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Adipocyte hypertrophy associates with in vivo
postprandial fatty acid metabolism and adipose
single-cell transcriptional dynamics

Run Zhou Ye,! Emilie Montastier," Frédérique Frisch,” Christophe Noll," Hugues Allard-Chamard,’
Nicolas Gévry,” André Tchernof,® and André C. Carpentier’4>*

SUMMARY

Adipocyte hypertrophy is associated with metabolic complications independent of obesity. We aimed to
determine: 1) the association between adipocyte size and postprandial fatty acid metabolism; 2) the po-
tential mechanisms driving the obesity-independent, hypertrophy-associated dysmetabolism in vivo and
at a single-cell resolution. Tracers with positron emission tomography were used to measure fatty acid
metabolism in 40 men and women with normal or impaired glucose tolerance (NCT02808182), and single
nuclei RNA-sequencing (snRNA-seq) to determine transcriptional dynamics of subcutaneous adipose tis-
sue (AT) between individuals with AT hypertrophy vs. hyperplasia matched for sex, ethnicity, glucose-
tolerance status, BMI, total and percent body fat, and waist circumference. Adipocyte size was associated
with high postprandial total cardiac fatty acid uptake and higher visceral AT dietary fatty acid uptake, but
lower lean tissue dietary fatty acid uptake. We found major shifts in cell transcriptomal dynamics with AT
hypertrophy that were consistent with in vivo metabolic changes.

INTRODUCTION

Adipose tissue (AT) hypertrophy can be viewed as the result of a positive energy imbalance coupled with inefficient expansion via hyperpla-
sia.' Therefore, in response to chronic nutritional excess, AT with low potential for adipogenesis may expand through hypertrophy, that is the
enlargement of the fat cell lipid droplet. AT in the subcutaneous region appears to be the first tissue to expand in response to energy
excess.”> As subcutaneous AT reaches its limit for expansion, excess lipid may still continue to accumulate in visceral AT, liver, skeletal mus-
cles and the heart. This subcutaneous AT expandability may vary between individuals, leading to varied ectopic fat accumulation and meta-
bolic endpoints despite similar total body fat. We have recently shown that postprandial fatty acid efflux from AT was offset by increased
trapping of dietary fat by AT during overfeeding in healthy individuals.” However, this increased dietary fatty acid (DFA) trapping insufficiently
curbs increased postprandial uptake of fatty acids by lean tissues in individuals with prediabetes.” No data exist regarding the relationships
between adipocyte hypertrophy and in vivo measurements of whole-body metabolism of both nonesterified fatty acid (NEFA) and chylomi-
cron-derived dietary fatty acid. Furthermore, mechanisms of AT hypertrophy-associated dysmetabolism that are independent of the level of
obesity need to be better defined at a cellular level. Yet, most single-cell RNA-sequencing (scRNA-seq) studies on white AT did not investi-
gate mature adipocytes,®”'? because their greater lipid content and fragility preclude microfluidic single-cell capture. An emerging method
for including mature adipocytes consists of extracting cell nuclei from whole AT samples and perform snRNA-seq.'' ™" snRNA-seq is highly
correlated with classic scRNA-seq.'“ Furthermore, the use of flash-frozen human AT for snRNA-seq is promising, because such method would
enable temporal dissociation between biopsy collection and single-nuclei capture, as well as the use of existing large AT biobanks for sub-
sequent single-nuclei analysis.

In the present study, we assessed the associations between subcutaneous adipocyte size and systemic and organ-specific fatty acid meta-
bolism in 40 men and women with normal or impaired glucose tolerance (IGT) measured using a combination of oral and i.v. tracers with posi-
tron emission tomography. In addition, we have performed snRNA-seq using flash-frozen human AT. To determine changes in single-cell
transcriptome associated with AT hypertrophy, but independent of the level of obesity, we selected participants that differed significantly
in fat cell size but with the same total and percent fat mass, BMI, waist circumference, sex, ethnicity, and glucose tolerance status. Differences
in transcriptional dynamics and developmental trajectory detected ex vivo were also compared with changes in AT distribution, in vivo meta-
bolic endpoints and AT lipid metabolism measured by whole-body PET/CT imaging.
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Table 1. Predictors of adipose tissue insulin resistance, rates of hepatic and cardiac NEFA metabolism, adipose and lean tissue DFA partitioning in

multivariate analysis

6_

coefficient

t-value

p-value

R?

Sig.

Adipose tissue insulin resistance

Rank ATIRI
Predictors:
(Constant)
Adipocyte diameter
Log Fasting ADIPO-IR
Predictors:
(Constant)
1/BMI
Sex (F=1/M =0)
Log Postprandial ADIPO-IR
Predictors:
(Constant)
1/BMI
Adipocyte diameter
Glucose tolerance
(NGT = 0/IGT = 1)
Age

0.419

—0.580
0.275

—0.424
0.297
0.319

—0.205

—3.249
2.612

5.406
—4.250
2.016

1.361
—3.422
2.536
2.795

—1.908

0.003
0.014

0.000
0.000
0.052

0.184
0.002
0.017
0.009

0.066

0.18

0.40

0.68

0.01

0.0003

4 %1077

Adipose and lean tissue DFA partitioning

SCAT DFA partitioning
Predictors:
(Constant)
1/BMI
VAT DFA partitioning
Predictors:
(Constant)

Adipocyte diameter

Lean tissue DFA partitioning

Predictors:
(Constant)
1/BMI
Adipocyte diameter

—0.452

0.342

0.511
—0.293

5.046
—2.909

—0.408
2.094

7.753
3.562
—2.046

0.00002
0.006

0.686
0.044

8x 1077
0.001
0.049

0.20

0.11

0.49

0.006

0.04

0.00002

Rates of hepatic and cardiac NEFA metabolism

Log Cardiac NEFA uptake
Predictors:
(Constant)

Adipocyte diameter

Log Cardiac NEFA oxidation

Predictors:
(Constant)
Adipocyte diameter
Log Hepatic NEFA uptake

Predictors:

0.458

0.476
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—7.224
2.959

—7.282
3.110

0.000
0.006

0.000
0.004

0.21

0.23

0.15

0.006

0.004

0.02

(Continued on next page)
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Table 1. Continued

8-
coefficient t-value p-value R? Sig.
(Constant) —6.488 0.000
Adipocyte diameter 0.380 2.362 0.024
Log Hepatic NEFA oxidation
Predictors: 0.14 0.02
(Constant) -5.799 0.000
Adipocyte diameter 0.380 2.357 0.024
Total postprandial NEFA and DFA uptake
Log cardiac Ungra
Predictors: 0.15 0.02
(Constant) —0.525 0.603
Adipocyte diameter 0.382 2.371 0.024
Log cardiac Urga
Predictors: 0.13 0.03
(Constant) -0.140 0.890
Adipocyte diameter 0.363 2.305 0.027

Potential predictors tested for multivariate regression: 1/BMI, adipocyte diameter, age, sex, and glucose tolerance. ATIRI, adipose tissue insulin-resistance index;
ADIPO-IR, adipose tissue insulin-resistance; BMI, body mass index; DFA, dietary fatty acid; F, female; M, male; NEFA, non-esterified fatty acid; NGT, normal
glucose tolerance; IGT, impaired glucose-tolerance; TG, triglyceride; SCAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; Ungra, total uptake of
circulating non-esterified fatty acids; Utga, uptake of all fatty acids.

RESULTS

Participant characteristics

This article reports a pre-specified secondary outcome measurement (abdominal SCAT adipocyte volume) and exploratory analyses of the
relationship of this measurement with postprandial fatty acid metabolic outcomes of NCT02808182. Data from this study have partly been
reported previously.” A cohort of 40 individuals who underwent SCAT biopsy and extensive metabolic testing was used to select two
matched participants. Twenty of these subjects had normal glucose tolerance, while 19 had IGT.” One additional subject had type 2 diabetes
based on fasting glucose over 6.9 mmol/L on at least two occasions after screening and was included in the analyses. The characteristics of the
40 participants are detailed in Table S1.

