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Defective extracellular matrix remodeling in brown
adipose tissue is associated with fibro-inflammation
and reduced diet-induced thermogenesis
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Pellegrinelli et al. show that obesity
induces BAT fibro-inflammation
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remodeling-associated protein, PEPD, in
BAT fibro-inflammation and function in
response to temperature challenges and
HFD.
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inflammation induced by HFD
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SUMMARY

The relevance of extracellular matrix (ECM) remodeling is reported in white adipose tissue (AT) and obesity-
related dysfunctions, but little is known about the importance of ECM remodeling in brown AT (BAT) function.
Here, we show that a time course of high-fat diet (HFD) feeding progressively impairs diet-induced thermo-
genesis concomitantly with the development of fibro-inflammation in BAT. Higher markers of fibro-inflamma-
tion are associated with lower cold-induced BAT activity in humans. Similarly, when mice are housed at ther-
moneutrality, inactivated BAT features fibro-inflammation. We validate the pathophysiological relevance of
BAT ECM remodeling in response to temperature challenges and HFD using a model of a primary defect
in the collagen turnover mediated by partial ablation of the Pepd prolidase. Pepd-heterozygous mice display
exacerbated dysfunction and BAT fibro-inflammation at thermoneutrality and in HFD. Our findings show the
relevance of ECM remodeling in BAT activation and provide a mechanism for BAT dysfunction in obesity.

INTRODUCTION

Brown adipose tissue (BAT) has high metabolic activity and can
be activated to improve glucose and lipid uptake and energy
expenditure (EE), making it a promising target for treating car-
dio-metabolic disease.” Recent advancements in detecting
and measuring BAT mass and activity have challenged the
idea that obesity causes BAT loss and dysfunction.”> However,
obese individuals generally have lower levels of BAT mass and a
smaller proportion of activated BAT in response to cold, sug-
gesting that obesity may worsen BAT mass and function.>* In
obese mice, BAT is inflamed and infiltrated with macro-
phages,””’ but it is unclear if BAT inflammation is associated

uuuuu

with fibrosis, as observed in white adipose tissue (WAT)® and
whether fibro-inflammation limits BAT activation. Here, we
investigate the hypothesis that BAT’s defective extracellular ma-
trix (ECM) remodeling in the context of physiological and patho-
physiological conditions modulates BAT recruitment and
function.

The ECM is crucial for adipose tissue (AT), providing structure
and regulating biological functions (differentiation, hypertrophy,
proliferation), and allowing intercellular communication.®'® Effi-
cient ECM remodeling depends on its components’ integrity
(e.g., collagens, elastin, fibronectin), the functionality of ECM re-
ceptors, such as integrins,® as well as the coordinated regulation
of biosynthesis and degradation mediated by growth factors
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Figure 1. Long-term HFD exposure induces BAT fibro-inflammation
(A and B) Heatmap of metabolic parameters (including glycemia [gly], triglycerides [TG], and insulinemia [ins]) (A) and mRNA expression of metabolic and fibro-
inflammatory marker (B) from C57BI/6 mice fed 2, 8, 16, or 28 weeks (n = 8/group) with chow diet (Ch) or HFD 45% (HF).
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(e.g., CTGF, TGF-B) and enzymes (e.g., matrix metalloprotei-
nases MMP2, MMP9, and MMP14 and the intracellular pepti-
dase D, among others'""'?), respectively. Chronic inflammation
in obesity-related diseases can lead to tissue fibrosis, a patho-
logical outcome resulting from an imbalance of ECM remodeling
that leads to excessive accumulation of fibrotic collagens (e.qg.,
collagen 1, 3, and 6)."°

Obesity is associated with WAT fibro-inflammation, which im-
pairs tissue function and is associated with whole-body insulin
resistance.®'*'® However, the role of ECM in BAT function
and regulation in response to obesity is not well understood.
Pharmacological activation of thermogenesis in vitro induces
the expression and secretion of ECM components,'”'® and
some ECM components (i.e., laminin a4'® and hyaluronan®°)
are relevant in regulating BAT/brown adipocyte thermogenic ac-
tivity. Several observations suggest that an excess of ECM in
BAT (i.e., fibrosis) might impair BAT functionality. For instance,
endotrophin, a secreted cleavage product of COL6A3, is an
effector of metabolic dysfunction, inflammation, and fibrosis in
BAT.?" Additionally, blocking vascular endothelial growth factor
(VEGF) signaling in mice led to excess collagen | deposition,
increased macrophage infiltration, and increased brown adipo-
cyte death in BAT.??

The relationship between obesity and dysregulated ECM in
BAT is of significant interest. Obesity-induced whitening and
dysfunction of BAT are well described.>?*” However, whether
BAT ablation or dysfunction can lead to obesity is still debated
because studies using models of BAT whitening (using thermo-
neutrality [TN] or targeting the uncoupling protein UCP1) have
yielded paradoxical results, not showing a systematically associ-
ated weight gain.?®*?

Using a combination of human and murine models of BAT acti-
vation/atrophy, obesity, and unbalanced ECM remodeling (i.e.,
Pepd-ablated animals), we show that ECM remodeling is essen-
tial to sustain BAT activation. We also show that obesity-related
fibro-inflammation compromises BAT ECM remodeling and
functionality, contributing to obesity-associated metabolic
disturbances.

RESULTS

Long-term HFD exposure induces BAT fibro-
inflammation

We investigated the occurrence of fibro-inflammation in BAT in
response to a high-fat diet (HFD), a pathological proinflammatory
context paradoxically associated with BAT activation (diet-
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induced thermogenesis).>> We assessed BAT fibrosis and

functions at 2, 8, 16, and 28 weeks of HFD. We validated that
HFD-fed mice showed increased body weight (BW), fat mass,
and insulinemia during the course of HFD and compared with
chow-fed mice (Figure 1A). The most characteristic event after
two weeks on HFD was the enhanced vascularization in BAT
(Figure S1A). In line with diet-induced thermogenesis,®* Ucp1
mRNA expression increased in response to HFD, followed by
increased lipid droplet accumulation in BAT at eight weeks of
HFD at significantly higher levels than in chow-fed mice
(Figures 1B, S1B, and S1C). BAT whitening was associated
with higher expression of Hif1«, Hif2«, and col4a1. By 16 weeks
on HFD, Ucp1 expression was similar in chow and HFD-fed mice
(Figure 1B). This convergence in Ucp1 mRNA levels between
chow and HFD coincided with the whitening of BAT (increased
leptin expression), increased inflammation, higher BW and BAT
mass, and exacerbation of metabolic complications, including
liver steatosis and hyperinsulinemia (Figures 1A, 1B, S1D and
S1E). After 16 weeks on HFD, gene expression levels of Tnfa in
BAT were increased, suggesting the recruitment of macro-
phages (Figure 1B), as previously described in DIO models.?”
Col4al and Fn expression was also increased, and Mmp9
decreased compared with chow conditions, suggesting an
imbalance of ECM remodeling in long-term HFD conditions (Fig-
ure 1B). The histological analysis revealed a significant increase
in peri-adipocyte (peri-AD) collagen accumulation after 28 weeks
of HFD, coinciding with higher //6 expression in BAT than in chow
conditions (Figures 1B-1D). This suggests a connection between
BAT fibrosis and inflammation. These data suggest that BAT is
susceptible to fibro-inflammation in response to long-term
HFD feeding, similar to what is observed in WAT.

We then investigated which cells were responsible for BAT
ECM production and remodeling. We reanalyzed mouse and
human BAT single-nucleus RNA sequencing (RNA-seq) (GEO:
GSE202630°° and EBI: E-MTAB-8564°%). Both human and mu-
rine data show that collagen 1, 3, and 5 are mainly expressed in
BAT progenitors/preadipocytes, while collagen 4 expression is
shared among adipocytes, endothelial cells, and progenitors
(Figure 1E). These results are confirmed by our gene expres-
sion analysis performed in murine BAT. Our analysis showed
that brown adipocyte progenitors (BAPs) expressed 80% of
collagen 1 and 6, while collagen 4 expression was shared
among BAPs (30%), endothelial cells (36%), and mature adipo-
cytes (15%) (Figure S2A). Pepd, coding for the intracellular
protease promoting collagen degradation and turnover,'? was
primarily expressed by mature brown adipocytes and

(C and D) Representative images of red Sirius staining in BAT from C57BI/6 mice fed 2, 8, 16, or 28 weeks (n = 8/group) with chow diet or HFD 45% (C) and
corresponding quantification of peri-adipocyte (peri-AD) and peri-vascular (peri-V) collagen deposition represented as percentage tissue area (D). Scale bar:

100 pm.

(E-K) Dot plot showing expression of ECM/ECM marker genes in human (deep neck) and murine (interscapular) BAT. (F and [) mRNA expression of il6 during time
course differentiation of C57BAT (F) or pBAT (I) cells cultured with conditioned medium from LPS-stimulated bone marrow-derived macrophages (BMDMs) (M
[LPS] CM) compared with control (F) or cultured in hypoxia condition (5% O,) compared with normoxia (21% O,) (I). n = 6/condition. (G, H, J, and K) Repre-
sentative images of confocal analysis of anti-collagen type | (in red) and fibronectin (in green) in C57BAT (G) or pBAT (J) cells cultured with M(LPS) CM compared
with control (G) or cultured in hypoxia condition (5% O,) compared with normoxia (21% O,) (J) and respective quantification (H and K). n = 6/condition. Scale bar:

100 pm.

Data are presented as mean + SEM. One-way ANOVA with Siddk’s post hoc multiple-comparisons test was used to compare with week 2 HFD in chow or HFD (A
and B). Two-way ANOVA with Sidak’s post hoc multiple-comparisons test was used to compare chow and HFD-fed mice (D) or day 9 with day 0 in control and
M(LPS) CM conditions (D, F, and I). Student’s t test was used to compare control/M(LPS) CM and normoxia/hypoxia conditions (H and K).
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macrophages, as previously described®” (Figures 1E and S2A).
Interestingly, the relevance of the stromal vascular fraction
(SVF) in expressing ECM/ECM remodeling markers was re-
tained in BAT from obese mice (Figure S2B).

