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Obesity-associated macrophages dictate
adipose stem cell ferroptosis and visceral fat
dysfunction by propagating mitochondrial
fragmentation
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Morbid obesity induces adipose stem cell (ASC) shortage that impairs visceral
adipose tissue (VAT) homeostasis. Macrophages cooperate with ASCs to reg-
ulate VAT metabolism, their impact on ASC shortage remains elusive. TNF-α-
induced protein 8-like 2 (TIPE2) is an important regulator in immune cells, its
expression in VAT macrophages and function in macrophage-ASC crosstalk
are largely unknown. Here, TIPE2 loss in VAT macrophages promotes ASC
ferroptosis to aggravate diet-induced obesity andmetabolic disorders in male
mice, which can be corrected by macrophage-specific TIPE2 restoration in
VAT. Mechanistically, TIPE2-deficient macrophages propagate mitochondrial
fragmentation and reduce delivery of exosomal ferritin toward ASCs, resulting
in mitochondrial ROS and Fe2+ overload that dictates ASC ferroptosis. TIPE2
interacts with IP3R to constrain IP3R-Ca2+-Drp1 axis, thereby preventing
excessive mitochondrial fission and enabling macrophages to protect against
ASC ferroptosis. This study reveals distinct obesity-associated macrophages
that dictate ASC ferroptosis, and proposes macrophage TIPE2 as therapeutic
target for obesity-related diseases.

Morbid obesity, characterized by adipose tissue dysfunction, may lead
to insulin resistance, hyperglycemia, and dyslipidemia, thereby
increasing the risk of diabetes, fatty liver disease, cardiovascular dis-
ease, and even cancer. White adipose tissue (WAT) regulates systemic
metabolic balance via fat storage, which integrates a plastic process of
adipocyte hyperplasia (increment of newly formed adipocytes) and
hypertrophy (enlargement of existing adipocytes). In morbid obesity,

an impaired adipogenesis restricts adipocyte hyperplasia while
exacerbates adipocyte hypertrophy, which causes pathological remo-
deling, including inflammation and fibrosis in WAT, particularly visc-
eral WAT (VAT). ThisWAT dysfunction forces fat accumulation in vital
organs, including the liver and heart, resulting in a series of metabolic
diseases1,2. Adipose stem cells (ASCs) possess high potential for adi-
pogenesis, and thus act as crucial adipocyte precursors in WAT.
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Adequate ASCs sustain adipocyte hyperplasia and healthy WAT
expansion in response to energy surplus; while ASC shortage in VAT
disrupts adaptive adipogenesis, driving pathological adipocyte
hypertrophy uponmorbid obesity1,3,4. Despite cellular senescence that
reduces ASC self-renewal3,4, it remains elusive whether cell death
pathway is involved in ASC exhaustion during VAT dysfunction.

Ferroptosis is a form of regulated cell death driven by iron-
dependent lipid peroxidation. Intracellular labile divalent iron (Fe2+)
can mediate the Fenton reaction to generate reactive oxygen species
(ROS) like hydroxyl radicals, which promote peroxidation of unsatu-
rated fatty acids (FAs) in membrane phospholipids. If excessive
phospholipid hydroperoxides cannot be reduced by glutathione per-
oxidase 4 (GPX4), the accumulation of secondary products, including
4-hydroxynonenal (4-HNE)may damage cell membrane and ultimately
induce cell death5,6. In obese state, VAT often suffers from ROS ele-
vation or iron disorder7,8. Mice with genetic obesity had excess iron in
epidydimal VAT, which was associated with adipocyte hypertrophy,
impaired adipogenesis, and metabolic dysfunction. Importantly, iron
chelation with deferoxamine (DFO) could effectively reduce adipocyte
hypertrophy in VAT, thereby ameliorating obesity and associated
insulin resistance in mice8–10. These findings provide an insight into
iron-elicited impairment in adipogenesis and VAT function, despite a
missing link to ASC ferroptosis. Of note, two recent independent
clinical studies have suggested a possible involvement of ASC ferrop-
tosis in morbid obesity. WAT from patients with poor outcome in
weight management showed high levels of ferroptosis-related genes,
including Acsl4, the gene encoding acyl-CoA synthase long-chain
family member 4 (ACSL4) that dictates ferroptosis11,12. This ACSL4
upregulation was verified in epididymal VAT from diet-induced obese
mice, accompanied by obvious adipocyte hypertrophy12. Importantly,
elevated Acsl4 expression was also observed in ASCs from obese
individuals compared to those fromnon-obese subjects13, suggesting a
potential association between obesity and ASC ferroptosis. So, it is
interesting to investigate possible ASC ferroptosis in a high-fat envir-
onment, as well as its regulation and metabolic consequences in VAT
function. In addition, as the major site of ROS production, mitochon-
dria also play a pivotal role in regulating cell ferroptosis6. It is still
unclear whether mitochondria regulate ASC fates and related VAT
function in obesity.

In lean or obese VAT,macrophages play crucial roles inmediating
metabolic homeostasis or disorders. There is growing evidence sup-
porting the interplay between macrophages and ASCs in these
processes14–17. In lean VAT, alternatively activated M2 macrophages
create anti-inflammatory niches to maintain local tissue homeostasis,
while ASCs and their exosomes can remodel M2-like macrophages to
facilitate inflammation resolution and the beiging process in VAT of
obese mice17–20. Besides, specific subsets of macrophages may shape
the fates of ASCs. For instance, CD206+ macrophages in VAT could
inhibit the proliferation and adipogenesis of ASCs, thereby affecting
adiposity and systemic insulin sensitivity14. Our recent study showed
that CX3CR1highmacrophages remodeled by ASCs could, in turn relieve
ASC senescence to drive VAT metabolic adaptation in mice3. In obese
VAT, M1 (classically activated) macrophage accumulation is con-
sidered the primary cause for VAT inflammation and consequent
insulin resistance17,20. Intriguingly, beyond their well-established
proinflammatory effect, macrophages also affect iron distribution in
obese VAT21, thus raising the possibility that VAT macrophages may
impact ASC ferroptosis in morbid obesity. If verified, it is important to
characterize the distinct phenotypes and regulatory patterns of these
macrophages.

