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Background: Preferential accumulation of fat in the upper body (apple shape) is associated with 
higher risk of developing metabolic syndrome relative to lower body fat (pear shape). We previously 
discovered that chromatin openness partially defined the transcriptome of preadipocytes isolated from 
abdominal and gluteofemoral fat. However, the molecular mechanisms underlying interindividual 
variation in body shape are unknown.

Methods: Adipocyte fraction was isolated from abdominal and gluteofemoral fat biopsies of pre-
menopausal women (age and body mass index matched) segregated initially only by their waist-
to-hip ratio. We evaluated transcriptomic and chromatin accessibility using RNA sequencing and 
assay for transposase-accessible chromatin using sequencing (ATAC-seq) along with key clinical 
parameters.

Results: Our data showed that higher lower body fat mass was associated with better lipid profile 
and free fatty acid decrease after glucose administration. Lipid and glucose metabolic pathways 
genes were expressed at higher levels in gluteofemoral adipocyte fraction in pears, whereas genes 
associated with inflammation were higher both in abdominal and gluteofemoral apple adipocyte 
fraction. Gluteofemoral adipocyte chromatin from pear-shaped women contained a significantly 
higher number of differentially open ATAC-seq peaks relative to chromatin from the apple-shaped 
gluteofemoral adipocytes. In contrast, abdominal adipocyte chromatin openness showed few 
differences between apple- and pear-shaped women. We revealed a correlation between gene tran-
scription and open chromatin at the proximity of the transcriptional start site of some of the differ-
entially expressed genes.

Conclusions: Integration of data from all 3 approaches suggests that chromatin openness partially 
governs the transcriptome of gluteofemoral adipocytes and may be involved in the early metabolic 
syndrome predisposition associated with body shape.

© Endocrine Society 2020.
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Metabolic syndrome (MetS) is associated with a collection of several clinical phenotypes 
and is linked with increased risk of multiple chronic diseases, including type 2 diabetes 
(T2D), cancer, and cardiovascular disease [1, 2]. Central obesity, defined by an elevated 
waist circumference and often denoted as an “apple-shaped” body, is believed to be at the 
core of the syndrome [3, 4]. A major contributing factor is thought to be the presence of 
dysfunctional adipocytes, characterized by excess release of free fatty acids (FFAs) and in-
flammatory molecules. As a result, there is an ectopic accumulation of lipids in other major 
insulin target tissues (skeletal muscle, liver, and endothelial cells) that leads to global in-
sulin resistance (IR) and systemic inflammation [5, 6]. Moreover, elevated FFA levels also 
inhibit insulin’s antilipolytic action on adipose tissue (AT), which will further increase the 
rate of FFA release into the circulation [7], resulting in a vicious cycle. According to this hy-
pothesis, the visceral depot, which drains directly to the liver, plays a significant role and 
has been the focus of many studies. However, this depot accounts for only 2% to 3% of the 
total body fat in women [8] and contributes to no more than 15% of the total systemic FFA 
[7]. In contrast, the subcutaneous white adipose tissue (scWAT) is the largest fat depot in 
humans. The subcutaneous abdominal (ABD) fat is positively associated with risk factors 
of obesity-related complications [9] and has been implicated in the prevalence of MetS in-
dependently from the visceral fat mass [10, 11]. In contrast, individuals with lower-body 
obesity, characterized by preferential fat accumulation in the subcutaneous gluteofemoral 
(GF) depot and referred as a “pear-shaped” body, are at a lower risk for developing MetS 
[12, 13]. A recent integrative genomic analysis revealed 53 genomic loci strongly associated 
with IR, T2D, and coronary heart disease that were also related to lower hip circumference 
and reduced levels of gynoid and leg fat mass [14]. These correlation data suggest that an 
impaired GF fat expansion could be a significant determinant of diabetes and cardiovas-
cular diseases [15].

Previous publications highlighted the differential tissue and cellular phenotypes existing 
between adipocytes isolated from subcutaneous ABD fat relative to lower-body fat depots 
[16, 17]; for example, adipocyte size, basal lipolysis, dietary fatty acid uptake, and insulin 
suppression of lipolysis vary according to the depot-specific origin of the fat analyzed. In 
addition, there are distinct gene expression signatures and differential CpG island meth-
ylation and histone marks in abdominal vs GF scWAT [9, 18-20], suggesting that there is 
an epigenomic code that underlies the known functional differences in scWAT depots. Still 
unexplored, however, are the molecular features and epigenetic signatures within the ab-
dominal and GF-derived adipocyte that might differ between women with an “apple” vs 
“pear” body shape.

We hypothesized that differential chromatin openness plays an early role in AT deposi-
tion, before any appearance of metabolic complications, partially by regulating expression 
of body-shape–specific genes in the scWAT depots. To test this hypothesis, we isolated 
the adipocyte fraction from abdominal and GF scWAT biopsies obtained from groups of 
“apple” vs “pear” women segregated initially only by their waist-to-hip ratio (WHR) value. 
By using a combination of clinical assessments, RNA sequencing (RNA-seq) and assay 
for transposase-accessible chromatin using sequencing (ATAC-seq) technologies coupled 
with a comprehensive bioinformatic analysis, we unraveled the unique transcriptional 
signatures and open chromatin profiles of ABD- and GF-adipocyte fraction in apple- and 
pear-shaped women. Our studies reported here suggest that specific subcutaneous fat 
cells, identifiable by gene expression and chromatin openness, are part of distinct fat dis-
tribution and may account for early signs of MetS observed in otherwise healthy, apple-
shaped, premenopausal women.
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1. Materials and Methods

A. Clinical Study Design and Participant Details

Twenty-one healthy, eumenorrheic, premenopausal, weight-stable women age 20 to 40 years 
with a body mass index (BMI) between 24.8 and 33.9  kg/m2 were recruited in Orlando, 
Florida, using advertisements approved by an institutional review board. Participants were 
excluded if they reported a history of chronic disease (diabetes, heart or liver disease, high 
blood pressure, gastrointestinal disorder), recent weight loss or gain (> 3 kg over the past 
12 weeks), had abnormal blood or urine values, or use of oral contraceptives or hormone 
replacement therapy. Participants were further categorized according to their WHR into 2 
groups: apple-shaped (WHR > 0.85) and pear-shaped (WHR < 0.78). Detailed phenotyping 
of the participants included the following: anthropometric measures (weight, height, 
waist, hip, and thigh circumferences), fasting glucose, lipid, inflammation and hormone 
profiles, and body composition measured by dual‐energy x‐ray absorptiometry (DXA) using 
a GE Lunar iDXA whole‐body scanner. Volumetric measurement of fat and other organs 
(liver, kidneys, heart, brain, skeletal muscle, and intramuscular AT) was completed using 
a Philips Achieva 3T magnetic resonance imaging/multinuclear magnetic resonance spec-
troscopy. Resultant images were analyzed using Analyze software 11.0 (Biomedical Imaging 
Resource, Mayo Clinic).

AT biopsies were collected after overnight fasting with a 3-hole 2.5-mm liposuction can-
nula from the midabdomen approximately 5 to 8 cm lateral to the umbilicus. GF AT was col-
lected 10 to 20 cm below the greater trochanter on the most lateral side of the upper thigh. 
Each sample was cleaned at bedside, a fraction of it was snap-frozen in liquid nitrogen, and 
the rest was immediately used for adipocytes isolation as described later. On a separate 
day, a standard 75 g frequently sampled intravenous glucose tolerance test (FSIVGTT) was 
performed as described in Parsons et al [21] and in Fig. 1B. Four times during the proce-
dure, resting metabolic rate and respiratory quotient (RQ) were measured using a MAX‐II 
metabolic cart with a canopy attachment (AEI Technologies).