In WAT, fibrosis deposition has been associated with hypoxia
and unresolved inflammation.® Given the higher expression of
hypoxic and inflammatory markers in BAT from obese mice,
we investigated if hypoxic and inflammatory environments regu-
lated ECM production from BAPs. First, BAPs (brown preadipo-
cyte cell line®®) were differentiated in the presence of conditioned
medium (CM) produced from proinflammatory macrophages
(lipopolysaccharide [LPS]-treated macrophages [M(LPS) CM])
(figure S3A). As expected, BAPs significantly increased the
expression of /I6 after nine days in culture with M(LPS) CM (Fig-
ure 1F). Additionally, we observed an increase in ECM deposition
following treatment with an inflammatory medium (Figures 1G
and 1H), strengthening the link between inflammation and
ECM deposition. The increase in ECM deposition was not asso-
ciated with a parallel rise in ECM-related gene expression
(Figures S2B and S2C). Thus, the excessive ECM accumulation
of collagen might also be regulated at the post-translational
level.>® We also exposed BAPs to hypoxic conditions. We per-
formed a time course experiment where BAPs were cultured in
either normoxic (21% O,) or hypoxic (5% O,) conditions. We vali-
dated our hypoxic model showing that Glut1 expression was
significantly higher in hypoxic than in normoxic conditions (Fig-
ure S2D). Compared with BAPs exposed to M(LPS) CM, “hypox-
ic” BAPs did not show higher expression of //6 than “normoxic”
cells (Figure 11). However, “hypoxic” BAPs did show significant
increase in col1a2 gene expression (Figure S2E). In addition,
Collagen1 and FN deposition was higher in hypoxic conditions
than normoxic ones (Figures 1J and 1K). These results indicated
that BAT’s hypoxic and inflammatory environment, as observed
in response to HFD, activated the BAPs’ profibrotic program.

Fibro-inflammation impairs brown adipocyte functions
in vitro

BAPs exposed to M(LPS) CM showed lower expression of
Ppary2 and the brown markers Ucp1 and Pgcla, as well as
reduced lipid droplet accumulation compared with control con-
ditions (Figures 2A-2D). We confirmed in the PAZ6 cell line that
human brown preadipocytes respond similarly to macrophage
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stimulation. Thus, PAZ6 cells treated with M(LPS) CM showed
reduced adipogenic capacity (i.e., lower lipid droplet accumula-
tion and brown marker expression) and higher collagen and FN
production (Figures S3F-S3H). Similarly, BAPs exposed to hyp-
oxic conditions showed impaired differentiation capacity
(Figures 2E and 2F). These results indicate that inflamed macro-
phages and hypoxia can activate BAPs toward a profibrotic pro-
file and impair their brown adipogenic potential.

To dissect the specific role of BAT fibrosis on brown cell func-
tionality, we used an ‘in-house’ developed three-dimensional
(3D) culture system to uncouple fibrosis from macrophage-
induced inflammation. We reproduced the BAT fibro-inflamma-
tory environment using fibrotic fibers extracted from BAT
of obese (Lep®P) or lean (Lep"”"") mice as previously
described.’® Compared with wild-type (WT) mice, obese
(Lep®®°®) mice showed a reorganization of the ECM network
and higher gene expression of collagens (Figures S4A and
S4B). Also, Pepd expression was reduced in BAT from obese
mice compared with WT (Figure S4B). After tissue decellulariza-
tion, the matrix fibers were imaged, showing more dense and
aligned collagen fibers as a hallmark of fibrosis*® (Figure S4C).
We used a hydrogel in which BAPs were embedded and co-
cultured with or without (3D control) matrix fibers isolated from
BAT of obese (Lep®°) or lean (Lep™""" (Figure S4D). When
cultured in ECM (Lep"V™"T and Lep®*/°?), BAPs showed reduced
lipid droplet accumulation and expression of brown markers dur-
ing adipogenesis compared with the 3D control condition
(Figures 2G-2K). As adipocytes were cultured with a similar
quantity of ECM from “lean” or “obese mice,” proportional to
the level of fibrosis in BAT, we rationalized that the down-regula-
tion of brown marker expression observed in the presence
of ECM was primarily resulting from biomechanical effects of
the collagens on the adipocytes as described previously.'® How-
ever, when focusing on the effect of the “obese” ECM versus
“lean” one, we showed that the addition of ECM from Lep®/°®
mice also lowered mRNA expression of brown adipocyte
markers Ucp1, Prdm16, and Ppary compared with BAPs
cultured with ECM from lean Lep"”/™"" mice (Figures 2H-2K).
These results indicated that the anti-adipogenic effect of
“obese” Lep®”’°® ECM was more severe than with “lean”
ECM. However, the deleterious functional impact exacerbated
by the “obese” ECM also suggested a biochemical effect of

Figure 2. Fibro-inflammation impairs brown adipocyte functions in vitro

(A—-C) mRNA expression of adipogenic markers Pgc1a (A), Ucp1 (B), and Ppary2 (C) during time course differentiation of C57BAT cells cultured without (control;
n = 6) or with conditioned medium from LPS-stimulated BMDM (M[LPS] CM; n = 6).

(D-G) Representative images of confocal analysis of BODIPY (green) and actin (red) staining and corresponding quantifications of and lipid droplet accumulation
in C57BAT (D) and pBAT (E and G) cells cultured with conditioned medium from M(LPS) CM (n = 6) compared with control (D; n = 6), cultured in hypoxia condition
(5% O,, n = 6) compared with normoxia (21% O, n = 6) (E), or cultured in 3D hydrogel with BAT of lean Lep""*"t (n = 5) or obese Lep®”’°® mice (n = 5) after 6 days of
differentiation. Scale bars: 50 um (D and G) and 100 um (E). (F) mRNA expression of brown markers in differentiated pBAT cells cultured at 21% O, (normoxia; n =
6) or 5% O, (hypoxia; n = 6).

(H-K) mRNA expression of ucp1 (H), prdm16 (l), pgc 1« (J), and ppary2 (K) in pBAT differentiated adipocytes cultured in 3D hydrogel alone (3D; n = 4) or with BAT of
either lean Lep"Y"t (n = 4) or obese Lep®’°” mice (n = 4) and stimulated or not (control) with NE for 24 h.

(L) Fold change release of glycerol in 4 h NE-stimulated pBAT cultured in 3D hydrogel alone (3D; n = 4) or with BAT of either lean Lep™¥" (n = 4) or obese Lep°?’°?
mice (n = 4), compared with basal condition.

Data are presented as mean = SEM. Two-way ANNOVA with Sidak’s post hoc multiple-comparisons test was used to compare day 9 with day 0 in control and
M(LPS) CM conditions (A-C) and to compare the ECM effect with control (H-K). Student’s t test was used to compare control/M(LPS) CM conditions (D) and
normoxia/hypoxia conditions (E and F). One-way ANOVA with Dunnett’s post hoc multiple-comparisons test was used to compare the ECM effect with control
(GandL).
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the “obese” ECM composition on adipocytes. We also tested
thermogenic marker expression in response to norepinephrine
(NE) stimulus. Ucp1 expression was induced after 24 h NE stim-
ulation in our experimental condition. Of relevance, we found
that the combination of “obese” Lep°®?’°? ECM and NE downre-
gulated brown markers (Prdm16 and Pgcla). Also, BAPs
cultured in “obese” ECM (but not “lean”) showed a reduced
NE-induced glycerol release compared with 3D control BAPs
(Figure 2L). Altogether, these experiments confirm a direct detri-
mental effect of BAT ECM extracted from obese mice on BAP
differentiation and lipolysis activity.

BAT thermogenesis is impaired during a long-term HFD
in association with the development of fibro-
inflammation in BAT
Assessment of maximal thermogenic capacity (MTC), which re-
fers to the highest amount of heat a mouse can produce, pro-
vides a direct measure of BAT function.*’ No studies have re-
ported the long-term effects of HFD on established obesity
beyond four weeks.*® To investigate whether BAT fibro-inflam-
mation prevents BAT activation in vivo, we assessed EE in
response to NE at specific time points during the HFD. We
measured the NE-stimulated EE of HFD-fed mice compared
with chow-fed animals (Figures 3A and S5A). Mice on HFD
showed increased BW and higher maximum respiration than
control animals upon adrenergic agonist administration after 8
and 16 weeks of HFD (Figure 3A). Despite HFD-fed mice being
larger than chow-fed animals at 28 weeks of HFD, there was
no difference in the maximal EE achieved by both groups (Fig-
ure 3A). When corrected for BW using analysis of covariance
(ANCOVA), the maximum NE-stimulated EE in 28 weeks of
HFD-fed mice was lower than in respective controls, suggesting
they had a disproportionately low NE-stimulated EE (Figures 3B
and S5B). In addition, when BW was considered using covari-
ance, we also observed that maximal EE was significantly
reduced as a function of age in chow-fed and HFD-fed mice
(Figures 3C, 3D, and S5B).

Although a substantive proportion of the EE in response to NE is
expended in BAT, our data could not rule out changes in NE
responsiveness occurring in other organs. We next performed
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multiple linear regression to determine if BAT fibrosis changes
were associated with NE-stimulated heat production changes.
We initially included BW, age, and diet as variables. Given the re-
sults of the ANCOVA analyses, we also included the diet x time
interaction variable in our regression model. We conducted a step-
wise regression model to determine the best predictors of EEin our
dataset. Three valid models were generated (models 2, 3, and 4;
model 1 considering no predictors): BW alone (model 2); BW and
peri-AD collagen (model 3); and BW, peri-AD collagen, and the
interaction of diet x weeks (model 4) (Figures 3E and S6). Age
and diet were not included in any model, as their effects were
captured by their impact on BW. The best model was model 4
(maximal EE; F(3, 62) = 33.498, p = 5.388¢e 1%, R? = 0.618) (Fig-
ure 3E). We found a significant relationship between maximal EE
and BW (higher BW correlated with higher maximal EE; B =
1.091, p = 1.469e "), peri-AD collagen (higher BAT fibrosis corre-
lated with lower maximal EE; B = —0.243, p = 0.018), and the inter-
action of diet x weeks (the longer the mice are on HFD, the lower is
the maximal EE; B = —0.275, p = 0.044). Thus, these results indi-
cated that BAT fibrosis, due to prolonged high-fat feeding, was a
negative predictor of NE-stimulated EE, even when accounting
for the positive relationship between BW and maximal EE. Our re-
sults indicate that the inclusion of BAT fibrosis and the interaction
of HFD X length of the diet as covariates resulted in the highest
proportion of variance explained in maximal EE (0.786) compared
with other models (Figures 3E and S6A), indicating the significant
role of BAT fibrosis and chronicity of the HFD in limiting maximal
EE in obese mice.

We performed a correlation matrix and cluster analysis to
elucidate the relationship between multiple metabolic parame-
ters, fibro-inflammation, and dietary conditions. We first investi-
gated the correlation between each parameter. In line with our
initial results, we found that the HFD-induced BW gain was asso-
ciated with BAT inflammatory markers (e.g., /l6 and Tnf« expres-
sion) and liver steatosis (Figure 3F). Induction of hypoxic markers
(e.9., Hif1a, Hif2a, Glut1) was associated with HFD-induced hy-
perinsulinemia and BAT whitening). Also, increased BAT
collagen deposition was associated with reduced maximal EE,
strengthening the link between obesity, BAT fibro-inflammation,
and impaired thermogenic capacity.

Figure 3. BAT thermogenesis is impaired during a long-term high-fat diet (HFD) in association with the development of fibro-inflammation in

BAT

(A) NE-stimulated EE, expressed as EE over time, in C57BI/6 mice housed at 21°C and fed 2, 8, 16, or 28 weeks (n = 6/group) with chow diet or HFD 45%.
(B) Maximal NE-stimulated EE plotted against body weight (BW) from C57BI/6 mice fed 28 weeks chow (n = 7) or HFD 45% (n = 7).
(C) Uncorrected maximal EE plotted against BW from C57BI/6 mice fed 2, 8, 16, or 28 weeks with a chow diet.