In obesity, macrophages accumulated in VAT are generally in
activated state, regardless of their phenotypes and subsets. To clarify
the fundamental features of thesemacrophages, we focusedonTNF-α-
induced protein 8-like 2 (TIPE2), a negative regulator and recently
defined checkpoint that regulates multiple immune reactions in

addition to inflammation modulation. TIPE2 is predominantly
expressed in the spleen and lymph nodes. Its expression in immune
cells like T cells, NK cells and macrophages negatively regulates the
anti-tumor or anti-infection immune responses by affecting cell
maturation, activation, polarization or phagocytosis. Previous studies
have shown that TIPE2 can inhibit several signaling pathways including
nuclear factor-κB, phosphatidylinositol 3-kinase or mammalian target
of rapamycin complex 1 (mTORC1) by targeting Caspase-8 or Rac
GTPase22–26. More recently, we identified a special role of hepatocyte
TIPE2 in driving hepatic gluconeogenesis and preventing hepatic
steatosis during fasting, which targeted Raf-1 degradation to inhibit
ERK signaling pathway27. This prompted us to explore the functions of
TIPE2 in VAT metabolism. Interestingly, TIPE2 in immune cells may
influence the ferroptosis of other tissue cells, as supported by a recent
report showing myocardial cell ferroptosis regulated by TIPE2-
deficient T cells in mouse allograft28. Given abundant macrophages
in VAT, we thus wondered if TIPE2 in VAT macrophages could impact
ASC fates, such as ferroptosis in a high-fat condition.

Here, we reveal a causal link between TIPE2 loss in VAT macro-
phages and ASC ferroptosis. TIPE2 deficiency in macrophages pro-
motes ASC ferroptosis and VAT dysfunction, thereby exacerbating
diet-induced obesity andmetabolic abnormalities inmice. This vicious
process can be alleviated by TIPE2 restoration in VAT macrophages.
Mechanistically, TIPE2 deficiency causes excessive mitochondrial fis-
sion in macrophages, which propagates mitochondrial fragmentation
to ASCs via mitochondrial transfer, ultimately resulting in ROS over-
load to promote ASC ferroptosis. Furthermore, TIPE2 deficiency dis-
turbs exosomal transfer of ferritin from macrophages into ASCs,
resulting in Fe2+ overload to increase the susceptibility of ASC
ferroptosis.

Results
ASC ferroptosis coincides with TIPE2 loss in VAT macrophages
in HFD-fed mice
As morbid obesity increases oxidative stress and iron disorders
accompanied by ASC exhaustion in VAT8,29, we wondered if ASCs were
subjected to ferroptosis during obesity-associated VAT dysfunction.
We first examined ferroptosis-related lipid peroxidization markers in
VAT of the mice fed with a long-term high-fat diet (HFD). Lipofuscin
contains oxidative lipids and iron relating to lipid peroxidation and
ferroptosis30. As determined by autofluorescence, HFD-fed mice
showed a significant increase of lipofuscin in VAT compared with
normal chow diet (NCD)-fed mice (Fig. 1a). And the final product of
lipid peroxidation 4-HNE showed an increase in VAT and ASCs in HFD-
fed mice compared with NCD-fed mice (Fig. 1b, c). These observations
imply that HFD feeding can increase lipid peroxidation in VAT, parti-
cularly in ASCs, in concertwith aberrant adipocyte hypertrophy in VAT
pathology (Supplementary Fig. 1a). We next examined the key reg-
ulators of ferroptosis in VAT of these HFD-fed mice. The pro-
ferroptosis protein ACSL4 was remarkably increased in VAT by HFD
feeding, especially in ASCs, though anti-ferroptosis proteins cystine
transporter solute carrier family 7 member 11 (SLC7A11) and
GPX4 showedno obvious decrease (Fig. 1d, e). This imbalance between
pro-ferroptosis and anti-ferroptosis regulators in VAT and ASCs indi-
cated a clear tendency toward ferroptosis upon morbid obesity, par-
tially in line with previous studies showing Acsl4 increase in ASCs or
WAT in patients with obesity12,13. Furthermore, cleaved Caspase 3,
Gasdermin D (GSDMD) and p-MLKL (typical markers for apoptosis,
pyroptosis and necrosis) showed no obvious increase in ASCs of VAT
from HFD-fed mice (Supplementary Fig. 1b), implying that apoptosis,
pyroptosis, and necrosis may not be the primary contributor to ASC
shortage. To confirm the sensitivity of ASCs to ferroptosis in the HFD
condition, we further examined ferroptosis regulators in primary ASCs
that were sorted from mouse VAT. In agreement with the above
observations, compared with ASCs of NCD-fed mice, ASCs from HFD-
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fed mice showed marked increase in ACSL4 protein and no obvious
decrease in SLC7A11 and GPX4 proteins, along with an apparent
fluorescence shift from non-oxidized to oxidized C11-BODIPY581/591, an
indicator for ferroptosis-induced lipid peroxidation (Supplementary
Fig. 1c–e). Furthermore, regardless ofwhether themicewere subjected
to HFD or not, cleaved Caspase 3, GSDMD and p-MLKL were almost

undetectable in their ASCs (Supplementary Fig. 1f), in stark contrast to
ACSL4 enrichment in ASCs of HFD-fed mice. These data suggest that
VAT ASCs are vulnerable to ferroptosis in morbid obesity, rather than
to apoptosis, pyroptosis, or necrosis. Nonetheless, we cannot rule out
the potential contribution of alternative cell death pathway to VAT
pathology, probably in distinct cell types or environmental cues upon
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obesity. To further ascertain ASC ferroptosis in HFD condition, Fer-
rostatin-1, a scavenger of lipid peroxidation, was administered into
HFD-fed mice. As expected, glucose tolerance and insulin sensitivity
were significantly improved by Ferrostatin-1 in these mice, accom-
panied by the restoration of ASC (Sca-1+CD45-) pool and the reduction
of ASC death in VAT (Supplementary Fig. 2a–e).