B.  Blood Analysis

Fasting blood samples were analyzed in clinical chemistry laboratory at either  Adventhealth 
Orlando or onsite at the Translational Research Institute for Metabolism and Diabetes. 
Adiponectin was measured using the Human Adiponectin Kit (Meso Scale Discovery, cat-
alog number K151BXC [22]) according to the manufacturer’s protocol.

Before and during the FSIVGTT, blood samples were collected on ice, centrifuged, 
aliquoted, and frozen at −80 °C until further analyses. Glucose was monitored during the 
procedure using a Nova StatStrip glucose meter (Nova Biomedical). FFAs were measured 
by the NEFA-HR (nonesterified fatty acid HR series) [2] assay (Fujifilm Wako Diagnostics) 
according to manufacturer’s protocol. Insulin and C-peptide were measured in undi-
luted human serum using the Human Insulin Kit (Meso Scale Discovery, catalog number 
K151BZC [23]) and the R-PLEX Human C-Peptide Antibody Set (Meso Scale Discovery, 
catalog number F213V [24]), respectively, according to the manufacturer’s protocol. The ho-
meostasis model assessment of the IR index (HOMA‐IR) was calculated as follows: ([fasting 
insulin in mU/L] × [fasting glucose in mmol/L]/22.5). Data from the FSIVGTT were used to 
calculate the insulin sensitivity index, glucose effectiveness, acute insulin response to glu-
cose, and the disposition index using the Minimal Model method of Bergman (MINMOD‐
Millennium, R. Bergman) [25].

C.  Isolation of Adipocytes

Ten participants (5 apples and 5 pears) of the initial cohort were randomly selected to per-
form adipocyte isolation and genome-wide analysis. Adipocytes were isolated by collagenase 
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Figure 1.  Correlations between lower body fat mass and lipid parameters and frequently 
sampled intravenous glucose tolerance test (FSIVGTT data). A, Eleven apple- and 10 pear-
shaped women were enrolled in the clinical trial. Correlations were established between 
the percentage of fat mass in the legs relative to total fat mass and circulating triglycer-
ides levels, cholesterol/high-density lipoprotein (HDL), low-density lipoprotein (LDL)/HDL, 
percentage of liver fat determined by magnetic resonance spectroscopy, and visceral adipose 
tissue (VAT) mass estimated by dual‐energy X‐ray absorptiometry. B, FSIVGTT was per-
formed and completed by 18 women in the initial group. The design of the test and the blood 
collection times are summarized at the arrows. The results of the minimal model method of 
Bergman are summarized in the tables under the graph. C-E, Respiratory quotient (RQ), 
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treatment of AT followed by low-speed centrifugation at 50  g for 2  minutes. Cells were 
washed twice with phosphate-buffered saline. A fraction of fat cell suspension was frozen 
and kept at –80 °C for future RNA analysis. Another fraction was immediately exploited to 
isolate chromatin as described as follows and to perform ATAC-seq.

D.  RNA Sequencing

Total RNA was extracted from ABD- and GF-derived adipocytes using the GentleMACS 
Dissociator system (Milteny Biotec, GmbH) as described in Cirera [26].

Total RNA quality was assessed with the Agilent Bioanalyzer Nano (Agilent Technologies). 
A total of 1 μg of total RNA was used as starting material to construct RNA-seq libraries using 
the Illumina TruSeq Stranded Total RNA Library preparation kit (Illumina Inc) as per the 
instructions. First, total RNA was ribo-depleted to remove ribosomal from total RNA. The re-
maining nonribosomal RNA was fragmented using divalent cations at elevated temperature. 
Following fragmentation, first-strand complementary DNA was synthesized using random 
primers followed by second-strand synthesis using DNA polymerase I. Complementary DNA 
was ligated with index adapters for each sample followed by purification and enrichment 
by polymerase chain reaction (PCR) to create the final library. The quality and quantity of 
the libraries were analyzed using the Agilent Bioanalyzer and Kapa Biosystems quantita-
tive PCR (Sigma-Aldrich). Multiplexed libraries were pooled, and single-end 50 base-pair 
sequencing was performed on one flow-cell of an Illumina HiSeq 2500.

E.  RNA Sequencing Analysis

The RNA-seq samples’ quality was checked using the tool FastQC. After this step, a re-
quired trimming was executed reducing distortions on the “per base sequence content” at 
the beginning of the reads using Trimmomatic. The trimmed samples were aligned to the 
UCSC genome, assembly hg19, using STAR as described by Baruzzo and colleagues [27] in 
Supplementary Table 37. Reads were required to be uniquely mapped using Samtools for 
filtering, sorting, and indexing. RSeQC was used to assess the quality of each sample. The 
RNA sequencing abundance, raw read counts, and transcripts per million (TPM) values, 
were calculated with TPMCalculator using the default parameters. The differential gene 
expression analysis was executed using the Bioconductor packages Deseq2 and EdgeR. An 
adjusted P value of .05 and a logarithmic fold change of 1.5 was used to identified differen-
tially expressed genes. All tools were executed using publicly available Common Workflows 
Language files and docker images with fixed tool versions [28].

The functional profiling of gene expression data was performed using DAVID (https://
david.ncifcrf.gov/home.jsp). A P value threshold of .05 and enrichment score of 1 were used 
to identify KEGG biological pathways overrepresented in gene expression data.

F.  Assay for Transposase-Accessible Chromatin Using Sequencing

ABD and GF adipocytes were used to isolate nuclei. Nuclei were used for tagmentation 
using Nextera DNA Library Preparation Kit (Illumina Inc). After tagmentation DNA was 
purified with a MinElute PCR Purification Kit (Qiagen). Tagmented DNA was amplified 
with a Kapa Hifi Hot Start Kit (Kapa Biosystems) using 16 PCR cycles. Amplified libraries 
were purified with Agencourt AMPure XP (Beckman Coulter). Fragment distribution of 

glucose, and free fatty acid (FFA) levels during the FSIVGTT. C, RQ data were individually 
reported for each group and each time interval. *P less than .05 Wilcoxon test, RQ value com-
pared to baseline value. D, Glucose concentrations for 5 hours after administration of glucose 
at time 0 and insulin at 20 minutes. For each time point, average data ± SD in each group 
were reported and plotted (red for apple and blue for pear). E, FFA concentrations (top graph) 
and percentage decrease of FFA (compared to baseline concentration—bottom graph) are rep-
resented. *P less than .05 repeated analysis of covariance (baseline as covariate).
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libraries was assessed with Agilent Bioanalyzer and libraries were sequenced on a HiSeq 
2500 platform.

G.  Assay for Transposase-Accessible Chromatin Using Sequencing Analysis

ATAC-seq data were analyzed as previously described [18] with the following modifications: 
From the BAM files, tag directories were created with the makeTagDirectory program of 
HOMER (v4.2), where the fragment length was set to 150 nucleotides [29]. Both peak calling 
and coverage files were created from the HOMER tag directories: “Peaks” or so-called nu-
cleosome free regions were predicted with the findPeaks program by using the -style factor 
parameter.

Read distribution heat maps were generated by annotatePeaks of HOMER with -hist 
50 and -ghist parameters and were normalized with the median value of the middle 
50-bp bins.

Peaks were annotated by using the PeakAnnotator program to the nearest genes [30]. 
Genomic distribution of the peaks was defined also by the annotatePeaks.