(D) NE-stimulated EE (MEE) in C57BI/6 mice housed fed 2, 8, 16, or 28 weeks with chow diet or HFD 45%, corrected for BW by ANCOVA covariates assessed at
BW = 33.95 g + SEM.

(E) Multiple regression analysis of the association between the maximal EE, BW, peri-adipocyte collagen in BAT (peri-AD coll), and the interaction between weeks
and diet (diet x weeks). Unstandardized (B) and standardized (f) coefficients are presented as well as SE and t and p values.

(F) Pearson correlation matrix between BAT ECM remodeling markers and metabolic and thermogenic parameters in mice fed 2, 8, 16, or 28 weeks with HFD
45%.

(G) Heatmap showing clustering of metabolic, thermogenic, and BAT ECM remodeling parameters during chow and HFD 45%. Original values were In(x + 1)
transformed. Pareto scaling was applied to rows. Both rows and columns were clustered. Dendrograms indicate the tightness of clusters. Cluster 1, “EE, vascular
remodeling”; cluster 2, “BAP fibro-activation”; cluster 3, “fibro-inflammation, obesity.”

(H) Representation of the cluster analysis in (G) into a hypothetic scheme representing the 3 main clusters of metabolic, thermogenic, and BAT ECM remodeling
parameters and their pattern of variation during the course of obesity: cluster 1, “EE, vascular remodeling”; cluster 2, “BAP fibro-activation”; cluster 3, “fibro-
inflammation, obesity.” Max, maximal level of regulation.

Data are presented as mean + SEM. Two-way ANOVA with Sidak’s post hoc multiple-comparisons test was used to compare the HFD effect during the time
course (A).
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Next, we performed cluster analysis, placing mice into three
main clusters according to diet and time point (Figure 3G). The
parameters investigated were grouped into three clusters. The
first cluster was “thermogenesis and vascular remodeling” and
included vascularization and EE-related parameters. These pa-
rameters were upregulated in the early stage of HFD and then
strongly decreased during the long-term HFD. A second cluster,
labeled “BAP fibro-activation,” defined by BAP markers (Ucp1
and ECM components), was initially downregulated and fol-
lowed by substantial up-regulation at 16 weeks of HFD. Finally,
the third cluster, “fibro-inflammation and obesity,” including
fibrosis deposition, mMRNA expression of inflammatory markers,
metabolic parameters, and BW, was gradually upregulated dur-
ing whole time course HFD. These analyses suggested a two-
phase activation of BAPs upon HFD: (1) initial recruitment to pro-
mote thermogenesis in association with vascular remodeling
and (2) activation in the chronic phase of obesity in response
to inflammatory stimuli, leading to ECM deposition. Interestingly,
EE and vascular remodeling were rapidly impaired in response to
positive energy balance and associated fibro-inflammation, rein-
forcing the role of unbalanced ECM remodeling and subsequent
fibro-inflammation in promoting BAT dysfunction during the
development of HFD-induced obesity (scheme in Figure 3H).

Partial Pepd ablation exacerbates obesity-induced
fibro-inflammation in BAT

We then investigated the relevance of ECM remodeling in BAT in
response to HFD. As a model for impaired ECM remodeling, we
used Pepd-heterozygous (HET) mice, which spontaneously
develop fibro-inflammation in WAT associated with adipose
dysfunction (e.g., blunted response to NE and impaired adipo-
genesis).®” We used a chronic model of obesity where mice
were fed HFD 58% for 28 weeks, known to induce severe WAT
fibro-inflammation associated with chronic obesity.®” We vali-
dated that WT mice fed HFD showed significantly increased
expression of Ucp1 (only at 12 weeks of HFD) and higher EE, as
previously reported in DIO models (Figures 4A-4C). WT HFD-
fed mice showed lower Pepd expression, higher expression of
ECM (both fibrillar and non-fibrillar collagens), inflammatory
markers, and higher collagen deposition in BAT than chow-fed
mice (Figures 4A, 4B, 4D, and 4E). In addition, a higher level of
BAT fibrosis was associated with higher BW, insulin resistance
(homeostatic model assessment for insulin resistance [HOMA-
IR] index), BAT whitening, and a higher level of fibro-inflammatory
marker gene expression (Figure 4G). As observed in WAT,*’ the
Pepd-HET mice showed higher collagen deposition around
brown adipocytes (peri-AD collagen) in chow-fed conditions
(Figures 4D and 4E). Interestingly, collagen content was similar
among genotypes in HFD condition despite a tendency for higher
gene expression levels of collagens in BAT from HET mice
compared with WTs (Figures 4D, 4E, and 4H). We rationalized
that because prolonged obesity in the WT mice down-regulates
Pepd expression, impaired collagen turnover differences are
attenuated between Pepd-HET and WT mice fed HFD. However,
we did observe differences in metabolic changes. Metabolic
complications of obesity (i.e., liver steatosis, insulin resistance,
and lipolysis) were exacerbated in Pepd-HET mice fed 58%
HFD as previously reported in the present mice cohort.>” This
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study shows that Pepd-HET mice displayed bigger lipid droplets
in BAT when fed HFD than WT mice (Figure 4F). Partial Pepd abla-
tion also led to reduced Ucp 1 and Ppary2 expression compared
with WTs (Figure 4H), lower Pepd expression associated with in-
sulin resistance (HOMA-IR index), higher Col1a2 expression, and
the association between ECM components and inflammatory
markers was greater in HET mice compared with WTs (Figure 4l).
Taken together, we showed that unbalanced ECM remodeling in
BAT leads to fibro-inflammation, ultimately limiting BAT activa-
tion capability. Correlation studies also suggested a potential
role of inflammation in promoting BAT fibrosis and subsequent
dysfunctions that are exacerbated in obese HET mice.

Given that inflammation and fibrosis are related events, we
investigated the contribution of macrophages in promoting
fibrosis and BAT dysfunctions in the pepd-HET model. We con-
ducted a bone marrow transplantation (BMT), transferring
myeloid cells from Pepd-depleted mice to WT mice (BMT
mice) as previously described.®” Although pepd-HET mice dis-
played exacerbation of BAT fibro-inflammation, it was not wors-
ened in BMT knockout (KO) mice compared with WT mice. BMT
KO mice showed a slight increase in fibrosis levels compared
with WT mice under chow-fed conditions but similar ECM gene
expression (Figure S5C). Furthermore, HFD-fed BMT KO mice
had reduced whitening of BAT and similar expression of Ucp1
and Ppary2 compared with WT mice (Figures S5E and S5F).
These results indicate that while macrophages have a significant
role in fibrosis deposition, other factors or cell types contribute to
exacerbating BAT dysfunctions in Pepd-HET mice.

Fibro-inflammation is a hallmark of inactive BAT in
humans

We then investigated the relevance of ECM remodeling and fi-
bro-inflammation on BAT activation in human subjects. We rean-
alyzed our RNA-seq dataset performed on BAT biopsies ob-
tained from the supraclavicular region in cold-exposed
subjects (GEO: GSE113764"%) and assessed if and how genes
related to ECM remodeling correlated with BAT activity and clin-
ical parameters. Interestingly, we found that high expression of
collagen (notably collagen 1, 3, 5, and 6), some MMPs (e.g.,
MMP2), and profibrotic factors (i.e., INHBB and INHBA) was
associated with lower expression of UCP1 and/or low cold-stim-
ulated BAT activity (i.e., glucose uptake) and a higher level of
cholesterol in the blood (Figures 5A-5C). In addition, we found
that when the cold-exposed subjects were categorized into
high-BAT and low-BAT groups on the basis of cold-stimulated
BAT glucose or fatty acids uptake (high BAT, glucose uptake
> 3.0 umol/100 g/min or nonesterified fatty acid (NEFA) uptake
> 0.7 umol/100 g/min), significantly higher expression of
collagen was observed in low-BAT subjects compared with
high-BAT subjects. This result suggests fibro-inflammation as
a hallmark of less active BAT in humans (Figure 5D). A similar
conclusion was obtained when individuals were grouped ac-
cording to BAT UCP1 expression, with higher expression being
associated with down-regulation of fibro-inflammatory
pathways (i.e., “ECM organization,” “NF-«B signaling,” and
“TGF-B signaling”) (Figure S7A). Together, these results align
with our mice study, supporting a link among BAT ECM remod-
eling, fibro-inflammation, and impaired BAT activation.
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Figure 4. Down-regulation of Pepd exacerbates BAT fibro-inflammation in DIO mice

(A and B) Heatmaps of mMRNA expression of brown and fibro-inflammatory markers in BAT from C57bl/6 mice fed 12 weeks (A; n = 8) or 18 weeks (B; n = 8) with
HFD 58% compared with chow-fed mice (n = 8/6, respectively).

(C) Forty-eight hour energy expenditure in Pepd WT and HET mice fed chow (n = 6/group) or 58% HFD (18 weeks, n = 7/group).

(D and E) Representative images of red Sirius staining in BAT from Pepd WT and HET mice fed chow (n = 4/group) or 58% HFD (18 weeks, n = 8/10, respectively)
(D) and corresponding quantification of peri-adipocyte (peri-AD) and peri-vascular (peri-V) collagen deposition represented as percentage tissue area (E). Scale
bar: 100 pm.

(F) Lipid droplet area in BAT from Pepd WT (n = 5) and HET mice (n = 6) fed 58% HFD (18 weeks).

(G-I) Pearson correlation matrix between BAT ECM remodeling markers and metabolic and thermogenic parameters in Pepd WT (G) and HET mice (l) fed chow
(n=4/group) and 58% HFD (18 weeks, n = 8/10, respectively). (H) Heatmaps of mRNA expression of brown and fibro-inflammatory markers in BAT from Pepd WT
(n = 8) and HET mice (n = 10) fed 58% HFD (18 weeks).

Data are presented as mean + SEM. Two-way ANNOVA with Tukey’s post hoc multiple-comparisons test was used to compare WT and HET mice (C, E, and F).
Student’s t test was used to compare chow- and HFD-fed mice (A and B) and WT and HET mice (F and H).
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Figure 5. Fibro-inflammation is a hallmark of inactive BAT in humans
(A-C) Spearman correlation between expression of collagens (A), ECM remodeling-related markers (B), fibro-inflammatory markers (C), and BAT activation

markers and whole-body systemic metabolic parameters.

(D) Comparison of expression of collagens in BAT between the subjects exhibiting high- or low-cold-stimulated BAT metabolic activity. *p < 0.05 compared with

low-BAT using t test.

