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In brief

Wang et al. show that a ferroptosis
signature is compromised in adipose
tissues of humans and mice with obesity.
By constraining HIF1a availability,
ferroptotic signaling in adipocytes
reduces lipid accumulation and increases
thermogenesis via a c-Myc-Pgc1p axis,
and thus, targeting this pathway may
prevent or treat obesity and metabolic
disorders.
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SUMMARY

Ferroptosis is characterized as an iron-dependent and lipophilic form of cell death. However, it remains un-
clear what role ferroptosis has in adipose tissue function and activity. Here, we find a lower ferroptotic signa-
ture in the adipose tissue of individuals and mice with obesity. We further find that activation of ferroptotic
signaling by a non-lethal dose of ferroptosis agonists significantly reduces lipid accumulation in primary ad-
ipocytes and high-fat diet (HFD)-fed mice. Notably, adipocyte-specific overexpression of acyl-coenzyme A
synthetase long-chain family member 4 (Acsl/4) or deletion of ferritin heavy chain (Fth) protects mice from
HFD-induced adipose expansion and metabolic disorders via activation of ferroptotic signaling. Mechanis-
tically, we find that 5,15-dihydroxyeicosatetraenoic acid (5,15-DIiHETE) activates ferroptotic signaling, result-
ing in the degradation of hypoxia-inducible factor-1« (HIF1a), thereby derepressing a thermogenic program
regulated by the c-Myc-peroxisome proliferator-activated receptor gamma coactivator-1 beta (Pgcip)
pathway. Our findings suggest that activating ferroptosis signaling in adipose tissues might help to prevent
and treat obesity and its related metabolic disorders.

INTRODUCTION

Obesity is a global epidemic and is characterized by a chronic
state of excess energy storage over energy utilization. Adipose
tissue stores excess nutrients during obesity, reconfiguring sys-
temic metabolism and elevating the risk of metabolic disorders."
Thus, gaining a better understanding of adipose homeostasis will
aid in the development of new strategies for managing obesity.
Ferroptosis, a form of cell death that relies on iron-dependent
lipid peroxidation of membrane lipids, has been implicated in a
wide range of diseases.””’ For ferroptosis to occur, specific
membrane lipids containing polyunsaturated fatty acids
(PUFAs) must undergo oxidation, and natural mechanisms for
scavenging oxidized lipids must be compromised.® Acyl-coen-
zyme A synthetase long-chain family member 4 (ACSL4) is an
important ferroptosis facilitator as it incorporates free PUFAs
into membranes to promote their peroxidation.® By contrast,
glutathione (GSH) peroxidase 4 (GPX4) works as a core ferropto-

sis suppressor as it utilizes reduced GSH to eliminate phospho-
lipid hydroperoxide, through which GSH is oxidized into gluta-
thione disulfide (GSSG).®

One piece of evidence supporting the role of ferroptosis in ad-
ipose homeostasis is the effect of ferroptosis agonists in lipid-
related studies. For example, iron supplementation, which can
induce ferroptosis, activates fatty acid f-oxidation and increases
mitochondrial function, ultimately reducing fat mass in mice®'";
however, whether ferroptosis occurs in this process has not
been studied.”'" Conversely, blocking iron uptake specifically
in the adipose tissue by depleting transferrin receptor 1
dampens thermogenesis in the brown adipose tissue (BAT).'?
In addition, the core ferroptosis suppressor GPX4 is essential
in the differentiation of adipocytes,'® suggesting an increasing
demand for reducing lipid peroxidation during in vitro adipocyte
differentiation. However, knocking out Gpx4 in adipocytes only
moderately affects adipose homeostasis, '® suggesting the exis-
tence of alternative and/or redundant pathways apart from
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Gpx4. These pathways may include the ferroptosis suppressor
protein 1 (FSP1)-coenzyme Q10 (CoQ10)-NAD(P)H axis'* or
the canonical iron sequester system comprised of ferritin heavy
chain (FTH) and ferritin light chain (FTL).'>'® Nevertheless,
whether these pathways are physiologically relevant in the adi-
pose tissue remains an open question.

Here, we show that ferroptotic signaling elicited by ferroptosis
agonists reduces fat accumulation in primary adipocytes and in
high-fat diet (HFD)-fed mice. Moreover, we found that both
ACSL4 and FTH regulate ferroptotic signaling and adipose
expansion in HFD-fed mice. This role of ferroptotic signaling is
due to its ability to upregulate prolyl hydroxylase domain 2
(Phd2) and thus destabilize hypoxia-inducible factor-1a (HIF1a)
protein levels, thereby enhancing a thermogenic program regu-
lated by a c-Myc-peroxisome proliferator-activated receptor
gamma coactivator-1 beta (Pgc1p) pathway. Together, these
findings suggest that targeting ferroptotic signaling in adipo-
cytes may serve as a potential strategy to mitigate obesity.

RESULTS

An adipose tissue ferroptosis pathway is associated
with obesity

To understand whether ferroptosis in adipocytes plays a role in
human obesity and metabolic disorders, we first interrogated a
publicly available RNA sequencing dataset.'”” We found that
the ferroptosis pathway and gene clusters that regulate ferropto-
sis/ferroptosis sensitivity, including prostaglandin synthesis and
regulation, '®'° fatty acid biosynthesis,’*?" and oxidative dam-
age response,””?® were differentially expressed in subcutane-
ous abdominal adipose tissue obtained from individuals with
metabolically unhealthy obesity (MUO) compared with those ob-
tained from individuals who are metabolically healthy and lean
(MHL) (Figure 1A). For example, canonical anti-ferroptotic genes,
such as SLC7A11 (encoding the cystine-glutamate antiporter
xCT), FTH, and FTL were higher, whereas GPX4 was lower, in
the MUO group compared with the MHL group (Figure 1B). How-
ever, we found that the canonical pro-ferroptotic gene ACSL4
did not show any difference between the groups, while ACSL1
was lower and ACSL6 was higher in the MUO group vs. the
MHL group (Figure 1B). To further predict the interactive compo-
nent of ferroptosis in obesity, we extracted the overlapped genes
between the differentially expressed genes in MUO vs. MHL with
a ferroptosis gene database (FerrDB) and with CTD Gene Dis-
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ease (The Comparative Toxicogenomics Database). Briefly, we
identified 42 genes (Table S1) as obesity/disease-related ferrop-
totic genes (Figure 1C). Notably, these genes were significantly
enriched in pathways, including response to nutrients/starva-
tion/stress, interleukin-4 (IL-4) and IL-13 signaling, as well as
HIF1a signaling pathway/hypoxia (Figure 1D), suggesting that
stress responses either from nutrition/oxygen restriction or
inflammation closely collaborate with the ferroptosis pathway
during obesity.

Having established a link between the ferroptosis pathway in
obesity and potential interacting mediators (i.e., inflammation,
hypoxia, etc.), we then confirmed the occurrence of ferroptosis
in adipose tissue from humans with obesity and in a mouse
model of obesity (diet-induced obesity) by measuring markers
of lipid peroxidation. The latter is characterized by the accumu-
lation of a series of complex aldehydes derived from
lipid peroxides (LOOHs), among which malondialdehyde (MDA)
and 4-hydroxynonenal (4-HNE) are the most abundant and often
used as markers of ferroptosis.>*2® We found that compared
with lean controls, individuals with obesity had significantly lower
levels of lipid peroxidation byproducts 4-HNE (Figure 1E) and
MDA (Figure 1F) in the abdominal adipose tissue. Similarly,
compared with mice fed a normal chow diet (NCD), HFD-fed
mice had significantly lower levels of 4-HNE and MDA
(Figures 1G-1J) staining in the epididymal white adipose tissue
(eWAT), inguinal white adipose tissue (IWAT), and BAT
(Figures S1A-S1D). Meanwhile, the MDA content and non-
heme iron content in the eWAT (Figures 1K and 1L), iWAT
(Figures 1K and 1L), and BAT (Figure S1E) were lower in HFD-
fed mice vs. NCD-fed mice. Conversely, the GSH/oxidized
GSH (GSH/GSSG) ratio in the eWAT and the iWAT (Figure 1M),
but not the BAT (Figure S1E), were higher in HFD mice vs.
NCD mice. In line with previous studies,’” we observed greater
hepatic 4-HNE and MDA staining (Figures S1A-S1D), as well
as higher MDA content and non-heme iron content (Figure S1F),
with no difference in the GSH/GSSG ratio (Figure S1F), in the liver
of HFD-fed mice compared with NCD-fed mice. These ferropto-
sis signatures did not significantly change in the gastrocnemius
muscle from HFD-fed mice compared with NCD-fed mice
(Figures S1A, S1B, and S1G). These data depict a diversified
pattern of ferroptosis signature in metabolic tissues (adipose tis-
sue, liver, and muscle) under an HFD challenge, where in partic-
ular, the ferroptosis signature is less pronounced in the adipose
tissue in individuals and mice with obesity.

Figure 1. Adipose ferroptosis signature is weakened in obesity

(A) Functional annotation of the differentially expressed genes (DEGs) in MUO compared with MHL, utilizing the Wiki database.
(B) Genes enriched in the ferroptosis pathway from Kyoto Encyclopedia of Genes and Genomes (KEGG) and The Molecular Signatures Database (MsigDB)

databases.

(C) Venn diagram illustrating the overlap of genes among MUO and MHL DEGs, curated gene set associated with obesity from CTD database, and FerrDB

gene set.

(D) Functionally enriched terms for the intersected genes, based on Gene Ontology-Biological Process (GO-BP), KEGG database, MsigDB, Reactome, and

WikiPathways.

(E-J) Images and quantification of 4-HNE or MDA staining from abdominal adipose samples in individuals with obesity vs. lean condition (E and F) from eWAT and
iWAT in mice 2 or 4 months after consuming an HFD or NCD (G-J). Scale bars, 100 um.

(K-M) MDA, non-heme iron content, and GSH/GSSG ratio, measured in e WAT and iWAT obtained from HFD-fed and NCD-fed mice (n = 5-10).

(N) Western blot analysis of FTH, ACSL4, and ACTIN proteins in abdominal adipose lysates obtained from individuals with obesity vs. lean condition (n = 3).
(O) Western blot analysis of the indicated protein in e WAT obtained from mice 4 months after feeding an HFD or NCD (n = 3).

(P) A diagram illustrating the changes in the adipose ferroptosis signature in obesity.