H.  DiffBind Analysis

Characterization of the differential open chromatin profile was performed with the DiffBind 
package in R (v3.4.4). Different consensus sets were generated based on the regions that 
were predicted from the ABD fat of each apple- or pear-shaped individuals and the same 
was performed for the GF fat of the apple- or pear-shaped individuals. The minOverlap pa-
rameter was set to the maximum 5 in all cases. Differential open chromatin regions that 
were used for the further analyses were determined according to a P value less than or 
equal to .05 or a P value less than or equal to .1 thresholds. Correlation heat maps with dif-
ferent P value settings were created using DiffBind. For volcano plots, significance and log 
fold-change values were also calculated by DiffBind.

I.  Promoter Analysis

For promoter analysis, –1-kb to + 100-bp regions around transcriptional start site (TSSs) 
were used. Peaks overlapping with these extended regions were used to the further analysis. 
Reads per kilobase per million mapped reads (RPKM) values were calculated on the summit 
100-bp regions according to the peak summits by using the coverageBed of BedTools pro-
gram [31]. For box plots and RPKM-based heat maps, RPKM values were decile normalized 
before plotting. For this, a consensus set was generated with those peaks that could be 
predicted from at least 2 samples of interest, then RPKM values were calculated on the con-
sensus set from each sample. The values, corresponding to the first deciles, were used to the 
division of the initial RPKM values.

J.  Intergenic Analysis

DiffBind analysis was performed with the ATAC-seq signals calculated around a ± 100 kb 
genomic region relative to the TSSs of the body shape–specific genes. The minOverlap pa-
rameter was set to 3. Differential open chromatin regions were determined according to a P 
value of less than or equal to .05.

K.  Motif Analysis

Motif enrichment analysis was carried out by the findMotifGenome of HOMER and was 
performed on the summit 200-bp regions of the differential open regions from which the 
promoter-TSS regions were excluded [29]. The targeted motif lengths were 8, 10, 10, and 
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14 bp. P values were calculated by comparing the enrichment within the target regions and 
that of a random set of regions (background) generated by HOMER.

For motif distribution plot, motif matrices were downloaded from the HOMER Motif 
Database and were mapped in 20-bp windows within 2-kb frames relative to the summits of 
the differential open regions using annotatePeaks with -mbed parameter.

L.  Visualization

Read distribution and motif distribution heat maps were visualized by Java TreeView 
(v1.1.6r4). RPKM-based heat maps were plotted in R by using the pheatmap package and 
applying the row-wise scaling (rows were scaled to have mean zero and SD of one) to remove 
the scale effect of the variables.

Box plots and Volcano plots were plotted by using GraphPad Prism 8.

M.  Immunohistochemistry Staining of Adipose Tissue

Samples fixed in Z-fix were dehydrated, paraffin embedded, and sectioned (thin sections 
of 5  µm). Immunohistochemical detection of CD68 (Atlas Antibodies catalog number 
AMAb90873 [32]) for macrophages and CD4 (Cell Marque Cat#104R-14 [33]) for T  cells 
was performed with the avidin-biotin peroxidase method. The presence of CD68-positive 
cells was evaluated on the entire section of each participant and categorized into 3 groups: 
no staining, positive cells without specific organization, and positive cells organized in a 
crown-like structure (CLS).

N.  Statistics

All statistical analyses on clinical data were performed in SAS (V9.4) and statistical signif-
icance was set at P less than .05.

We used a repeated-measures analysis of covariance with basal FFA as covariates (SAS 
PROC MIXED) to compare the mean levels of FFA between the pear-shaped and the apple-
shaped women at different infusion phases. The model included shape, time, and shape by 
time interaction as fixed effects.

Unpaired t tests were used to compare apple vs pear chromatin openness. Paired t tests 
were used to compare ABD fat vs GF fat chromatin openness.

O.  Data Availability

All sequencing data have been deposited to the NCBI GEO database (http://www.ncbi.nlm.
nih.gov/geo/) under accession number GSE143450.

P.  Study Approval

All participants provided written informed consent. All procedures were performed under 
a research protocol approved by the Florida Hospital Institutional Review Board and was 
registered March 24 2016, at clinicaltrials.gov, NCT02728635 https://clinicaltrials.gov/ct2/
show/NCT02728635.

2. Results

A.  Clinical Characteristics of Study Participants

The characteristics of the study groups are presented in Table 1. Groups were matched 
both for BMI and age. By design, the average WHR was higher in the apple group than the 
pear group. This difference in ratio was mainly due to higher waist circumference in apples 
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(P = .001), who also had higher android fat mass and visceral adipose tissue (VAT) mass 
(P = .01 and .01, respectively). The hip circumference, thigh circumference, and gynoid fat 
mass were indistinguishable between the groups (Table 1). We determined the average adi-
pocyte diameter on histological section (Table 1). Importantly, among the 4 depots studied the 
biggest adipocytes were found in the GF depot of the pear-shaped women (74.8 µm). Previous 
studies showed that the GF depot have bigger adipocytes compared to the ABD depot. In 
our study this was confirmed only in pear-shaped women (ABD adipocytes = 64.2 µm, GF 

Table 1.  Clinical and biochemical characteristics of the study’s 2 groups of women

Clinical parameters
Pear-shaped participants  

(n = 10)
Apple-shaped participants  

(n = 11) P

Adiposity markers
  BMI, kg/m2 27.4 ± 3.00 28.4 ± 3.57 .54
  Weight, kg 73 ± 9.3 76 ± 11 .64
  Waist circumference, cm 79.8 ± 6.16 93.5 ± 8.95 .001
  Hip circumference, cm 108.2 ± 7.9 106.4 ± 10.9 .84
  Thigh circumference, cm 60.1 ± 4.4 59.8 ± 5.1 > .9
  Waist-to-hip ratio 0.74 ± 0.04 0.88 ± 0.03 < .001
  Total FM, kg 28.2 ± 7.5 33.2 ± 9.2 .25
  Total lean mass, kg 43.1 ± 5.0 40.5 ± 3.4 .22
  Leg lean mass, kg 15.6 ± 2.1 14.2 ± 1.6 .15
  FM, % 39.1 ± 7.1 44.3 ± 6.3 .11
  Android FM, kg 1.7 ± 0.7 2.9 ± 1.0 .01
  Gynoid FM, kg 5.6 ± 1.2 5.9 ± 1.8 > .9
  Fat leg/total FM, % 45 ± 4.9 36 ± 4.8 .001
  Circulating adiponectin, µg/mL 12.3 ± 5.3 12.1 ± 5.4 > .9
  VAT mass, g 333 ± 258 731 ± 381 .01
  Liver fat, % 1.5 ± 1.0 2.5 ± 1.8 .19
  IMAT, cm3 251 ± 91 289 ± 101 > .9
  ABD_adipocyte diameter, µm 64.2 ± 8.94 66.7 ± 8.10 .52
  GF_adipocyte diameter, µm 74.8 ± 6.59 67.6 ± 5.29 .02
Lipid profile
  HDL, mg/dL 67.8 ± 19.4 61.2 ± 17.0 .77
  LDL, mg/dL 96 ± 19.0 110 ± 34.7 .54
  VLDL, mg/dL 13.9 ± 6.47 17.8 ± 5.05 .02
  TGL, mg/dL 68.9 ± 31.8 89.0 ± 25.0 .02
  Chol, mg/dL 178 ± 28.2 189 ± 37.6 .72
  Non-HDL chol, mg/dL 110 ± 22.9 128 ± 36.4 .32
  Chol/HDL 2.73 ± 0.60 3.26 ± 0.88 .15
  LDL/HDL 1.48 ± 0.45 1.95 ± 0.77 .12
  FFA, µmol/L 567 ± 251 482 ± 145 .40
Glucose profile
  Fasting glucose, mg/dL 85.3 ± 7.30 91.4 ± 6.52 .06
  Fasting insulin, µ(iU)/mL 6.16 ± 3.67 7.93 ± 3.25 .21
  HOMA-IR 1.05 ± 0.66 1.56 ± 0.76 .14
  HbA1c, % 5.18 ± 0.41 5.17 ± 0.24 .88
  C-peptide, ng/mL 1.04 ± 0.46 1.30 ± 0.39 .27
Metabolic markers/hormones
  Age, y 33.4 ± 7.1 34.4 ± 6.4 .90
  ΔRQ 0.087 ± 0.089 0.055 ± 0.055 .08
  RMR, kcal/min 0.95 ± 0.10 1.00 ± 0.12 > .9
  Testosterone, ng/dL 28.5 ± 19.3 27.0 ± 14.2 > .9
  CRP, mg/L 3.22 ± 3.37 3.17 ± 1.63 .56