Given the co-residency of macrophages with ASCs and their
interplay in stromal vascular fraction (SVF)15–17, we wondered if VAT
macrophages could influence ASC ferroptosis in long-term HFD-fed
mice. Through three-dimensional reconstruction of immuno-
fluorescence images, we notably found a spatial adjacency between
macrophages (F4/80+) and ASCs (Sca-1+) in VAT of these mice (Fig. 1f),
thus raising the possibility of their intercellular communication. Next,
we sought to determine the characteristics of these macrophages in
obese VAT. A previous genome-wide analysis proposed TIPE2 as a
promising checkpoint of inflammation and metabolism in
macrophages31. Given large amounts of macrophages in VAT, we first
evaluated Tipe2 expression profile in WAT using public single-cell
sequencing data. In both human and mouse WAT, Tipe2 showed pre-
dominant expression in monocyte/macrophage clusters rather than
other cell types, including adipocytes and ASCs (Supplementary
Fig. 3a, b). InmouseWAT,Tipe2was broadly expressedbymacrophage
subclusters Mac 1–4, which accounted for about 10 percent of each
subcluster. And Tipe2 transcript had slightly higher abundance in Mac
2, Mac 3, and Mac 1, largely due to a rare population of Mac 4 (Sup-
plementary Fig. 3c–e). As compared to several marker genes proposed
by previous studies32, aside from Mac 1 (Fgf13) without reported
pathway, Mac 2 (Lyve1, Cd163, Plekhg5), Mac 3 (Trem2, Cd9, Lpl) and
Mac 4 (Prg4, Tgfb2, Ltbp1, Timd4) were in alignment with previously
identified perivascular macrophage (PVM), lipid-associated macro-
phage (LAM), and regulatory macrophage (RM), respectively (Sup-
plementary Fig. 4a). And immunofluorescence showing TIPE2 protein
in Mac 1 (FGF13+), Mac 2 (LYVE1+), Mac 3 (TREM2+) and Mac 4 (TIM4+)
further verified TIPE2 expression in these subpopulations (Supple-
mentary Fig. 4b). This indiscriminate Tipe2 distribution implies a basic
and pivotal position of TIPE2 in VAT macrophages. As TIPE2 protein
can be degraded upon activation stimuli33,34, we then detected its
protein level in mouse VAT. Surprisingly, TIPE2 protein in VAT is
remarkably decreased by long-term HFD (Fig. 1g). Given predominant
Tipe2 expression inmacrophages of mouseWAT rather than other cell
types, including adipocytes (Supplementary Fig. 3b), the drastic drop
of TIPE2 protein in VAT of HFD-fedmice could be largely attributed to
the contribution of local macrophages. As expected, further evidence
from immunofluorescence verified the decrease of TIPE2 protein in
VAT macrophages, although obesity increased the amounts of mac-
rophages (Fig. 1h). These findings indicate that obesity can induce
TIPE2 loss in VAT macrophages, probably caused by high-fat micro-
environment. Consistently, using FA solution (palmitic acid plus oleic
acid) to simulate high-fat setting in obese VAT, we provided evidence
that FA treatment markedly reduced TIPE2 protein in primary mac-
rophages, as determined by immunofluorescence and western blot
(Fig. 1i–k). Thus, high-fat microenvironment may induce TIPE2 loss in
macrophages, coinciding with ASC ferroptosis and VAT abnormality
during obesity.

Deficiency of macrophage TIPE2 aggravates obesity and meta-
bolic disorders in HFD-fed mice
To clarify the potential connection of TIPE2 loss in macrophages to
ASC ferroptosis during VAT dysfunction, we established HFD-induced
obesity in myeloid-specific Tipe2 knockout (M-Tipe2-/-) mice. Relative
to HFD-fed Tipe2flox/flox (M-Tipe2+/+) mice, thesemice showed a dramatic
increase in body weight gain independent of food intake; for NCD-fed
mice, therewas no obvious difference in bodyweight between the two
genotypes (Fig. 2a andSupplementaryFig. 5a, b). Accordingly,HFD-fed
M-Tipe2-/- mice showed more severe glucose intolerance and insulin
resistance than HFD-fed M-Tipe2+/+ mice, as suggested by higher levels
of blood glucose post glucose or insulin administration and corre-
sponding area under the curve (Fig. 2b–e). These findings suggest that
macrophage TIPE2 is indispensable for mice to resist severe obesity
and associated metabolic dysfunction. Unexpectedly, in HFD condi-
tion, TIPE2 deficiency inmacrophages led to obvious fat redistribution
from VAT to the liver. Compared with HFD-fed M-Tipe2+/+ mice, HFD-
fed M-Tipe2-/- mice showed apparent restriction on VAT expansion
characterized by smaller and yellower epidydimal fat depots and lower
ratios of epidydimal fat mass to body weight; while both genotypes of
mice showed similar expansion of inguinal subcutaneous WAT (SAT)
(Fig. 2f–h). More strikingly, the liver from HFD-fed M-Tipe2-/- mice
showedmuch larger and yellowermorphology than that fromHFD-fed
M-Tipe2+/+ mice, together with a higher ratio of liver weight to body
weight (Fig. 2f, i). Notably, hepatic lipid contents andOil RedO staining
in liver tissue further confirmed that M-Tipe2-/- mice suffered from
more severe hepatic steatosis than M-Tipe2+/+ mice in obese state
(Fig. 2j–m). As such, macrophage TIPE2 may act as a fat balancer
between adipose tissue and liver, which protects the mice against
severe obesity andmetabolic dysfunctions including insulin resistance
and fatty liver.