Activation of human and murine brown adipocytes is
associated with ECM remodeling

We then examined how ECM was regulated during brown adipo-
cyte activation and recruitment in humans and mice at the
cellular level. We observed that brown adipogenesis was associ-
ated with changes in collagen expression characterized by
increased basement membrane components col4al and
col6at in primary murine brown adipocytes (Figure S7B). In line
with these results, we found that differentiation of the human
brown adipocyte cell line (PAZ6,"*> GEO: GSE168387) was asso-
ciated with down-regulation of fibro-inflammatory pathways (i.e.,
wound healing and TNF signaling pathway), including fibrillar
collagen and cross-linking regulatory proteins (e.g., COL1A2,
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LOX, SPARC) (Figures 6A and 6B). Of note, brown adipogenesis
also involves up-regulation of ECM components, such as
collagen 4 and 6, and laminin, typically associated with base-
ment membrane formation characteristic of mature adipocyte
ECM* (Figure 6B). These results indicate that ECM remodeling
is correlated with brown adipogenesis. As observed in white ad-
ipose cells, brown adipogenesis replaces fibrillary collagen (e.g.,
collagen 1 and 3) with non-fibrillar collagen and basement mem-
brane components (e.g., collagen 4).*°

To assess the regulation of ECM remodeling in brown cell acti-
vation, we reanalyzed an RNA-seq dataset of human differenti-
ated brown adipocytes isolated from supraclavicular AT of
non-diabetic participants and stimulated for 4 h with NE
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(10 puM).*® We identified genes and pathways associated with
UCP1 expression in BAT (Figures 6C and 6D). As expected,
the genes positively associated with UCP7 were involved in hu-
man brown fat differentiation (e.g., ADRB2, FABP4) and cell
respiration (e.g., COX70, NR4A3). In contrast, high UCP1
expression was associated with down-regulation of collagen
metabolic processes (e.g., P2RX7, P3H3) and epithelial-to-
mesenchymal transition (e.g., TGFB2, TGFBR3), both pathways
related to fibrosis.® In line with these human data, we found that
pharmacological activation of differentiated primary murine
brown adipocytes in vitro through adrenergic stimulation (NE)
reduced collagen gene expression (Figure S7C). As observed
during adipogenesis, these results indicate that brown adipocyte
activation is associated with ECM remodeling and down-regula-
tion of fibro-inflammation.

Cold-induced BAT activation is associated with ECM
remodeling

We then studied the relevance of ECM remodeling in BAT activa-
tion following cold exposure (CE). As observed in the DIO model,
the Pepd-HET mice showed higher collagen deposition around
brown adipocytes (peri-AD collagen) both at room temperature
(RT) and CE compared with WT mice (Figures 6F and 6G).
Among the main ECM-related components of the BAT, only
Col6a1l mRNA expression was higher in Pepd-HET mice than
WTs at RT (Figure 6E). Interestingly, Pepd-HET mice did not
show variation in macrophage marker Adrge? in BAT at both
RT and CE (Figure 6E).

We confirmed that BAT from WT mice acclimated to cold
(8 weeks) showed increased expression of brown markers
(Ucp1, Pgcia, Elovi3) and reduced lipid droplet size compared
with mice at RT (Figures 6E, S6A, and S6B). However, Pepd-
HET mice did not show significant differences in lipid droplet
size or brown marker gene expression compared with WTs at
RT and upon CE (Figures 6E, S8A, and S8B). BW and blood
glucose levels were not different between CE and genotypes
(Figures S6C and S6D). Regarding the ECM profile, mRNA
expression of ECM components (Col1a2, Col6al, and Fn) in
BAT increased following CE compared with RT in WT and HET
mice (Figure 6E). However, the amount of collagen in BAT from
CE mice was lower than at RT (in both WTs and HETSs). It did
not correlate with the increased gene expression observed
(Figures 6F-6H), suggesting increased collagen turnover during
CE. A correlation matrix analysis confirmed the expected asso-
ciation between BAT activation following CE (i.e., mRNA expres-
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sion of brown markers) and low BW (Figure 6H). Also, the gene
expression of fibrosis-associated ECM components (i.e.,
Col1a2, Col6a1, and Fn) correlated positively with the increase
of brown adipocyte markers, including Ucp1, Pgc1«, and ElovI3
in WT, and to a lesser extent in HET mice. However, peri-AD
collagen content in BAT was associated with higher BW, bigger
lipid droplets and lower brown marker gene expression in WT but
not in HET mice (Figure 6H). These results indicated a link be-
tween collagen deposition and impaired BAT activation, which
was less evident in the less cold-responsive HET mice. In line
with a reduced response to cold, correlation matrix analysis in
HET mice revealed that lower Pepd expression was associated
with bigger lipid droplets and lower Ucp1 expression (Figure 6H).
However, without inflammation, the imbalance in collagen turn-
over did not significantly impair BAT activation upon CE.

BAT inactivation is associated with unbalanced ECM
remodeling and fibro-inflammation

To further characterize ECM remodeling during the process of
BAT activation, we re-analyzed the RNA-seq dataset from
Sanchez-Gurmaches et al.”” (GEO: GSE96681). In this study,
mice were acclimated to cold for 3 weeks or acclimated for
3 weeks at 30°C (TN), an environmental temperature at which
BAT stimulation by the sympathetic nervous system (SNS) is in-
activated. Comparison between these opposite BAT activation
states showed a strong up-regulation of the inflammatory
response pathway in TN vs. CE (Figure 7A). From the repertoire
of inflammatory markers, gene expression of cytokines and che-
mokines related to macrophage recruitment, such as Cx3cl1,
Ccr2, and Cxcl9, was significantly increased in TN compared
with CE. In addition, TN mice showed up-regulation of ECM or-
ganization genes, particularly fibrillary and fibrotic components
such as collagens 1, 3, and 6 and MMPs (Figures 7B and 7C).
Interestingly, Pepd was downregulated in TN compared with
CE mice (Figure 7C). This dataset again indicates that inactive
BAT is associated with fibro-inflammation and down-regulation
of the prolidase PEPD.

We then investigated the effect of TN on BAT function and
ECM profile in Pepd WT and HET mice. We confirmed that WT
mice exposed to TN displayed reduced brown marker gene
expression, increased inflammatory marker Tnfa and BAT whit-
ening (i.e., bigger lipid droplets) (Figures S8E-S8G). We vali-
dated that Pepd gene expression was also significantly lower
at TN than RT in WT mice (Figure S8E). Also, Pepd expression
was negatively correlated with the size of lipid droplets

Figure 6. BAT activation is associated with ECM remodeling

(A and B) Gene Ontology (GO) enrichment analysis of differentially expressed genes (DEGs) in PAZ6-differentiated adipocytes compared with non-differentiated
cells (A) and heatmaps of the DEGs related to the “ECM composition” pathways (B).

(C and D) UCP1-genes correlations in NE-stimulated differentiated adipocytes isolated from Tran et al. cohort,*® shown as volcano plots (C) and GO enrichment
analysis of the corresponding genes (D).

(E) Heatmaps of mRNA expression of brown and fibro-inflammatory markers in BAT from Pepd WT (n = 6) and HET (n = 6) mice housed at 21°C (RT) or acclimated
to 8°C (CE).

(F and G) Representative images of red Sirius staining in BAT from Pepd WT (n = 6) and HET (n = 6) mice housed at 21°C (RT) or acclimated to 8°C (CE) (F) and
corresponding quantification of peri-adipocyte (peri-AD) and peri-vascular (peri-V) collagen deposition represented as percentage tissue area (G). Scale bar:
100 um.

(H) Pearson correlation matrix between BAT ECM remodeling markers and metabolic and thermogenic parameters in Pepd WT (n = 6) and HET (n = 6) mice
housed at 21°C (RT) and acclimated to 8°C (CE).

Data are presented as mean + SEM. Two-way ANNOVA with Tukey’s post hoc multiple-comparisons test was used to compare WT and HET mice.
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(Figure 7J). In line with the transcriptomic data, TN increases
peri-AD collagen, macrophage accumulation (F4/80 staining)
and crown-like structures (CLSs) compared with mice at RT,
thus confirming the occurrence of fibro-inflammation at TN
(Figures 7E-7I). In WT mice, peri-AD collagen deposition was
associated with the whitening of the BAT. Higher collagen
expression correlated with a higher level of Mrc1 gene expres-
sion, a marker of macrophages involved in tissue remodeling*®
(Figure 7J).

As expected, Pepd-HET mice displayed higher peri-AD
collagen deposition at RT and TN than their WT littermates
(Figures 7G-7I). Still, they did not show a difference in the peri-
vascular collagen. In addition, partial depletion of Pepd
increased gene expression of fibrillar collagens 1 and 3 (but
not basement membrane collagen 4 gene expression) (Fig-
ure 7D), suggesting exacerbated fibrosis. Interestingly, fibro-
inflammation in BAT of HET mice was accompanied by
decreased Ucp?1 gene expression compared with WTs (Fig-
ure 7D). In line with this, correlation matrix analysis showed
that in HETs at TN, there was a more significant association be-
tween macrophage markers and fibrillar collagen gene expres-
sion, and lower Pepd expression was associated with lower
Ucp1 and Pgc1a gene expression (Figure 7J). Taken together,
these results supported our human data showing fibro-inflam-
mation as a hallmark of inactivated BAT.

DISCUSSION

Individuals with obesity have a decreased amount of responsive
BAT; however, the cause-effect relationship between decreased
BAT and obesity is unclear. Here we showed that obesity is
associated with fibro-inflammation and impairment in its devel-
opment and functionality. In humans, a fibro-inflammatory envi-
ronment limits BAT activation. From this observation, we
showed that BAT’s recruitment, maintenance, and functionality
requires tightly regulated ECM remodeling adjusted to environ-
mental cues such as cold and HFD. We also showed that primary
defects in ECM remodeling are sufficient to disrupt BAT recruit-
ment and function.

Our human data suggest that dysregulation of ECM compo-
nents in BAT may contribute to dysfunctional metabolism, as
indicated by the inverse correlation between collagen expres-
sion and cold-induced BAT glucose uptake and UCP-1 expres-
sion. We also observed a positive correlation between many col-
lagens and plasma cholesterol levels, which may indicate
a potential role for ECM dysregulation in lipid metabolism. How-
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ever, further research is needed to confirm these associations in
larger cohorts, particularly in obese individuals where fibro-
inflammation may be more pronounced.

Upon cold stimulation, BAT undergoes active ECM remodel-
ing, leading to reduced collagen levels and higher brown marker
expression. Brown preadipocytes are the primary cells produc-
ing ECM, and downregulate ECM and inflammatory markers
during adipogenesis and acute activation. These results align
with recent findings showing a decreased expression of
Col1a1 in AMPc-treated adipocytes associated with increased
protein release.’” Inflammation is associated with impaired
BAT function, and several anti-inflammatory molecules are upre-
gulated upon BAT activation.*®°° We compared the molecular
characterization of BAT in TN versus CE and observed a
down-regulation of inflammation in CE (activated) vs. TN (inacti-
vated) BAT. Inactive BAT is associated with the enrichment of fi-
bro-inflammatory pathways, as previously suggested by our hu-
man data. We confirmed the presence of fibro-inflammation in
mice acclimated to TN, showing that BAT whitening was associ-
ated with a higher level of CLS and collagen deposition around
adipocytes. BAT from mice with chronic obesity also shared fea-
tures of fibro-inflammation. Therefore, we concur with Keijer
et al.°" that 30°C may not be the most suitable housing temper-
ature for mice in preclinical studies, as it could mask the impact
of obesity by promoting BAT fibro-inflammation and dysfunction
even in chow lean supposed to be healthy mice.