Mean ± SD. Nonparametric Mann-Whitney test P less than or equal to .05.
Abbreviations: ABD, abdominal; BMI, body mass index; Chol, cholesterol; CRP, C-reactive protein; FFA, free fatty 
acids; FM, fat mass; GF, gluteofemoral; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; HOMA-IR, homeo-
static model assessment of insulin resistance; IMAT, intramuscular adipose tissue; LDL, low-density lipoprotein; 
RMR, resting metabolic rate; RQ, respiratory quotient; TGL, triglycerides; VAT, visceral adipose tissue; VLDL, 
very low-density lipoprotein.
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adipocytes = 74.8 µm); the apple-shaped women presented with similar adipocyte size in 
both depots (ABD adipocytes = 66.7 µm, GF adipocytes = 67.6 µm). We found an intriguing 
correlation between the size of the adipocyte in GF depot and the level of circulating potas-
sium (Spearman correlation, P = .024, R = 0.50). Several studies have shown that higher po-
tassium could alleviate obesity and MetS risk [34]; this topic is, however, still controversial 
and needs additional studies to confirm.

As expected, the apple-shaped women showed signs of dyslipidemia, reflected by signif-
icant higher very low-density lipoprotein and triglycerides (TGs) circulating levels (P = .02 
for both, apples vs pears comparison), and trend to increase the ratios of low-density lipo-
protein (LDL) to high-density lipoprotein (HDL) and cholesterol to HDL (P = .12, .15, respec-
tively, apples vs pears comparison) (Table 1). They also presented with features associated 
with a trend toward IR including higher serum fasting glucose and HOMA-IR (P = .06, .14, 
respectively, apples vs pears comparison) (Table 1). In addition, apple-shaped participants 
tended to accumulate more lipid in the nonfat tissues such as liver and muscle (Table 1). We 
addressed the relative contribution of lower- and upper-body fat depot in the variation of 
lipid profiles by studying the correlations between the ratio leg fat divided by total fat mass 
(data measured by DXA) and the lipid parameters collected in the blood. The ratio fat leg/
total fat mass correlated negatively with general markers of lipid metabolism, including cir-
culating TGs, cholesterol/HDL, and LDL/HDL, as well as VAT mass and percentage of liver 
fat measured by magnetic resonance spectroscopy (Fig. 1A). These data confirmed that pref-
erential fat accumulation in the lower body compared to the upper body decreased the risk of 
dyslipidemia and prevent accumulation of lipids in nonfat organs [35].

B.  Increased Insulin Sensitivity and Decreased Free Fatty Acid Availability After Glucose 
Challenge Characterize Pear-Shaped Over Apple-Shaped Individuals

To directly compare insulin sensitivity between the 2 groups of women, we performed an 
intensive glucose tolerance test, whereby we repeatedly sampled circulating glucose and 
insulin over a 5-hour time window (FSIVGTT) with minimal model analysis (Fig. 1B). The 
pear-shaped individuals trended toward a greater insulin sensitivity index compared to 
the apple-shaped group (P = .10), with no difference detected in the glucose effectiveness 
(insulin-independent component), the acute insulin response to glucose, or the disposition 
index (product of insulin sensitivity and first-phase insulin secretion) (Fig. 1B).

IR is often associated with metabolic inflexibility, meaning impaired switching of substrate 
oxidation from fatty acids to glucose in response to insulin. The scWAT plays a role in these phe-
nomena by being the major site of energy storage of the body [36]. WAT stores energy in the form 
of TGs when in positive energy balance and releases energy as FFAs when energy expenditure 
exceeds energy intake. To study the influence of differential fat distribution on metabolic flexi-
bility variation, we first measured fasting RQ by indirect calorimetry in the 2 groups of women. 
Postabsorptive RQ was lower in pear-shaped individuals (limit of significance—Fig. 1C) con-
sistent with a higher basal fat oxidation level. However, systemic RQ increased similarly after 40 
minutes in both groups, as expected from the repeated glucose monitoring (Fig. 1D). Likewise, 
RQ similarly retreated to the fasting RQ level at the end of the FSIVGTT (Fig. 1C).

We next measured FFA levels in the blood collected during the frequently sampled 
IVGTT. After administering glucose, the decrease in circulating FFA during the first phase 
(10 to 20 minutes) was more prominent in pear-shaped compared to apple-shaped women 
(Fig. 1E). However, in the second phase (20 to 30 minutes), the insulin fully suppressed FFA 
release similarly in both groups (Fig. 1E), reflecting an equal late antilipolytic effect of in-
sulin independently of body shape. Two mechanisms could explain the difference observed 
during the first phase of the test: an increase of FA esterification to sequester them as TGs 
in their lipid droplet and/or a better clearance of the FFA by other organs (skeletal muscle 
for example) via uptake and oxidation. Our RQ data suggest no difference in FFA clear-
ance between the 2 groups of women, which suggests that differential FA accumulation in 
adipocytes contributes to the difference.
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The correlations established between the preferential fat accumulated in the leg and the 
lipid parameters and the fact that the 2 groups of women were segregated only by their 
WHR pinpointed the AT depots as a key player in the clinical differences described.

C.  Gene Expression Comparison Across the 2 Body Shapes and the 2 Subcutaneous 
Fat Depots

Next, we evaluated a potential molecular basis for the differential fat accumulation observed 
between the 2 groups. We interrogated the gene expression signatures of collagenase-
isolated ABD and GF-adipocytes from 5 apple- and 5 pear-shaped participants using RNA-
seq. Their clinical characteristics are summarized in [28] and are very similar to the total 
of 21 apple- and pear-shaped women included in our study.

Differential analysis of gene expression between ABD and GF adipocyte fraction revealed 
487 genes dysregulated in apple-shaped women and 74 genes dysregulated in pear-shaped 
women. In both groups, more genes are upregulated in GF compared to ABD cells (318 
vs 169 in apples –52 vs 22 in pears [28]). The GF transcriptome seems to be more flexible 
or more sensitive to regulation than the ABD genes. We identified only 14 and 34 genes 
upregulated respectively in ABD and in GF fat cells simultaneously in apple- and pear-
shaped women [28], which is not surprising based on the small number of differentially 
expressed genes in pear-shaped women. Consistent with our previous report and those of 
other groups [9, 20, 37], developmental genes (HOXA5, HOXA6, HOXB7 and HOXC10) and 
the lncRNA HOTAIR were found to be depot specific [28].