Deficiency of macrophage TIPE2 promotes ASC ferroptosis in
VAT of HFD-fed mice
To clarify why loss of macrophage TIPE2 restricted VAT expansion in
obesity, we next examined the status of VAT and ASCs in these mice.
HFD feeding induced obvious adipocyte hypertrophy inbothM-Tipe2-/-

and M-Tipe2+/+ mice. But differently, VAT from obese M-Tipe2-/- mice
had significantly larger adipocytes than that from obese M-Tipe2+/+

mice (Fig. 3a, b), suggesting that TIPE2 depletion in macrophages
exacerbates abnormal adipocyte hypertrophy upon obesity. In agree-
ment with this, the expression of adipogenesis genes, including Pparγ,
Adiponetin, Cebpα, Pdgfrα, and Pdgfrβwas largely reduced in VAT from
obese M-Tipe2-/- mice compared with that from obese M-Tipe2+/+ mice
(Fig. 3c, d and Supplementary Fig. 5c). More importantly, PPARγ pro-
teinwas significantly decreased in VATof obeseM-Tipe2-/-mice (Fig. 3e,
f), supporting an impairment of adaptive adipogenesis by TIPE2 defi-
ciency in macrophages. Accordingly, compared with HFD-fed M-
Tipe2+/+ mice, HFD-fed M-Tipe2-/- mice showed significant increase of
4-HNE in VAT and ASCs, as well as upregulation of lipofuscin in VAT
reflected by autofluorescence, particularly in the region of SVF enri-
ched of ASCs (Fig. 3g; Supplementary Fig. 6a). Notably, TIPE2 defi-
ciency in macrophages markedly increased ACSL4 in VAT and ASCs in
HFD-fed mice, while had no obvious influence on SLC7A11 and GPX4

Fig. 1 | ASC ferroptosis coincides with TIPE2 loss in VAT macrophages in HFD-
fed mice. a Representative confocal imaging of lipofuscin autofluorescence in
epididymal VAT sections frommice fed with NCD or HFD for 34 weeks. Scale bars,
20 μm. b Representative confocal imaging of immunofluorescence for 4-HNE (red)
in ASCs (Sca-1, green) in VAT sections. Scale bars, 15 μm. c, d Immunoblots and
densitometry assay for 4-HNE (c), ACSL4, SLC7A11 and GPX4 (d) in VAT. n = 4 mice
per group. e Representative confocal imaging of immunofluorescence for ACSL4
(magenta) in ASCs (Sca-1, green) in VAT section. Scale bars, 5 μm. f Three-
dimensional confocal imaging of spatial adjacency of macrophages (F4/80, green)
and ASCs (Sca-1, red) in VAT sections. Scale bars, 10 μm. g Immunoblots and

densitometry assay for TIPE2protein in VAT.n = 3miceper group.hRepresentative
confocal imaging of immunofluorescence for TIPE2 (red) in macrophages (F4/80,
green) in VAT sections. Scale bars, 10 μm. i–k Representative immunofluorescence
for TIPE2 (red) (i) with quantification of mean fluorescence intensity (MFI) (j, n ≥ 32
cells) and TIPE2 immunoblots (k) in wild-typemacrophages that were treated with
or without FA for 18 h, examined over three independent experiments. Scale bars,
20 μm. Three biologically independent samples were examined per condition in
(a,b, e, f,h). Data are presented asmean± s.e.m. *P <0.05, **P < 0.01 determinedby
two-tailed student’s t-test (c, d, g, j).
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Fig. 2 | Deficiency of macrophage TIPE2 aggravates obesity and metabolic
disorders in HFD-fed mice. a–eM-Tipe2+/+ and M-Tipe2-/- mice were fed with NCD
or HFD for 25 weeks. Body weight change (a), glucose tolerance test (b) in mice
with an overnight fast, insulin tolerance test (d) in mice with free access to food,
together with corresponding area under the curve (c, e). f-i Representative images
(f) of inguinal SAT (IngSAT), epididymal VAT (EpiVAT), liver of themice, and ratios
of IngSAT mass (g), EpiVAT mass (h), liver weight (i) to body weight. j–m Hepatic

triglyceride (TG, j) and total cholesterol (TC, k) contents, representative H&E
staining (l) andOil RedO staining (m) in liver sections. Scale bars, 20 μm. n = 4 or 5
mice per group (a), n = 3 mice per group (b–e, g–k). Data are presented asmean ±
s.e.m. #P <0.05, ##P <0.01, ###P <0.001 (NCD-M-Tipe2+/+ vs. HFD-M-Tipe2+/+ in
a, b, d); *P <0.05, **P <0.01, ***P <0.001 (HFD-M-Tipe2+/+ vs. HFD-M-Tipe2-/-in a, b,
d) determined by two-way (a,b,d), one-way ANOVA (c, e, g-k).
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Fig. 3 | Deficiency of macrophage TIPE2 promotes ASC ferroptosis in VAT of
HFD-fed mice. a, b Representative images of H&E staining (a) and statistical ana-
lysis of adipocyte sizes (b; n ≥ 395 adipocytes examined over 3 mice per group) in
VAT sections frommice indicated in Fig. 2. Scale bars, 50 μm. c–fHeat map (c) for
adipogenesis gene expression, PPAR-γ mRNA (d) and protein (e, f) levels in epi-
didymal VAT. g, h Representative confocal imaging of immunofluorescence for

4-HNE (green) in ASCs (Sca-1, red) (g) and ACSL4 (red) in ASCs (Sca-1, green) (h) in
VAT sections. Scale bars, 2 μm (g) and 5 μm (h). i–n Flow cytometry frequencies of
ASCs (Sca-1+CD45-) in SVF (i, j), cellular death (i, k) andmitochondrial ROS (l,m) in
ASCs with MFI quantification (n) in VAT. n = 3 mice per group (c, d, f, j, k, m, n).
Data are presentedasmean± s.e.m. *P <0.05, **P <0.01, ***P <0.001 determinedby
one-way ANOVA (b, f) or two-tailed student’s t-test (d, j, k, m, n).
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(Fig. 3h; Supplementary Fig. 6b). Furthermore, the accumulation of
transferrin receptor 1 (TFR1) into plasma membrane of ASCs was
increased in HFD-fed M-Tipe2-/- mice compared with HFD-fed M-Tipe2+/+

mice, togetherwith an abnormalmorphologyof shrunkenmitochondria
in transmission electron microscopy (Supplementary Fig. 6c, d). In
addition, there was no obvious difference in cleaved Caspase 3, GSDMD,

