcript. Grey indicates that values fell below detectable limits. Data
for (A) to (E) are displayed as a ratio of the Young group mean for each respective molecule, presented as the
mean =+ SEM, with individual data points overlaid. Data in (A), (B) and (G) were analysed by multiple t tests with
Benjamini and Yekutieli FDR corrections applied. Data in (C) to (F) were analysed using independent samples t tests
or Mann-Whitney U tests where not normally distributed (Shapiro—Wilks, P > 0.05). [Colour figure can be viewed

at wileyonlinelibrary.com]

the purpose of direct comparison, all transcripts from
the insulin signalling KEGG pathway were extracted
from transcriptomics analyses in both tissues and were
re-analysed using multiple unpaired ¢ tests with Benjamini
and Yekutieli FDR corrections applied. Of these extracted
transcripts, INSR, AKT2, TBC1D4 (AS160) and SLC2A4
(GLUT4) are presented in Fig. 94 and 9B to facilitate
direct comparison with their respective proteins measured
by immunoblotting, with the remaining transcripts within
the KEGG pathway presented in Fig. 9G. No statistically
significant differences between groups were identified
for any of the mRNA transcripts in adipose tissue or
skeletal muscle (Fig. 94, 9B and 9G). There were also no
differences between Young and Old adipocytes for Akt2
phosphorylation at serine 473 in response to a supra-
physiological ex vivo dose (100 nm) of insulin (P = 0.201)
(Fig. 9F).

>

Proportion of All Adipocytes

Adipocyte Diameter (um)

O Young
0 & Old

The abundance of large adipocytes is elevated with
ageing

There were no differences between each decade diameter
range between Young and Old (P = 0.955-0.999)
(Fig. 10A). However, the proportion of adipocytes over
100 pum (hypertrophic adipocytes) was significantly
higher in Old compared to Young (P = 0.009) (Fig. 10B)
and the median adipocyte diameter was significantly
greater [median (25th—75th percentile) = 45.3
(34.8—56.8) vs. 41.2 (31.3—54.6) for Old vs. Young,
respectively] (P < 0.0001) (Fig. 10C).

Discussion

This is the first study to examine the impact of biological
ageing on adipose tissue in humans. We also compared
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Figure 10. Adipocyte diameter distribution between Young and Old individuals

A, adipocyte size distribution between 20 and 130 um, split by intervals of 10 wm. Bars represent the mean
proportion a given range of adipocyte diameter (um) represents within all measured adipocytes for each participant
(minimum of 50 measures per individual), presented as the mean + SEM with individual data points overlaid. Data
were analysed by multiple t tests with Bejamini and Yekutieli FDR corrections applied. B, proportional representation
of adipocytes >100 um relative to all measured adipocytes. Boxes represent median with 25th/75th quartiles,
with whiskers from minimum to maximum values. C, violin plot of adipocyte size distribution for all measured cells
within each groups. Dark dashed lines represent group medians, with light dotted lines representing quartiles.
N, the number under each group label represents the total number of adipocytes measured for each group.
Data were analysed using independent samples t tests or Mann-Whitney U tests where not normally distributed
(Shapiro-Wilks, P > 0.05). Young (n = 9); Old (n = 7). [Colour figure can be viewed at wileyonlinelibrary.com]

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society

85U80| 7 SUOWIWOD BAITe8ID 8|edl(dde sy Aq peussnob afe sajoie O ‘8N Jo Sa|nJ Joy AiqiT auljuO A1 UO (SUOTIPUOO-pUe-SWIB)AW0Y" A3 | 1M Aelq Ul uo//:Sd1y) SUONIPUOD pue WIS 1 8u1 89S *[€202/20/T0] U0 Akeiqiqauliuo A8|IM ‘Wes ] Selies puy seainosaig weybuiwlig Jo AiseAlun Ag £26082d0/ETTT OT/I0p/u0d A& | Aeiq1pul|uo-00sAyd;/sdny wouy pepeojumod ‘v ‘220z ‘€6..697T