We next compared the gene expression profile between the adipocyte fraction from apple- 
and pear-shaped women. We named the genes upregulated in apple-shaped women “apple 
specific” and the genes up-regulated in pear-shaped women “pear specific.” A stringent anal-
ysis (cutoff fold change > 1.5 and P value < .05 according to 2 statistic models as described 
in section 2, “Materials and Methods”), revealed 95 body-shape specific genes in abdominal 
cells (Fig. 2A) and 4 times more (n = 428) body-shape–specific genes in GF cells (Fig. 2B). 
These data suggest that the GF cells seem to be more affected by the differential fat dis-
tribution. In both depots, around twice the number of genes were upregulated in apple- 
compared to pear-shaped individuals (Fig. 2A and 2B).

D.  Metabolic Pathways Are Upregulated in the Gluteofemoral Depot of Pear-Shaped 
Participants

We further analyzed the GF genes dysregulated in apple- compared to pear-shaped women’s 
isolated adipocytes and used a functional annotation tool to regroup them in biological 
pathways. Pathway enrichment analysis of the 123 genes preferentially expressed in pear-
shaped women indicated that they regrouped in processes needed for adipocyte lipid storage, 
including cellular amino acid biosynthetic processes, fatty acid metabolism, general meta-
bolic process, IR, and regulation of lipolysis (Fig. 2C). The genes involved in the 9 most signif-
icant pathways are listed in Fig. 2C with their corresponding fold change between pear- and 
apple-shaped women. Of particular interest, FASN and APOB, key regulators of fatty acid 
metabolism, showed high fold change between the 2 groups of participants (Fig. 2C). PCK1 
(fold change = 2) is involved in lipid storage and fatty acid esterification. Its increase in 
pear-shaped GF cells is in favor of a greater fatty acid re-esterification in these women as 
suggested by our FSIGTT data. In addition, the ADRB3 gene, coding for the antilipolytic ad-
renergic receptor b3, was elevated in pear adipocytes (fold change = 10, Fig. 2C) suggesting 
a lower level of lipolysis in adipocytes isolated from apple-shaped women [38].

E.  Inflammatory Pathways Are Upregulated in the Gluteofemoral Depot of Apple-Shaped 
Individuals

We identified 61 and 305 apple-selective genes in the ABD- and GF-derived cells, respectively 
(Fig. 2A and 2B). Pathway enrichment analysis of the 305 genes preferentially expressed in 
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apple-shaped women in GF cells revealed that one-third of them were related to an inflam-
matory and immune response (Fig. 3A). Interestingly, a number of genes were involved in 
immune cell chemotaxis, suggesting an elevation of inflammatory cells inside the scWAT of 
apple- compared to pear-shaped women. Sixteen percent of the dysregulated genes in the 
apple GF depot were related to the extracellular matrix (including TIMP1 and MFAP5, 2 
molecules involved in human AT inflammation and IR [39]), phagosome formation, and oxi-
dative stress. These 3 pathways are associated with metabolic complications of obesity and 
may also be related to an increase of immune cells within apple-shaped women’s scWAT. 

Figure 2.  Body shape-associated transcriptomic signatures of abdominal (ABD) and 
gluteofemoral (GF) fat depots. A and B, Heat map representation of the significantly chan-
ging genes (false discovery rate < 0.05) determined by RNA sequencing from the A, ABD and 
B, GF depots of 5 apple- and 5 pear-shaped women. The top signature genes of each group in 
each depot are listed. C, KEGG and GOTERM functional analysis of pear-specific gene set in 
GF depot. Chr indicates chromosome; FC, fold change pear/apple. When a gene was found in 
different pathways, all pathways are mentioned in order of P value.
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Figure 3.  Inflammatory signature of abdominal and gluteofemoral adipocyte and fat depots 
of apple-shaped women. A, KEGG and GOTERM functional analysis of apple-specific gene 
set in gluteofemoral (GF) depot. B, Average of transcripts per million (TPM) values of im-
mune cell markers in each group of participants and depots from the RNA-sequencing data. 
*P less than .05 nonparametric t test of pear vs apple individuals. C and D, Identification 
of CD68-positive cells in abdominal and GF white adipose tissue (WAT) section. C, Positive 
staining is revealed in apple women with DAB (3,3′-diaminobenzidine) system (brown 
staining). Nuclei were stained with hematoxylin (blue staining). The star shows posi-
tive cells organized in a crown-like structure (CLS) around an adipocyte; the arrows show 
positive cells without specific organization. D, A score was attributed to each individual as 
described in “Materials and Methods.” The histogram depicts the score repartition by par-
ticipant in each group (5 women/group).
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Genes involved in inflammatory pathways also represented the most predominant signa-
ture in the apple ABD depot. However, a comparison of the ABD- and GF-enriched gene sets 
within the apple-shaped individuals revealed higher expression of inflammatory genes in 
the GF depot (data not shown).

Some genes identified as apple specific in both depots were markers of macrophages, 
B cells, T cells, and other immune cells. Because the adipocyte fraction from an AT digestion 
could contain adherent stromal cells or macrophages, we cannot exclude the contribution 
of myeloid cells in the gene expression patterns observed. We looked closer at our RNA-seq 
data at some specific markers of these cell populations and reported their average TPM 
values in each subgroup (ABD and GF cells from apple- and pear-shaped participants—
Fig. 3B). Gene expression of the general marker of myeloid cells (FCGR3A) was increased 
in apple-shaped women in both depots, however with relatively low average TPM values 
reported relative to the other immune function genes. There was a significant increase of 
macrophage marker gene expression in apple compared to pear individuals in both depots 
(CD14, CD68, ITGAM, and ITGAX). Two markers of lymphocytes (CD8A and CD19) were 
also reported to be significantly higher in apple participants, but only in GF cells (Fig. 3B). 
All together these data point out an infiltration by nonfat cells in the adipocyte fraction 
preparation that was more pronounced in both depots from apple-shaped women. However, 
the high TPM values described for CD14, CD68, CD40, and CD86 (Fig. 3B) and the recent 
publications showing these proteins are expressed in the adipocyte fraction of human AT 
[40-42] suggest that the increase in expression we observe here is directly from adipocytes.

F.  Presence of Macrophages Organized in a Crown-Like Structure in the Subcutaneous 
Adipose Tissue of Apple-Shaped Women

We wanted to further assess myeloid cell infiltration within the AT of the 10 individuals 
we previously studied for the RNA-seq analysis. Their AT sections were stained with CD68 
and CD4 (markers respectively of macrophages and lymphocytes identified in our RNA-seq 
data with high read count numbers—Fig. 3B) and observed by histology. We did not de-
tect CD4-positive T cells in any depots or participants, suggesting no or very little scWAT 
infiltration by T lymphocytes in both groups of women. In contrast, CD68 staining re-
vealed the presence of macrophages in the scWAT of the individuals tested. Remarkably, 
the macrophages observed in the adipose samples of apple-shaped women were found in a 
CLS pattern surrounding adipocytes (Fig. 3C). Interestingly, no CLS were visualized in the 
pear-shaped women’s scWAT, whereas 7 of the 10 apple women’s sections presented those 
specific structures (Fig. 3D).