and p-MLKL in ASCs of VAT between HFD-fed M-Tipe2-/- and M-Tipe2+/+

mice (Supplementary Fig. 6e), largely excluding the influence of mac-
rophage TIPE2 deficiency on ASC apoptosis, pyroptosis or necrosis.
These observations implied that deficiency of macrophage TIPE2 might
induce an activate ferroptosis process in VAT of HFD-fed mice, which
was independent of GPX4 inhibition. In agreement with this, ASC
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population was decreased whilst ASC death was increased in VAT of
HFD-fed M-Tipe2-/- mice relative to HFD-fed M-Tipe2+/+ mice, together
with an elevation of mitochondrial ROS in these ASCs (Fig. 3i–n). In fact,
compared to NCD feeding, HFD itself increased ASC death in M-Tipe2+/
+mice, largely due to its contribution to TIPE2 loss inmacrophages; even
in NCD condition, TIPE2 deficiency in macrophages also caused an
increasing trend of ASC death (Supplementary Fig. 6f–h). Nonetheless,
the death proportion of ASCs appeared to be in concert with the rapid
turnover of SVF, including ASCs in WAT, as reported by previous
studies35–37, probably a kind of adaptive or compensatory reaction. Of
note, upon Ferrostatin-1 treatment, HFD-fed M-Tipe2-/- mice showed
marked improvement in metabolic outcome, accompanied by sub-
stantial reduction in ASC death and adipocyte hypertrophy in VAT
(Supplementary Fig. 7a–h). Collectively, Deficiency of macrophage
TIPE2 may promote ASC ferroptosis, subsequently resulting in VAT
dysfunction in HFD-fed mice.

TIPE2-deficient macrophages drive ASC ferroptosis by propa-
gating mitochondria fragmentation
To determine whether macrophage TIPE2 could directly regulate ASC
ferroptosis, we cocultured ASCs with Tipe2+/+ or Tipe2-/- macrophages
via cell-cell contact in the presence of FA (Fig. 4a), followed by fer-
roptosis assay using lipid ROS indicator C11-BODIPY581/591. In this
coculture system, CD45 was used to distinguish macrophages (CD45+,
immune cells) and ASCs (CD45-, non-immune cells) by referring to
previous studies38–40. Compared with Tipe2+/+ macrophages, Tipe2-/-

macrophages significantly increased lipid ROS in ASCs (Fig. 4b, c),
consequently resulting in an increase of ASC death (Fig. 4d, e). This
difference in ASC death was further verified by 7-AAD+ population;
whereas both groups showed similar frequencies in Annexin V+ 7-AAD-

population, preliminarily excluding the involvement of apoptosis in
ASC death caused by Tipe2-/- macrophages (Supplementary Fig. 8a, b).
Importantly, the increment of ASC death caused by Tipe2-/- macro-
phages was remarkably abolished by DFO or Ferrostatin-1 (Fig. 4a, f, g;
Supplementary Fig. 8c, d), indicating that ASC death elicited by Tipe2-/-

macrophages is dependent on iron and lipidoxidation. By contrast, the
apoptosis/proptosis or necrosis inhibitors z-VAD-FMKor Necrostatin-1
could not significantly reduce ASC death (Supplementary Fig. 8c, d),
further ruling out the primary contribution of apoptosis, proptosis, or
necrosis to this process. Additionally, upon pretreatment with RSL3, a
GPX4 inhibitor, ASC death was substantially induced in Tipe2-/- mac-
rophage coculture, which showed a remarkable increase compared
with that in Tipe2+/+ macrophage coculture (Supplementary Fig. 8e, f),
further supporting that Tipe2-/- macrophages could promote the sus-
ceptibility of ASCs to ferroptosis.

Next, we asked whether these macrophages affected iron home-
ostasis in ASCs. Interestingly, condition medium from Tipe2-/- macro-
phages, relative to that from Tipe2+/+ macrophages, significantly
upregulated intracellular Fe2+ but downregulated ferritin heavy chain 1
(FTH1) in ASCs (Fig. 4h–j), indicating that soluble factors from mac-
rophages may mediate their different effects. Given previously iden-
tified exosomepathway for ferritin transportation and the role of FTH1
in sequestering iron to reduce Fe2+ pool6,41, we speculated that exo-
somes from Tipe2+/+ or Tipe2-/- macrophages might produce different
influences on the levels of FTH1 protein and Fe2+ in ASCs. To this end,

Tipe2-/- or Tipe2+/+ macrophages were treated with exosome inhibitor
GW4869, and conditioned medium was collected for ASC incubation.
Exosome inhibition successfully reduced the difference in the ability of
Tipe2-/- and Tipe2+/+ macrophage condition medium to affect the levels
of FTH1 protein and Fe2+ in ASCs (Supplementary Fig. 9a–c). Thus, the
exosome pathway may play a role in regulating FTH1 and Fe2+ in ASCs
bymacrophages. To further ascertain the contribution of exosomes in
this process, we examined FTH1 protein in exosomes from the above
macrophages. Relative to Tipe2+/+ macrophages, Tipe2-/- macrophages
showed a decline in FTH1 protein; in concert with this, exosomes from
Tipe2-/- macrophages carried much less FTH1 protein than those from
Tipe2+/+ macrophages (Fig. 4k, l and Supplementary Fig. 9d). This
indicates thatTIPE2deficiencymay reduce ferritin inmacrophages and
impair their capacity for loading exosomal ferritin. In addition, Prus-
sian blue staining showed that the iron was hardly detectable in exo-
somal ferritin compared to the source Tipe2+/+ or Tipe2-/- macrophages
(Supplementary Fig. 9e). As such, unlike exosomes from Tipe2-/- mac-
rophages that carried very little ferritin, exosomes from Tipe2+/+ mac-
rophages carried abundant ferritin that contained very little iron, at
least unsaturated, thus acquiring a potential for iron sequestration to
reduce the labile iron pools in target cells. As expected, ASCs treated
with Tipe2-/- macrophage exosomes showed downregulation in FTH1
protein while upregulation in Fe2+ compared with those treated with
Tipe2+/+ macrophage exosomes (Fig. 4m–o). In addition, Tipe2+/+ mac-
rophage exosomes but not Tipe2-/- macrophage exosomes could
successfully rescue the downregulation of FTH1 protein in ASCs
caused by conditional medium from GW4869-treated Tipe2+/+ macro-
phages (Supplementary Fig. 9f). These data demonstrate that TIPE2
deficiency in macrophages may disturb the delivery of exosomal fer-
ritin into ASCs, thereby causing Fe2+ overload in ASCs to increase their
susceptibility to ferroptosis.