The HFD time course study revealed that following an initial
activation phase, BAT experienced progressive inactivation
characterized by whitening, hypoxia, and fibro-inflammatory
response during HFD, consistent with WAT observations®> We
observed higher collagen accumulation around adipocytes after
28 weeks of HFD compared with chow, coinciding with signifi-
cantly higher 116 expression. The occurrence of inflammation
and fibrosis after 28 weeks of HFD suggests a failure of the
BAT tissue in the context of sustained metabolic insult, ultimately
leading to a pathological fibro-inflammation phenotype. These
findings suggest that BAT fibrosis occurs similarly to WAT, as
observed in later stages of obesity.>®> We also noticed a correla-
tion between down-regulation of “vascular remodeling and ther-
mogenesis” cluster and up-regulation of “BAP fibro-inflamma-
tion” cluster. This may indicate that BAT vessels rarefaction,
local hypoxia, and activation of BAPs into profibrotic progenitors
compromise BAT thermogenesis.

In WAT, the amount of AT fibrosis correlates with the number
of AT macrophages (ATMs),>* suggesting potential crosstalk
between macrophages and preadipocytes mediating

Figure 7. BAT inactivation is associated with unbalanced ECM remodeling and fibro-inflammation
(A) GO enrichment analysis of DEGs in BAT from C57BI/6 acclimated 3 weeks to 5C compared with mice acclimated 3 weeks to thermoneutrality (TN) (n = 4).%"
(B and C) Heatmaps of inflammatory (B) and ECM-related DEGs (C) in BAT of mice acclimated 3 weeks to cold compared with mice housed at TN (n = 4) ex-

pressed as log, fold change (logoFC) variation over TN.

(D) Heatmaps of MRNA expression of brown and fibro-inflammatory markers in BAT from Pepd WT and HET mice housed at 21°C (RT) or acclimated to 30°C (TN).
(E-1) Representative images of F4/80 (E) or red Sirius (G) staining in BAT from Pepd WT and HET mice housed at 21°C (RT; n = 5/9, respectively) or acclimated to
30°C (TN; n = 6/8, respectively) and corresponding quantification of F4/80 staining (E), crown-like structure (CLS) number expressed as percentage area (F), peri-
adipocyte (peri-AD; H) and peri-vascular (peri-V; I) collagen deposition represented as percentage tissue area. Scale bar: 100 um.

(J) Pearson correlation matrix between BAT ECM remodeling markers and metabolic and thermogenic parameters in Pepd WT and HET mice housed at 21°C (RT;

n = 5/9 respectively) or acclimated to 30°C (TN; n = 6/8, respectively).

Data are presented as mean + SEM. Two-way ANNOVA with Tukey’s post hoc multiple-comparisons test was used to compare WT and HET mice (E, F, H, I).

Student’s t test was used to compare WT and HET mice (D).
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fibro-inflammation.®*°° Our in vitro data suggested that inflam-
matory macrophages induced ECM deposition in BAPs and pre-
vented adipogenesis. Interestingly, similar results were
observed in the condition of hypoxia. In addition, an obese
ECM was detrimental to BAP differentiation and function. Further
investigations are required to validate the impaired capacity of
BAPs to differentiate and if any switch to fibrotic phenotype is
observed in vivo in chronic obesity as observed in WAT.*’

This study is the first to describe the gradual decline in MTC
and BAT thermogenesis in response to HFD in mice. As Gran-
soch M et al. previously performed, we plotted individual data
related to BW and analyzed the effects of HFD on MTC using
covariance (ANCOVA).?° We found that MTC was reduced in
mice fed HFD for 28 weeks compared with chow-fed controls.
Using a regression-based approach, Schwartz and colleagues
showed that Lep®?’°? mice exhibit a significant reduction of EE
relative to WT controls. However, the EE/lean body mass ratio
comparison did not support this effect.”® These results align
with the thermogenic defects (i.e., decreased maximal calori-
genic response and sensitivity to NE, decreased respiratory
response to dibutyryl cyclic AMP (DcAMP), and decreased
BAT cytochrome oxidase activity) observed in BAT of obese dia-
betic SHR/N-cp rats.*® In our model of diet-induced obesity, we
found that the collagen deposition in BAT was negatively corre-
lated with thermogenic function once BW and time on diet were
controlled for, which suggests that anti-fibrotic strategies could
be a potential approach to maintain BAT functionality indepen-
dently of obesity. Ablation of collagen-VI in obese Lep°?’°P
mice improved metabolic phenotype by improving WAT, plas-
ticity, and inflammation.®® However, BAT was not investigated.
More recently, Hasegawa et al. showed that repression of BAT
fibrosis in Gtf2ird1 transgenic mice improved systemic glucose
homeostasis.®’ Further investigations are needed to decipher if
removing fibro-inflammation in BAT could rescue BAT remodel-
ing and activity in obesity.

We investigated the role of ECM remodeling in BAT fibro-
inflammation using Pepd-heterozygote mice, which have 50%
decreased expression of the prolidase PEPD, a key protein in
collagen degradation and turnover.'”> We observed that the
phenotype of pepd-HET mice differs among the different temper-
ature/diet conditions. Pepd-HET mice showed a higher level of
collagen deposition due to impaired collagen degradation inde-
pendently from the diet/temperature condition. Of note, in the
condition of HFD, WT mice also developed fibrosis which masked
the differences with the HET mice, as observed in WAT.*” Pepd-
HET mice showed a mild phenotype when exposed to cold. When
exposed to TN, Pepd-HET mice tended to have higher inflamma-
tion and lower expression of brown markers. However, Pepd
depletion exacerbated BAT whitening and reduced the expres-
sion of brown markers in chronic HFD. The main difference
among the groups that can explain the more robust phenotype
in HFD-fed animals is the presence of inflammation. Both TN
and HFD promote BAT inflammation. Interestingly, both condi-
tions are associated with reduced expression of pepd. Our results
suggest that further Pepd depletion exacerbates BAT dysfunction
in these conditions. Further investigations are needed to deter-
mine and compare ECM composition at the protein level and
changes in the organization of collagen fibers among cold, TN,
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and obesity conditions. Notably, decreased Pepd expression
was a hallmark of fibro-inflammatory and inactive BAT observed
at TN and chronic obesity. This evidence reinforced the impor-
tance of optimal collagen degradation and enhanced ECM re-
modeling to maintain BAT function and integrity.

Our study shows that appropriate ECM remodeling is critical
for BAT function in response to physiological stimuli, and that
failure of remodeling with inflammation leads to BAT dysfunction
and atrophy. These findings suggest that therapeutics aimed at
sustaining ECM remodeling and preventing fibro-inflammation
could improve BAT maintenance and responsiveness, and
potentially alleviate metabolic dysfunction in obesity.

Limitations of the study

We acknowledge that there are several limitations that must be
considered. First, although we observed increased collagen
expression in adipocytes in the context of obesity, further
confirmation of the underlying mechanisms involved is required
through single-nucleus/cell RNA-seq. Second, we showed that
hypoxia is induced in BAT in response to HFD in vivo, and in-
hibits BAT adipogenesis and promotes ECM production
in vitro. Additional research is necessary to validate the rela-
tionship between hypoxia and BAT fibro-inflammation and
dysfunction, and to explore the associated mechanisms in
mice and human. Third, the use of a heterozygote model with
mild phenotypic responses in our study, suggests that an
adipocyte-specific KO would be necessary to confirm the role
of PEPD in regulating BAT ECM remodeling and BAT functions.
Finally, our findings regarding the association between BAT ac-
tivity and ECM expression were made in healthy lean subjects
only, highlighting the need for further studies in larger cohorts
of lean and obese individuals with different metabolic condi-
tions to validate the link between BAT fibrosis, BAT activity,
and metabolic complications.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-collagen | Abcam Cat# ab21286; RRID:AB_446161
Anti-collagen Il Abcam Cat# ab7778; RRID:AB_306066
Anti-collagen IV Abcam Cat# ab6586; RRID:AB_305584
Anti-collagen V Abcam Cat# ab7046, RRID:AB_305723
Anti-collagen VI Abcam Cat# ab182744, RRID:AB_284791
Anti-fibronectin Abcam Cat# ab2413, RRID:AB_2262874
MACS mouse CD11b microbeads Miltnyibiotec Cat# 130-049-601, RRID:N/A
MACS mouse CD45 microbeads Miltnyibiotec Cat# 130-052-301, RRID:N/A
MACS mouse CD31 microbeads Miltnyibiotec Cat# 130-097-418, RRID:N/A

Alexa 555-conjugated anti-rabbit
Alexa 488-conjugated anti-mouse

Life Technologies
Life technologies

Cat# A-21428, RRID:AB_2535849
Cat# A-21202, RRID:AB_141607

Chemicals, peptides, and recombinant proteins

Lipopolysaccharide Sigma-aldrich Cat# L4391
(+)-Norepinephrine (+)-bitartrate salt Sigma Cat# A0937-5G
Insulin (Actrapid 100 IU/mL) Novo Nordisk Cat# 1331415
Bodipy 493/503 Life science Cat# D-3922
Phalloidin-iFluor 594 Reagent Abcam Cat# ab176757
Hoechst 33342 Thermofisher Cat# H3570
PuraMatrix® hydrogel Corning Life Science Cat# 354250
45% HFD Research Diets Cat# D12451
58% HFD Cat# 12331
Triton X-100 Sigma-aldrich Cat# T-9284
STAT60 AMS Biotechnology Cat# CS-502
Collagenase from Clostridium histolyticum type 2 Sigma-aldrich Cat# C6885
Bovine serum albumin Sigma-aldrich Cat# A8412
Critical commercial assays

Free glycerol assay Sigma-aldrich Cat# F6428-40mL
RNeasy minikit (250) Qiagen Cat# 74106
RNA 6000 Nano Kit Agilent Cat# 5067-1511
TruSeq Stranded mRNA HT Sample Prep Kit lllumina Cat# 20020595
Proteome Profiler Mouse Angiogenesis Array Kit R&D Systems Cat# ARY015
Deposited data

Single nuclei RNAseq: murine BAT Y Wang et al.® GEO: GSE202630

Single nuclei RNAseq: human BAT

RNAseq data: human NE-treated adipocytes
RNAseq data: PAZ6 adipocytes

RNAseq data: mice exposed to cold and TN
Human RNAseq data

W Sun et al.*®

KV Tran et al.*®

SC and ACG et al.??