G.  Distinct Chromatin Accessibility Between Apple- and Pear-Shaped Subjects Is Observed 
in Gluteofemoral Fat

Changes in chromatin structure have been associated with alterations in gene expression 
linked to obesity, T2D, MetS, and cardiovascular diseases (reviewed in Carson and Lawson 
[43]). Notably, hyperglycemia and excess dietary fat consumption alter DNA methylation 
and chromatin accessibility around genes involved in glucose regulation and fat metab-
olism [44]. Comparative ATAC-seq profiling has been developed to identify differentially 
open chromatin regions [45]. Here we applied this technology to the ABD- and GF-derived 
adipocyte fraction samples in our 5-member apple- and 5-member pear-shaped groups to 
compare their genome-wide chromatin accessibility and to assess the link between body-
shape–specific chromatin availability, differential gene expression, and putative metabolic 
risk factors. We performed the analysis independently in ABD and GF depots. All the quality 
control analyses for the ATAC-seq samples showed they were comparable and yielded sim-
ilar overall read densities suggesting all samples were of comparable technical quality [28].

To identify differentially open chromatin regions, we determined the consensus peak set 
in our adipocyte fraction samples for each depot and each group of women. To avoid the 
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person-to-person variability within apple- and pear-shaped participant groups, only the 
common open chromatin regions were considered in all 5 individuals. Apple-shaped women 
have 11 301 and 12 404 peaks in the ABD and GF depot, respectively, whereas pear-shaped 
women have 11 054 and 20 114 peaks in the ABD and GF depot, respectively. We used these 
consensus sets to determine the differentially accessible genomic regions. Differential anal-
ysis of the ATAC-seq data and hierarchical clustering revealed a strong correlation between 
individual apple and pear samples in the GF depot, but there was not a clear separation 
between the 2 body types for the peaks from the ABD depot [28]. This finding suggests there 
is a distinct difference in chromatin organization in lower-body adipocytes but not in ABD 
adipocytes. Interestingly, we found a strong correlation between the number of consensus 
peaks and the average adipocyte size per group (R2 = 0.95).

By using a P less than .05 cutoff, we identified more open chromatin regions in pear-
shaped individuals compared to apple-shaped individuals in both depots (Fig. 4A and 4B). 
Consistent with our previous RNA-seq data, an extremely small number of ATAC-seq peaks 
were identified as body shape-specific in the ABD cells (n = 19 in total) (Fig. 4A), whereas 
159 apple-specific and 2296 pear-specific open chromatin regions were observed in the GF 
cells (Fig. 4B). This finding suggests there is a distinct body composition–related difference 
in chromatin organization in lower-body adipocytes but not in ABD adipocytes.

Genome-wide distribution of ATAC-seq peaks revealed that a large majority of the open 
chromatin regions localized to the promoter-TSS (60% in the abdominal depot and 44% in 
the GF depot) [28]; however, the body-shape–specific peaks in the GF depot rather localized 
in intronic and intergenic regions [28]. It suggests that the direct regulation of the genes 
through the promoter elements are less variable between the investigated depots; they are 
regulated more likely by body-shape–specific enhancer elements driven possibly by a dif-
ferent set of coregulatory proteins.

H. Chromatin Accessibility Associates With Gene Expression

To examine the correlation between depot-specific open chromatin regions from the ATAC-
seq analysis with depot-specific gene expression signatures, we integrated our ATAC-seq 
and RNA-seq data sets. First, we interrogated the full list of body-shape–specific open chro-
matin regions annotated to their closest gene (using PeakAnnotator). As shown in Fig. 4C 
for the ABD depot and Fig. 4D for the GF depot, only a small fraction of the body-shape–
specific open chromatin regions was annotated to differentially expressed genes. These 
observations suggest that body-shape–specific chromatin structure is weakly correlated 
with the expression of their nearest neighboring genes. Interestingly, 191 pear-specific open 
chromatin regions were annotated to apple-specific genes (Fig. 4D). In other words, those 
regions were more open in the pear-shaped chromatin but were associated with lower tran-
scription. These ATAC-seq peaks may represent sites of transcriptional repressor binding, 
or they may regulate genes that are located far from these sites. Fig.  4E depicts some 
examples of open-region chromatin detected by ATAC-seq at the proximity of 10 differen-
tially expressed genes between apple- and pear-shaped participants.

To further understand how chromatin openness correlates with differential gene expres-
sion in our GF samples, we focused on the ATAC-seq signals at the proximal promoters 
(1000 bp upstream and 100 bp downstream from the TSSs) of the differentially expressed 
genes. We determined the normalized read counts on the promoter regions of the 305 apple-
specific genes. This analysis revealed significantly higher chromatin accessibility in the 
promoters of the apple-specific genes in the chromatin isolated from apple women compared 
to the chromatin originating from the pear women (Fig.  5A heat map and top graph). 
Conversely, read counts were higher within the promoters of the 123 pear-specific genes 
in the pear-women chromatin compared to the apple-women chromatin (Fig. 5A, heat map 
and bottom graph). To investigate the relationship between chromatin openness and gene 
expression in a larger genomic region, we decided to extend our analysis around the TSSs 
of the depot-specific genes (±100 kb of TSS). Around the apple-specific genes, we identified 
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Figure 4.  Assay for transposase-accessible chromatin using sequencing (ATAC-seq) ana-
lysis revealed apple- and pear-specific open chromatin regions in the gluteofemoral (GF) 
depot rather than in the abdominal (ABD) depot. A and B, Volcano plot representation of 
apple- (highlighted in red) and pear-specific (highlighted in blue) open chromatin regions 
in adipocyte fraction isolated from A, ABD and B, GF depot (P < .05). C and D, HOMER 
was used to annotate each identified open chromatin region to the closest gene using the 
hg19 reference genome. Open chromatin regions that could be annotated to differentially 
expressed genes (DEGs) are represented on the volcano: Open chromatin regions linked to 
apple- and pear-specific DEGs are highlighted in red and blue respectively in C, ABD and 
D, GF depots. Open chromatin regions that could not be linked to DEGs are represented in 
gray. E, Integrative Genomic Viewer (IGV) snapshot of ATAC-seq coverage in the GF depot 
representing 10 differentially opened chromatin regions (P < .05) between apple- and pear-
shaped individuals associated with DEGs (false discovery rate < 0.05). The more accessible 
chromatin regions in apples are highlighted in red; more accessible regions in pears are 
highlighted in blue.
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107 apple-dominant open chromatin regions (linked to 84 genes) (Fig. 5B top graph). On 
the other hand, 96 pear-dominant open chromatin regions were observed (owned by 52 
pear-specific genes) (Fig. 5B bottom graph). Surprisingly, an additional 70 pear-dominant 
open chromatin regions (linked to 54 genes) were related to apple-specific gene expression 
(Fig. 5B top graph), potentially revealing sites of transcriptional repressor binding of apple-
specific genes in pear-shaped women in the GF depot.

To compare the chromatin accessibility between ABD and GF chromatin, we integrated 
and performed bioinformatic analyses on RNA-seq and ATAC-seq data from adipocyte 
fractions isolated from both depots. Correlation analysis of the ATAC-seq data revealed 
a segregation by anatomical location in the 2 groups of women [28]. Notably, there was a 
higher number of ATAC-seq peaks in GF compared to the ABD depot [28]. We then compared 
the normalized read counts at the proximity of the depot-specific gene promoters. We found 
that the ABD chromatin was more open in the promoter regions of ABD-specific genes, and 
the GF chromatin was more opened in the promoter regions of the GF-specific genes [28].

I.  Motif Analysis of Pear- and Apple-Specific Open Chromatin Regions in 
Gluteofemoral Fat

We next performed de  novo motif analyses on the shape-specific regulatory elements 
identified in GF cells (2296 and 159 peaks).