Considering that in vivo depletion of macrophage TIPE2 led to an
upregulation of mitochondrial ROS in ASCs of VAT under an obese
condition, we then asked whether Tipe2-/- macrophages directly
affected mitochondrial ROS in ASCs. Remarkably, relative to Tipe2+/+

macrophages,Tipe2-/-macrophages significantly upregulated the levels
of mitochondrial ROS in ASCs (Fig. 5a, b); while blockade of mito-
chondrial ROS with MitoTEMPO markedly abolished the increment of
lipid ROS in ASCs that was caused by Tipe2-/- macrophages (Fig. 5c, d).
In this regard, mitochondrial ROS overload is another critical con-
tributor to ASC ferroptosis. To further ascertain why ASCs in coculture
with Tipe2+/+ or Tipe2-/- macrophages had different levels of mito-
chondrial ROS, we tracked mitochondrial ROS of macrophages
through MitoSOX labeling before the coculture. Surprisingly,
macrophage-derived mitochondrial ROS was readily detectable in
ASCs, while Tipe2-/- macrophages rendered more mitochondrial ROS
into ASCs than Tipe2+/+macrophages (Fig. 5e–g). In agreementwith the
delivery of mitochondrial ROS, mitochondrial tracking assay showed
an apparent mitochondrial transfer from both genotypes of macro-
phages into ASCs. But differently, mitochondria from Tipe2-/- macro-
phages exhibited obvious fragmentation compared with those from
Tipe2+/+ macrophages, characterized by small and short morphology
(Fig. 5h, i). And live-cell imaging further confirmed the mitochondrial
transfer from Tipe2-/- macrophages into ASCs (Supplementary Fig. 10).
It has been recognized that nano-tube tunneling (TNT) is involved in

Fig. 4 | TIPE2-deficient macrophages dictate ASC ferroptosis in vitro.
a Schematic of coculture assay for ASCs (wild-type) and macrophages (Tipe2+/+ or
Tipe2-/-) in the presence of FA for 24h. b, c Flow cytometry frequency (b) of lipid
ROS inASCs (CD45-) withMFIquantification (c;n = 4) after coculturewithTipe2+/+or
Tipe2-/- macrophages. d–g Flow cytometry frequency (d, e; n = 3) of ASC death after
coculture with Tipe2+/+ or Tipe2-/- macrophages, or in the presence of 100μM DFO
(f, g; n = 3). h–j Representative confocal imaging (h) of intracellular Fe2+ with MFI
quantification by ImageJ (i; n ≥ 51 cells examined over two independent experi-
ments) and immunoblots for FTH1 protein (j) in ASCs that were incubated with

condition medium (CM) from Tipe2+/+ or Tipe2-/- macrophages for 24h. Scale bars,
50 μm. k, l Representative immunoblots for FTH1 protein in Tipe2+/+ or Tipe2-/-

macrophages (k) and their exosomes (l). m–o Representative immunoblots for
FTH1 protein (m) and confocal imaging (n) of intracellular Fe2+ with MFI quantifi-
cation by ImageJ (o; n ≥ 42 cells examined over two independent experiments) in
ASCs that were incubated with 50μg exosomes from Tipe2+/+ or Tipe2-/- macro-
phages for 24h. Scale bars, 50 μm. Data are presented as mean ± s.e.m. **P <0.01,
***P <0.001 determined by two-tailed student’s t-test (c, e, i, o) or one-way ANOVA
(g). Data are representative of two or three independent experiments.
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intercellular transportation of mitochondria between different
cells42–44. To verify the contribution of TNT to mitochondrial transfer
from Tipe2-/- macrophages to ASCs, we blocked TNT connection using
cytochalasin B and found a sharp reduction in mitochondrial trans-
portation (Fig. 5j). We further examined TNT structures in the cocul-
ture of ASCs and Tipe2-/- macrophages by staining F-actin with

phalloidin. As expected, TNTs were clearly visible between ASCs and
macrophages; and importantly, there was a perfect localization of
macrophage-derived mitochondria (prelabelled with MitoTracker)
within these TNTs (Fig. 5k). These observations support that inter-
cellular TNTs are a major pathway for mitochondrial transfer from
Tipe2-/- macrophages into ASCs. As fragmented mitochondria with
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abundant ROS were transferred from Tipe2-/- macrophages into
ASCs, we then wondered the contribution of mitochondrial
fragmentation on ASC death. Excitingly, in coculture with Tipe2-/-

macrophages, blockade mitochondrial fission with Mdivi-1 sig-
nificantly eliminated lipid ROS in ASCs whilst reducing ASC death
(Fig. 51–o). Collectively, these results indicate that TIPE2 deficiency in
macrophages may cause a propagation of mitochondrial fragmenta-
tion toward ASCs, thereby contributing to ASC death by overloading
mitochondrial ROS.

Tipe2-/- macrophage transfer promotes ASC ferroptosis and
metabolic disorders in HFD-fed mice
To further verify the contribution of Tipe2-/- macrophages to ASC fer-
roptosis in vivo, we delivered MitoTracker-labeled Tipe2-/- macro-
phages into HFD-fed wild-typemice and found a successful settlement
of macrophage-derived mitochondria into ASCs of VAT (Fig. 6a), thus
confirming in vivomitochondrial transfer fromTipe2-/-macrophages to
ASCs. Based on this, HFD-fed wild-typemice were transferred with FA-
pretreated Tipe2-/- or Tipe2+/+ macrophages during the last 4 weeks of
diet intervention. Relative to Tipe2+/+ macrophages, Tipe2-/- macro-
phage transfer caused an increasing but statistically non-significant
trend of body weight gain (Fig. 6b). Notably, Tipe2-/- macrophage
transfer aggravated glucose intolerance and insulin resistance in HFD-
fed mice, as manifested by increased levels of blood glucose post
glucose or insulin injection compared to Tipe2+/+ macrophage transfer
(Fig. 6c–f). Of note, different from Tipe2+/+ macrophages, Tipe2-/-

macrophages dysregulated fat storage in VAT and liver tissue, with
decreased ratios of VAT mass to body weight but increased ratio of
liver weight to body weight (Fig. 6g, h). In line with this, Tipe2-/- mac-
rophage transfer significantly increased 4-HNE in ASCs and reduced
ASC pool in VAT, accompanied by increases in cellular death and
mitochondrial ROS in ASCs (Fig. 6i–n). As such, adoptive transfer of
Tipe2-/- macrophages could promote ASC ferroptosis in VAT and
therefore accelerate metabolic disorders in HFD-fed mice.