940 W. V. Trim and others

the effects of biological ageing on adipose tissue to
those in skeletal muscle and blood from the same
individuals. A key aspect to the current study design is
that all participants were physically active and did not
have excess adiposity, enabling better assessment of the
impact of ageing per se. We demonstrate that ageing is
associated with a substantial accumulation of T-cells in
both adipose tissue and skeletal muscle, as well as an
accumulation of macrophages in skeletal muscle, but not
adipose tissue. This T-cell expansion primarily affected
central memory and effector memory CD4+ and CD8+
T-cells in both tissues. Adipose tissue in older people
also exhibited a pro-inflammatory, leukocyte-recruiting
secretory phenotype and lower insulin signalling protein
content. In skeletal muscle, but not adipose tissue,
a greater abundance of macrophages was observed
in older adults. Conversely, there was only modest
systemic inflammation and metabolic impairment with
ageing, suggesting that these tissue-specific observations
may represent early manifestations of age-associated
inflammation and metabolic deterioration.

In the present study, adipose tissue from healthy
older adults contained around 2-fold more CD4+
and CD8+ T-cells, per gram of tissue compared to
younger adults, primarily driven by greater numbers
of central and effector memory cells. This is the first
study to examine T-cells in paired adipose tissue and
skeletal muscle samples from young and older humans,
although similar observations have been reported in
aged murine adipose tissue (Wu et al. 2007a; Lumeng
et al. 2011). In mice, the age-associated accumulation
of T-cells in adipose tissue leads to the production of
IL-6, MCP-1 and TNF-« (Lumeng et al. 2011). Trans-
criptomic analysis in the present study also identified an
enrichment of innate and acquired immune cell activation
signalling  pathways, pro-inflammatory signalling
cascades, and pathways involved in the recruitment
and trans-endothelial migration of immune cells into
adipose tissue in older adults. However, we were unable
to confirm by the surface expression of HLA-DR on
CD4+ and CD8+ T-cells across the tissues and blood
that there was a discernible change in their activation
status. Although HLA-DR is a known marker of late-stage
T-cell activation, other markers of activation such as
CD69, major histocompatibility complex or CD38, or
intracellular cytokine expression, might have been more
specific to the form of activation T-cells undergo within
aged adipose tissue (Ahnstedt et al. 2018). Future work
should investigate whether adipose tissue lymphocytes
are activated with ageing and, if so, which specific
form of activation this represents. Whether adipose
tissue lymphocyte accumulation is the primary factor
explaining age-associated adipose tissue inflammation,
as was suggested in mice (Lumeng et al. 2011), remains
to be determined in humans. However, the present study

J Physiol 600.4

suggests T-cell accumulation in aged adipose tissue is
a potential hallmark of age-associated adipose tissue
dysfunction.

Some mechanisms by which T-cells enter adipose
tissue have been established in the context of obesity.
In obesity, it has been demonstrated that CCL20/CCR6
and CCR5/CCL5 interactions between adipocytes and
T-cells drive adipose tissue T-cell accumulation (Wu et al.
2007b; Kintscher et al. 2008; Duffaut et al. 2009). In the
present study, CCL5 (RANTES) and CCL20 (MIP-3«)
were secreted at higher rates from adipose tissue from
older participants when cultured ex vivo. Similarly, a
significantly greater release of ICAM-1 and VCAM-1
from adipose tissue from older adults may also play
a role in promoting lymphocyte infiltration, given the
role of these adhesion molecules in T-cell tethering and
transmigration (Steffen et al. 1994; Yang et al. 2005).
Pathway analysis of transcriptomic data in the present
study provides further support for this hypothesis. For
example, networks linking the selective up-regulation of
ICAM-1 and VCAM-1 expression by endothelial cells,
which facilitate leukocyte migration into adipose tissue
in response to resistin were up-regulated in the adipose
tissue from older, compared to younger adults. These
results corroborate the ex vivo tissue culture data that
identified elevated ICAM-1, VCAM-1 and resistin release
by adipose tissue from older individuals. It is also possible
that heightened IL-17D secretion with ageing may also
play a role in the observed immunological differences
reported in adipose tissue between groups. IL-17D is pre-
ferentially expressed in adipose tissue and plays a role
in chemokine induction, local immune responses and
lymphocyte proliferation (Starnes et al. 2002), all of which
were present in adipose tissue from older participants.
Whether an orchestrated release of chemokines from
adipose tissue occurs with ageing, or whether these
observations are the result of tissue dysfunction, remains
unknown.