J Sanchez-Gurmaches et al
M U-Din et al.*?

47
.

EBI: E-MTAB-8564
N/A

GEO: GSE168387
GEO: GSE96681
GEO: GSE113764

Experimental models: Cell lines

Murine immortalised brown preadipocyte cells
(C57BAT).

Murine immortalised brown preadipocyte cells
(pBAT)

Human immortalised brown preadipocyte cells
(PAZ6)

Laboratory of Dr. C. Ronald Kahn®
Laboratory of Dr. Angela M. Valverde®®

Laboratory of Dr. Tarik Issad*®

N/A

N/A

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

C57BI/6J Charles River JAX™ Strain, RRID:IMSR_JAX:000664
C57BL/6J-Lepob Charles River JAX™ Strain, RRID:IMSR_JAX: 000632
Pepdtm1a(KOMP)Wtsi Wellcome Trust Sanger Institute MFPW; EPD0224_1_C04

Software and algorithms

GraphPad Prism7 and 8 GraphPad Software RRID: SCR_002798

Fiji Fiji RRID: SCR_002285

Zeiss LSM 510 Meta Confocal microscope with Carl Zeiss N/A

LSM 3D software

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Antonio
Vidal-Puig (ajv22@medschl.cam.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® This paper analyzes existing publicly available data. These accession numbers for the datasets are listed in the key resources
table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact, Antonio Vidal-
Puig (ajv22@medschl.cam.ac.uk), upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal models

8-10 weeks old male C57BI6/J mice were purchased from Charles River. Pepd WT and HET mice were generated by the Wellcome
Trust Sanger Institute Mouse Genetics Project on a C57BI6/J background by mating HET mice. Pepd-homozygous and Pepd-HET
pups were born at expected Mendelian ratios. In line with the 3R, only a subpopulation of the pups born was selected for each study.
8-10 weeks old male Pepd WT and HET were used for each experiment. Wild-type Lep"?** and leptin-deficient mice, Lep®”°?, were
on a C57BL/6 background. Studies were conducted in 8-28 weeks-old mice using littermate controls. This research has been regu-
lated under the Animals (Scientific Procedures) Act 1986 Amendment Regulations 2012 following ethical review by the University of
Cambridge Animal Welfare and Ethical Review Body (AWERB) under pathogen-free conditions and housed according to UK Home
Office guidelines and carried out by the Disease Model Core unit. Animals were housed in 3—4 per cage in a temperature-controlled
room (22°C) with a 12-h light/dark cycle, with 55% relative humidity and ad libitum access to food and water. A standard chow diet
(DS-105, Safe Diets) was administered to all animals from weaning, consisting of 64.3% carbohydrate, 22.4% protein and 13.3% lipid
of total calories. Only male mice were used for in vivo and in vitro experiments, isolation of primary cells preparation of BMDMs.
Generation of bone marrow chimeras

C57BL6/J mice at 10 weeks of age received a sublethal dose of whole-body irradiation (9Gy). The day after irradiation, donor Pepd
KO mice were culled, and their femurs and tibias were removed aseptically. Marrow cavities were flushed in RPMI medium, and sin-
gle-cell suspensions were prepared. The irradiated recipients received 1x107 bone marrow cells in 0.1mL of PBS by tail-vein injec-
tion. During 4 weeks after BMT, Bactrim (Roche) was added to drinking water. After two additional weeks, mice were switched to a
58% HFD. Mice were culled 16 weeks later to collect blood and tissues.

Temperature studies

Chow-fed male C57BI/6 WT mice were kept at room temperature (RT, 21°C), and acclimated (3 weeks) to 8°C (CE) or thermoneu-
trality (30C, TN). Before moving to the appropriate housing temperature, all mice had previously been housed at 21°C, and all
mice were 18 weeks old when culled.
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HFD studies

Diets for animal studies included standard chow (10% calories from lipid), HFD 45% (D12451, Research Diets, 45% calories from
lipid) and HFD 58% (D12331, Research Diets, 58% calories from lipid). Standard chow or HFD was provided ad libitum to animals
from 8 weeks old until indicated.

Body composition

Fat and lean masses were calculated by time-domain nuclear magnetic resonance (TD-NMR) by using a minispec Live Mice Analyzer
LF50 (Bruker).

Human subjects

Paired biopsies of BAT and WAT were obtained from the supraclavicular region of 14 healthy subjects of both sexes (10 females and 4
males) with the approval of ethical review board of the Hospital District of Southwest Finland. All enrolled study subjects were non-
diabetic, had normal oral glucose tolerance test, healthy cardiovascular status and level of circulatory hepatic enzymes within
adequate range. Informed written consent was obtained from all study subjects prior to inclusion in the study. The study was carried
out according to the principles of declaration of Helsinki and GCP guidelines. The anthropometric characteristics of this study cohort
are shown in Table 1. The procedure was carried out at room temperature (~ 22°C) under local lidocaine-epinephrine anesthesia by
an experienced plastic surgeon using available imaging data of BAT location. The WAT sample was collected from the same incision.
The adipose tissue samples were snap-frozen in liquid nitrogen immediately after the excision. RNA Isolation and Next Generation
Sequencing were performed as described in.*. ['"®F]FDG PET or ['®F]FTHA PET imaging under the cold exposure was performed as
previously described.*>** More details regarding participants and original study are found in.*?

Cell culture

Murine brown adipocyte cell lines

C57BAT and pBAT brown preadipocyte cell lines were used for in vitro experiments. Both immortalized cell line were generated from
SVF cells of interscapular BAT from newborn mice (sexes not reported) and differentiated as previously described.*®%%° For 2D cul-
tures, cells were plated 50,000 cells/12 well plates and maintained in a differentiation medium until fully differentiated. By day 8
(C57BAT) or 6 (pBAT) post-induction, cells were defined as differentiated if they appeared healthy and lipid replete. Cells were
kept either in normoxic conditions (21% O,) or, after 24 h, switched to hypoxic conditions (5% O»,).

Human brown adipocyte cell line

The human immortalised brown preadipocyte cell line Paz6 was generated from SVF cells of an infant brown adipose tissue (sex not
reported) and differentiated to adipocytes as described previously.*®

Primary brown adipocytes

Brown adipose tissue from 8 weeks old male C57BI/6 WT and Pepd HET mice was dissected from the interscapular region, cut into
small pieces, and incubated for 40 min at 37°C in digestion media containing 1 mg/ml of Collagenase Il and 1% BSA in FBS-free
DMEM/F12 medium. Digestion was stopped with 1/5 volume of FBS, and the mixture was filtered through a 100 um cell strainer
before centrifugation at 300 x g for 5 min. The upper phase containing the mature adipocytes was collected, and the remaining cells
were centrifuged at 600 x g for 5 min. The pellet was resuspended in 1x red blood cell (RBC) lysis buffer (ThermoFisher Scientific) and
incubated for 4 min on ice. Primary brown adipocytes culture medium (PBACM) containing DMEM/F12 10% FBS, 1% L-glutamine
and 1% Penicillin-Streptomycin was added to the cells before centrifugation at 600 x g for 5 min. The pellet (stromal vascular fraction,
SVF) was resuspended in PBACM and cultured in T25 flasks. After 24h, cells were washed with PBS to remove floating cells, and a
fresh culture medium was added. Cells were maintained in this manner with the medium changed every 2 days until differentiation
after two passages. Cells were then seeded in 12-well plates (5 x 10° cells) until 80% confluence. The medium was then changed to
“induction medium” (day 0), containing PBACM 0.5mM IBMX, 1uM dexamethasone, 1ug/ml insulin, 1uM rosiglitazone and 1nM T3.
After 48h, the induction medium was replaced with a “maintenance medium” containing PBACM 1ug/ul insulin and 1nM T3. The
maintenance medium was changed every two days until complete differentiation (about 7days). On day 7, primary differentiated
adipocyte cells were activated with norepinephrine (NE) 1uM for 6h.

Culture with conditioned medium from activated macrophages

Bone marrow from the femur and tibia bones from 10 to 16 weeks-old C57BL6 WT mice was collected, and bone marrow-derived
macrophages (BMDMs) were prepared as previously described.®® After differentiation, BMDMs were cultured in 12 well-culture
plates (5 X 10° cells) for 24h in BMDM medium before 6h stimulation with LPS (100 ng/ml). Activated BMDMs were then cultured
in fresh media for 24h. Conditioned media was collected, centrifuged to eliminate cell debris and stored at —80°C. C57BAT preadi-
pocytes were differentiated in 3V DMEM with 10% fetal bovine serum (F.B.S.) and containing the adipogenic cocktail®® with 1V con-
trol RPMI or conditioned media from activated macrophages CM M(LPS) as previously described®’ for 9 days. For immunofluores-
cence analysis, C57BAT preadipocytes were differentiated on glass coverslips with or without CM M(LPS) for 9 days, as mentioned
above.

3D culture of brown adipocytes with ECM from lean and obese mice

Before 3D culture, ECM from either lean Lep"?"! or obese Lep®?’°° mice was minced finely and mixed with Puramatrix hydrogel at a
0.25 g/mL concentration, corresponding to the proportion of fibrosis/adipocytes observed in adipose tissue from obese subjects.'®
The mixture was sonicated for 30 min and minced once more before diluting 1:1 20% sucrose solution. pBAT cells were collected,
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resuspended in 10%sucrose and embedded into the hydrogel alone (control 3D condition) or in the presence of ECM at a 1:1 ratio for
a final concentration of 1000cells/uL and 0.0625g ECM/mL. 300uL of cell mixture was incorporated into 24-well plates containing
1mL of prewarmed serum-free medium. After 1h at 37C, the medium was changed to a differentiation medium. Cells were differen-
tiated as previously described for 6 days.*® Briefly, cells were maintained in a growth medium (DMEM 10% FBS with L-glutamine and
pen-strep). Cells were fed a differentiation medium every two days (growth medium with T3 and insulin) for differentiation. When
confluent, cells were provided induction medium for two days (differentiation medium with dexamethasone, indomethacin and
IBMX). Cells were then maintained in a differentiation medium until fully differentiated (day six).

METHOD DETAILS

Magnetic-activated cell sorting

BAT from 12 weeks old C57BL/6 mice was dissociated by collagenase treatment isolating unilocular adipocytes from the stromal
vascular fraction (SVF). SVF was resuspended in MACS buffer (PBS, 2mM EDTA (sterile), 0.5% Bovine Serum Albumin) and sequen-
tially incubated with Microbeads conjugated to monoclonal anti-mouse CD45 antibodies (Ly-5; isotype: rat IgG2b; clone:30F11.1,
Miltenyi Biotech), monoclonal antihuman/mouse CD11b (Mac-1a) antibodies (isotype: rat IgG2b, Miltenyi Biotech).and anti-CD31
antibody (isotype: ratigG2a, Miltenyi Biotech) or 15 min at 4°C. Finally, the CD45", CD11b* and CD31" fractions were isolated using
MACS LS columns according to manufacturer instructions (Miltenyi Biotech).