Relationships between adipocyte size and variations in whole-body adipose tissue distribution, in vivo metabolic endpoints,
and changes in in vivo adipose tissue lipid metabolism measured by whole-body PET/CT imaging

Table S2 shows the univariate associations between abdominal SCAT mean adipocyte volume and demographic, anthropometric and post-
prandial fatty acid metabolic parameters. Adipocyte diameter was significantly associated with decreased Matsuda index, fasting leptin, fast-
ing TG, and postprandial NEFA 95.120 min- As shown in Table 1, the Adipose Tissue Insulin Resistance Index (ATIRN' was correlated only with
adipocyte diameter. Fasting ADIPO-IR'® was independently predicted by BMI and female sex, whereas postprandial ADIPO-IR' was inde-
pendently associated with BMI, adipocyte diameter, IGT, and younger age.

To measure in vivo postprandial partitioning of DFA in the liver, heart, muscles, and subcutaneous and visceral AT, we performed whole-
body PET/CT with the oral administration of ['8F]-FTHA, as previously described.”>'® DFA uptake in AT was measured based on the CT
segmentation maps generated using deep learning as described in.'” Subcutaneous AT DFA partitioning was marginally associated with
adipocyte diameter (Figure 1A). This positive correlation was possibly the result of increased BMI and subcutaneous AT volume with adipo-
cyte hypertrophy, because BMI was the only independent predictor of subcutaneous AT DFA partitioning (Table 1) and subcutaneous AT DFA
partitioning was not associated with adipocyte size once adjusted for BMI (r = 0.14, p = 0.4). Adipocyte size was associated with visceral AT
DFA partitioning (Figure 1B) and with reduced lean tissue DFA partitioning (Figure 1C), independently of BMI (Table 1).

To measure rates of in vivo hepatic and cardiac uptake and metabolism of circulating NEFA (in pmol/ml/min), we performed thoracic dy-
namic PET/CT imaging with the IV administration of [''C]-palmitate 90 min after a standard mixed meal.” Analyses in our entire cohort of 40
subjects showed that adipocyte diameter was the only predictor of the rates of cardiac and hepatic NEFA uptake and oxidation 90 to
120 min after the meal (Table 1). In addition, fat cell size was also correlated with increased liver fat content assessed by hepatic CT radio-density
(r=-0.35p =0.03).

The rates of hepatic and cardiac NEFA uptake were integrated over 6 h postprandially (in mmol/organ/éh). Total NEFA uptake values were
combined with total postprandial hepatic and cardiac DFA uptake after excluding the intestinal retention of DFA to compute total
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Figure 1. Association of adipocyte diameter with organ-specific fatty acid metabolism

A) Association with dietary fatty acid partitioning in subcutaneous adipose tissue.

B) Association with dietary fatty acid partitioning in visceral adipose tissue.

C) Association with dietary fatty acid partitioning in lean tissues.
D) Association with 6-h postprandial uptake of nonesterified fatty acid in the liver.
E) Association with 6-h postprandial uptake of dietary fatty acids in the liver.

)
F) Association with 6-h total fatty acid uptake in the liver.
G) Association with 6-h postprandial uptake of nonesterified fatty acid in the heart.
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(H) Association with é-h postprandial uptake of dietary fatty acids in the heart.
(

circulating non-esterified fatty acids; Urga, uptake of all fatty acids; VAT, visceral adipose tissue; Pearson'’s r for variables with normalized distribution.
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postprandial uptake of all sources of fatty acids by the heart and liver, as we recently described.” As shown in Figure 1 and Table 1, adipocyte
diameter was positively correlated with total postprandial uptake of NEFA (Figure 1G) and all sources of fatty acids (Figure 11) by the heart and
tended to be associated with reduced total postprandial uptake of DFA by the liver (Figure 1E). Forcing glucose tolerance status in the regres-
sion model did not change the association between adipocyte size and lean tissue fatty acid uptake and metabolism (Table S3).

Single nuclei RNA-sequencing of matched participants

For snRNA-seq, we used SCAT biopsy samples from the two matched participants for BMI, waist circumference and total fat mass, but with
different abdominal subcutaneous fat cell size (FCS) (see STAR methods, Figures ST and S2). After fluorescence-activated cell sorting (FACS)
purification, we recovered 37 000 nuclei from a 240 mg and 33 000 nuclei from a 100 mg frozen biopsy sample from the participant with adipo-
cyte hypertrophy (high FCS, 76 um) and hyperplasia (low FCS, 60 um), respectively. Approximately 10 000 and 9 000 nuclei were loaded for
single-nuclei capture for the hypertrophic and hyperplasic AT, respectively. After quality control by removing empty droplets, doublets, low-
quality nuclei and genes with low expression (see STAR methods), filtered nuclei from the two biopsies were combined for variable feature
extraction, dimension reduction, UMAP r*napping,ZO and clustering (Figure 2A).

Whole-body at distribution, in vivo metabolic endpoints, and in vivo at lipid metabolism of matched participants
Compared to the individual with AT hyperplasia (Table S4), the matched participant with AT hypertrophy displayed insulin resistance (i.e.,
lower Matsuda index, 3.88 vs. 8.19; higher HOMA-IR, 4.99 vs. 1.37), AT insulin resistance (i.e., higher fasting% [43.5vs. 17.0] and postprandial
ADIPO-IR' [42.4 vs. 9.3]; higher ATIRI"® [0.77 vs. —3.09]), higher fasting plasma insulin (134.6 vs. 52.7 pmol/L), leptin (8.2 vs. 2.4 ng/mL), TG (1.5
vs. 0.70 mmol/L) and NEFA ¢g.120 min (0.20 vs. 0.04 mmol/L), and lower plasma adiponectin level (7520 ng/mL vs. 9734 ng/mL).

As shown in Figures 2F and 2G although our two matched participants both had similar total AT volume (22.5 L [hypertrophy] vs. 21.3 L
[hyperplasia)), subcutaneous AT volume was lower (16.8 L vs. 19.1 L) whereas visceral AT volume was higher (5.7 L vs. 2.3 L) in the individual
with subcutaneous AT hypertrophy compared to the participant with subcutaneous AT hyperplasia. This difference reflects enhanced visceral
AT expansion possibly due to a less expanded hypertrophic subcutaneous AT. Compared to the participant with subcutaneous AT hyperpla-
sia, the matched individual with AT hypertrophy displayed lower subcutaneous AT DFA partitioning (9.0% vs. 11.1%) but higher DFA parti-
tioning in the visceral AT (13.0% vs. 5.4%) (Figures 2H and 2l).

Compared to the participant with subcutaneous AT hyperplasia (Table S4), the individual with AT hypertrophy showed higher rates of car-
diac NEFA uptake (0.043 vs. 0.007 umol/L/min), oxidation (0.021 vs. 0.007 pmol/L/min), and esterification (0.021 vs. 0.0006 pmol/L/min), and of
hepatic NEFA uptake (0.087 vs. 0.017 pmol/L/min), oxidation (0.035 vs. 0.005 umol/L/min), esterification (0.053 vs. 0.012 umol/L/min), and TG
release (0.002 vs. 0.0009 pmol/L/min). Accordingly, Figures 2J and 2K illustrate cumulated cardiac and hepatic ''C-palmitate activity over
30 min following tracer injection and show that the participant with AT hypertrophy had higher tracer activity in the heart and liver.

Single nuclei RNA-sequencing revealed major cell types in hypertrophic and hyperplasic subcutaneous adipose tissue

Five major cell types were identified: clusters 1, 2, 3, 4, and 5 were annotated as adipocytes, endothelial cells, fibroadipogenic cells (FAC),
immune cells, and pericytes, respectively (Figure 2B). As expected, adipocytes expressed significantly higher levels of adipokines (LEP and
ADIPOQ) and enzymes implicated in lipid metabolism (e.g., PNPLA2, LIPE, and FASN) compared to other cell types (Figure 2C), while
FACs were characterized by the expression of collagen (e.g., COL6A3 and COL1A1) and fibroblast-specific genes (DCN and PDGFRA).”
Endothelial cells were characterized by endothelial cell-marker genes (e.g., ESAM,?? FLT1,%> VWF** and EGFL7?°) and pericytes by the
expression of contractile proteins (e.g., MYO1B and ACTA2) and RGS5, a pericyte-specific gene.”® Finally, immune cells demonstrated
high expression of immune cell markers (e.g., TLR4, CD37, CD68, CD163, FCGR2B, CSF1R, and PTPRC). Furthermore, Figure 2C also shows
that the measured expression levels of marker genes were constant across both biopsy samples, suggesting that our method generates
consistent results between replicates.