Interestingly, however, there was no difference in ex vivo
IL-2 release, which drives T-cell proliferation, in adipose
tissue from older individuals, potentially suggesting that
in vivo or in situ expansion of T-cells may not explain
the observed increased T-cell abundance in adipose tissue
from older individuals. The accumulation of T-cells in
adipose may drive local inflammation, although it is also
possible adipose tissue acts as a secondary lymphoid organ
for the storage of memory T-cells following infections
(Han et al. 2017). In this scenario, four or five decades of
additional infections may explain the increased memory
T-cell abundance in adipose tissue from older individuals
in the present study. Thus, the significance of memory
T-cell accumulation in adipose tissue is not yet fully
clear and, although the adipose tissue may reflect a
potential reservoir for immune cells, the accumulation
of these cells post-infection may, over time, develop a
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pro-inflammatory immune profile within the adipose
tissue that is not necessarily beneficial to its function.

In the present study, there was no difference in adipose
tissue macrophage content between groups. In the single
available human study (Ortega Martinez de Victoria
et al. 2009), there was a modest decline in adipose
tissue macrophages as a proportion of the tissue SVF by
45 years of age. Despite this reported decline, macrophages
adopted a pro-inflammatory gene expression profile,
including plasminogen activator inhibitor 1 and CD11c
(Ortega Martinez de Victoria et al. 2009). In aged mice,
a similar reduction in CD206+ macrophage proportions
has been shown (Wu et al. 2007a; Lumeng et al.
2011). Although we observed a decline in macrophage
proportion within the CD45+ compartment of the
SVE we did not show a difference in absolute cell
counts between groups. Future work should characterize
the precise phenotype of tissue-resident macrophages
in human adipose tissue of older adults given the
potential heterogeneity of adipose tissue macrophages
(Korf et al. 2019). Nonetheless, the present data indicate
that age-associated adipose tissue dysfunction (in the
absence of excess adiposity) may not be driven by classical
(obesity-like) accumulation of macrophages.

Similar to adipose tissue, there was a substantial
accumulation of central memory and effector memory
CD4+4 and CD8+ T-cells in muscle from older
individuals. Both CD4+ and CD8+ T-cells are important
effectors in the early reparative responses to muscle injury
(Tidball, 2017), whereas chronically elevated CD4+
and CD8+ T-cell numbers within skeletal muscle has
been associated with persistent muscle inflammation
(Villalta et al. 2014). Furthermore, long-term exposure of
skeletal muscle to the cytotoxic actions of T-cells has also
been found in myopathies (Sugiura et al. 1999). Thus,
T-cell accumulation in muscle with ageing might be
implicated in the loss of muscle mass with age as a result
of their propagation of a pro-inflammatory tissue micro-
environment. Macrophages also have a fundamental role
in the reparative process in response to muscle damage,
facilitating the clear-up of injured tissue (Tidball, 2017).
Macrophage accumulation in skeletal muscle from older
individuals may reflect a normal response to the gradual
loss of muscle mass that occurs with age (Delmonico
et al. 2009; Barberi et al. 2013). Therefore, it could
be speculated that the higher CD4+4 and CD8+ T-cell
counts in skeletal muscle from older individuals, as well as
higher macrophages, may contribute to the development
of sarcopenia in older adults, even when physical activity
is maintained.

Substantially greater numbers of granulocytes were
also apparent in both adipose tissue and muscle of
the older compared to younger group. Granulocytes
were also examined for their expression of CD16
(Gustafson et al. 2015). Our own observations in

Adipose tissue immunometabolic alterations with ageing 941

obese human adipose tissue shows that 95—96% of
CD16+ granulocytes express the neutrophil marker
CD66b, whereas ~50% of CD16— granulocytes express
the eosinophil-specific marker siglec-8 (W.V.Trim and
L.Lynch, unpublished data). In adipose tissue, neutrophils
promote inflammation and metabolic deterioration in the
context of obesity (Talukdar et al. 2012; Watanabe et al.
2019), whereas eosinophils promote an anti-inflammatory
microenvironment (Lee et al. 2018; Knights et al. 2020).
We have shown that CD16— granulocytes in adipose
tissue are more abundant in the older compared to
younger group. Brigger et al. (2020) recently found
that eosinophils are substantially reduced and their
anti-inflammatory capabilities impaired in aged murine
adipose tissue. Therefore, the considerable increase in
CD16— granulocyte cells (which contains eosinophils)
with age in the present study, in contrast to that
reported in mice, suggests that this is a topic warranting
further study in humans. We also show a non-statistically
significant higher neutrophil count in adipose tissue from
older participants compared to the young group, which
RNA-sequencing analysis supports (i.e. an enrichment for
neutrophil chemotaxis signalling transcripts according to
GO-BP classification).