Data are presented as mean + SEM. n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001 (one-way ANOVA or unpaired Student’s t test).

Cell Metabolism 37, 1-19, March 4, 2025 3




Please cite this article in press as: Wang et al., Adipocyte-derived ferroptotic signaling mitigates obesity, Cell Metabolism (2024), https://doi.org/

10.1016/.cmet.2024.11.010

Cell Metabolism

- ¢ CellPress
OPEN ACCESS

Fer-1

1
5
©

L
+

[

|

%]

14

RSL3

C11-BODIPY DAPI

As.sz__ﬁms [EeEEEN!

L fkeq

++

n.s.
ns.
+ o+

'
Lo |

o 0o o oA

ﬁ‘ nu ooﬁvd.ﬁc m

As. S__ams 190 aARelRY
z feq

o O O O o
© © ¥ N

(SR1URA JO %)
Aingein 1190

log [RSL3}-nM

FAC+Fer-1

FAC

dNH-¥  AdIGOod

(0] Idva Adiaod

IS .
I

o o o o
(3] N =

w OSSO/HSO

RSL3 -

Fkok

Sk ook

i
+ o+ -

3

3
o~ -~ o &

(ureyoud ByNr) o

jusjuod vam

1
&
(7]
w
L
£
o
w

Erastin

Fer-1

RSL3+Fer-1

+

Fer-1

+

Fer-1 -

v Y O oN
o O O O ©
(6) ubrem Asupry
q° P te,
c &
o BBt
71 1 1T 1T 1
505050?@4
N N = = O
o O ©o o o
(6) }yBlom uss|ds
o te
P
ﬁﬁ-@&
7
_|._.|_|.,.u\n\0
w o © o ¥
- - o

(B) ybrom sonr

e 53 I )
P
ﬁaﬁeé
\o\
S P A 1
N = 1, D
{ =} L= o o
(B) brom pesH
[ oy
*
&
520 ofIT,
O O S
N . - o
(6) 3ubrom 1N
% o
ﬁ 2y
o GoKEIDls,
1 1 1 A\A\Q
[s2} o -~ o A
(6) brom [vme
00 O re,
1l B
Om@é\o@
RO

Bt
1l By
o o
%
1 T 1T T 1 N
Q O 9 © © o 04
L < MO N
(B) ybiom Apog
2% £T 2
T = = a
o @
b) =
o

RSL3
or VEC
Daily

o
N

| N N B

N - o 7

< ©
(S1H g,71/10w) ONY

o
Q o™
=

[[e}
2 Moo
IZU
_unv (o2
O] - o
L~ E
o F
o
4
8 & 2 =°
o (INw) asoon|9 poolg
0} &
Sﬁ %
c o O e\&\
%
N ¥ ® N « O %A
a OSSO/HSO

N .
(uisyoud ByNA)
(@) Jusuod Yaw

(2}

N~ O 7 4

< (3]
(p10y) BRIE BANISOd INH-

=4

4-HNE (IWAT) TUNEL (IWAT)

14

o

&
* ﬁ VrMJ&\
O %,
%

o ®© 9 % o 7
-0 D 9O O

(Moww) 91aH wnies

s o© o
(oww) 9-1q7 wnieg

&
nﬁ By
e@»@

5050504
N N e

(Voww) 91 wnisg

[O}N®)] o

I g
O S,

\O\Q

¥ o o = o %

o o o o
(Moww) 9 wnieg

&

] g
© @\0\

,“\%

N O -~ v o 7

e o
(s1H €. 110w) DNV

@
c

—©— Vehicle
—O— RSL3

TT
0051152253
Time (Hour)

n o (o] o

- =

(INw) @soon|9 poolg

-

1 1 T T 1
o O O O O o
o O © ¥ «

(1/1oww) HA wnieg

i O
]
=

e}
o o o o
e Lo =
(1oww) 3o wnieg

ﬁﬁ
ﬁ-

050
N

=

(oww) d1 wnies

© © " o~ o
(Voww) gy wnies

SREE

ﬁ 00 @-0

(7]
) )
c &
O O I %,
—r T T 1 1 %
o 0 9 © o o 04
AOI W ©O© <
(Vioww) 1Sy wnieg
S” o %lﬁﬁ%
T o,
"
1t T 1 1 Q\“\@
S © o W o 5
(oww) 17y wnieg
[OoA e
] %
oo,
T T T 1 %
W+ ® N~ O =7

(Aoww) NNg wnies

(legend on next page)

Cell Metabolism 37, 1-19, March 4, 2025

4



10.1016/.cmet.2024.11.010

Please cite this article in press as: Wang et al., Adipocyte-derived ferroptotic signaling mitigates obesity, Cell Metabolism (2024), https://doi.org/

Cell Metabolism

In support of these observations, we found that protein levels
of FTH were higher, while the protein levels of ACSL4 were lower,
in abdominal adipose tissue from individuals with obesity vs.
those who were lean (Figures 1N and S1H). Similarly, Fth and
Ftl protein levels were higher (Figures 10 and S1l), while Gpx4,
Slc7a11, and Acsl4 protein levels were significantly lower in the
eWAT of HFD-fed mice compared with NCD-fed mice (Figures
10 and S1l). Together, these findings suggest that the ferropto-
sis pathway in the adipose tissue is inversely correlated with
obesity and that it may participate in the development of obesity
(Figure 1P).

Ferroptotic signaling reduces fat accumulation

To interrogate whether the ferroptosis pathway can regulate ad-
ipose tissue homeostasis, we conducted in vitro experiments
using the stromal vascular fraction (SVF) isolated from the white
adipose tissue of C57BL/6 mice. The SVFs were cultured in ad-
ipose differentiation medium in the presence or absence of the
ferroptosis agonists RAS-selective lethal 3 (RSL3), erastin, or
ammonium ferric citrate (FAC). We monitored adipocyte matura-
tion for 7 days.

We first asked whether adipocytes are sensitive to RSL3
exposure by performing a cell viability assay. Of note,
compared with other cell types,”®?° we found that the SVFs
were highly susceptible to RSL3-induced ferroptosis (half-
maximal inhibitory concentration [IC5o] = 57.36 nM, Figure 2A).
Next, we tested the effect of a non-lethal dose of RSL3
(30 nM) on adipocyte differentiation (Figures 2B and 2C). We
observed higher levels of lipid reactive oxygen species
(ROS) in RSL3-treated SVFs in both the early (day 2) and final
stages of adipocyte differentiation (day 7) compared with con-
trol-treated SVFs, as indicated by increased C11-BODIPY
mean fluorescence intensity (Figure 2C) and higher levels of
MDA (Figure 2D). Moreover, the ferroptosis inhibitor
ferrostatin-1 (Fer-1) prevented the RSL3-induced elevation in
lipid ROS (Figure 2C) and MDA (Figure 2D). RSL3 treatment
did not change the ratio of GSH/GSSG in the SVFs (Figure 2E),
likely due to reduced consumption of GSH via Gpx4.°%®!
These data indicate that a non-lethal dose of RSL3 leads to
a clear induction of a ferroptosis feature (lipid peroxidation)
without causing cell death (as suggested by the results of
the cell viability assay). We therefore refer to this treatment
as a trigger of ferroptotic signaling rather than as ferroptosis
per se, as the latter is a form of cell death.
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Notably, we found that ferroptotic signaling elicited by the
non-lethal dose of RSL3 (hereafter simply referred to as RSL3
treatment) resulted in a lower content of lipid droplets in SVFs
compared with control-treated SVFs on day 7, as indicated by
oil red O (Figure 2F) and BODIPY 493/503 staining of neutral
lipids (Figure 2G). In addition, both FAC and erastin treatment re-
sulted in greater lipid peroxidation and a lower content of lipid
droplets in the SVF at day 7 compared with control treatment,
as determined using 4-HNE staining and BODIPY 493/5083 stain-
ing, respectively, and these changes were prevented by Fer-1
treatment (Figures 2G and 2H).

Having established that ferroptotic signaling reduces lipid
droplet contents in vitro, we further asked whether it can coun-
teract the expansion of adipose tissue in vivo. To investigate
this question, we applied a lanolin-based cream containing
either RSL3 or vehicle to the skin above the iWAT of HFD-fed
mice starting at 8 weeks of an HFD-feeding regimen, and we
monitored the mice for body weight (BW) until week 12 (Figure 21).
After 4 weeks of daily application, the whole-BW was lower (Fig-
ure 2J), and the BW loss (BW at week 12 minus BW at week 8,
Figure 2K) was higher in the RSL3-treated mice compared with
the vehicle-treated mice. These differences appear to be due
to a decline in eWAT and iWAT mass, as there was no difference
in the weights of the liver, heart, spleen, or kidney (Figure 2L) in
the RSL3-treated mice compared with the vehicle-treated
mice. We also found that 4-HNE staining (Figures 2M and 2N)
and MDA content (Figure 20) were higher in the iWAT of the
RSL3-treated mice vs. the vehicle-treated mice, with no differ-
ence in the GSH/GSSG ratio (Figure 2P) or in TUNEL staining
(Figure 2M), suggesting that the topical application of the ferrop-
tosis agonist RSL3 increases lipid peroxidation/ferroptotic
signaling in the underlying iWAT.

By glucose tolerance tests (GTTs) we found that fasted HFD-
fed RSL3-treated mice had lower blood glucose levels
compared with fasted HFD-fed vehicle-treated mice (Figure 2Q),
whereas by insulin tolerance tests (ITTs) we found that there
were similar blood glucose levels between fasted HFD-fed
RSL3-treated mice and fasted vehicle-treated mice (Figure 2R).
Importantly, we found that the degree of oil red O staining of the
heart, liver, spleen, and kidney were similar between the two
groups (Figures S2A and S2B), suggesting that the prevention
of adipose expansion of the eWAT and iWAT by topical RSL3
did not correlate with ectopic lipid deposition in other
tissues. Moreover, compared with vehicle-treated mice, the

Figure 2. A non-lethal dose of ferroptosis agonists reduces lipid accumulation

A) ICsq assay for SVFs treated with RSL3 (n = 4).

B) Cell viability in SVF-derived adipocytes treated as indicated (n = 5-6). For RSL3 treatment, “+” and “++” indicate 30 and 100 nM, respectively.
C) Images of C11-BODIPY-stained SVFs cultured in adipocyte differentiation medium for 2 days (upper row) or 7 days (lower). Scale bars, 20 um.