Adipocyte hypertrophy/hyperplasia is associated with variation in cell distribution across different cell types

The UMAP projections on Figure 2D shows that hypertrophied AT is infiltrated by a greater number of immune cells compared to the hyper-
plasic adipose tissue. Figure 2D also illustrates that fat cell hypertrophy is associated with adipocytes that are transcriptionally distinct from
those found in hyperplasic AT. Because the total number of profiled nuclei varied across samples, the fraction of each cell type was computed
(Figure 2E), showing that the fraction of immune cells is almost doubled (1.9 times) in the hypertrophied AT.

Adipose tissue hypertrophy/hyperplasia is associated with shifts in transcriptionally distinct adipocyte subpopulations

Adipocytes were separated from other cell types and clustered, resulting in three subpopulations of fat cells with distinct transcriptional pro-
grams (Figure 3A). As shown in Figure 3B, insulin-resistant adipocytes (IRA) expressed higher mRNA levels of enzymes implicated in lipid
metabolism (e.g., LPL, CD36, LIPE, FASN, and DGAT) as well as factors associated with reduced adipogenesis, enhanced inflammation,
and insulin resistance (e.g., FABP4,"-?7 CD36,°°°" and ANGPTL2*7**). In contrast, insulin-sensitive adipocytes (ISA) were characterized by
higher expression of genes involved in insulin sensitivity (PPARG,>° IRS1,°%0 and IGFBP5""~*), adipogenesis (PPARG and CEBPB™,
and beta-oxidation (ACSLT). The third subpopulation of adipocytes was differentiated by the expression of transcriptional factors, ribosomal
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Figure 2. Comparision of adipose tissue single nuclei RNA sequencing characteristics, visceral adipose tissue, and fatty acid metabolism of matched
subjects with hypertrophic vs hyperplasic adipocytes

A) Overview of single nuclei experimental procedure and data quality control pipeline.

B) UMAP projection of adipose tissue nuclei showing the major AT cell types.

Q)
D) Comparison of UMAP projections between the hypertrophic and hyperplasic adipose tissues.
E) Differences in cell type fractions between the hypertrophic and hyperplasic adipose tissues.

(
(
(C) Level of expression of cell type maker genes in nuclei of the two biopsies (left square: hypertrophic biopsy, right square: hyperplasic biopsy).

(

(
(F and G) Transverse computed tomography images and segmentation maps generated by deep convolutional neural network, showing different quantities of
visceral adipose tissue (in green) and subcutaneous adipose tissue (in red) between the participants with subcutaneous adipose tissue hypertrophy (F) vs.
hyperplasia (G).

(H and ) Abdominal transverse computed tomography images overlayed with ['®F]-fluorothiaheptadecanoic acid positron emission tomography images showing
dietary fatty acid distribution in the participant with subcutaneous adipose tissue hypertrophy (H) and in the participant with subcutaneous adipose tissue
hyperplasia (I).

(J and K) Thoracic transverse computed tomography images overlayed with cumulative [''C]-palmitate activity measured by dynamic thoracic positron emission
tomography over 5 to 30 min following tracer injection in the participant with subcutaneous adipose tissue hypertrophy with (J) and in the participant with
subcutaneous adipose tissue hyperplasia (K). FAC, fibroadipogenic cells.

proteins, and genes involved in adipogenesis (ZNF638,">“¢ FGFR1,%**® LRP1,%” ACSS2° and GSK3B>'**?) as well as insulin sensitivity
(INSR>*** and LRP5%) and was, therefore, annotated as transcriptionally active developing adipocytes (TADA).

Differences in adipocyte subpopulations and transcriptional profiles between hypertrophy and hyperplasia are highlighted in Figure 3C,
which illustrates a dramatic shift from a dominance of IRA in hypertrophied AT to a preponderance of ISA with AT hyperplasia. Figure 3D
shows that IRA constitute 80% of all adipocytes in hypertrophied AT but are nearly absent in AT hyperplasia, while the reverse is true for
the ISA subpopulation. Furthermore, compared to hypertrophied AT, the sample with AT hyperplasia contains a higher fraction of TADA.
The higher concentration of TADA in hyperplasic vs. hypertrophied AT is even more noticeable when the number of adipocytes is expressed
per volume of AT (Figure 3E).
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Figure 3. Adipocyte and fibroadipogenic cell subpopulations in the subjects with hypertrophic vs. hyperplasic adipocytes

(A) UMAP projection showing adipocyte subpopulations in the combined analysis.

(B) Level of expression of maker genes by the different adipocyte subpopulations.

(C) UMAP projections showing differences in adipocyte subpopulations between the hypertrophic and hyperplasic adipose tissues.

(D) Differences in adipocyte subpopulation fractions between the hypertrophic and hyperplasic adipose tissues.

(E) Differences in the tissue concentration of adipocyte subpopulations between the hypertrophic and hyperplasic adipose tissues.

(F) UMAP projection showing fibroadipogenic cell subpopulations in the combined analysis.

(G) Level of expression of maker genes by the different fibroadipogenic cell subpopulations.

(H) UMAP projections showing differences in fibroadipogenic cell subpopulations between the hypertrophic and hyperplasic adipose tissues.
(I) Differences in fibroadipogenic cell subpopulation fractions between the hypertrophic and hyperplasic adipose tissues.

(J) Differences in the tissue concentration of fibroadipogenic cell subpopulations between the hypertrophic and hyperplasic adipose tissues. FAC,
fibroadipogenic cells; IRA, insulin-resistant adipocytes; ISA, insulin-sensitive adipocytes; TADA, transcriptionally active developing adipocytes.

Single nuclei RNA-sequencing identified transcriptionally distinct subpopulations of fibroadipogenic cells in hypertrophic
and hyperplasic adipose tissue

Re-clustering of fibroadipogenic cells revealed three FAC subpopulations (Figure 3F). As shown in Figure 3G, the FAC3 subpopulation is char-
acterized by the elevated expression of DPP4, FBN1, KLF3, and FN1, and therefore strongly resembles a previously identified population of
DPP4+ activated fibroblasts®® which contributes to tissue fibrosis.”’ 7 The FAC2 subpopulation expresses high levels of growth factors and
growth factor-binding proteins (e.g., FGF7 and IGFBP7), PLIN2, and PDGFRA, a fibroadipogenic progenitor marker,*“! whereas FAC1 ex-
presses the highest levels of ACACB (implicated in lipid synthesis and adipogenesis),*”* ADIRF,** and FABP4 (a marker of mature adipocytes
expressed by preadipocytes and associated with adipogenic potential®®). These results indicate that FAC2 and FAC1 are early fibroadipo-
genic precursors and preadipocytes, respectively.

Activated fibroblasts (FAC3) are present in higher quantity and fractions in hypertrophied compared to hyperplasic AT, whereas the frac-
tions of FAC2 and FAC1 cells are higher in the hyperplasic AT (Figures 3H and 3I). Furthermore, when expressed per volume of AT, early fi-
broadipogenic precursors (FAC2) and preadipocytes (FAC1) are twice as prevalent in the hyperplasic vs. the hypertrophic AT (Figure 3J).