On one hand, the apple-specific sites showed significant enrichment for the activator 
protein transcription factor, which is known to be involved in early adipocyte commitment.

On the other hand, pear-specific ATAC-seq peaks exhibited strong enrichment for C/EBP, 
CTCF, NF1, EBF, STAT, USF, and NR half sites (Fig. 6A). All these factors are known to 
contribute to adipogenesis or adipocyte lipid accumulation (Fig. 6A for detailed references). 
Interestingly, the NR half sites are associated with nuclear receptor binding, which are 

Figure 5.  Integration of RNA sequencing and assay for transposase-accessible chromatin 
using sequencing (ATAC-seq) data. A, Promoter analysis of differentially expressed genes 
(DEGs) in gluteofemoral (GF) from apple- (305 genes) and pear-shaped (123 genes) partici-
pants based on ATAC-seq signals represented as heat map and boxplots, RPKM indicates 
reads per kilobase per million). ***P less than .001 and *P less than .05 unpaired t test. B, 
Volcano plot representation of differentially open intergenic regulatory regions that could be 
linked to apple- and pear-specific differentially expressed genes, respectively. Apple-specific 
open chromatin regions are highlighted in red, whereas pear-specific open chromatin regions 
are highlighted in blue.
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key regulators of metabolism and required for adipocyte differentiation. Additionally, they 
are important for regulation of insulin sensitivity, lipogenesis, and adipocyte survival and 
function [46]. The expression of all the members of the nuclear receptor superfamily in 
the apple- and pear-shaped women are listed in [28]. Out of the nuclear receptors, the 

Figure 6.  Motif analysis of differential open regions in gluteofemoral (GF) fat depot. A, Motif 
analysis on the 159 apple-specific open chromatin regions and 2296 pear-specific open chro-
matin regions in GF fat depot. Enriched motif matrices are presented along with the rank in 
the analysis, the P value, the percentages of each motif found in the target (Target%), back-
ground (Bg%) genomic regions, the reference revealing the implication of the transcriptional 
factor associated with the motif in adipogenesis and triglycerides storage. B, Read distribu-
tion plot of assay for transposase-accessible chromatin using sequencing signals for apple- 
and pear-specific open chromatin regions in adipocytes isolated from GF depot (P < .05). Left 
panel represents around ± 200 bp of the summit of the peak. Right panel, Motif distribution 
plot of the enriched transcription factor motifs from the table described in A. Pear-specific 
open chromatin regions are sorted into 4 groups containing an equal number of genomic 
regions based on the fold-change difference they show starting from the smallest (group I) to 
the highest (group IV). The number of transcription factor motifs in each group are presented 
as a heat map.
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half-site—which is enriched within the 2296 regions—can be bound by almost any of them. 
Interestingly peroxisome proliferator-activated receptor γ showed the highest expression 
both in ABD and GF cells [28].

We were intrigued that several transcription factor motifs showed enrichment in the 
pear-specific open chromatin regions. Therefore, we looked closer at these regions, hoping 
to be able to predict/define the relative importance of these motifs in the establishment of 
open chromatin. First, we ordered these genomic regions by the magnitude of peak intensity 
compared to the corresponding region in apple chromatin (fold change). Second, we split the 
peaks into 4 equal groups (quartiles), then we analyzed the significantly enriched motifs in 
each quartile (Fig. 6B). The adipogenic transcription factor motifs (C/EBP, NF1, EBF, and 
STAT), usually associated with enhancer regions, showed a higher enrichment in the open 
chromatin regions with the highest read density (third and fourth quartiles) (Fig. 6B, heat 
map), suggesting that the corresponding transcription factors are important in regulating 
chromatin openness. CCCTC binding factor (CTCF) motifs were preferentially found in the 
less open chromatin regions, or the first quartile (Fig.  6B, heat map). Given the role of 
CTCF in regulating higher-order chromatin structure, these results indicate that the 3-di-
mensional chromatin architecture of adipocytes might be also affected. This observation 
merits further investigation.

3. Discussion

Much has been learned about the metabolic profiles of apple- and pear-shaped body types and 
the biology of their abdominal WAT (subcutaneous and visceral). However, the mechanisms 
that lead to different fat distribution remain unclear and the differential molecular charac-
teristics of the upper- and lower-body adipocytes have not been thoroughly investigated. In 
this study, we used anthropometric and DXA measurements to segregate 2 different groups 
of relatively healthy premenopausal women characterized by similar BMI but with clear 
separation of “apple” vs “pear” fat deposition.

Although the women included in our study are relatively young and we excluded 
any individuals with T2D or impaired fasting glucose, the pear-shaped women already 
demonstrated, in comparison to apple-shaped women, better metabolic profiles reflected 
by a healthier insulin response, reduced dyslipidemia markers, and lower circulating FFA 
after a glucose challenge. Notably, the pear-shaped women also have a higher RQ compared 
to apple-shaped women (Fig. 1C—P = .11). This difference could be explained by the higher 
leg lean mass (Table 1—P = .15) observed in the pear-shaped women. As it was previously 
reported, preferential accumulation of fat in the leg observed in the pear-shaped women 
negatively correlates with circulating lipid levels [36]. Importantly, since both groups 
showed similar resting metabolic rates, the differences observed suggest there is a primary 
adipocyte biology dysregulation in apple-shaped women rather than a defect in periph-
eral organ metabolism. Moreover, the percentage of lower fat is negatively correlated to 
ectopic fat accumulation, suggesting its protective role against unhealthy lipid apparition 
in other organs.

It is noteworthy that some of the mentioned and some additional comparisons provided 
in [28] trended toward a more unhealthy profile in the apple group, but they did not reach 
the statistical threshold of .05, probably because of the limited sample size and the age of 
the cohort. Notably, our inclusion and exclusion criteria ensured that all the women in our 
study were in general good health, of a relatively young age, and before overt MetS features 
develop. It should also be noted that an independent influence of VAT on lipid and glu-
cose metabolism could not be excluded, because the VAT mass was higher in apple-shaped 
women [28]. Additionally, elevated circulating adiponectin, described in women with higher 
fat leg mass [47, 48] is potentially related to better insulin sensitivity. However, there was 
no significant difference in circulating FFA or adiponectin between the 2 groups in our study 
[28]. Therefore, the effects observed here occur before differences in FFA and adiponectin 
emerge and are thus independent of systemic FFA and adiponectin levels.
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Transcriptomic and ATAC-seq analyses of the adipocyte fraction derived from the ABD 
and GF fat depots of apple- and pear-shaped participants allowed us to pinpoint the main 
differences between these groups at the gene expression and chromatin structure level. 
Genes involved in fatty acid metabolism and regulation of lipolysis are upregulated in 
GF adipocytes isolated from apple- compared to pear-shaped women. The gene expres-
sion signatures identified suggest a greater FA sequestering previously observed in pear- 
compared to apple-shaped individuals [17, 49] and recently in GF depot compared to ABD 
depot [49]. The higher variation of FFA in pear-shaped women after a glucose challenge 
supports our gene expression data (see Table 1 and Fig. 2 for example higher expression 
of the ADRB3 gene, also observed upregulated in obese individuals). Moreover, the GF 
adipocytes were reported to be bigger in pear-shaped women compared to the apple-shaped 
women (Table 1), confirming a more metabolic active cell in the pear GF depot (higher TG 
storage and higher lipolytic rate under stimulation). A recent study demonstrated that a 
small fraction of systemic FFA was stored back into subcutaneous fat without going through 
the very low-density lipoprotein–TG pathway [50]. This mechanism has not been studied in 
the context of fat distribution and merits further investigation.