TIPE2 restoration in VAT macrophages reduces ASC ferroptosis
and metabolic disorders in HFD-fed mice
Next, we asked if TIPE2 restoration in VATmacrophages could correct
ASC ferroptosis andVATdysfunction inobeseM-Tipe2-/-mice. Through
in site administration with M-TIPE2 (recombinant AAV expressing
macrophage-specific TIPE2) into HFD-fed M-Tipe2-/- mice, we showed
that M-TIPE2 significantly retarded the increase of body weight gain
independent on food intake (Fig. 7a and Supplementary Fig. 11a, b).
Accordingly, TIPE2 restoration in VAT macrophages brought an
improvement in glucose tolerance and insulin action in these mice, as
suggested by decreases in the levels of blood glucose post glucose or
insulin injection and corresponding area under the curve (Fig. 7b–e).
More excitingly, M-TIPE2 treatment restored VAT expansion accom-
panied by a rebalance of VATmass and liver weight, while inguinal SAT
mass showed no obvious alteration (Fig. 7f, g and Supplementary
Fig. 11c, d). In agreement with these changes, TIPE2 restoration in VAT
macrophages obviously reduced aberrant adipocyte hypertrophy and

downregulated 4-HNE in ASCs of HFD-fedM-Tipe2-/-mice (Fig. 7h, i and
Supplementary Fig. 11e, f). Of note, ASC pool was remarkably reversed
in VAT by M-TIPE2 treatment, accompanied by reductions in mito-
chondrial ROS and cellular death in ASCs (Fig. 7j–m). These data
demonstrate that reconstruction of macrophage TIPE2 in VAT could
partially correct metabolic disorders by reducing ASC ferroptosis to
restore healthy VAT expansion. Of note, with the development of
obesity, Tipe2-/-macrophages could continuously accumulate into VAT
and thus substitute macrophages carrying exogenous TIPE2, thereby
weakening their metabolic benefits.

TIPE2 deficiency induces mitochondrial fission by potentiating
IP3R-Ca2+-Drp1 axis in macrophages
Considering that Tipe2-/- macrophages could drive ASC ferroptosis by
propagating mitochondrial fragmentation, we further explored the
mitochondrial states in these macrophages. TIPE2 deficiency sig-
nificantly upregulated mitochondrial ROS while downregulated mito-
chondrial membrane potential in macrophages (Supplementary
Fig. 12a, b). Notably, Tipe2-/- macrophages had obviously smaller and
shorter mitochondria than Tipe2+/+ macrophages as determined by
transmission electron microscopy (Fig. 8a), supporting that TIPE2
deficiency caused mitochondrial fragmentation in thesemacrophages
and therefore upregulatedmitochondrial ROS. Mitochondria undergo
fission and fusion in response to metabolic demands or stresses. Dis-
balanceofmitochondrial dynamics, such as excessivefission, impaired
fusion or disabled mitochondrial autophagy, may contribute to mito-
chondrial fragmentation in the cells. Dynamin-related protein 1 (Drp1)
is the key GTP enzyme that initiates mitochondrial fission. Upon
dephosphorylation at Ser637 by calcium (Ca2+) -dependent calci-
neurin, Drp1 can translocate onto the outer membrane of mitochon-
dria to form the contraction loop45–47. We then asked whether TIPE2
deficiency affected the process of mitochondrial fission in macro-
phages. In agreement with data from transmission electron micro-
scopy, MitoTracker staining confirmed smaller and shorter
mitochondria in Tipe2-/- macrophages rather than in Tipe2+/+ macro-
phages; importantly, TIPE2 deficiency caused an upregulation of Drp1
protein, which colocalized with mitochondria in these macrophages
(Fig. 8b). This indicates that TIPE2 deficiency may induce Drp1 acti-
vation and its translocation ontomitochondria, an initial step dictating
mitochondrial fission. Exactly, upon treatment with Mdivi-1, mito-
chondrial fragmentation caused by TIPE2 deficiency was remarkably
inhibited (Fig. 8c; Supplementary Fig. 12c), suggesting that TIPE2
deficiency induces mitochondrial fission in macrophages through
activating Drp1. In line with these observations, FA treatment caused
obvious TIPE2 reduction, accompanied by smaller and shorter mito-
chondria in RAW264.7 macrophages; while TIPE2 overexpression
successfully reversed this mitochondrial fragmentation (Supplemen-
tary Fig. 12d, e). And Drp1 protein was significantly reduced by TIPE2
overexpression in both cytoplasm and mitochondria (Supplementary
Fig. 12f). These findings demonstrate that TIPE2 is a key checkpoint for
Drp1-mediated mitochondrial fission and thereby determines mito-
chondrial homeostasis in macrophages.

Fig. 5 | TIPE2-deficient macrophages drive ASC ferroptosis by propagating
mitochondria fragmentation via TNTs. a, b Flow cytometry frequency (a) of
mitochondrial ROS in ASCs with MFI quantification (b; n = 4 or 5) after 24 h
coculturewithTipe2+/+orTipe2-/-macrophages. c, d Flowcytometry frequency (c) of
lipid ROS in ASCs with MFI quantification (d; n = 4 or 5) after 24 h coculture with
Tipe2+/+ or Tipe2-/- macrophages with or without 20μMMitoTEMPO. e-g, Schematic
diagram of coculture assay (e) for ASCs (wild-type) and MitoSOX-labeled macro-
phages (Tipe2+/+ or Tipe2-/-) in the presence of FA, and flow cytometry frequency (f)
of macrophage-derived mitochondrial ROS in ASCs with MFI quantification (g;
n = 3) after 24h coculture. h–j Schematic diagram of coculture assay (h) for ASCs
(wild-type) and MitoTracker-labeled macrophages (Tipe2+/+ or Tipe2-/-) in the pre-
sence of FA, and representative confocal imaging of macrophage-derived