Adipocyte hypertrophy/hyperplasia is related to differential adipogenic trajectory and transcriptional dynamics of
adipocytes and fibroadipogenic cells

After combining all FAC and adipocyte subpopulations and mapping these onto the same UMAP projection, cell trajectory inference was
performed to demonstrate the differentiation pathways of fibroadipogenic cells and adipocytes. As shown in Figure 4A, the inferred trajectory
for the combined analysis connected the early fibroadipogenic precursor (FAC2) subpopulation to the TADA adipocyte population after pass-
ing through the preadipocyte (FAC1) cluster. From there, cell trajectory divided into two branches, leading either to the ISA or the IRA sub-
populations of mature adipocytes. RNA velocity analysis of the combined dataset showed consistent results, indicating that cells from the
FAC2 subpopulation transitions either to the activated fibroblast (FAC3) or to the FAC1 population and toward the TADA cluster (Figure 4B).
Adipocytes from the TADA subpopulation were then predicted to become either ISAs or IRAs. Furthermore, latent time computed based on
velocity analysis indicated that mature IRAs were found at later time points compared to mature ISAs, suggesting that IRA adipogenesis
occurred at a slower rate compared to that of ISA.

Trajectory analysis in hypertrophied AT demonstrated a single major branch connecting fibroadipocyte cells with fibroblasts and preadi-
pocytes with IRAs after passing through fibroadipocyte cells and TADAs (Figure 4C). RNA velocity analysis indicated that cells of the fibroa-
dipocyte type transition coordinately to the fibrocyte population, while TADAs were predicted to become IRAs (Figure 4D) at relatively low
velocity (Figure S3A). In contrast, trajectory analysis in hyperplasic AT did not reveal any major branch connecting fibroadipocytes with fibro-
blasts (Figure 4E), which was consistent with the absence of organized velocity vectors between fibroadipocytes and fibroblasts (Figure 4F).
Instead, one single major trajectory linked fibroadipocytes with ISAs through preadipocytes and TADAs. Furthermore, RNA velocity vectors
connecting TADAs to ISAs in the hyperplasic sample (Figure 4F) showed a more organized and rapid transition than those connecting TADAs
to IRAs in the hypertrophic AT (Figure 4D), indicating unimpeded and faster adipocyte maturation with AT hyperplasia.

To further assess differential transcript regulation, FAC and adipocytes from hypertrophied and hyperplastic AT were compared to identify
genes driving differential velocity expression (Table S5). Rates of transcription, splicing, and degradation of these differential genes were
computed (Table S6). Notably, ADIPOQ-AST was found to have nearly six-times higher rate of transcription in the hypertrophic compared
to the hyperplasic AT. Spliced-to unspliced ratio showed that the velocity phase portraits (Figure S4) of ADIPOQ-AST were higher in the hy-
pertrophic AT. ADIPOQ-AST levels have been shown to be associated with lower adiponectin®® and ADIPOQ-AS long noncoding RNA
administration reduced adiponectin and adipogenesis in mice.®” In addition, transcription rate of COL6A3, which has been associated
with insulin resistance,*® was higher in the hypertrophic AT. Rate of degradation of PLIN1, which is involved in the formation of unilocular lipid
dl’Op|etS,69'7O
type 2 diabetes’'—as a driver gene that is upregulated in the hypertrophic AT (Figure S4).

was also reduced in the hypertrophic AT. Furthermore, velocity analysis also identified ACACB—associated with obesity and

Hypertrophic and hyperplasic at contain transcriptionally distinct subpopulations of immune cells

Re-clustering of immune cells revealed the presence of NK cells, T cells, and three subpopulations of macrophages, which are characterized
by the expression of classical immune cell markers (Figures 5A and 5B). Lipid-associated macrophages (LAM) have been previously identified
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Figure 4. Transcriptional dynamics of adipose tissue cells in the patients with hypertrophic vs hyperplasic adipocytes
(A) Cell trajectory of fibroadipogenic cells and adipocytes in the combined analysis.

(B) RNA velocity of fibroadipogenic cells and adipocytes in the combined analysis.

(C) Cell trajectory of fibroadipogenic cells and adipocytes in the hypertrophic adipose tissue.

(D) RNA velocity of fibroadipogenic cells and adipocytes in the hypertrophic adipose tissue.

(E) Cell trajectory of fibroadipogenic cells and adipocytes in the hyperplasic adipose tissue. FAC, fibroadipogenic cells.

(F) RNA velocity of fibroadipogenic cells and adipocytes in the hyperplasic adipose tissue. FAC, fibroadipogenic cells. IRA, insulin-resistant adipocytes; ISA,
insulin-sensitive adipocytes; TADA, transcriptionally active developing adipocytes.

(CD9+557273 and TREM2+%7'"/37%) and are differentiated by high expression of genes implicated in lipid metabolism (e.g., LPL, FABP5, and
PLIN2) (Figures 5C and 5D). Perivascular macrophages (PVM) have also been previously reported and are marked by the expression of CD163,
LYVE1, and MRC1.""7® Anti-inflammatory macrophages (AIM) express increased levels of genes associated with an anti-inflammatory profile
(e.g., VEGFA,’’ STAB1,’® and LILRB5’") and M2 polarization (DAB2).°*®" Compared to the biopsy with hyperplasia, the hypertrophic AT
demonstrated a shift in macrophage subpopulations with higher prevalence of AIM and PVM but lower LAM fraction and tissue density
(Figures 5E-5G).

Single nuclei RNA-sequencing reveals transcriptional dynamics of macrophage subpopulations in hypertrophic/hyperplasic
adipose tissue

Cell trajectory was inferred based on the combined dataset and was shown to connect all three subpopulations of macrophages (Figure S5A).
The path of macrophage trajectory was generally parallel to RNA velocity vectors computed using dynamic modeling (Figure S5B), demon-
strating consistency between the two methods. LAMs that were transcriptionally more similar to AIMs were predicted to transition rapidly
toward the AIM subpopulation. However, in the hypertrophied AT, part of the LAMs which were the furthest apart from the AIM cluster
(Figures S5C and S5D) showed reduced RNA velocity (Figures S3B and S3C) and were present at a later point on the latent timescale.
This was not the case, however, in hyperplasic AT, in which this region of low RNA velocity (Figure S5D) was not present during LAMs' pre-
dicted transition toward the AIM cluster (Figures S5E and S5F).

DISCUSSION

We found thatincreased adipocyte diameter, as defined by the histological examination of SCAT, was predictor of in vivo AT insulin resistance
and postprandial NEFA and total fatty acid uptake in the heart. Adipocyte hypertrophy was, however, associated with higher visceral AT DFA
partitioning and lower lean tissue DFA partitioning independently of BMI, age and sex. As a result, SCAT fat cell size also predicted lower total
postprandial DFA uptake by the liver. To explore potential mechanisms of AT hypertrophy-associated dysmetabolism at a single-cell reso-
lution, we used snRNA-seq to perform an unbiased comparison of cellular heterogeneity and transcriptional dynamics of all subcutaneous AT
cell types between individuals with AT hypertrophy vs. hyperplasia matched for sex, ethnicity, glucose-tolerance status, BMI, total and percent
body fat, as well as waist circumference. We used snRNA-seq as a proxy for scRNA-seq as the high-lipid containing adipocytes are unsuitable
for tradition emulation-base RNA sequencing. Additionally, we used integrated analysis to demonstrate the consistency of AT snRNA-seq
results between replicates, species, and across different AT regions. Our results highlight significant shifts in cell populations and differen-
tiation trajectories with AT hypertrophy that are consistent with systemic and adipose tissue insulin resistance and postprandial abnormalities
of fatty acid metabolism from in vivo metabolic testing.