G) BODIPY 493/5083 staining (green) of SVF-derived adipocytes treated as indicated, and the nuclei were stained with DAPI (blue). Scale bars, 50 um.
H) BODIPY 493/503 staining (green) and 4-HNE immunostaining (red) of SVF-derived adipocytes treated as indicated. Scale bars, 20 um.

¢
(
(
(D-F) MDA content, GSH/GSSG ratio, and oil red O staining in SVF-derived adipocytes (differentiation for 7 days) treated as indicated (n = 5-6).
(
(
(

1) A schematic diagram depicting the experimental strategy in which a topical cream containing either RSL3 or vehicle was applied to the skin of HFD-fed mice.
(J-L) BW, BW loss, and tissue weight in HFD-fed mice treated with RSL3- or vehicle-containing cream (n = 11-12).
M) Representative images of iWAT stained for 4-HNE (left) and TUNEL (right). Scale bars, 100 pm.

(
(N) 4-HNE-positive iIWAT area measured in (M) (n = 5).

(O and P) MDA content and the GSH/GSSG ratio in iWAT (n = 11-12).
(Qand R) GTT and ITT (n = 5).

(S and T) Serum levels of the indicated index (n = 11-12).

Data are presented as mean + SEM. n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001 (one-way ANOVA, two-way ANOVA, or unpaired Student’s t test).
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RSL3-treated mice had lower levels of total cholesterol (TC),
high-density lipoprotein cholesterol (HDL-c), and low-density
lipoprotein cholesterol (LDL-c) without a significant change in tri-
glyceride (TG) levels (Figure 2S). Further, topical RSL3 had no
significant effect on serum blood urea nitrogen (BUN), alanine
transaminase (ALT), aspartate transaminase (AST), albumin
(ALB), total protein (TP), creatine kinase (CK), and lactate dehy-
drogenase (LDH) levels, with the exception of a slight but signif-
icant decrease in serum creatinine (CR) levels (Figure 2T), sug-
gesting negligible hepatic and renal toxicity in response to
daily application of topical RSL3. Of note, hematological param-
eters were not affected by topical RSL3 application (Figures S2C
and S2D). Together, these results suggest that ferroptotic
signaling reduces lipid accumulation in vitro and antagonizes ad-
ipose expansion in vivo, indicating a potentially curative effect
against obesity in our HFD-fed mouse model given the degree
of weight loss induced by RSL3 treatment after the onset of
obesity (Figure 2K).

Ferroptotic signaling reduces fat accumulation by
inhibiting HIF 1«

Having established that ferroptotic signaling dampens adipose
tissue expansion in obese mice, we sought to investigate the un-
derlying mechanism. We performed proteomics analyses (Fig-
ure S3A) and identified a total of 159 upregulated proteins and
269 downregulated proteins in RSL3-treated adipocytes differ-
entiated from SVFs compared with control-treated SVFs (Fig-
ure 3A). Pathway analysis revealed the enrichment of proteins
in the DNA replication, HIF1a degradation, and mismatch repair
pathways among the upregulated proteins (Figure 3B). Impor-
tantly, these pathways were previously reported to participate
in ferroptosis.?®*> > We focused on the HIF1a degradation
pathway, as HIF1« lies at the intersection between lipid meta-
bolism and ferroptosis,”® and the HIF1 signaling pathway was
predicted as a possible interaction pathway of ferroptosis in
obesity, supported by the data analysis above (Figure 1D). Pro-
tein levels of Phd2, which mediates HIF1 hydroxylation and
degradation,®® were higher in RSL3-treated SVFs compared
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with control-treated SVFs (Figures 3C, 3D, and S3B). This finding
was consistent with the lower levels of Hif1a protein in the nu-
clear fraction of RSL3-treated SVFs compared with control-
treated SVFs (Figure 3E). Moreover, both BODIPY 493/503 stain-
ing and Hif1a (but not Hif2a) immunostaining were significantly
lower in RSL3-treated SVFs compared with control-treated
SVFs (Figures 3F, S3C, and S3D). Hifle. immunostaining was
also lower in FAC-treated SVFs compared with control-treated
SVFs (Figures 3G and S3E), suggesting that Hif1a is also in-
hibited by iron-induced ferroptotic signaling. To validate whether
Hif1a is a major target of ferroptotic signaling in regulating lipid
droplet content, we co-treated SVFs with RSL3 and CoCl,
(to induce hypoxia, Figures 3H and S3F) or with the PHD2 inhib-
itors DMOG or IOX2 (Figure 3l), as well as ectopically introducing
Hif1« using a lentivirus (Figure 3J), and found that such co-treat-
ments restored the lipid droplet content in RSL3-treated SVFs.
Together, these data suggested that ferroptotic signaling antag-
onizes lipid accumulation by reducing Hif1a levels.

Next, we examined the role of Hif1a in adipocytes on adipose
expansion by crossing Adiponectin-Cre mice (which express
Cre recombinase selectively in adipocytes) with Hifla™" mice
to generate adipocyte-specific Hifla knockout mice (Hif1aKO)
with Hif1a™" littermates serving as controls. We first confirmed
that Hifla expression was depleted in the eWAT, iWAT, and
BAT of Hif1aKO mice, but was unaffected in the liver and spleen
(Figure 3K). Compared with HFD-fed control mice, HFD-fed
Hif1aKO mice had significantly lower BW gain (Figures 3L and
3M), lower eWAT and iWAT indexes (Figures 3N and 30) but un-
changed BAT and liver index (Figure 3P), reduced adipocyte
size, and alleviated fatty liver (Figure 3Q). In addition, by GTTs
we found that fasted HFD-fed Hif7aKO mice had lower blood
glucose levels compared with fasted HFD-fed control mice (Fig-
ure 3R), whereas by ITTs we found that there were similar blood
glucose levels between fasted HFD-fed HiflaKO mice and
fasted HFD-fed control (Figure 3S). Moreover, the HFD-fed Hi-
f1aKO mice had lower levels of serum TC, LDL-c, non-esterified
fatty acid (NEFA), ALT, AST, and LDH but similar levels of serum
TG and HDL-c compared with HFD-fed control mice (Figure 3T).

Figure 3. Ferroptotic signaling reduces fat accumulation by inhibiting Hif1a
A) Volcano plot of differentially expressed proteins in SVFs cultured in adipocyte differentiation medium for 7 days in the presence or absence of RSL3.
B) Pathway enrichment analysis of upregulated and downregulated proteins in (A).

D and E) Western blot analysis of the indicated protein in SVF-derived adipocytes treated as indicated.
F-H) Hifta immunostaining (red) and BODIPY 493/503 staining (green) in SVF-derived adipocytes treated as indicated. Scale bars, 20 pm.

(
(
(C) Heatmap with unsupervised clustering analysis of differentially expressed proteins in the HIF1 degradation pathway indicated in Figure S3A.
(
(
(

1) Images of BODIPY 493/503 staining (green) of SVF-derived adipocytes treated as indicated. Scale bars, 50 pm.

(J) Images of Hifta immunostaining (red) and BODIPY 493/503 staining (green) of SVFs (transduced with Hif1a or vector lentivirus) cultured in adipocyte
differentiation medium for 7 days in the presence or absence of RSL3. Scale bars, 50 pm.

(K) Summary of Hifla mRNA measured in the tissues of HiffakO and Hif1a” mice (n = 3-4).

(L) BW curve (n = 6).

(

(

(

Hif1aKO and Hif1a™" mice. Scale bars, 100 pm.

(Rand S) GTT and ITT (n = 3).
(T) Serum levels of the indicated index (n = 6).

M and N) Representative photographs of HFD-fed Hif7aKO and Hif1a™" mice.
O and P) eWAT, iWAT, BAT, and the liver index in HFD-fed Hif1aKO and Hif1a™" mice (n = 6).
Q) Images of H&E-stained eWAT, iWAT, BAT, and liver (left) and the quantification of average adipocyte size (right) in eWAT and iWAT obtained from HFD-fed

(U) Heatmap analysis of significantly upregulated or downregulated oxylipins in SVF-derived adipocytes. Each oxylipins species was normalized to the corre-

sponding mean value.

(V and W) Western blot analysis of Alox5, Alox15, and tubulin protein in SVF-derived adipocytes.
(X) Scheme of pharmaceutically treatments and potential canonical components of ferroptosis pathways in regulating lipid accumulation via Hif1a.
n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001 (two-way ANOVA, or unpaired Student’s t test).
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Figure 4. Acsl4 overexpression in adipocytes ameliorates HFD-induced obesity

(A) Acsl4 protein measured in eWAT, iWAT, and BAT of Acs/4OE and Ctrl mice. Upper panel shows the construction strategy of conditional Acs/4 transgenic mice.
(B) BW curve (n = 4-6).

(C and D) Representative photographs of HFD-fed Acs/40OE and Ctrl mice.

(legend continued on next page)
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These findings together with previous reports®’ indicate that the
Hif1o pathway in the adipose tissue actively partakes in promot-
ing adipose tissue expansion and compromises the metabolic
state during obesity, whose induction may correlate with
impaired ferroptotic signaling.

We then asked how ferroptotic signaling acted on Phd2 to
reduce Hifla availability. The induction of ferroptosis requires
the oxidation of PUFAs, which further generates bioactive oxyli-
pins.®'® We therefore performed oxidative lipidomics to
identify differentially produced oxylipins in RSL3-treated SVFs
vs. vehicle-treated SVFs (control). This is consistent with the
enhanced lipid peroxidation triggered by ferroptosis.'® Notably,
the level of the canonical oxylipins 15-hydroxyeicosatetraenoic
acid (15-HETE) and 5-HETE, usually higher in cells undergoing
ferroptosis,’® were not changed in our RSL3-treated SVFs
comparing to control (Figure 3U). On the other hand, the level
of 5,15-dihydroxyeicosatetraenoic acid (5(S),15(S)-DiHETE), a
downstream product of 5-HETE and 15-HETE catalyzed by
Alox5 and Alox15, was higher in the RSL3-exposed group
compared with the control (Figure 3U). The higher level of
5(S),15(S)-DIHETE in RSL3-treated SVFs may be attributed to
the higher protein level of Alox5 and Alox15 in the RSL3-exposed
group vs. control (Figure 3V). Importantly, 5(S),15(S)-DiIHETE
increased the protein level of Phd2 and decreased the protein
level of Hifta in differentiated SVF (Figure 3W). These findings
collectively reveal the molecular basis by which ferroptotic
signaling inhibits Hifla in adipocytes. Namely, ferroptotic
signaling upregulates the levels of key bioactive lipids that in-
crease the protein levels of Phd2, which in turn destabi-
lizes Hif1a.