ECM preparation from decellularised BAT

For each ECM preparation, 8-15 weeks-old Lep and Lep mice were culled, and BAT depots from each group were collected
and pooled. BAT samples (around 20g) were minced and incubated in distilled water with sodium deoxycholate 0.1%, Triton X-100
0.1% and IGEPAL 0.1% for 48 h at 4°C with gentle shaking. BAT samples were then incubated in trypsin—-EDTA for 4 h at 37°C with
shaking and washed once with isopropanol and then twice with ethanol. After three washes with PBS, the decellularised BAT (ECM)
was dialyzed overnight at 4°C against PBS. ECM was kept in sterile conditions at 4°C in PBS supplemented with fungizone (final con-
centration 2.5 ng/mL), penicillin (final concentration 100 Ul/ml) and streptomycin (final concentration 100 pg/mL) for no more than
1 month.

Ob/Ob wt/wt

Histological analysis

BAT and liver samples were fixed in 4% paraformaldehyde for 24h, embedded in paraffin, sectioned into 5 um sections, and pro-
cessed for Sirius Red/Fast green (fibrosis) or haematoxylin and eosin (H&E) staining. Sirius Red binds to all types of collagen, whereas
fast green stains non-collagenous proteins. The slides were scanned using Microscopy Zeiss Axioscan Z1 Slide scanner. HALO Im-
age Analysis Software (HALO; Indica Labs) was used to quantify liver steatosis (lipid droplet tissue area), BAT lipid droplet size, tissue/
vessel area, and fibrosis. The software was optimised with specific analysis settings and was trained to identify tissue, vessels,
fibrosis, damaged tissue, and glass as individual classifiers. The picrosirius staining was then quantified exclusively in the tissue
and vessels classifiers, allowing for the determination of the amount of peri-AD and peri-V fibrosis and vessel area.

Immunofluorescence analysis and confocal microscopy

BAT samples and BAPs (cultured on a coverslip or in hydrogel with ECM) were fixed 30min (2D culture) or 1h (Tissue and 3D culture) in
4% paraformaldehyde for 1 h at room temperature and then transferred to PBS, in which they were stored at 4°C until immunoflu-
orescence analysis. Samples were blocked in 1M glycine and PBS with 3% B.S.A. and 0.1% Triton X-100. Samples were then incu-
bated with the appropriate primary antibody overnight at 4°C. Bound primary antibody was detected after 2h incubation in PBS with
3% B.S.A. using secondary antibodies conjugated to Alexa Fluor dyes (488 and 568). Neutral lipids were stained with Bodipy 493/
503, and actin was stained with Alexa Fluor 546 phalloidin (Molecular Probes, Eugene, OR) during the secondary antibody incubation.
Nuclei were counterstained with DAPI (Invitrogen). Samples were mounted in Fluoromount G (SouthernBiotech, Birmingham, AL,
U.S.A.) and imaged blind using Zeiss LSM 510 Meta Confocal microscope with LSM 3D software (Carl Zeiss). At least three images
per sample per stain were used for quantification, which was also performed blind. Images were captured and analyzed using ZEN
2009 imaging software (Carl Zeiss).

RNA extraction and real-time PCR

According to the manufacturer’s instructions, RNA from BAP culture in 2D were extracted using RNeasy Mini columns (Qiagen). From
frozen tissue or BAPs culture in 3D was harvested using RNA-STAT-60TM (A.M.S. Bio) and purified by chloroform extraction and
isopropanol precipitation. Reverse transcription was performed using Reverse Transcriptase System (Promega) according to the
manufacturer’s instructions and as described in.°® Real-time PCR was carried out using TagMan or Sybr Green reagents using an
Abi 7900 real-time PCR machine using default thermal cycler conditions and as described in.°® Reactions were run in duplicate
for each sample and quantified using the A.B.l. Prism 7900 sequence detection system (Applied Biosystems). Primer sequences
are described in Table 2. Reactions were run in duplicate, checked for reproducibility, and then averaged. Duplicates were checked
for reproducibility and then averaged. Product specificity was determined using a dissociation curve for SYBR green reactions. A
standard curve generated from a pool of all cDNA samples was used for quantification. The expression of genes of interest was
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normalised using the geometric average of four housekeeping genes (18s, 36b4, Bactin, and B2m), and data are expressed as arbi-
trary units.

Lipolysis assay

BAPs were differentiated in 3D hydrogel with or without ECM (from Lep and Lep mice). Differentiated BAPs/hydrogels were
then incubated in Krebs-Ringer bicarbonate buffer with or without NE (75 nM) for 4 h at 37°C. Glycerol was measured as an index of
lipolysis by using free glycerol reagent (Sigma) against a glycerol standard curve.

Ob/Ob wt/wt

Calculation of energy expenditure and maximum thermogenic capacity

Energy expenditure (EE) and Maximum thermogenic capacity (MTC) of mice were assessed by indirect calorimetry. EE was per-
formed in-home cages in a 10-L cage and measured over 48h. MTC was performed in an oxymax calorimetry chamber with
a 2.7 L capacity. For MTC, the Oxymax chamber was housed within a larger temperature-controlled cabinet. Temperature within
calorimetric chambers was continuously monitored and fixed at 30°C. Oxygen consumption and carbon dioxide production were
measured using a custom-built oxygen and carbon dioxide monitoring system (Creative Scientific). Airflow rates were set at
400 mL/min. EE was calculated from oxygen consumption and carbon dioxide production. Regarding MTC measurement, animals
were first anesthetized under pentobarbital (60 mg/kg) anesthesia. Oxygen and carbon dioxide concentrations in room air and air,
leaving each cage, were measured every 4 min. Baseline EE was taken calculated from the average of three EE measurements
once a steady state was achieved (at least 3 consecutive stable measurements, usually taking ~20 min)). Mice were then injected
subcutaneously with 1 mg/kg of norepinephrine bistartrate and 30 mg/kg of pentobarbital and returned to the calorimetry chamber.
Energy expenditure was measured for a further 28 min. Energy expenditure was calculated from VO2 and VCO2 using a modified
Weir equation. The maximal NE-stimulated energy expenditure was determined as the average of the three largest readings post
injection. ANCOVA and multiple linear regression analyses were performed using SPSS 26.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of animals or independent experiments was determined based on pilot data and indicated in the figure legends. No sta-
tistical methods were used to predetermine the total number of animals needed for this study. Animal allocation to cages (4 mice/cage)
and diet were not randomised as we ensured each cage had mice from the two genotypes and each group (chow and HFD) had the
same average of initial body weight. While blinded during the experiments and assessment of the outcome, the investigators were not
blinded to the animals’ allocation. Mice were divided into groups with the same average body weight per group. All data from exper-
iments are summarised by their mean, with error bars showing the standard error of the mean. The number of replicates is reported in
the figure legends. When the pairwise comparison results are expressed as a fold-change, it is declared in the figure legends to what
value the data were normalised. Statistical analyses and Grubbs’tests to exclude outliers were performed using Prism8 (GraphPad).
Comparisons between two independent groups were conducted using an unpaired t test or Mann Whitney U-test in the case of non-
normally distributed datasets. Comparison between more than two groups was performed using a one-way ANOVA followed by
appropriate post hoc multiple comparisons tests. Comparisons between more than two groups and factors were conducted using
a two-way ANOVA followed by appropriate post hoc testing. Pearson’s or Spearman’s coefficients were evaluated to estimate the
extent of correlation between data series. Correlation matrix analysis was performed using Prism8 and R-studio. Hierarchical clus-
tering was performed using ClustVis web-tool.®” Data points were excluded from the correlation analysis if they exhibited a value
of more than two S.D.s from the mean. Statistical significance was set at p < 0.05.
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Figure S1: Long term HFD exposure induces BAT whitening and liver steatosis

a: Quantification of vessels density performed on red Sirius staining (Figure 1c) in BAT from
C57BI/6 mice fed 2,8,16 or 28 weeks (n=8/group) with chow diet or HFD 45%.

b-e: Representative images of H&E staining in BAT (b) and liver (e) from C57BI/6 mice fed
2,8,16 or 28 weeks (n=8/group) with chow diet or HFD 45%, and corresponding quantification
of lipid droplet area (c, f). Scale bar:100pm.

Data are presented as mean values +/— SEM. A 2way ANOVA with Sidak’s post-hoc multiple
comparisons test was used to compare mice fed chow and 45% HFD (a, c, e).
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Figure S2: Role of BAPs and SVF in ECM/ECM remodelling gene expression markers

a: Pie chart illustration of collagen and Pepd mRNA expression distribution in BAT from C57BI/6 mice housed at 21C and
fed a chow diet (n=4). AD, adipocytes; M, CD11b+ macrophages; IC, CD45+ immune cells; EC, CD31+ endothelial cells
and brown adipose progenitors (BAP).

b: mMRNA gene expression of ECM/ECM remodelling gene markers in adipocytes (AD) compared to SVF from BAT of
chow and HFD-fed animals (8 weeks of 45%HFD, n=4/group).

A 2way ANOVA with Sidak’s post-hoc multiple comparisons test was used to compare mice fed chow and 45% HFD (b)
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Figure S3:Fibro-inflammation impaired adipogenesis in human brown adipocytes
a. Experimental design of brown preadipocyte treatment with LPS-treated bone marrow-derived macrophages.

b, ¢: MRNA expression of colla2 (b) and col4al (c) during time course differentiation of C57BAT cells cultured
without (control, n=6) or with conditioned medium from LPS-stimulated BMDM (M(LPS) CM, n=6).

d, e: mRNA expression of hypoxic (Glutl and Hifla) and ECM-related markers (e) during time course exposure of
PBAT non differentiated (d) or at day 9 of differentiation in condition of normoxia (20% O2 , n=6) or hypoxia (5% 02,
n=6).

f, g: Representative images of confocal analysis of Bodipy staining (lipid accumulation in green) and actin (in red, upper
panel) or anti-Collagen type 3 (in red) and fibronectin (in green, lower panel) (f), and corresponding quantifications of
lipid droplet and collagen I/FN staining (g) and in PAZ6 cells cultured without (control, n=6) or with conditioned
medium from LPS-stimulated BMDM (M(LPS) CM, n=6) during the first 5 days of adipogenic differentiation. Scale
bar:20um.

h: mRNA expression of brown and ECM markers in differentiated PAZ6 cells cultured without (control, n=6) or with
conditioned medium from LPS-stimulated BMDM (M(LPS) CM, n=6) during the time of differentiation.