Increased postprandial flux of fatty acids to lean organs from AT metabolic dysfunction has been one of the main diabetogenic mecha-
nisms of obesity promoted over the past two decades.”” " The present study demonstrates that adipocyte hypertrophy is independently
associated with the postprandial increase in total plasma NEFA uptake in lean organs between 90 and 120 min after meal intake that we pre-
viously identified in individuals with overweight and prediabetes.” Concurrently, SCAT cell size is also independently associated with the in-
crease in VAT DFA partitioning also previously identified in subjects with prediabetes.” This in turn reduces hepatic DFA uptake and curbs
total postprandial hepatic fatty acid uptake. Thus, SCAT cell hypertrophy associates with both the deleterious enhanced mobilization of
NEFA contributing to liver steatosis’>”* and a protective increase in DFA storage in intra-abdominal AT. Interestingly, AT NEFA release
and VAT DFA partitioning rapidly improve within 2 weeks after bariatric surgery,””® suggesting that these mechanisms are highly dynamic
and not uniquely attributable to adipocyte size per se. The precise in vivo neuro-endocrine effectors of these AT metabolic functions are not
fully elucidated, but circulating glucose/insulin, triglyceride-rich lipoprotein levels, glucose-dependent insulinotropic peptide, and AT sym-
pathetic afferent signal are among the identified players.” In the present study, we observed a positive relationship between adipocyte size
and é-h postprandial total fatty acid uptake only in the heart, but not in the liver. We also demonstrate that adipocyte size associates with
increased visceral AT DFA partitioning and reduced postprandial DFA uptake in the liver, but not in the heart. Thus, adipocyte hypertrophy
potentially leads to both pathogenic and adaptive changes in lean organ fatty acid uptake, that variably impact the heart and the liver over the
entire postprandial period. The reason for this discrepancy between different organs needs to be investigated in future studies.

In general, AT lipid droplet turnover rate is reduced with obesity, indicating net lipid storage (reviewed in'). However, this reduction pla-
teaus in subcutaneous AT at lower fat mass than in visceral AT.? Furthermore, there exists an inflection point in the relationship between sub-
cutaneous and visceral AT volume measured by CT beyond which subcutaneous AT growth tends to plateau while visceral AT continues to
expand linearly.® In light of these results, visceral AT may represent a second line of defense against fat deposition in lean tissues as
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Figure 5. Single nuclei RNA sequencing of adipose tissue immune cells in patients with hypertrophic vs. hyperplasic adipocytes
(A) UMAP projection showing subtypes of immune cells.

(B) Level of expression of maker genes by the different subtypes of immune cells.

(C) UMAP projection showing macrophage subpopulations in the combined analysis.

(D) Level of expression of maker genes by the different macrophage subpopulations.

(E) UMAP projections showing differences in macrophage subpopulations between the hypertrophic and hyperplasic adipose tissues.

(F) Differences in macrophage subpopulation fractions between the hypertrophic and hyperplasic adipose tissues.

(G) Differences in the tissue concentration of macrophage subpopulations between the hypertrophic and hyperplasic adipose tissues. AlM, anti-inflammatory
macrophages; LAM, lipid-associated macrophages; PVM, perivascular macrophages; NK, natural killer cells; T, T lymphocytes.

subcutaneous AT reaches a lipid storage limit. Simpler methods of body composition assessment (such as DXA) usually differentiate visceral
from subcutaneous AT only through regression models generated against the gold standards of CT or MRI imaging. However, it is often
impractical to manually label thousands of CT slices even using a semi-automatic method. Therefore, we leveraged the ability of deep con-
volutional neural networks to perform semantic segmentation in order to accurately measure subcutaneous and visceral AT volume and fatty
acid uptake on whole-body PET/CT.'” Our results show that hypertrophied subcutaneous AT is predominantly associated with higher visceral
AT DFA storage capacity. Therefore, as the adipogenic potential of subcutaneous AT becomes overwhelmed, subcutaneous adipocytes may
undergo hypertrophy with reduced relative capacity to store excess fat, leading to compensatory visceral AT expansion. It may thus be postu-
lated that inter-individual variation in subcutaneous adipogenic potential may lead to differences in whole-body fat distribution and meta-
bolism despite identical total body fat volume. In the present study, we demonstrated that higher fatty acid uptake in lean tissue is a likely
mediator of the association between adipocyte hypertrophy and worse HOMA and ADIPO-IR.

The association between adipocyte diameter with postprandial ADIPO-IR was independent of BMI in the multivariate regression model.
The ATIRI index, an index of adipose tissue insulin resistance, was associated with adipocyte size, but not with BMI. In a recent meta-analysis
(Ye et al., 2021b), we have also shown that adipocyte hypertrophy is associated with dysregulations in glucose and lipid metabolism, ectopic
fat accumulation, and cardiovascular endpoints independent of BMI.

As expected, we extracted fewer nuclei per gram of tissue from the hypertrophied compared to the hyperplasic SCAT; when we take into
account the higher volume of hypertrophied adipocytes, we extracted nuclei from approximately the same fraction of cells in both biopsy
samples. Unsupervised clustering identified a number of cell type markers identical to those reported in murine epididymal’’ and human
AT %1913 We also showed good overlap between our data and data from murine AT of different fat depots. Furthermore, the consistent
expression of marker genes by different cell types between our replicates and that of external datasets also supports the reliability of our
method. Because we matched for BMI and waist circumference, the cellular phenotypes observed between the hypertrophic vs. hyperplasic
individuals was not extreme. We nevertheless could observe several cellular features associated with changes in in vivo postprandial
metabolism.

We found reduced prevalence of FACs — in particular that of FAC1 preadipocytes and FAC2 fibroadipogenic progenitors — per volume of
AT with fat cell hypertrophy. This is consistent with prior reports of reduced adipogenic potential with adipocyte hypertrophy.”’ =% FAC1
preadipocytes expressed high levels of ADIRF, which has been shown to be involved in the initiation of adipogenesis and to act upstream
of PPARG activation.®® Furthermore, the fraction of DPP4+ fibroblasts (FAC3)*°® is increased with AT hypertrophy, which supports the
finding that adipocyte hypertrophy is associated with the thickening of pericellular collagen.’®" In addition, trajectory inference and RNA ve-
locity analyses also revealed that FAC2 fibroadipogenic progenitors in AT hypertrophy are predicted to become FAC fibroblasts instead of
FAC1 preadipocytes in AT hyperplasia, thus highlighting the potential role of FAC2 programming in mature adipocyte morphology and AT
fibrosis. Because increased pericellular collagen deposition may hinder adipocyte expansion, increased number of fibroblasts may also
contribute to ectopic fat accumulation and insulin resistance by limiting further fat storage expansion in hypertrophied subcutaneous
adipocytes.

Analyses of RNA velocity shows decreased velocity of adipocyte transformation from the TADA phenotype to mature adipocytes in AT
hypertrophy. This finding corroborates the observation that the rate of new adipocyte production is negatively correlated with fat cell
7 even after controlling for BMI.' Furthermore, the fate of adipocyte differentiation also varied between hypertrophy and hyperplasia.
In AT hypertrophy, adipocytes from the early TADA stage are destined to become IRA, whereas those in AT hyperplasia are developing into
ISA. Furthermore, the fraction and tissue concentration of TADAs are reduced with AT hypertrophy. Integration of the murine epididymal AT
dataset by Sarvari et al.'" also showed the reduction in the number of preadipocytes and TADAs with high fat diet. Moreover, the differences
in adipocyte trajectory and transcriptional dynamics measured by the ex vivo method are also associated with in vivo dysmetabolism. The
predominance of IRA vs. ISA is associated with in vivo systemic and AT insulin resistance (using ADIPO-IR'®"719219% and ATIRI'®), postprandial
plasma NEFA levels, increased NEFA uptake and metabolism in lean organs, and DFA partitioning away from SCAT and toward visceral AT.
Taken together, these results indicate that adipocyte size during periods of lipid storage is predominantly determined by AT adipogenic po-
tential (with higher adipogenic potential favoring expansion consistently through hyperplasia and lower potential quickly leading to hyper-
trophy); these data also suggest that AT insulin resistance associated with adipocyte hypertrophy may additionally be caused by the presence
of a specific phenotype of insulin resistant mature adipocytes as a result of differential developmental commitment at the TADA stage.