Adipocyte-specific overexpression of Acs/4 induces
ferroptotic signaling and alleviates obesity in mice
Having established that pharmacologically induced ferroptotic
signaling could mitigate adipose tissue expansion and improve
the metabolic state in obesity, we then asked whether other stra-
tegies, such as genetic manipulation of the ferroptosis pathway,
have similar effects. To achieve this, we genetically manipulated
two key genes in canonical pathways controlling ferroptosis (Fig-
ure 3X), including lipid peroxidation (Acs/4) and iron meta-
bolism (Fth).

We first generated adipocyte-specific Acsl4 overexpression
(Acsl40E) mice (Figure 4A), to enforce oxidative lipid produc-
tion in the adipose tissue. BW gain did not change in NCD-
fed Acs/4OE mice vs. NCD-fed control (Ctrl) mice, while it
was lower in HFD-fed Acs/4OE mice vs. HFD-fed control
(Ctrl) mice (Figures 4B and 4C). iWAT index and adipocyte
size were observed to be lower in HFD-fed Acs/4OE mice vs.
HFD-fed control (Ctrl) mice (Figures 4D-4G). On the other
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hand, no differences except for a lower liver index were
observed in NCD-fed Acs/4OE mice vs. NCD-fed Ctrl mice
(Figures 4E-4G). Although there was no significant difference
in the eWAT index (Figures 4D and 4E), as well as in adipocyte
size (Figures 4F and 4G), eWAT from HFD-fed Acs/4OE mice
contained fewer crown-like structures than HFD-fed Ctrl mice
(Figure 4G), indicating attenuated inflammation and adipose tis-
sue remodeling.®®°°

Although we found a lower level of 4-HNE staining in the e WAT
but no difference in the iIWAT from HFD-fed Acs/4OE mice vs.
control mice (Figures 4H and 4l). The MDA content was higher
in the iIWAT and the eWAT from HFD-fed Acs/4OE mice
compared with HFD-fed control mice (Figure 4J), consistent
with previous studies showing that Acs/4 promotes ferroptosis
in other tissues.’>™** The GSH/GSSG ratio was lower in the
iIWAT and had a lower trend with no significance in the eWAT
from HFD-fed Acs/4OE mice compared with HFD-fed control
mice (Figure 4K). MDA is one of the end products of LOOHs,
derived from the decomposition of arachidonic acid (AA) and
larger PUFAs.*® 4-HNE is the major type of 4-hydroxyalkenal
end products derived from lipid hydroperoxides of w-6 fatty
acids, including linoleic acid and AA.*® The discrepancies with
respect to different levels of lipid peroxidation byproducts in
HFD-fed Acsl40OE mice might reflect the selectivity of Acsl4 in
catalyzing lipids.*®*” In support of this notion, we performed lip-
idomics to decipher the lipid profile in the iWAT of HFD-fed Ac-
sI40E mice vs. control mice. Supporting a role for ACSL4, which
prefers 20-carbon PUFA substrates, and along with other ACSLs
that have been associated with the cellular uptake of exogenous
fatty acids,’® we found that free 20:5 and 20:5-containing phos-
phatidyl ethanolamine (PE) were more abundant in the iWAT
from HFD-fed Acs/4OE mice vs. control mice (Figure 4L). Simi-
larly, 20:4 and 22:4 (AA and adrenic acid [AdA])-containing TG
and diacylglycerol (DG) species were more abundant in the
IWAT from HFD-fed Acs/4OE mice vs. control mice (Figure 4L).
The peroxide products of these PEs (Figure 4L) could be media-
tors for ferroptotic signaling.”®*° Furthermore, we noticed
that the eWAT and the iIWAT from HFD-fed Acs/4OE mice did
not have overt cell death as determined by an unchanged
TUNEL staining (Figure 4H), cleaved-caspase3 protein level
(Figures S4A and S4B), and caspase 3 activity (Figure S4C).
More importantly, we observed a reduction of Hifla protein
levels in the iIWAT but not the eWAT from HFD-fed Acs/40OE
mice vs. control mice (Figure 4M), reinforcing the notion that fer-
roptotic signaling suppresses Hifla availability to control adi-
pose tissue expansion during obesity. These data suggest that
Acsl4 overexpression in the adipose tissue did not cause signif-
icant ferroptotic cell death but rather specifically enhanced the
ferroptotic signaling.

E) eWAT, iWAT, BAT, and the liver index (n = 3-6).

F) Quantification of average adipocyte size measured as shown in (G) (n = 4-6).

G) H&E-stained eWAT, iWAT, BAT, and liver samples. Scale bars, 100 um.

1) 4-HNE — positive area in e WAT and iWAT sections measured as shown in (H) (n = 5).

(
(
(
(H) Images of eWAT and iWAT samples obtained from HFD-fed Acs/4OE and Ctrl mice stained for 4-HNE (left) and TUNEL (right). Scale bars, 100 um.
(
(

J and K) MDA content and the GSH/GSSG ratio in eWAT and iWAT obtained from HFD-fed Acs/4OE and Ctrl mice (n = 5).

(
(

L) Heatmap unsupervised clustering analysis of differentially expressed lipids in iWAT from HFD-fed Acs/4OE and Ctrl mice (n = 3).
M) Western blot analysis of Hif1a and B-tubulin protein in eWAT (top) and iWAT (bottom) obtained from HFD-fed Acs/4OE and Ctrl mice.

Data are represented as mean + SEM in (B). n.s., not significant; *p < 0.05; ***p < 0.001 (two-way ANOVA).
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Figure 5. Acsl4 overexpression in adipocytes alleviates metabolic disorder
(A-C) Images and quantification of F4/80- or Sirius red-positive area from eWAT, iWAT, and liver samples obtained from HFD-fed Acs/4OE and Ctrl mice. Scale

bars, 100 pm.

(D) mRNA expression of indicated proinflammatory gene (n = 5).
(E) Serum levels of the indicated proinflammatory cytokines (n = 5).
(Fand G) GTT and ITT (n = 3-5).

(H) Western blot analysis of p-AKT in eWAT, liver, and muscle of HFD-fed Acs/4OE and Ctrl mice after intravenous injection of saline () or insulin (1.5 U kg™ ").

(I-K) Serum levels of the indicated index (n = 3-5).

n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001 (two-way ANOVA, or unpaired Student’s t test).

We observed a lower level of F4/80 immunostaining (Figures
5A and 5B) and nuclear factor (Nf)-kb protein levels (Figure S5A)
in adipose tissues, as well as lower levels of F4/80 immunostain-
ing and Sirius red staining in the liver from HFD-fed Acs/40OE
mice compared with HFD-fed control mice (Figures 5A and
5C). In line with this notion, we found lower proinflammatory cy-
tokines (II-6, II-1B, and tumor necrosis factor alpha [Tnf-a]) mMRNA
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expression (Figure 5D) in adipose tissues and lower circulation
protein levels of IL-1f while no change of circulation protein level
of Tnf-a (Figure 5E). These data suggest that Acs/4 overexpres-
sion in the adipose tissue does not cause significant tissue
inflammation.

We then asked whether Acsl4 overexpression affects the
metabolic state during HFD feeding. We found that blood
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glucose levels were lower during both GTTs (Figure 5F) and ITTs
(Figure 5@G) in fasted HFD-fed Acs/l4OE compared with fasted
HFD-fed control mice, indicating an improved metabolic state
in HFD-fed Acs/4OE mice. Of note, HFD-fed Acs/4OE mice
were sensitive to insulin as they fainted 30 min after insulin inoc-
ulation during the ITT. Therefore, the glucose measurements
after 30 min were terminated. Consistent with these findings,
we found that even when without insulin challenge, the phos-
phorylation level of Akt (p-AKT) was significantly higher in the
eWAT, liver, and skeletal muscle of HFD-fed Acs/40OE mice vs.
HFD-fed control mice (Figure 5H), suggesting an improved insu-
lin sensitivity even at baseline. In addition, compared with HFD-
fed control mice, HFD-fed Acs/4OE mice had lower serum
TG, TC, HDL-c, LDL-c, NEFA, ALT, AST, and LDH levels
(Figures 51-5K). On the other hand, we found no difference in
these serum parameters between NCD-fed Acs/4OE mice and
NCD-fed control (Figures 5I-5K). To disentangle the main driver
of the reduced plasma lipids in the HFD-fed Acs/4OE mice vs. the
HFD-fed control mice, mice were administrated with tyloxapol, a
lipoprotein lipase inhibitor. We found that TG levels were higher
in HFD-fed Acsl40E mice vs. HFD-fed control mice (Figure S5B).
These data indicate that HFD-fed Acs/4OE mice have lower
plasma lipids despite higher TG secretion from the liver, suggest-
ing an enhanced lipid clearance capacity of Acs/4OE mice.
These data provide supporting evidence that ferroptotic
signaling elicited by Acsl/4 overexpression enables a stronger
lipid clearance capacity and promotes insulin sensitivity, thereby
counteracting the effect of adipose tissue expansion and the
progression of metabolic disorders during obesity.

Loss of Fth in adipocytes induces ferroptotic signaling
and alleviates obesity in mice

We then asked whether iron-derived ferroptotic signaling regu-
lates adipose tissue expansion in obesity. We thus generated
adipocyte-specific Fth knockout (FthKO) mice by crossing
Adiponectin-Cre mice with Fth™™ mice. We confirmed the deple-
tion of Fth in the eWAT, iWAT, and BAT (Figure 6A). We observed
no difference in terms of BW gain in NCD-fed FthKO mice
compared with NCD-fed Fth™" mice (Figure 6B). By contrast,
compared with HFD-fed control mice, HFD-fed FthKO mice
had reduced weight gain (Figures 6B and 6C), a lower fat index

Cell Metabolism

(Figures 6D and 6E), reduced adipocyte size (Figure 6F and
6G), and reduced fatty liver (Figure 6G). Of note, NCD-fed FthKO
mice and NCD-fed Fth™" mice had similar fat index (Figure 6E),
adipocyte size (Figures 6F and 6G), and liver histology
(Figure 6G).