We showed that apple adiposity is associated with an increase in inflammatory markers 
both in ABD and GF tissues. Among these markers, numerous chemokines were found, 
which could potentially lead to increased inflammatory cell infiltration in the fat depots of 
apple-shaped women. We indeed observed an accumulation of macrophages organized in 
CLS, specifically in the scWAT of apple-shaped women. CLS were described 13 years ago 
in mice [51], where they were associated with obesity and IR in rodent models. However, 
the appearance of CLS is rarer and much more variable in human obese AT [52], and their 
role is still unclear. Activated macrophages in AT are thought to be involved in the clear-
ance of dead adipocytes. In this case the macrophages are loaded with lipids, making it 
difficult to separate them from the adipocyte fraction. The increase in gene expression sig-
nature for phagosome pathways in apple-shaped women is consistent with the presence of 
macrophages organized in CLS in the adipocyte fraction isolated from apple-shaped women. 
Additionally, elevated expression of SLC37A2, which codes for a macrophage-specific puta-
tive sugar transporter [53], in adipocyte fraction from both depots of apple-shaped women 
is consistent with the presence of active macrophages in their scWAT. We identified the 
macrophages with a general marker (CD68); the use of additional markers will be neces-
sary to define the level of activation of these macrophages and explore their function. In the 
actual study, we cannot exclude the contribution of macrophages in the molecular signature 
of the 2 groups of women. However, a number of markers used to identify macrophages 
are also expressed by adipocytes. Notably, CD86 have been shown to be expressed by large 
adipocytes and play the role of antigen-presenting cell to activate T cells in obese AT [54]. 
In the future RNA-seq and ATAC-seq single-cell analysis would help to distinguish between 
immune cells’ and adipocytes’ molecular signature. Altogether these data suggest that the 
scWAT of apple-shaped women displays characteristics associated with low-grade inflam-
mation, which could contribute to the latter increased IR state of the apple adipocyte.

The hypothesis that CLS are markers of increased inflammation and metabolic disease is 
based on data in rodent models but, as mentioned earlier, studies in humans have failed to 
consistently reveal an association between CLS in human obese and IR AT. This discordance 
suggests the appearance of CLS may not be a conserved feature of adipose inflammation 
and metabolic disease. However, we consistently observed CLS in all apple-derived adipose 
samples along with increased inflammatory gene markers and clinical signs of early meta-
bolic disease. In contrast, CLS were absent from all pear samples. This striking difference 
provides evidence that the model for the association of metabolic disease with CLS and 
increased macrophage inflammation is likely also relevant in humans.

Interestingly, in a previous study that did not stratify for WHR, a comparison of the 
ABD scWAT gene expression between never-obese women and obese women showed an 
upregulation of inflammatory signaling pathways in the obese group compared to the 
lean group [55]. A  total of 277 of the 428 genes differentially expressed between apples 
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and pears women in the GF depot (64%) were also dysregulated between lean and obese 
women. Interestingly, the genes upregulated in pears were also upregulated in lean and 
those upregulated in apples were upregulated in obese women. Similar observations were 
made for the body-shape differentially expressed genes in ABD depot. The adipocytes iso-
lated from pear-shaped women seem to represent a population of healthy cells similar to the 
ones found in lean individuals, whereas the apple-adipocyte transcriptome is similar to the 
transcriptome signature of unhealthy obese fat cells. The apple-shaped participants showed 
the highest heterogeneity between the 2 scWAT (6 times more differentially expressed genes 
in apple- compared to pear-shaped women), maybe resulting in a more drastic change in 
their specific function. It also can be the consequence of higher environmental modifications 
in the scWAT of apple women; for example, the observation of CLS macrophages could play 
a significant role in adipocyte transcriptome regulation.

Our study brings novel insights on an apparent epigenomic origin of differences be-
tween apple- vs pear-shaped women. The main differences in gene expression and chro-
matin openness between apple- and pear-shaped women were observed in the GF cells, 
suggesting that lower-body fat may represent the primary depot responding to fat accu-
mulation or environmental changes. The apples clearly showed an excess both of upper-
body adipose as well as extra-adipose organ fat accumulation. Our data suggest that a 
primary difference in GF depot biology can directly or indirectly influence the accumu-
lation of lipids in other fat depots and/or organs. Additional studies, for example, using 
reverse transcriptase-quantitative PCR or Western blot, will be necessary to validate 
the differential gene expression observed and further explore the contribution of specific 
genes in fat distribution.

We attempted to correlate the gene expression signature of the isolated adipocytes with 
their chromatin openness. Our first approach, limited to the closest annotated genes, re-
vealed a weak correlation between the transcriptome and the chromatin structure of the 
adipocytes, although matching with other reports [56]. Analysis of wider chromatin regions 
around the TSS of the differentially expressed genes highlighted a better correlation be-
tween gene expression and chromatin openness (in the GF depot, 107 more open chromatin 
regions at a proximity of 305 apple-specific genes and 96 more open chromatin regions at 
a proximity of 123 pear-specific genes). A very recent study highlighted that tissue-specific 
genes were highly expressed and had only medium to low promoter accessibility [57]. 
Therefore, open chromatin at the promoter region may not be the most significant way to 
define scWAT depot body-shape transcriptomic signature.

The presence of more differentially open regions in the chromatin of pear-shaped 
individuals, closed to apple-up regulated genes (70 regions, Fig. 5B) suggests this tissue 
may be positioned in a latent or “poised” state. This hypothesis can be tested with a more 
comprehensive analysis of histone modifications that distinguish “poised” vs “active” 
enhancers. This speculation is for now supported by 2 results: 1) A total of 139 pear-specific 
open chromatin regions were annotated to apple-specific genes (Fig. 4D). In other words, 
those regions were more open in the pear-shaped women but were associated with lower 
transcription. These ATAC-seq peaks may represent sites of active transcriptional repressor 
binding. They may also regulate genes that are located far from these sites. Current studies 
are exploring this possibility. 2) Further analysis identified several motifs of key transcrip-
tion factors involved in adipocyte metabolism and fat storage within the GF-specific ATAC-
seq peaks. These observations are consistent with the ancestral role of the GF depot in 
women during pregnancy and lactation, phases during which a sufficient amount of body fat 
accumulation is needed for the developing baby and robust mechanisms to store sufficient 
lipids released for the increased energy required for lactation [58].

Our results are also consistent with an early defect in the capacity for lipid storage of 
apple adipocytes characterized by inflammation, potentially leading to the inability to store 
excess fat within the GF depot. The excess energy may be then diverted to extra-GF sites 
including the AB subcutaneous and visceral adipose depots, and nonfat organs such as the 
liver and muscle. In this framework, the gene expression signature observed in apple-shaped 
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women could be the potential consequences of a more condensed chromatin structure that 
is incapable of responding to signals associated with adipocyte expansion and lipid storage, 
which could lead to an environment that is permissive for inflammation and the appearance 
of general IR later. The role of epigenetic control on adipocytes inflammation merits further 
investigation.

4. Conclusions

In conclusion, our results suggest that chromatin programming of the molecular state of GF 
fat may have deterministic roles in fat distribution and in the overall predisposition of an in-
dividual to metabolic complications. Future studies should aim to assess the transcriptomic 
and chromatin accessibility profiles of a larger cohort and include more advanced stages of 
apple/pear divergence and in a more dynamic fashion.
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