Additionally, we showed that hypertrophied AT contained a higher fraction of immune cells, which is in line with the finding by Sarvari
et al."" showing that hypertrophied AT contains a higher number of infiltrating macrophages'*>'% and results by Emont et al. showing in-
creases in macrophages in mice after high fat diet.'® Interestingly, despite higher total number of macrophages, hypertrophied AT showed

size
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a shift in macrophage population from the LAM phenotype to higher fractions of AIM and PVM. This result is consistent with the findings that
non-inflammatory LAMs’* play an instrumental role in AT lipid metabolism® and in offsetting adipocyte hypertrophy” and dyslipidemia.”® The
elevated RNA velocity of the LAM population is also consistent with the high speed of LAM proliferation during AT expansion.’”” In AT hy-
pertrophy, we found a portion of LAMs with low RNA velocity, which may contribute to the observed lower fraction of resident LAMs. Further-
more, we have also observed reduced AT content of endothelial cells and pericytes with hypertrophy, which is consistent with the notion that
reduced AT vascularization may, in part, contribute to tissue hypoxia and thus reduced adipocyte differentiation.’®

In summary, abdominal SCAT hypertrophy is associated with increased postprandial lean tissue fatty acid uptake rates and significant
increase in total postprandial fatty acid uptake in the heart. This is a likely mechanism for the association between SCAT hypertrophy and
lean tissue insulin resistance. However, SCAT hypertrophy is also associated with increased DFA storage in VAT and reduced partitioning
to lean organs. This suggests an important adaptive role of increased VAT DFA storage in moderating the increase in total fatty acid exposure
to lean organs, especially the liver, in the context of SCAT hypertrophy. We have also used snRNA-seq of frozen human subcutaneous AT with
adipocyte hypertrophy and hyperplasia in order to perform an unbiased assessment of the single-cell landscape of all AT cell types, including
mature adipocytes. We then uncovered changes in cell clusters and subclusters of adipocytes, FACs, pericytes, endothelial and immune cells
as well as differences in transcriptional dynamics and developmental trajectory. These variations detected ex vivo are associated with AT in-
sulin resistance, increased VAT DFA trapping, excess exposure of lean tissues to fatty acids, as well as systemic and AT insulin resistance
in vivo.

Limitations of study

The main limitation of the present study is the lack of assessment of AT transcriptomal dynamics in all participants because of the high cost of
the siRNA-seq methodology. This could potentially be achieved in the future with the availability of more affordable methods. Another lim-
itation is the absence of sampling of other AT depots such as visceral or gluteal fat. However, there is good correlation between abdominal
subcutaneous vs. other depots adipocyte size.! Sex was taken into account in our multivariate analyses of the association of adipocyte hyper-
trophy and postprandial fatty acid metabolism. However, the influence of sex on AT transcriptomal dynamics in adipocyte hypertrophy could
not be performed.

ADDITIONAL RESOURCES

This manuscript reports a pre-specified secondary outcome measurement (abdominal SCAT adipocyte volume) and exploratory analyses of
the relationship of this measurement with postprandial fatty acid metabolic outcomes of NCT02808182. Data from this study have partly been
reported previously."”
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Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Material availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECTS DETAILS
o METHOD DETAILS
O Biopsy collection and determination of adipocyte size
O Selection of matched biopsies
O Nuclei extraction and purification
O Single-nuclei capture, library preparation and sequencing
O Single-nuclei sequence analyses
O In vivo experimental protocols
O PET/CT analyses
O Other laboratory assays
o QUANTIFICATION AND STATISTICAL ANALYSIS
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KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

NaCl 0.9% Irrigation, 1000mL Baxter JF7634
Formaldehyde, 10% Sigma-Aldrich HT 501128
Ethanol, 100% Commercial Alcohols Inc. PO16EAAN
Paraffin Paraplast Surgipath 39601006
Hematoxylin Fisherbrand 245-651

Eosin Fisherbrand 245-827
HEPES Sigma-Aldrich H3375

MgCl, Fisher Scientific M33

KCI Fisher Scientific P217

Sucrose Fisher Scientific S5

NP-40 ThermoFisher FNNO0021
RNase inhibitor Sigma-Aldrich 3335399001
BSA Sigma-Aldrich 9048-46-8
DAPI Fisher 62248

PBS Sigma-Aldrich 806552
Aprotinin Sigma-Aldrich A6279
[7,7,8,8—2H]—pa|mitate Cambridge Isotopes Laboratories Inc. DLM-6033-MPT
NaH["3C]O; Cambridge Isotopes Laboratories Inc. CLM-441-MPT-PK

1.1 ,2,3,3—2H]g|ycero|

Cambridge Isotopes Laboratories Inc.

DLM-1229-MPT-PK

[U-"3C]-palmitate Cambridge Isotopes Laboratories Inc. CLM-3934
25% human albumin Alburex 25 02274663
LC-MS grade water Fisher Scientific 51140
MTBSTFA (with 1% t-BDMCS) Millipore-Sigma 77377-52-7
Imidazole Millipore-Sigma 288-32-4
Critical Commercial assays
Chromium Next GEM Single Cell 10X Genomics PN-1000263
5" Kit v2, 16 rxns
Chromium Next GEM Chip K Single 10X Genomics PN-1000286
Cell Kit, 48 rxns
Library Construction Kit, 16 rxns 10X Genomics PN-1000190
5’ Feature Barcode Kit, 16 rxns 10X Genomics PN-1000256
Glucose measurement kit Wako 439-90901
NEFA measurement kit Wako 995-34791
999-34691
993-35191
991-34891
TG measurement kit Wako 990-02991
994-02891
C-peptide, GIP, Glucagon, GLP-1 total, Millipore HMH3-34K-07

Insulin, Leptin, PYY, hormone panel
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Software and Algorithms

Adiposoft https://ImageJ.net/plugins/adiposoft v1.14

Raw single nuclei RNA sequencing dataset Ye et al. NCBI GEO database,
generated accession number: GSE230912
Cell Ranger v6.0.2
EmptyDrops

scDblFinder

Scran Bioconductor

R v4.1.0
Seurat v4.0
Monocle3

velocyto v0.17

scVelo v0.2.3
Python v3.7

AMIDE v1.0.5
DeeplmageTranslator Ye et al. v2.0
NDP.view2 U12388-01 U12388-01
Genome Reference Consortium Human PRINA31257
Build 38

Others

Needle, 14G Covidien 8881200011
Syringe, 20mL Beckton Dickinson 309661
Nylon mesh, 55um Fisher Scientific 08-801-15
Microcentrifuge tube, 1.5mL Ultident 48-C150-CS
Microcentrifuge tube, 0.5mL Ultident 17-T330-6N
NanoZoomer 2.0-RS Hamamatsu

Horizon DXA System Hologic

BD FACS Aria lll BD

Hydra ECF/ICF Xitron Technologies

ECLIPSE Ti-E Inverted microscope Nikon

Luminex xMAP-based immunoassays Millipore

Accusoft Advantage, glucose monitor Roche, USA

Refrigerated Centrifuge Fisher Scientific AccuSpin 3R
Gas Chromatograph Agilent Technologies, Avondale, PA 7890A

Waters Quattro Micro, mass spectrometer
Gemini TF PET/CT scanner
[”C]—palmitate, radiotracer

['8F]-FTHA, radiotracer

DB-5ms Ultra Inert Intuvo GC column

Waters

Philips

CIMS

CIMS

Agilent Technologies, Avondale, PA

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. André C. Car-
pentier, Division of Endocrinology, Faculty of Medicine, University of Sherbrooke, 3001, 12th Ave North, Sherbrooke, Quebec, Canada J1H

5N4 - Tel: 1-819-564-5243; Fax: 1-819-564-5292; e-mail: Andre.Carpentier@USherbrooke.ca.
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Material availability

No new material was generated from this study.

Data and code availability

(1) Data: The raw sequencing data have been deposited in the NCBI Gene Expression Omnibus (GEO) database with following accession
number: GSE230912.

(2) Code: The complete lists of all markers for cell types and subpopulations can be found in Supplementary Excel files (S1_Cell_type_-
markers.cvs; S2_Adipocyte_Markers.cvs; S3_FACs_markers.cvs; S4_Macrophages_markers.cvs).