Consistent with previous studies showing that Fth negatively
regulates ferroptosis in other cell types in mice,'*°° we detected
increased levels of ferroptotic signaling in the eWAT and iWAT in
HFD-fed FthKO mice compared with HFD-fed control mice, as
demonstrated by increased 4-HNE staining (Figures 6H and 6l)
and MDA content (Figure 6J). There was no difference in the
GSH/GSSG ratio between these two groups (Figure S6A). We
also observed no difference in non-heme iron content in the
eWAT, iWAT, or BAT between NCD-fed FthKO mice and NCD-
fed control (Figure S6B). By contrast, we found higher non-
heme iron content in the eWAT but not iWAT (Figure 6K) of
HFD-fed FthKO mice compared with HFD-fed control mice.
Considering that Fth controls the labile iron pool in a variety of or-
gans,'®®"°? the enhanced ferroptotic signaling in HFD-fed
FthKO mice is probably attributed to the unleashed labile iron.

Furthermore, we found that the eWAT and iWAT from HFD-fed
FthKO mice did not have overt cell death as determined by
TUNEL staining (Figure 6H), cleaved-caspase3 protein level (Fig-
ure S6C) and caspase 3 activity (Figure S6D), and did not have
tissue inflammation despite the accumulation of lipid peroxida-
tion, as shown by lower F4/80 immunostaining in the eWAT
and iWAT (Figures 6H and S6E), lower Nf-kb protein level
in the eWAT (Figure S6F), lower proinflammatory cytokines (lI-6
and Tnf-a) mRNA expression in the eWAT (Figure 6L), and lower
circulation protein levels of Tnf-a while no change of circulation
protein level of IL-1f (Figure 6M). Moreover, HFD-fed FthKO
mice had lower levels of F4/80 immunostaining and Sirius red
staining in the liver than control mice (Figures 6H and S6G).
These data suggest that similar to Ac/s40OE, FthKO in the adi-
pose tissue did not cause significant ferroptotic cell death
and tissue inflammation but rather enhanced the ferroptotic
signaling. More importantly, we observed a reduction of Hifla
protein level both in the iIWAT and eWAT from HFD-fed FthKO
mice vs. control mice (Figure 6N), suggesting that labile iron eli-
cited ferroptotic signaling may suppress Hif1a availability to con-
trol adipose expansion during obesity.

Figure 6. Fth in adipocytes contributes to adipose tissue expansion in HFD-induced obesity

(A) Fth mRNA measured in tissues of FthKO and Fth™" mice (n = 4-5).

(B) BW curve (n = 5-6).

(C and D) Representative photographs of HFD-fed FthKO and Fth™" mice.
(E) eWAT, iWAT, BAT, and the liver index (n = 5-6).

(F) Quantification of average adipocyte size in eWAT and iWAT as shown in (G) (n = 5-6).

(G) H&E-stained eWAT, iWAT, BAT, and liver samples. Scale bars, 100 um.

(H) Images of eWAT, iWAT, and liver samples obtained from HFD-fed FthKO and Fth™" mice and stained for 4-HNE, TUNEL, F4/80, or Sirius red. Scale

bars, 100 pm.

(l) 4-HNE — positive area in eWAT and iWAT sections measured as shown in (H) (n = 6).

(J) MDA content (n = 6).

(K) Non-heme iron content (n = 6).

(L) mRNA expression of indicated proinflammatory gene (n = 5).

(M) Serum levels of the indicated proinflammatory cytokines (n = 5).

(N) Western blot analysis of Hifta and B-tubulin protein in eWAT (top) and iWAT (bottom) obtained from HFD-fed FthKO and Fth™" mice.

(O and P) GTT and ITT (n = 3-4).

(Q) Western blot analysis of p-AKT in eWAT, liver, and muscle of HFD-fed FthKO and Fth™" mice after intravenous injection of saline (—) or insulin (1.5 U kg™ ).

(R-T) Serum levels of the indicated index (n = 5-6).

n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001 (one-way ANOVA, two-way ANOVA, or unpaired Student’s t test).
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Blood glucose levels were lower during both GTTs (Figure 60)
and ITTs (Figure 6P) in fasted HFD-fed FthKO mice compared
with fasted HFD-fed control mice, indicating an improved meta-
bolic state in HFD-fed FthKO mice. We observed a higher p-AKT
protein in eWAT, liver, and skeletal muscle of insulin-treated
HFD-fed FthKO mice vs. HFD-fed control mice (Figure 6Q), sug-
gesting an improved insulin sensitivity. HFD-fed FthKO mice had
lower serum TG, TC, LDL-c, ALT, AST, and LDH levels but similar
levels of serum HDL-c and NEFA compared with HFD-fed con-
trol mice (Figures 6R-6T). On the other hand, we found no differ-
ence in these serum parameters between NCD-fed FthKO mice
and NCD-fed control (Figures 6R-6T). HFD-fed FthKO mice also
had stronger lipid clearance compared with HFD-fed control
mice, as supported by lower plasma lipids despite higher serum
TG levels after tyloxapol administration in fasted HFD-fed FthKO
mice (Figure S6H). These data suggest that ferroptotic signaling
elicited by unleashed labile iron enables a stronger lipid clear-
ance capacity and promotes insulin sensitivity, thereby counter-
acting the effects of adipose tissue expansion and the progres-
sion of metabolic disorders during obesity.

Fth restrains beige fat thermogenesis by inhibiting a c-
Myc-Pgc1p pathway

To further investigate the mechanism by which adipocyte-derived
ferroptotic signaling ameliorates obesity, we first questioned
whether the communication between adipocytes and macro-
phages was rewired by Fth deletion specifically in the adipocytes,
given that aberrant adipose macrophages are closely associated
with obesity®® and global Fth depletion in adult mice triggers leu-
kocytes infiltration and white adipose tissue atrophy.®* We there-
fore dissected the profiles of adipose tissue macrophages from
FthKO mice fed a HFD for 2 months (Figures S7A and S7B). We
found no difference between FthKO and control mice with respect
to the percentage or absolute number of CD11c*CD2067,
CD11¢*CD206%, CD11¢ CD206%, or CD9" macrophages in
both the eWAT and iWAT (Figure S7A), suggesting that Fth in ad-
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ipocytes does not play a major role in regulating the interaction
between adipocytes and macrophages.

We then found that HFD-fed FthKO mice had similar food
intake, water intake, and activity but had a higher O, consump-
tion rate and energy expenditure compared with HFD-fed control
mice (Figures 7A-7D). When challenged with CL-316,214 (a 3-
adrenergic receptors agonist used as a pharmacologic activator
of thermogenic fat),”* >’ HFD-fed FthKO mice presented with
significantly higher surface temperatures than control mice (Fig-
ure 7E). Meanwhile, FthKO mice under HFD feeding for 1 month
had a stronger capacity to maintain their body temperature upon
cold exposure compared with control mice (Figure 7F). These re-
sults prompted us to hypothesize that Fth in adipocyte reduces
energy expenditure by restraining adaptive thermogenesis. In
support of this notion, thermogenic genes and mitochondrial
genes were not changed in the BAT (Figures 7G and S7C), while
were markedly higher in the iWAT (Figures 7H and S7D) of HFD-
fed FthKO mice compared with HFD-fed control mice following
cold exposure at 6°C for 1 week. Meanwhile, we found no signif-
icant compensation by non-shivering thermogenesis in the skel-
etal muscle (Figure S7E). The levels of uncoupling protein 1
(Ucp1) protein were more pronounced in the iWAT but not the
BAT of FthKO mice vs. control mice under HFD feeding for
1 month, following 1 week of cold exposure (Figures 71, 7J,
and S7F). Measurement of the oxygen consumption rate (OCR)
further revealed significantly higher basal and maximal levels of
mitochondrial respiration, as well as proton leak, in differentiated
SVFs isolated from the iWAT (Figures S7G and S7H) but not the
BAT (Figures S71 and S7J) in FthKO mice when compared with
cells from control mice. Notably, forced Hifla expression via
lentivirus reversed the elevated OCR in differentiated SVFs iso-
lated from the IWAT of FthKO mice (Figures 7K and 7L).
Together, these data demonstrate a critical role of Fth in adipo-
cytes in repressing cold-induced beiging of the iWAT.

We then asked how ferroptotic signaling activates adipose
thermogenesis. Pgc1p is a key transcriptional co-activator that

Figure 7. Deletion of Fth augments thermogenesis in white adipocytes
(A and B) Average food intake and water intake (A) and activities (B) measured in HFD-fed FthKO and Fth™" mice. In this figure, mice fed with HFD began at

6 weeks old and continued for 1 month (n = 4-6).

(C and D) O, consumption and energy expenditure measured in HFD-fed FthKO and Fth” mice (n = 4-6).
(E) Representative infrared images (left) and the average body surface temperature (right) of HFD-fed FthKO and Fth™" mice following 6.5 h of CL-316,243

injection (n = 9-10).

(F) Body temperature of HFD-fed FthKO and Fth™" mice during acute cold exposure (n = 4-6).

(G and H) mRNA expression of the indicated thermogenic genes in BAT (G) and iWAT (H) from HFD-fed FthKO and Fth™" mice after 7 d cold exposure at 6°C
(n =7-8).

(I) Western blot analysis of Ucp1 and tubulin in BAT (top) and iWAT (bottom) obtained from HFD-fed FthKO and Fth™" mice after 7 d cold exposure at 6°C (n = 3).
(J) Representative UCP1 immunostaining of BAT and iWAT sections. Scale bar, 100 um.

(K and L) SVF cells isolated from iWAT of either Fth™" mice or FthKO mice were cultured in vitro. The 30% confluency cells were infected with indicate lentivirus for
20 h, then induced differentiation toward adipocytes. Oxygen consumption rates (OCRs) of adipocytes with indicated treatments were detected. OCRs were
normalized to the cell viability. Data represent mean + SD at each time point (K) and mean (L) (n = 3-4).

(M and N) mRNA expression of Pgc1 (M) and western blot analysis of the indicated protein (N) measured in iWAT obtained from HFD-fed FthKO and Fth™" mice
after 7 d cold exposure at 6°C (n = 7-8).

(O) Western blot analysis of Hif1a, c-Myc, and actin proteins in SVFs infected with indicated lentivirus.

(P) Western blot analysis of c-Myc and tubulin proteins in SVFs infected with lentivirus-mediated overexpression of Hif1a with 10 mM MG132 or vehicle (DMSO)
for the last 4 h.