Data are presented as mean values +/— SEM. 2-Way ANOVA with Sidak’s posthoc multiple comparisons test was used
to compare Day 9 to Day 0 in control and M(LPS) CM conditions (b, ¢) or 72h to Oh in Normoxia and Hypoxia
conditions (d). A Student t-test was used to compare control/ M(LPS) CM and Normoxia/Hypoxia conditions (e, g, h) .
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Figure S4:Fibro-inflammation impaired adipogenesis in human brown adipocytes

a, c. Representative images of confocal analysis of anti-Collagen type 1, 3, 4, 5 and 6 (red) in BAT from Lep""“t and
Lep°P/b mice before (a) and after (c) decellularization process. Scale bar:100um.

b: mMRNA expression of ECM and ECM remodelling markers in BAT from Lep""™t (n=6) and Lep°°® mice (n=5).
d: Scheme of the protocol of 3D culture of pBAT cells with ECM from BAT of either lean Lep""" or obese LepWtwt

Data are presented as mean values +/— SEM. A Student t-test was used to compare Lep"W"™t and Lep°°® mice (b).
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Figure S5 : Chronic obesity-induced fibrosis impaired maximal thermogenic capacity in vivo

a: NE stimulated EE, expressed as EE over time, in C57BI/6 mice housed at 21°C and fed 0,2,8,16 and 28 weeks chow
diet or HFD 45%.

b: Uncorrected maximal EE plotted against body weight from C57BI/6 mice fed 2, 8, 16 or 28 weeks with chow diet
c-e: Representative images of picrosirius staining in BAT from BMT WT and KO mice fed with chow diet or HFD 58%
(n=8/group, c), and corresponding quantification of peri-adipocyte collagen (peri-AD collagen, d) and lipid droplet area

(e). Scale bar:100pm.

f: mMRNA gene expression of metabolic and ECM/ECM remodelling gene markers in BAT from BMT WT and KO mice
fed HFD 58% (n=8/group).

Data are presented as mean values +/— SEM. A 2way ANOVA with Sidak’s post-hoc multiple comparisons test was used
to compare mice fed chow and 45% HFD (a, d, €). A student t test was used to compare BMT WT and KO mice (f).



a. Model Summary- Maximal EE

Model R R2 Adjusted R2 RMSE
1 0 0 0 6.768
2 0.731 0 0 4.657
0.770 0.592 0.580 4.389
0.786 0.618 0.600 4.280
b. ANOVA
Model Sum of Squares df Mean Square F p
2 Regression 1589.294 1 1589.294 73.283 3.326e12
Residual 1387.973 64 21.687
Total 2977.267 65
3 Regression 1763.853 2 881.926 45.789 5.26e13
Residual 1213.415 63 19.261
Total 2977.267 65
4 Regression 1841.273 3 613.758 33.498 5.388e13
Residual 1135.994 62 18.322
Total 2977.267 65

Note. The intercept model is omitted, as no meaningful information can be shown

c. Coefficients

Model B SE B t p
1 (Intercept) 26.966 0.833 32.369 8.277e12
2 (Intercept) 8.523 2.229 3.823 3.010e*
BW 0.543 0.063 0.731 8.561 3.32e1?
3 (intercept) 7.059 2.156 3.273 0.002
BW 0.672 0.074 0.905 9.128 3.88e 13
Per-AD caoll -1.119 0.372 -0.299 -3.010 0.004

Note. The following covariates were considered but not included: weeks, diet.

Figure S6: Multiple regression analysis predicting maximal MEE from BAT fibrosis
a : Model summary indicating the R-squared which correspond to the proportion of variance explained by predictors.

b: ANOVA analysis indicating the F-statistic which indicates whether each model fits the data well
c: Multiple regression analysis of association between the maximal EE and body weight alone (BW, model 2) or BW and

peri-adipocyte collagen in BAT (peri-AD coll, model 3). Model 4 is presented in Figure 3h. Unstandardized (B) and
standardized (3) coefficients are presented as well as standard error (SE), t and p values.
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Figure S7:Brown adipocyte activation is associated with ECM remodelling
a: G.0. enrichment analysis of DEGs in high UCP1 versus low UCP1 BAT expression from re-analysis of Din MU et al. RNAseq.

b: Heat maps of MRNA expression of ECM and ECM remodelling components during differentiation of primary preadipocytes
isolated from C57BI/6 mice housed at 21C and fed chow diet (n=4).

c: mMRNA expression of ECM and ECM remodelling components in primary murine differentiated adipocytes in response to 6h
NE (n=4).

Data are presented as mean values +/— SEM. One way ANOVA with Sidak’s post-hoc multiple comparisons test was used to
compare gene expression to Day 0 (b). Student t-test was used to compare D7+NE to D7 (c).
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Figure S8:Activation state in BAT is associated with ECM remodelling
a, b: Representative images of H&E staining (a) and quantification of lipid droplet area (b) in BAT from Pepd WT and
HET mice housed at 21C (n=6) compared to mice acclimated to 8 C (CE, n=6). Scale bar:100um.

c, d: BW (c) and fed glucose level (d) in Pepd WT and HET mice housed at 21C (n=6) compared to mice acclimated to 8
C (CE, n=6).

e: mMRNA expression of brown and inflammatory markers, and ECM-related components in BAT from Pepd WT and HET
mice housed at 21C (n=5WT and 9HET) compared to mice acclimated to 30 C (TN, n=6WT and 9HET).

f, g: Representative images of H&E staining (f) and quantification of lipid droplets tissue area (g) in BAT from Pepd WT
and HET mice housed at 21C (n=5WT and 9HET) compared to mice acclimated to 30 C (TN, n=6WT and 9HET). Scale
bar:100um.

Data are presented as mean values +/— SEM. A 2way ANOVA with Tukey’s post-hoc multiple comparisons test was used
to compare Pepd WT and HET mice (b-d, g). A student t test was used to compare Pepd WT and HET mice (e).



Table S1. Anthropometric characteristics of the study participants

N 14

Age (years) 38.3+10.2
Gender 3M/11F
BMI (kg/m?) 25.7 + 4.7
Whole-body fat (percentage %) 31.7+9.8
Waist circumference (cm) 84.4+17.1
Fasting total cholesterol (mmol/I) 4.5+0.7
Fasting LDL cholesterol (mmol/I) 25x0.7
Fasting HDL cholesterol (mmol/l) 1.6+0.3
Fasting triglycerides (mmol/l) 0.9x£0.3
Insulin sensitivity, M-value (umol/kg/min) 40.7 £ 28.2

Data are mean = SD



Table S2:

Mouse and human gene primers used for RT-qPCR.

Reporter
Gene Forward primer (5°-3”) Reverse primer (5°-3”) Probe (5°-3)
/quencher
Murine
FAM/
18s CGG CTA CCA CAT CCAAGG GCT GGA ATT ACC GCG GCT GAG GGC AAG TCT GGT GCC AG
AA TAMRA
36b4 IAGA TGC AGC AGATCCGCAT |GTTCTT GCC CAT CAGCACC SYBR
FAM/
B-actin GCT CTG GCT CCT AGC ACC AT|GCC ACC GAT CCA CAC AGAGT IATC AAG ATC ATT GCT CCT GAG CGC
TAMRA
B2m ACT GAT ACATAC GCCTGC [TCA CAT GTC TCG ATC CCAGTAGA SYBR
AGA GTT
FAM/
Adrgel CAG ATA CAG CAATGC CAA |GATTGT GAA GGT AGC ATT CAC TGC AGG GCA GGG ATC TTG GTT ATG C
FAM/
Ucpl CCC GCT GGA CACTGCC IACC TAA TGG TAC TGG AAG CCT GG AAG TCC GCC TTC AGA TCC AAG GTG
AAG
TAMRA
Pecla IAAC CAC ACC CAC AGG ATC CTC TTC GCT TTA TTG CTC CAT GA CAA ACC CTG CCATTG TTA AGA CCG FAM/TAMRA
AGA AGA A
Prdm16 CAG CAC GGT GAAGCCATT |GCGTGCATCCGCTTGTG SYBR
ElovI3 AAG GTT GAA CTG GGA CGA C |GTG GTACCA GTG GAC AAA SYBR
FAM/
Ppary? GAT GCA CTG CCT ATG AGC AGA GGT CCA CAG AGC TGA TTC C IAGA GAT GCC ATT CTG GCC CCA CCA
ACT T ACT T
TAMRA
Hifla iGATGAGTTCTGAACGTCGAA IACTGTCTAGACCACCGGCAT
Hif2a IAGGGCCACGGCGACAA CATTTTCAGAGCAGACTGAGGAC
Glutl GGCGGCGGTCCTATAAAAAG |CCCGTCACCTTCTTGCTGC
FAM/
Tnfa CATCTTCTCAAATTCGAGTGAC TGGGAGTAGACAAGGTACAACCC |CACGTCGTAGCAAACCACCAAGTGGA
AA TAMRA
Pepd CGGCATGCGCCACACCTCTT [TCGTCCGGTCATTGGGGGCT SYBR
Mmp9 GCCGACTTTTGTGGTCTTCC GGTACAAGTATGCCTCTGCCA SYBR
Colla2 CATGCTCAGCTTTGTGGATACG |CGTACTGATCCCGATTGCAA SYBR
Col3al IAAGGGCGAAGATGGCAAAGA |AGCCACTAGGACCCCTTTCT SYBR
Coldal GGCCCCAAAGGTGTTGATG IAGGTTCTCCCTTTTGACCTTGAG SYBR
Col6al GATGAGGGTGAAGTGGGAGA |CAGCACGAAGAGGATGTCAA SYBR
Col8al IACCCAGCCCCAGTGGTATTA |GCACAGCCATCACATTTAGGC SYBR
Fn GAGTGGAAGTGTGAGCGACA |GGTGAGTCTGCGGTTGGTAA SYBR
Glut4 IACTCATTCTTGGACGGTTCCTC |CACCCCGAAGATGAGTGGG SYBR
FAM/
Adiponectin CAGTGGATCTGACGACACCAA |TGGGCAGGATTAAGAGGAACA AGG GCT CAG GAT GCT ACT GTT GCA
AGC TAMRA
Leptin IAGCATCCACTGCTATGGTAGCA|[TCTTCTAGTCCCAAGCATTTTGG SYBR
FAM/
16 IACA CAT GTT CTC TGG GAA AAGTGCATCATCGTTGTTCATACA ATGAGAAAAGAGTTGTGCAATGGCAATT
ATC GT CTGA
TAMRA
Human
GAPDH IAGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC SYBR
FAM/
18S CGGCTACCACATCCAAGGAA |GCTGGAATTACCGCGGCT GAGGGCAAGTCTGGTGCCAGCA
TAMRA
UCP1 CTCACCGCAGGGAAAGAA GGTTGCCCAATGAATACTGC SYBR
PPARy2 CGTGGCCGCAGATTTGAAAG |CACGGAGCTGATCCCAAAGT SYBR
FAM/
IL6 AAT CTG TTC TGG AGG TAC GCT GAA AAAGATGGATGCTTCC [CCAGGCAAGTCTCCTCATTGAATC
TCT AGG TAT ACC TAMRA
FN GACGCATCACTTGCACTTC GCAGGTTTCCTCGATTATCCT
COLG6A3 CCCGTGGACCTGTTCTTTGT CACAGCGGTAGTACCTGTCC
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