EXPERIMENTAL MODEL AND SUBJECTS DETAILS

Informed written consent was obtained, in accordance with the Declaration of Helsinki, and the protocol received approval from the Human
Ethics of Research Committee of the Center de Recherche du Center hospitalier universitaire de Sherbrooke. Subjects characteristics are
described in Table S1. The cohort used for AT biopsy selection included 21 subjects (11 men and 10 women) with impaired glucose tolerance
(IGT)—defined as glycemia levels of 7.8-11.1 mmol/L on two separate 2h-post 75g OGTTs—and 19 healthy individuals (9 men and 10 women)
with normal glucose tolerance (NGT)—defined as fasting glycemia <5.6 mM, 2h-post 75g OGTTs <7.8 mmol/L, and HbA1c < 5.8%. Partici-
pants were aged between 47 and 74. All women were post-menopausal. Those with active disease, except well-controlled hypertension or
mild dyslipidemia, or a contraindication for temporary cessation of anti-hypertensive drugs or statins were excluded from the study. Subjects
demonstrating clinically significant cardiovascular, renal, or hepatic or uncontrolled thyroid disorder, having medical history of other major
ilinesses, or taking medications affecting lipid or carbohydrate metabolism that could not be rapidly discontinued (e.g., fibrates, thiazolidi-
nediones, or beta-blockers) or who participated in any research trial involving radiation exposure within the past 12 months were excluded.
Smokers and individuals drinking more than 2 alcoholic beverages/day were also excluded.

Two Caucasian males with normal glucose tolerance (fasting glycemia <5.6 mM, 2h-post 75g OGTTs <7.8 mM, and HbATc < 5.8%)
matched for BMI, waist circumference and total fat mass, but with different abdominal subcutaneous fat cell size (FCS) were selected. As
shown in Figure ST, participants had a large difference in adipocyte diameter (2.2 standard deviation [SD] difference), but similar BMI
(0.21 SD), waist circumference (0.14 SD), total fat mass (0.14 SD), and percent fat mass (0.52 SD). Although it would have been interesting
to expand the snRNA-seq data to the whole dataset, such analyses were beyond the scope of the present study.

METHOD DETAILS

Biopsy collection and determination of adipocyte size

Biopsy samples of abdominal subcutaneous AT (2 per subject) were obtained through needle aspiration under local anesthesia with 2% Xy-
locaine. Samples (100-300 mg) were rinsed with a sterile 0.9% saline solution for a maximum of 3 min to remove fibrin and blood, and imme-
diately frozen in liquid nitrogen and stored at —80°C. A small portion (50 mg) of biopsy samples was not flash frozen and was used for his-
tological analysis. After fixation in 10% formaldehyde for 24-48 h and storage in 70% ethanol at 4°C, the sample was embedded in
paraffin. Histological sections were made with a thickness of 5 pm and stained with hematoxylin and eosin. Slides were digitized with a
NanoZoomer scanner (NanoZoomer 2.0-RS; Hamamatsu, Japan) at a magnification of 40X. Images were then analyzed with Adiposoft
1.14"% to measure adipocyte cross-sectional area. Thresholds for minimum and maximum cell diameters were set to 30 um and 150 pm
to minimize erroneous identification of regions not belonging to adipocytes. An average of ~400 cells were analyzed per participant.
Mean adipocyte volume was calculated from average fat cell diameter and the standard deviation of fat cell diameter using the formula
by Goldrick et al."'® Due to the large size of their lipid droplet, adipocytes occupy nearly the entirety of the tissue volume in SCAT (Figure S2A).
Therefore, for each sample, we used the mean adipocyte volume as a surrogate to determine the total volume occupied by all cells from which
the nuclei were extracted and sequenced. This total tissue volume allowed us to compute the number of cells per volume of AT. Figure S2B
shows that compared to the sample with adipocyte hypertrophy, hyperplasic AT has approximately twice the number of adipocytes, FACs,
endothelial cells, and pericytes per volume of tissue.

Selection of matched biopsies

Biopsy samples were selected for nuclei extraction and snRNA-seq from two participants matched for sex, BMI, fat mass (determined with
DEXA scan) and waist circumference, but having the largest difference in adipocyte size.

Nuclei extraction and purification

Frozen biopsy samples were transferred into 1.5 mL microcentrifuge tubes on ice to which 50 uL of nuclei extraction buffer (NEB) (10 mM
HEPES, 1.5 mM MgCl,, 10 mM KClI, 250 mM sucrose, 0.1% NP-40, and 0.2 U/uL RNase inhibitor [Sigma, 3335399001]) were added. Sterile
0.5 mL microcentrifuge tubes were fitted into the 1.5 mL microcentrifuge tubes, allowing samples to be homogenized with 12 strokes with
rotation, while maintaining the samples on ice. After addition of 3 mL of NEB, samples were incubated on ice for 1 min with gentle mixing
followed by centrifugation at 1000 x g for 10 min at 4°C. With the supernatant removed, the nuclei pellet was resuspended in 500 ulL of nuclei
resuspension buffer (NRB) (0.5% BSA, 0.2 U/uL RNase inhibitor [Sigma, 3335399001], and 20 png/mL DAPI [Fisher, 62248] in PBS). The nuclei
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suspension was then filtered through a 55 pm nylon mesh and observed under a fluorescence microscope for nuclei integrity and absence of
clumps. The filtered suspension was then purified using FACS sorting (BD FACS Aria lll, BD, Franklin Lakes) for DAPI+ nuclei. All plasticware
had been coated with 4% BSA in PBS overnight at 4°C.

Single-nuclei capture, library preparation and sequencing

Single nuclei were captured using Chromium Next GEM Single Cell 5’ v2 according to the manufacturer’s instructions (10X Genomics, Pleas-
anton). Around 10 000 nuclei were loaded into the reaction chip. Sequencing was done with NextSeq 500/550 High Output Kit v2 aiming at a
target depth of 20 000 reads/nucleus, with read lengths of 26 cycles (read 1), 10 cycles (i7 index), 10 cycles (i5 index), and 120 cycles (read 2).

Single-nuclei sequence analyses

Single-nuclei sequences were first aligned to the complete human genome (GRCh38) with Cell Ranger 6.0.2. For quality control, empty drop-
lets were first inferred from count matrices and filtered out using EmptyDrops''" at an FDR threshold of 0.01. Doublet scores were then
computed for each nucleus with scDblFinder in Scran.''? Considering an expected multiplet rate of 0.8% per 1000 nuclei,''® droplets contain-
ing doublets were removed such that only 94% of nuclei with the lowest doublet scores were retained. Finally, only genes expressed in at least
3 cells were retained and all nuclei with less than 200 UMIs were removed. Dimensionality reduction, clustering, and visualization of the filtered
count matrices were done using Seurat version 4.0 "% in R 4.1.0. The 2 000 most variable genes were extracted and used for dimensionality
reduction with principal component analysis (PCA). The resulting principal components (PCs) were used to compute UMAP embeddings and
perform Louvain clustering with Seurat.''* Trajectory inference was performed using Monocle3."" For RNA velocity computation, velocyto
0.17""° was used to identify spliced, unspliced, and ambiguous transcripts from the aligned sequence based on the human genome (GRCh38).
The resulting annotated count matrix was filtered with the same aforementioned quality control procedures and employed for RNA velocity
analyses and latent time inference with generalized dynamical modeling using scVelo 0.2.3"" in Python 3.7. For comparative and integrated
analyses with publicly available single-nuclei datasets, we used our count matrices as the reference dataset for transfer anchor discovery and
mapped previously published sequence data onto our reference clusters and UMAP embeddings using Seurat.'"