(Q) Western blot analysis of Pgc1, Ucp1, and tubulin proteins in SVF-derived adipocytes. SVF cells isolated from iWAT of either Fth™" mice or FthKO mice.
(R) MRNA expression of Pgc18 measured in SVF-derived adipocytes, with/without 10058-F4 (70 uM). SVFs isolated from iWAT of FthKO mice.

(S) Western blot analysis of Pgc1B, Ucp1, and actin proteins in SVF-derived adipocytes. SVF cells isolated from iWAT of wild-type mice.

(T) Western blot analysis of the indicated protein in abdominal adipose lysates obtained from individuals with obesity vs. lean condition (n = 3).

(U) Scheme of how ferroptotic signaling enhances thermogenesis.

n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001 (one-way ANOVA, two-way ANOVA, or unpaired Student’s t test).
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controls adaptive thermogenesis and mitochondrial oxidative
energy metabolism.*®°®%° Zhang et al. reported that HIF1 in-
hibits PGC18 mRNA expression by repressing c-Myc activity.®’
We found the mRNA expression of Pgc1 (Figure 7M), as well as
the protein expressions of c-Myc and Pgci1f (Figures 7N and
S7K), were higher in the IWAT from HFD-fed FthKO mice
than those in HFD-fed control mice following cold exposure at
6°C for 1 week. We therefore hypothesized that ferroptotic
signaling-induced reductions in Hifla levels promote c-Myc
expression, thereby rejuvenating Pgc1p expression. In support
of this notion, forced Hifla expression suppressed the protein
level of c-Myc in SVFs in a proteasome-dependent manner
(Figures 70 and 7P) as proteasome inhibitor (MG132) reversed
the protein level of c-Myc in Hif1aOE SVFs, in line with a previous
study.®' 10058-F4, a selective small molecule inhibitor of c-Myc,
suppressed both the protein levels and mRNA expression of
Pgc1B as well as the protein levels of Ucp1 in adipocytes differ-
entiated from SVFs isolated from the iWAT of FthKO mice
(Figures 7Q and 7R). In addition, DMOG suppressed the protein
level of Pgc1p and Ucp1 in adipocytes differentiated from SVFs
isolated from the iIWAT of FthKO mice (Figure 7Q). These results
suggest that Hifla may act as a critical factor to constrain the
thermogenic program in beige adipocytes, while ferroptotic
signaling may negatively target a Hif1a-c-Myc-Pgc1p pathway
to rewire systemic energy metabolism into a thermogenic shunt.

We then found that adding 5(S),15(S)-DiHETE increased the
protein levels of Pgc1f and Ucp1 (Figure 7S) in adipocytes differ-
entiated from SVFs isolated from the iWAT, which further sup-
ports the notion that enhanced ferroptotic signaling boosts ther-
mogenesis. Notably, the protein levels of ALOX5, PHD2, PGC1,
and c-MYC were lower in the abdominal adipose tissue from in-
dividuals with obesity vs. lean controls (Figures 7T and S7L).
These data imply an underappreciated link between a HIF1
signaling-thermogenesis axis and ferroptotic signaling in human
obesity (Figure 7U). Taken together, these findings suggest that
activation of ferroptotic signaling in adipose tissue can boost
thermogenesis in adipocytes, conferring protection against
diet-induced obesity.

DISCUSSION

Excessive oxidative stress in white adipose tissue usually links to
metabolic dysfunction in HFD-feeding models. However, moder-
ate levels of oxidative stress in the white adipose tissue could
improve metabolic disorder® and increase glucose uptake and
thermogenesis in the WAT.®*®” We show that ferroptotic
signaling mediated by 5,15-dihydroxyeicosatetraenoic acid
(5,15-DIHETE) in adipocytes helps prevent adipose tissue
expansion and the development of metabolic disorders in the
context of obesity.

Our findings suggest that ferroptotic signaling derived from
lipid peroxidation accumulation, cystine deprivation, and/or
iron accumulation has similar effects in vitro. Further, our in vivo
data indicate that the upregulation of Fth in obesity is probably a
maladaptive response.’® This hypothesis is consistent with pre-
vious studies showing that ferritin levels are increased in individ-
uals with obesity.%®%° Interestingly, HFD-fed FthKO or HFD-fed
Acsl40E mice did not show overt cell death in the WAT. These
could be explained by (1) other salvage pathways that may
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kick in, such as Gpx4, Fsp1, etc. and (2) other cell types in the
adipose tissue may help support tissue homeostasis when the
oxidative balance is perturbed in adipocyte.>* """

Activation of hypoxic signaling and the accumulation of HIF1a.
have been well described in 3T3-L1 cells, obese mice, and individ-
uals with obesity.*”"%""> Here, we show that knocking out Hif1a in
adipocytes via Adipog-Cre reduces adipose expansion and pro-
tects against HFD-induced obesity in mice. We found that Hif1ain-
hibits WAT beiging by repressing a c-Myc-PGC1p pathway. These
findings support our hypothesis that the reduction of HIF 1o protein
contributes to preventing adipose expansion.

The activated thermogenic program in HFD-fed FthKO de-
layed temperature loss at an early stage (before 6 h) of cold
exposure. Although it is well established that beige adipocytes
and brown adipocytes respond to cold exposure synergistically,
the correlation between the two is rather complex. There are
studies showing that beige adipocytes do not contribute to ther-
mogenesis during the early stages of cold exposure,’® whereas
other studies reported the altered thermogenic capacity during
the early stages of cold exposure occurs when only beige adipo-
cytes are affected.’®°"-% These studies collectively reveal the
complexity of the interplay between beige adipocytes and brown
adipocytes. It is also worth noting that ferroptotic signaling has
more of an impact on the iIWAT vs. the BAT. We reason that
brown adipocytes have a greater exposure to iron availability
or have a greater capacity for iron uptake than beige adipo-
cytes.'? Therefore, depleting Fth may not be able to further boost
the thermogenic capacity in the BAT. While in the iWAT, given
that the iron content is relatively lower than in the BAT under
steady state as well as upon HFD-feeding, depleting Fth in
adipose tissues may result in more susceptibility of the iIWAT
to ferroptotic signaling, thereby enhancing thermogenesis in
the iWAT.

Compared with NCD feeding, HFD feeding induces insulin
resistance, leading to hyperinsulinemia.”” Thus, HFD-fed Ac-
sI40E mice could secrete more insulin, which causes them to
faint after insulin inoculation during our ITTs. In summary, our
findings suggest that FTH, ACSL4, and/or ferroptotic signaling
may serve as potential therapeutic targets for reducing obesity.

Limitations of the study

Although we showed that ferroptotic signaling mitigates obesity
using multiple mouse models, more evidence is needed to
confirm the dependency of ferroptotic signaling in regulating
adipose expansion and thermogenesis. It is still unclear how
bioactive lipids act on Phd2 to regulate Hif1a levels. We envision
that ferrology, with multiple interdisciplinary technologies, will
have a large impact on the ability to empower the precise manip-
ulation of ferroptosis and iron to allow for the better management
of disease conditions.”®
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Collagenase IV SOLARBIO Cat# C8160
Insulin (for injection) Sigma-Aldrich Cat# 10516
Glucose (for injection) Sigma-Aldrich Cat#G7528
Insulin (for cell differentiation) Yeyuan Cat# S12033
DNase | Roche Cat#10104159001
Red blood cell lysis buffer BioLegend Cat# 420301
3,3',5-Triiodo-L-thyronine sodium salt Sigma-Aldrich Cat# T6397
Dexamethasone Sigma-Aldrich Cat# D4902
Isobutylmethylxanthine Sigma-Aldrich Cat# 17018
Indomethacin Sigma-Aldrich Cat# 17378
Rosiglitazone Cayman Chemical via Biomol Cat# 71740
DMEM/F12 Biosharp Cat# BL305A
Fetal bovine serum Gibco Cat#10099-141C
Penicillin-Streptomycin Beyotime Cat#C0222
DMEM Agilent Cat#103575-100
Glucose (seahorse assay) Agilent Cat#103577-100
Pyruvate Agilent Cat#103015
Glutamine Agilent Cat#103579-100
CL316,243 MedChemExpress Cat#HY-116771A
DAPI Sigma-Aldrich Cat#D9542
Critical commercial assays

Triglyceride Assay kit SOLARBIO Cat# BC0625
SteadyPure rapid RNA extraction kit Accurate Biology Cat# AG21023
Lipid Peroxidation MDA Assay Kit Beyotime Cat# S0131S
GSH and GSSG Assay Kit Beyotime Cat# S0053
PrimeScript™ RT reagent Kit TAKARA Cat# RRO37A
Cell Counting Kit-8 Beyotime Cat# C0038

IL-1 beta Mouse Uncoated ELISA Kit Invitrogen Cat# 88-7013-22
TNF alpha Mouse Uncoated ELISA Kit Invitrogen Cat# 88-7324-22
Caspase 3 Activity Assay Kit Beyotime Cat# C1116
Seahorse XF Cell Mito Stress Test Kit Agilent Cat# 103015-100

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bicinchoninic Acid Protein Assay Beyotime Cat# P0011

Free Fatty Acids (NEFA/FFA) Colorimetric Assay Kit Elabscience® Cat# E-BC-K792-M
Minute™ Total Protein Extraction Kit for Adipose Invent Biotechnologies Cat# AT-022
Tissues/Cultured Adipocytes

Minute Cytoplasmic and Nuclear Extraction Kit Invent Biotechnologies Cat# SC-003

Deposited Data

Mendeley Data

https://data.mendeley.com/

https://data.mendeley.com/
datasets/9h9b224k26/1

Raw data for graphs This paper Data S1

Experimental models: Organisms/strains

C57BL6/J Jackson Laboratories JAX:000664

B6.129-Fth1'™-1Le%/y Jackson Laboratories JAX:018063

H11-e(CAG-LSL-Acsl4-IRES-tdTomato- This paper N/A

Wpre-pA)1 mice

Hif1a™" mice Developed in the Xie Lab N/A
(Southern Medical University)

Adiponectin-Cre mice Developed in the Xie Lab N/A
(Southern Medical University)

Oligonucleotides

Primer sequences for genotyping, see Table S3 This paper N/A

Primer sequences for quantitative RT-PCR, This paper N/A

see Table S4

Software and algorithms

GraphPad Software

Imaged
FlowJo
Image Lab

GraphPad Prism

NIH
FlowJo
Bio-Rad

https://www.graphpad.com/
scientific-software/prism/

https://Imaged.nih.gov/ij/Vertion 9.0
https://www.flowjo.com/

https://www.biorad.com/en-us/

product/image-lab-software?ID=
KRE6P5E8Z

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human study

Association analysis between obesity and adipose ferroptosis

5,123 differentially expressed genes (DEGs) between individuals who are metabolically healthy and lean (MHL) and individuals with
metabolically unhealthy obesity (MUO) were directly obtained from a previous study.'” Briefly, individuals who were metabolically
healthy and lean (MHL, n = 15) were defined as having a body mass index (BMI) of 18.5-24.9 kg/m?, normal plasma triglycerides
(< 150 mg/dL) and normal whole-body insulin sensitivity. Individuals with metabolically unhealthy obesity (MUO, n = 20) were defined
as having a BMI of 30.0-49.9 kg/m?, hepatic steatosis, and impaired whole-body insulin sensitivity.'”