In skeletal muscle, we also show significantly increased
numbers of CD16+ and CD16— granulocytes. Within
skeletal muscle, neutrophils and eosinophils contribute
to fibre repair, whereas neutrophils may also prolong
injury repair via pro-inflammatory signalling (Pizza et al.
2005; Heredia et al. 2013). Neutrophil accumulation
may suggest that older muscle is undergoing tissue
remodelling, or is subject to impaired reparative responses
compared to the younger participants. A hallmark of
skeletal muscle ageing is an impaired reparative response
to damage (McCormick & Vasilaki, 2018), and it is
possible that an accumulation of muscle neutrophils
contribute towards this impairment.

A striking observation from the present study was
the profound increase in the expression of CD140a on
progenitor cells in skeletal muscle and adipose tissue.
CD140a is a marker of adipocyte progenitors that has been
extensively characterized in vivo (Berry & Rodeheffer,
2013). Increased CD140a surface expression in adipose
tissue, in the absence of an increase in the absolute cell
counts of CD45—CD31—CD34+ progenitor cells, as well
as in the absence of obesity, is unexpected. In murine
models of obesity, CD140a+ adipocyte progenitors are
selectively recruited to facilitate adipose tissue expansion
(Lee et al. 2012). Therefore, ageing could induce a similar
response which facilitates the redistribution of adipose
tissue towards the abdomen that occurs with advancing
age in humans (Palmer & Kirkland, 2016). Alternatively,
the increase in adipose tissue progenitor cell CD140a
expression may reflect an ongoing fibrotic response,
possibly in response to the observed increase in adipocyte
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size in the older participants (Iwayama et al. 2015).
We have also reported a substantial increase in skeletal
muscle progenitor cell CD140a expression in the older
participants. In skeletal muscle, CD140a+ progenitors
can differentiate into fibro-adipogenic progenitor cells,
driving tissue fibrosis (Dani & Pfeifer, 2017). Increased
muscle fibrosis is a fundamental factor in the process of
sarcopenia, and one which CD140a+ progenitor cells may
contribute towards (Uezumi et al. 2010; McCormick &
Vasilaki, 2018). Thus, CD140a up-regulation in skeletal
muscle during ageing might represent an early stage of
fibro-adipogenic progenitor cell commitment that has
downstream implications for the onset of sarcopenia, even
in healthy, active ageing. Future work should look to
clarify the precise implications of the striking age-related
observed changes to progenitor cells in both muscle and
adipose tissue.

In parallel to differences in the adipose tissue SVE
differences in adipocyte secretory functions were
observed. Notable differences in circulating adipokines
were shown in the present study, with significantly
higher adiponectin and adipsin concentrations in older
individuals. In humans, adiponectin increases with
age and may present a survival advantage in healthy,
long-lived individuals (Atzmon et al. 2008). Given the
protective potential of adiponectin on metabolic and
inflammatory health (Ouchi & Walsh, 2007), coupled
with its positive relationship with physical activity status
(Simpson & Singh, 2008), increased adiponectin in
healthy older individuals may represent an adaptive
phenotype that contributes to the maintenance of healthy
ageing. Adipsin has recently been proposed as a regulator
of experimental inflammatory arthritis, in mice, by pre-
venting joint infiltration of neutrophils (Li et al. 2019).
Therefore, increased circulating/adipose-derived adipsin
may represent a normal biological ageing process that has
not been reported previously, which may theoretically
contribute to other age-associated diseases, such as
arthritis.