To directly compare sequencing data across species and AT compartments and thus assess the replicability of AT single-nuclei RNA seq,
we first gathered two publicly available single nuclei datasets described by Rajohandari et al.'” and Sarvari et al."' The dataset by Rajohandari
et al. was generated using collagenase-digested fresh inguinal AT from 8 to 10-week-old mice, whereas the dataset by Sarvari et al. was pro-
duced from frozen epididymal AT from 10-week-old mice fed with low-fat diet (LFD) vs. high-fat diet (HFD) for 18 weeks. We used our own
single-nuclei dataset as the reference dataset to generate transfer anchors for the two murine datasets, which allowed us to transfer the mu-
rine nuclei into our cell population clusters and to map them onto our UMAP projection. For both transferred datasets, we were able to iden-
tify all the major cell types and cell subpopulations (Figures S6A-S6C). All identified cell clusters were located in the same regions on the
UMAP projection not only within the two transferred murine datasets, but also with their counterparts from the human reference dataset. Fig-
ure S6D illustrates that, compared to LFD mice, mice fed with HFD showed significant reduction in the number of AIM, TADA, and FAC1 pre-
adipocytes and an increase in the number of LAM in their epididymal AT, consistent with the results reported by the authors.'" Finally, we
compared the expression of cell type-specific markers between the three datasets and showed strong concordance between the level of
expression of these markers in different cell types across all datasets (Figures SGE-S6G).

In vivo experimental protocols

Participants underwent two standardized postprandial protocols (A and B) performed in random order after 3 days of an isocaloric diet with
maintenance of their regular physical activities and avoidance of strenuous exercise. These protocols and results were reported in previous
publications.”” Upon arrival after a 12-h overnight fast, anthropometric measurements (including height, weight, and waist circumference)
were taken. Fat mass and lean mass were quantified using dual-energy X-ray absorptiometry (DEXA; Hologic DXA scanner, Hologic Inc., Bed-
ford, MA) and via electrical bioimpedance (Hydra ECF/ICF; Xitron Technologies, San Diego, CA). An intravenous (I.V.) catheter was inserted in
the forearm for infusions, while another catheter was placed in the contralateral arm, maintained in a heating pad (~55°C) for blood sampling.
Blood samples were collected in Na,EDTA-coated tubes containing aprotinin (10 uL/mL; Aé279, Sigma-Aldrich, Ontario, Canada), which in-
hibits in vitro proteolysis. At time 0 of each protocol, a standardized 906 kcal liquid meal (400 mL, composed of 33 g of fat, 34 g of protein and
101 g of carbohydrates; i.e., 33%, 17%, 50% of calories, respectively) was consumed over 20 min.''®

Tracer methods

In protocol A, we used [''C]-palmitate positron emission tomography (PET) dynamic acquisition 90 min after the standard meal intake” to
determine myocardial''? and hepatic uptake, oxidation and esterification of plasma NEFA, as well as hepatic NEFA release in VLDL-
TG."? Ninety minutes after ingestion of the liquid meal, [''C]-palmitate (~185 MBq) was administered intravenously over 30 s with dynamic
list mode PET scanning for 30 min (18 x 10, 6 x 30, and 6 x 240 s) preceded by computed tomography (CT) acquisition (40 mA) centered on
the thoracoabdominal segment. Arterial input function were assessed from individual image acquisitions (Table S7).

In protocol B, we measured dietary fatty acid (DFA) partitioning and spillover using a combination of oral and I.V. stable isotopic tracers
and oral ['®F]-FTHA positron emission tomography (PET). A constant I.V. infusion of [7,7,8,8-2H]-palmitate (Cambridge Isotopes Laboratories
Inc., 0.01 pmol/kg/min in 100 mL of 25% human albumin) was administered from time —60 min (in the fasting state) to time +360 min (after
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meal intake)."”"'?* We employed the oral ["8F]-FTHA method to determine whole-body DFA partitioning with PET.'® Ingested ['®F]-FTHA is
absorbed in the intestines and reaches the circulation as chylomicron-TG through the thoracic duct, and the subsequent hydrolysis of ['8F]-
FTHA-containing chylomicron-TG is assumed to be identical to that of naturally occurring chylomicron-TG. Approximatively 70 MBq ['®F]-
FTHA'?" was mixed with olive oil, encapsulated in gel capsules (T.U.B. Enterprises), and administered orally at time 0 min with the liquid
meal. At time 360 min, whole-body PET/CT acquisition was performed in the supine position to measure ['®F]-FTHA whole-body partition-
ing.'® The maximal gastrointestinal tract radioactivity exposure for oral ['®F]-FTHA administration was estimated at 2.35 mSv at the stomach.
Total radioactivity exposure by study participants after all protocols was inferior to 9.77 mSv. All tracers were tested for sterility and

pyrogenicity.

PET/CT analyses

For dynamic thoracic scans in protocol A, ROIls were drawn in the left ventricular cavity, myocardium, and liver using AMIDE (version 1.0.5; A
Medical Image Data Examiner; http://amide.sourceforge.net).'”> Hepatic and cardiac NEFA uptake, oxidation, and esterification rates, as
well as hepatic rate of NEFA release in TG were determined using multicompartmental models previously published for the heart'"” 120

Forwhole-body scans in protocol B, 10 transverse CT slices were randomly selected for manual image labeling of subcutaneous AT (in red),
visceral AT (in green), and other tissues (in blue). Transfer learning was carried out by training a deep convolutional neural network with a U-net
architecture that had been previously trained to perform semantic CT segmentation using our DeeplmageTranslator software'? for a total of
100 epochs. This specialized neural network was applied for fully automatic semantic segmentation of 8084 CT slices from all study partici-
pants. The generated semantic segmentation maps were applied to calculate the volume of AT and to compute AT uptake of ['8F]-FTHA
using co-registered PET scans. Tissue partitioning of DFA was computed as previous described.” We are aware that 18F radioactivity
does spill over into adjacent visceral adipose tissues for PET acquisitions. Therefore, in this study, we used deep learning to measure visceral
adipose tissue volume from the CT acquisitions (not affected by 18F radioactivity spillover), but we manually selected perirenal (visceral) ad-
ipose tissue regions. As described in our previous studies, these regions are remote enough from Gl 18F radioactivity spillover to get VAT-

and liver.

specific PET acquisitions for radioactivity measurement to extrapolate to the entire visceral depot.

To accurately determine AT volume, we first randomly selected 10 transverse CT slices from whole-body PET/CT scans for manual image
labeling. We then carried out transfer learning by training a deep convolutional neural network that had been previously trained to perform
semantic CT segmentation using our DeeplmageTranslator software.'? This allowed accurate, fully automatic semantic segmentation of 8084
CT slices and measurement of AT volume in the subcutaneous and visceral compartments in the entire study cohort of 40 participants.

Other laboratory assays

Glucose, total NEFA, and TG were measured as described.'?® Plasma adiponectin, insulin, and leptin were measured using Luminex xMAP-
based immunoassays (Millipore, Etobicoke, ON, Canada). The Matsuda index was calculated as previously described.'”” Homeostasis model
assessment of IR (HOMA-IR) was also calculated as an alternative index of insulin resistance as fasting plasma insulin (U/L) x fasting plasma
glucose (mmol/L)/22.5. Fasting and postprandial AT insulin resistance (ADIPO-IR) were computed as plasma insulin (pmol/L) X plasma NEFA
(mmol/L) at the fasting state and at 120 min, respectively.'®'” Plasma appearance rates of palmitate (Rapaimitate) and total NEFA (Rangra) were
calculated with the Steele’s non-steady-state equations'*® as previously described.””> Adipose Tissue Insulin Resistance Index (ATIRI) was
calculated as the reduction in the Rangra divided by change in plasma insulin from 0 to 120 min."

QUANTIFICATION AND STATISTICAL ANALYSIS

The variables analyzed in this study were pre-specified and registered in ClinicalTrials.gov (trial number: NCT02808182), this includes variables
in Table 1 (insulin sensitivity, partitioning of DFA, and rates of NEFA metabolism in the heart and liver). Adipose tissue cell size was also
included as a secondary outcome measurement. The effects of sex, glucose tolerance status, and their interaction were corrected for multiple
comparisons in post-hoc analyses. No simple t-test was used in this study. Analyses were performed using IBM SPSS Statistics 26.0 for Win-
dows (IBM, Armonk, NY) or GraphPad Prism 8.0 for Windows (GraphPad Software, San Diego, CA). Details of the statistical tests are indicated
in Figure and table legends.
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