These DEGs were identified using logo-transformed counts per million (CPM) reads, applying a fold change cutoff of 1.25 and a
nominal p-value < 0.05 with the limma package. Subsequently, functional annotation of the DEGs was performed using the cluster-
Profiler package, leveraging the enrichGO, enrichKEGG, enricher, enrichPathway, and enrichWP functions, based on Gene
Ontology - Biological Process (GO-BP), Kyoto Encyclopedia of Genes and Genomes (KEGG), The Molecular Signatures Database
(MsigDB), Reactome, and WikiPathways.”*?° Additionally, 654 obesity-associated genes were retrieved from the curated Compar-
ative Toxicogenomics Database (CTD) Gene-Disease Associations dataset® and 564 ferroptosis-related genes, classified into
drivers, markers, suppressors, and unclassified, were sourced from FerrDBv2.2" We examined the intersections among these three
sets of genes to identify shared genes and elucidate potential biological pathways.

Human adipose analysis

Human biological samples, including abdominal adipose tissue and plasma samples (from a total of 20 donors; 10 male and 10 fe-
male; data shown in Table S2), were analyzed in this study. According to the BMI criteria by the Working Group on Obesity in China
(WGOC), human samples were divided into control (BMI < 24), and obesity (BMI > 28) groups. Sex was comparable between groups,
as shown in Table S2. Adipose tissue samples were obtained from obese patients undergoing bariatric surgery, and lean patients
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undergoing gastrointestinal surgery from the Zhongshan Hospital. The study protocol was approved by the Clinical Research Ethics
Committee of Zhongshan Hospital of Fudan University with the approval number B2021-157R. All patients gave written consent for
their samples to be collected.

Mouse models

Fth-floxed (Fth™") mice were purchased from the Jackson Laboratory (stock numbers 018063). Hif1 a-floxed (Hif1a™") mice and Adi-
ponectin-Cre mice were kindly provided by Dr. Liwei Xie (Zhujiang Hospital Southern Medical University).'* Conditional Acs/4 trans-
genic mice were generated by Shanghai Model Organisms Center. In brief, a Rosa26 locus-targeting vector was used in which CAG
promoter-driven expression of both the transgene and the fluorescent protein tdTomato is prevented by a LoxP-flanked STOP
cassette; the transgenic mice express the Acs/4 transgene and tdTomato upon Cre-mediated excision of the STOP cassette. All
mouse lines were maintained on the C57BL/6 background, and mice were genotyped by performing PCR on genomic DNA obtained
via tail biopsy, using the primers listed in Table S3. All animal studies were approved by the Institutional Animal Care and Use Com-
mittee at Zhejiang University and were conducted in accordance with the National Institutes of Health guidelines for animal care (No.
ZJU20240536), and all animals were randomly assigned to cohorts when used. Except where indicated otherwise, adult (3-6 months
of age) mice were used for the experiments, and all mice were housed in plastic cages at room temperature (22-24 degree)a12h/12h
light-dark cycle. The mice were supplied ad libitum with distilled water and either pelleted AIN-76A (Research Diets, New Brunswick,
NJ) normal chow diet (NCD) containing a standard fat content (12% kcal derived from fat) or a high-fat diet (HFD) (cat. D12492,
Research Diets) containing 60% kcal derived from fat. Male mice were used in the studies.

Cell culture

Adipose depots were surgically removed from 8-10-week-old wild-type mice and processed for SVF enrichment. In brief, the adipose
tissues were manually minced and digested with 1.5 mg/mL collagenase Il and 2.4 mg/mL dispase Il in PBS containing 10% CaCl,
(100 mM) for 45 min at 37°C with agitation. Digestion was quenched with DMEM/F12 medium containing 10% FBS, and the disso-
ciated cells were passed through a 70-um filter and then centrifuged at 400 x g for 5 min. The supernatant was discarded, and the
SVF-containing pellet was resuspended in red blood cell lysis buffer for 5 min at room temperature and then quenched in DMEM/F12
containing 10% FBS. The cells were then passed through a 40-um filter and collected by centrifugation at 400 x g for 5 min.

To differentiate SVFs isolated from iWAT into adipocytes, the cells were cultured in DMEM/F12 containing 10% FBS, 100 U/mL
penicillin, 100 png/mL Streptomycin, and full adipogenic cocktail containing 20 nM insulin, 1 nM T3, 1 uM dexamethasone, 0.5 mM
isobutylmethylxanthine, and 125 nM indomethacin. To differentiate SVFs isolated from BAT into adipocytes, full adipogenic cocktail
containing 20 nM insulin, 1 nM T3, 1 uM dexamethasone, 0.5 mM isobutylmethylxanthine,125 nM indomethacin and 2uM rosiglita-
zone. After 2 days the cells were transferred to adipogenic maintenance medium containing 20 nM insulin and 1 nM T3. The medium
was changed every 2 days, and the cells were used for experiments within 7 days of the induction of differentiation.

METHOD DETAILS

Metabolic study

At 8 weeks of age, male mice were fed the NCD or HFD for at least 12 weeks. Serum total triglyceride (TG), total cholesterol (TC), low-
density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (LDL-c), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), lactate dehydrogenase (LDH), albumin (ALB), total protein (TP), creatine kinase (CK), blood urea nitrogen
(BUN), and creatinine (CR) were measured using a biochemical analyzer. Non-esterified fatty acid (NEFA) levels were measured using
a kit in accordance with the manufacturer’s instructions. White blood cells (WBC), red blood cells (RBC), hemoglobin (HGB), mean
corpuscular volume (MCV), platelets, platelets, neutrophils, lymphocytes, eosinophils, monocytes and basophils were analyzed by
an auto hematology analyzer. For the glucose tolerance test, the mice were fasted overnight and then given ani.p. injection of glucose
(1 g /kg body weight). For the insulin tolerance test, the mice were fasted for 4 h and then given an i.p. injection of insulin (0.5 units/kg
body weight). To measure blood glucose concentration, whole blood was drawn from the tail vein at the indicated times, and blood
glucose was measured using an AccuCheck glucometer (Roche, Indianapolis, IN). Oxygen consumption and energy expenditure was
measured using indirect calorimetry with TSE PhenoMaster metabolic cages and calculated by CalR.% In brief, HFD-fed mice were
placed in the metabolic cage at 10-11 weeks of age and allowed to acclimatize for 3 days prior to data analysis.

Seahorse assay

Oxygen consumption rate (OCRs) was determined using a Seahorse XFe96 analyzer (Agilent Technology). Specifically, Seahorse XF
Cell Mito Stress Test Kit was employed according to instructions from the manufacturer. SVF cells were seeded on Seahorse XF96
plates and were differentiated into adipocytes following the procedures in Cell culture. Prior to assay, mature adipocytes (day 7 after
differentiation) were changed as XF DMEM medium supplemented with 10 mM glucose, 1 mM pyruvate, 2 mM glutamine and incu-
bated in a non-CO, incubator (37°C, 45 min). Cell plate was then placed in the analyzer following a preset mitochondria stress pro-
gram with inhibitors injected as: Oligomycin (1.5 uM), FCCP (1.5 uM); Antimycin A/Rotenone (0.51M) and respective measurements.
OCRs were recorded and the ATP production, maximal respiration, and the spare respiratory capacity-dependent OCRs were calcu-
lated. Cell viability was also quantified using the CCK8 kit for normalization.
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Cold exposure assay

For cold exposure assays, mice were singly housed in pre-chilled cages without bedding in a cold chamber set at 4 °C or 6°C as
indicated. Mice were granted free access to pre-chilled food and water during the whole assay. Core body temperature was moni-
tored at indicated time points using a portable intelligent digital thermometer.

Infrared imaging

Body surface temperature was measured using a thermal imaging camera (FLOTRIC Camera). Mice were anesthetized with isoflur-
ane and quietly laid on a whiteboard with their back up, followed by image capturing with the camera anchored at the same height for
all mice in the same batch.

Topical cream application

RSL3-containing cream contained 5 mg RSL3 dissolved in 100 pL DMSO and then mixed with 215 mL lanolin, while the vehicle-con-
taining control cream contained 100 uL DMSO mixed with 215 mL lanolin. Starting at 8 weeks of age, male mice were fed the HFD for
12 weeks; where applicable, 150 puL of cream was applied daily to the skin above the iWAT on both sides for the last 4 weeks on
the HFD.

Lipid peroxidation measurement

Lipid peroxidation in primary cultured adipocytes was measured using confocal laser microscopy. In brief, SVFs were seeded on
24-well plates and incubated overnight. The next day, the cells were induced to differentiate into adipocytes as described above
and treated with the indicated compounds for 7 days. The cells were then incubated in 200 uL PBS containing 5 uM C11-BODIPY
581/591 for 30 min at 37°C. Lipid ROS were then measured using confocal laser scanning microscopy with a 488-nm laser. For
4-HNE immunostaining, differentiated adipocytes were fixed in 4% paraformaldehyde in PBS for 20 min, then incubated in anti-4-
HNE antibody in 3% BSA overnight, followed by incubated in goat anti-rabbit IgG conjugated with Alexa Fluor 594 antibody at
37°C for 1 h. Images were captured using a BX43 confocal microscope (Olympus) at 40x magnification. In addition, MDA content
in cells and tissues were measured using the Lipid Peroxidation MDA Assay Kit in accordance with the manufacturer’s protocol.