In the present study, key proteins involved in the
insulin signalling and glucose uptake were considerably
lower in the adipose tissue of older individuals. However,
there were no differences in these proteins in skeletal
muscle between groups, and there were no differences
in whole-body metabolic control in response to a
mixed-meal tolerance test. The loss of insulin signalling
protein content in adipose tissue, but not mRNA, may
be secondary to increased adipose tissue inflammation
(Hotamisligil, 2006; Chen et al. 2015). One mechanism
through which this insulin desensitization occurs is by
inactivating signal transduction downstream of IRS1. In
response to a supraphysiological dose of insulin in the pre-
sent study, isolated adipocytes exhibited no differences in
the phosphorylation of Akt at serine 473. Although the
total protein levels of some of the proteins involved in the

J Physiol 600.4

insulin signalling cascade leading to GLUT4 translocation
were lower in adipose tissue from older individuals, our
in vitro adipocyte experiments suggest that proximal
signalling events in adipocytes in response to stimulation
with insulin might not be impacted. Further studies using
lower/physiological concentrations of insulin and GLUT4
translocation experiments would be necessary to address
this point. There were no differences in skeletal muscle
insulin signalling protein content between groups. One
explanation for these results might be the maintenance of a
physically active lifestyle by the older individuals recruited
in this study, preventing a decline in skeletal muscle
insulin signalling with ageing (Short et al. 2003). Indeed,
a previous study reported skeletal muscle GLUT4 protein
content to be negatively correlated with age in men and
women recruited without the inclusions requirement to be
physical active (Houmard et al. 1995). The maintenance
of muscle insulin signalling, coupled with a high ratio
of muscle mass to adipose tissue mass, even with
ageing, may explain the maintenance of whole-body
glucose and insulin responses to the mixed-meal test
in older participants. These observations emphasize the
role of skeletal muscle in maintaining metabolic control
even when other tissues such as adipose tissue show
signs of insulin insensitivity and metabolic dysfunction.
Future work should aim to investigate whether there
are differences in the time scale of metabolic changes
in adipose tissue and those observed in skeletal muscle
and at the whole-body level; for example, via the use of
tissue-specific arterio-venous differences in response to
specific metabolic challenges.

One key strength of this research was the selection
and recruitment of healthy, non-obese, and active older
individuals with similar physical activity and body
composition to a carefully-matched young comparator
group. It is well established that overweight and/or
physical inactivity profoundly affects ageing (Batsis &
Villareal, 2018; Mahmassani et al. 2019). However,
there are several limitations of the present work. We
recruited males from the same geographical region and
similar ethnic background, and whether the results
would differ in other groups such as females warrants
investigation. Indeed, aged female mouse adipose tissue
CD8+ T-cells display greater activation and IFN-y,
TNF-o and granzyme B production than age-matched
males (Ahnstedt et al. 2018). Further, although the pre-
sent study isolated confounding lifestyle factors associated
with ageing from biological factors driven by ageing per
se, given that the prevalence of inactivity and obesity
increases with advancing age, the results might not be
representative of ‘typical’ ageing (Ogden et al. 2013;
Townsend et al., 2015). The present study does not
examine the impact of ageing in older old people (e.g.
>75 years), although our findings represent a major step
forward in understanding given that the only other pre-
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vious report of the impact of ageing in human adipose
tissue is limited to a specific population of Pima Indians
aged up to 45 years (Ortega Martinez de Victoria et al.
2009). Of course, the matching of young and older groups
in terms of physical activity and adiposity will be even
more challenging as the age gap between comparator
groups is expanded. We should also acknowledge that the
present findings are cross-sectional and we do not know
how these observations might change over time. However,
establishing cause and effect in human ageing is of course
extremely technically challenging.

In conclusion, adipose tissue and skeletal muscle
show marked immunometabolic changes with ageing in
healthy adults, including a 2-fold increase in inflammatory
T-cells, pronounced secretion of inflammatory mediators,
activation of inflammatory signalling pathways and
impaired insulin signalling. These age-associated changes
to tissues were highly tissue-specific with very little
commonality between cellular, protein and transcriptomic
differences in adipose tissue and skeletal muscle in the
same individuals. Moreover, the differences observed in
adipose tissue and skeletal muscle with ageing were
much more pronounced than those observed in systemic
circulation. Thus, ageing appears to exert tissue-specific
changes, at a local level, which may represent key
tissue-specific remodelling events and early hallmarks of
ageing that precedes systemic changes.
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