Glutathione measurement

SVFs were seeded into 6-well dishes. After 48 h, the cells were induced to differentiate into adipocytes as described above and
treated with the indicated compounds for 7 days. The cells were then collected by scraping, and glutathione levels were measured
using a Glutathione Assay Kit in accordance with the manufacturer’s protocol. GSH and GSSG concentrations were calculated using
a standard curve and normalized to total protein levels. For tissues, these concentrations were then normalized to tissue weight.

Tissue non-heme iron assay

Tissue non-heme iron was measured using the standard chromogen method as described previously.®® In brief, homogenized tis-
sues were incubated in NHI acid solution (10% trichloroacetic acid in 3 M HCI) at 65°C for 72 h. After centrifugation to pellet the
debris, 10 pL supernatant was loaded into each well in a 96-well plate; 200 pL working solution containing 0.2% thioglycolic acid
and 0.02% disodium 4,7-diphenyl-1,10-phenanthroline disulfonate in 50% saturated NaAc solution was added to each well, mixed,
and the plate was incubated at room temperature for 10 min, after which absorbance was read at 535 nm using a spectrophotometer
plate reader (Thermo Fisher). Iron concentration was normalized to the fresh tissue weight.

Histology and immunohistochemistry

Tissues were fixed overnight in 4% paraformaldehyde (pH 7.4), embedded in paraffin, and then serially sectioned. The sections were
stained with hematoxylin and eosin (H&E) for routine histological examination with a light microscope. To measure cell death and
ferroptosis in adipose tissues, select sections were stained with TUNEL, MDA, F4/80 and 4-HNE antibodies, respectively. Photomi-
crographs were obtained using an Eclipse E400 microscope (Nikon). For each mouse, three adjacent sections were quantified using
Imaged software.

Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde for 20 min, washed three times in PBS, and then permeabilized with PBS containing 0.3%
Triton X-100. After blocking with PBS containing 3% BSA, the cells were incubated in primary antibodies against HIF 1o or HIF2« at
4°C overnight, washed three times in PBS, and then incubated in goat anti-rabbit IgG or goat anti-mouse IgG conjugated with Alexa
Fluor 594 at 37°C for 1 h. After three washes in PBS, the nuclei were counterstained with DAPI. The cells were imaged at 40x magni-
fication using a BX43 confocal microscope (Olympus).

Cell viability assay

SVFs were seeded in replicates of 6 onto 96-well plates at a density of 5000 per well. After 24 h, the cells were induced to differentiate
into adipocytes as described above and treated with RSL3 and/or Fer-1 for 2, or 7 days. Subsequently, the medium was replaced
with 100 pL fresh medium containing 10 pL Cell Counting Kit-8 reagent. After incubation for 1 h at 37°C in humidified air containing 5%
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CO,, absorbance was measured at 450 nm, and cell viability was calculated in accordance with the manufacturer’s instructions. For
EC50 assay, SVFs were not induced to differentiate into adipocytes.

Oil Red O assay

Differentiated adipocytes prepared as described above were fixed in 10% formalin, rinsed in deionized water, and then incubated in
60% isopropanol for 5 min. The cells were then stained with Oil Red O working solution containing 2 g/L Oil Red O, 60% isopropanol,
and 40% H,O for 10 min at room temperature, washed five times in deionized water, incubated in isopropanol, and absorbance was
measured at 500 nm.

Quantitative PCR

Total RNA was extracted using TRIzol reagent and cDNA was synthesized using SuperScript Il Reverse Transcriptase. gqRT-PCR was
performed using SYBR GreenER gPCR SuperMix Universal, and triplicate samples were run on a Stratagene MX3000P gPCR system
(Roche) in accordance with the manufacturer’s protocol. The threshold cycle (Ct) values for each gene were normalized to Rpip0, and
the 2722% method was used for quantitative analysis. The primer sequences are listed in Table S4.

Western blot analysis

Nuclear and cytoplasmic fractions were prepared for western blot analysis using the Minute Cytoplasmic and Nuclear Extraction Kit
in accordance with the manufacturer’s instructions. Adipose tissues were lysed using the Minute™ Total Protein Extraction Kit for
Adipose Tissues/Cultured Adipocytes in accordance with the manufacturer’s instructions. Liver and muscle tissues were lysed using
RIPA lysis buffer supplemented with protease and phosphatase inhibitor cocktail. After centrifugation, the supernatant was
collected, and the protein concentration was measured using a Bicinchoninic Acid Protein Assay with a FLUOstar Omega microplate
reader (BMG Labtech). The supernatant was mixed with 6x SDS loading buffer, and the samples were boiled for 10 min. Proteins
were then loaded, separated using SDS-PAGE, and blotted using the appropriate antibodies. Anti Ucp3+Ucp1 and anti-Ucp1
were used for detection of thermogenesis in cultured adipocytes and adipose tissues, respectively. Most primary antibodies used
for detection were diluted as 1:500 in 5% bovine serum albumin, 1XTBST, except for Gapdh, B-Tubulin and B-Actin, which were
diluted as 1:10000. Secondary antibodies (Goat anti Rabbit IgG HRP or Goat anti Mouse IgG HRP) were diluted as 1:4000 in 5%
slim milk, 1XTBST.

ELISAs
Mouse serum inflammation index including IL-18 and TNF-o were quantified by ELISA kits according to the manufacturer’s
instructions.

VLDL secretion assay

Mice were fasted for 16 hours and injected i.v. with tyloxapol (Sigma, T8761) at the dose of 500 mg/kg body weight. Blood samples
were collected at indicated time points and the plasma was separated by centrifugation. Triglyceride measurements were performed
in accordance with the manufacturer’s instructions.

Caspase 3 activity
Adipose Caspase 3 activity was detected according to the manufacturer’s instructions.

Lentivirus transduction

Lentivirus was produced by transfecting HEK293T cells with packaging plasmids (psPAX2), envelope plasmids (pMD2.G) and
pSLenti-EF1-mCherry-CMV-MCS-3XFLAG-WPRE or pSLenti-EF1-mCherry-CMV-Hif1a-3XFLAG-WPRE in OBIO Tech. Inc. Lenti-
virus was mixed with Polybrene-plus (1ug/ml, OBIO), and then added into SVF cells (MOI of virus:cell=40:1 unless specifically
described) cultured in DMEM/F12 supplemented with 10% FBS and 1%PS. After 20 hours, cells were changed with DMEM/F12 sup-
plemented with 10% FBS and 1%PS for further use.

Tissue leukocyte isolation

SVFs containing leukocytes were isolated eWAT and iWAT following isolation of SVFs from mouse adipose tissue and were then
stained and analyzed using flow cytometry. Spleens were finely minced in complete DMEM media containing 10% FBS and then
digested with 1 mg/mL collagenase IV and 100 pg/mL DNase | for 35 min at 37°C while shaking at 180 rom. EDTA-Na, was added
to stop the digestion, and the cell suspension was passed through a 70-um cell strainer (Corning), red blood cells were lysed using
red blood cell lysis buffer, and splenocytes were pelleted and resuspended in FACS Buffer. The cells were then stained and analyzed
using flow cytometry.

Flow cytometry

Leukocytes isolated from tissues were incubated with Fc block and LIVE/DEAD Fixable Yellow Dead Cell Stain Kit (1:1000) in 1 x PBS
at room temperature for 10 min, followed by sequential incubations with the corresponding fluorochrome-conjugated antibodies for
20 min at 4°C. The cells were then washed in 1x PBS containing 2% FBS, centrifuged at 350 x g for 4 min at 4°C, and resuspended in
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FACS Buffer for flow cytometry analysis using a an LSRFortessa X-20 cell analyser (BD Biosciences). The data were analyzed using
FlowJo software V10, and macrophages were identified by excluding lineage markers (TCRB, CD19, Nk1.1, and Ly6G) and the
expression of CD11b, F4/80, CD11c, CD206, and CD9 using the gating strategy depicted in Figure S7B.

Proteomics LC-MS/MS and data analysis

Proteomics analysis was performed as previously described.®* For enrichment of pathway analysis, the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database was used to identify enriched pathways using a two-tailed Fisher’s exact test to test the
enrichment of differentially expressed proteins against all identified proteins. Pathways with a corrected p-value <0.05 were consid-
ered significant. These pathways were classified into hierarchical categories using the KEGG website. For enrichment of protein
domain analysis, for each category of proteins the InterPro database (a resource that provides functional analysis of protein se-
quences by classifying them into families and predicting the presence of domains and important sites) was searched, and a two-
tailed Fisher’s exact test was used to test enrichment of the differentially expressed proteins against all identified proteins. Protein
domains with a corrected p-value <0.05 were considered significant.

Oxylipins analysis

Oxylipins were analyzed as previously described.?’ Significantly regulated metabolites between groups were determined by VIP and
absolute Log,2FC (fold change). VIP values were extracted from OPLS-DA result, which also contain score plots and permutation
plots, was generated using R package MetaboAnalystR. The data was mean centering before OPLS-DA. In order to avoid overfitting,
a permutation test (200 permutations) was performed.

Lipidomics analysis

Lipid metabolite profiling was carried out using a targeted quantitative lipidomics by Wuhan Metware Biotechnology Co., Ltd.
(Wuhan, China), as previously described.® Differential metabolites were determined by VIP (VIP > 1) and P-value (P-value < 0.05,
Student’s t test). VIP values were extracted from OPLS-DA result, which also contain score plots and permutation plots, was gener-
ated using R package MetaboAnalystR. The data was log transform (log,) and mean centering before OPLS-DA. In order to avoid
overfitting, a permutation test (200 permutations) was performed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Except where indicated otherwise, summary data are presented as the mean + standard deviation or standard error of the mean. All
analyses (except the proteomics analysis, lipidomics analysis and olylipins analysis; see above for details) were performed using
Prism software v6 (GraphPad). Comparisons between two groups were analyzed using an unpaired Student’s t-test; comparisons
involving three or more related groups were analyzed using a one-way or two-way ANOVA with Sidak’s multiple comparisons test.
Quantifications of immunoblotting and IHC positive area were conducted by Imaged. Experiments involving measurements of body
weights, blood parameters, body surface temperature, core temperature, indirect calorimetry of mice were performed in a blinded
fashion, with randomly-grouped mice based on their ear tag identification numbers. Imaging and histology were also performed and
analyzed in a blinded fashion, prior to the decoding of the sample identities. No data points were excluded from the study expect for
sample missing. The data were assumed to be continuous normal distribution.
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