mitochondria in ASCs after 24 h coculture (i), or in the presence 350 nM cytocha-
lasin B (CytoB) (j). Scale bars, 50 μm. kRepresentative confocal imaging of TNTs (F-
actin, yellow) between ASCs and Tipe2-/- macrophages (F4/80, green) in the above
coculture system and their co-localization with macrophage-derivedmitochondria
(red, MitoTracker). Nuclei (blue, DAPI). Scale bars, 50 μm. l–o Flow cytometry
frequencies of lipid ROSwith MFI quantification (l, m; n = 3 or 4) and cellular death
(n, o; n = 4 or 5) in ASCs after 24h coculturewith Tipe2+/+ or Tipe2-/- macrophages in
presence or absence of 50μM Mdivi-1. Data are presented as mean ± s.e.m.
*P <0.05, **P <0.01, ***P <0.001 determined by two-tailed student’s t-test (b,g) or
one-way ANOVA (d,m,o). Data are representative of at least two independent
experiments.
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Fig. 6 | Tipe2-/- macrophage transfer promotes ASC ferroptosis and metabolic
disorders in HFD-fed mice. a Flow cytometry frequency of Tipe2-/- macrophage-
derived mitochondria in ASCs of SVF from HFD-fed wild-type mice received
intraperitoneal transfer of Tipe2-/- macrophages (labeled with MitoTracker and
treatedwith FA for 18 h).n = 3miceper group.b–fBodyweight change (b), glucose
tolerance test with area under the curve (c, d), insulin tolerance test with area
under the curve (e, f) inmice received intraperitoneal transfer of Tipe2+/+ or Tipe2-/-

macrophages (18 h pretreatment with FA) during the last 4 weeks of HFD feeding

(7 weeks). 2 × 106 macrophages per mice, every 3 days. g, h Ratios of EpiVAT mass
(g), liver weight (h) to body weight. i, Representative confocal imaging of immu-
nofluorescence for 4-HNE (red) in ASCs (Sca-1, green) in VAT sections. Scale bars,
10 μm. j–n Flow cytometry frequencies of ASCs in SVF (j, k), cellular death in ASCs
(j, l),mitochondrial ROS in ASCs (j,m) withMFI quantification (n) in VAT. n = 5mice
per group (b), n = 3 or 4 mice per group (c-h, k-n). Data are presented as mean ±
s.e.m. *P <0.05, **P <0.01, ***P <0.001 determined by two-tailed student’s t-test (a,
d, f–h, k–n) or two-way ANOVA (c,e).
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To clarify how TIPE2 affected Drp1 activity, we next examined
cytoplasmic Ca2+ in Tipe2-/- macrophages, which determines calci-
neurin activity and subsequent Drp1 activation. TIPE2 deficiency
caused an elevation in cytoplasmic Ca2+ inmacrophages as determined
by Fluo-4 AM (Fig. 8d). Interestingly, the inositol 1,4,5-trisphosphate
receptor (IP3R), a Ca2+-release channel mainly located in endoplasmic
reticulum, was markedly upregulated by TIPE2 deficiency, together
with Drp1 dephosphorylation at Ser637 and upregulation in these
macrophages (Fig. 8e). To connect the aberrant IP3R-Ca2+ signaling to
Drp1 activity in these cells, we treated Tipe2-/- macrophages with Ca2+

chelator BAPTA, followed by examination of Drp1-mediated mito-
chondrial fragmentation. As a result, BAPTA caused an increase inDrp1
phosphorylation at Ser637 and a decrease in Drp1 protein, and thus
reducedmitochondrial fragmentation andmitochondrial ROS in these
macrophages (Fig. 8f, g and Supplementary Fig. 12g, h). Furthermore,
the IP3R antagonist 2-APB successfully abolished the elevation of
intracellular Ca2+ caused by TIPE2 deficiency, thereby preventing
excessive mitochondrial fission and fragmentation in these macro-
phages (Fig. 8h and Supplementary Fig. 12i, j). This process coincided
with an increase in Drp1 phosphorylation at Ser637 while a decrease in
Drp1 protein (Fig. 8i), eventually reducing mitochondrial ROS in these
macrophages (Supplementary Fig. 12k). In addition, phosphatidylino-
sitol 4,5-bisphosphate (PIP2), the precursor for IP3 production,
showed a marked increase in Tipe2-/- macrophages compared with
Tipe2+/+ macrophages, particularly on their plasma membrane (Sup-
plementary Fig. 12l), plausibly explaining IP3R upregulation caused by
TIPE2 deficiency. Interestingly, immunofluorescence showed an
apparent colocalization of TIPE2 with IP3R in wild-type macrophages
(Fig. 8j). Antibodies against TIPE2 or IP3R successfully immunopreci-
pitated both TIPE2 and IP3R in the lysates of these macrophages,
suggesting that TIPE2 interacts with IP3R in wild-type macrophages
(Fig. 8k). Previous studies demonstrate that actin-associated IP3R
clusters beneath plasma membrane act as the license that allows the
Ca2+ puffs and global cytosolic Ca2+ signaling48.We next examined IP3R
and actin filaments in Tipe2-/- macrophages. Consistently, there were
apparent IP3R clusters alongside F-actin assembly in Tipe2-/- macro-
phages rather than Tipe2+/+ macrophages (Fig. 8l), supporting that
TIPE2 may serve as a valve to control IP3R clustering and consequent
rise of intracellular Ca2+. Collectively, TIPE2 is a pivotal controller of
mitochondrial fission and fragmentation in macrophages by control-
ling IP3R-Ca2+-Drp1 axis.

Discussion
In response to persistent overnutrition, visceral fat undergoes pro-
gressive dysfunction, accompanied by dramatic changes in macro-
phages and ASCs, such as M1 polarization and ASC senescence17,20.
Here, we defined ASC ferroptosis beyond senescence in pathological
mouse VAT, providing further explanation for ASC exhaustion in
morbid obesity. Meanwhile, we identified the distinct phenotype of
TIPE2 loss in VATmacrophages upon obesity. Based on several lines of
in vivo evidence, we established a causal link of TIPE2 loss in macro-
phages to ASC ferroptosis during VAT dysfunction and metabolic
disorders. Firstly, spatial proximity of macrophages to ASCs provided
a scaffold for their possible cross-talk in VAT under high-fat condition.
Secondly, TIPE2 deficiency in macrophages aggravated HFD-induced
obesity and metabolic abnormities by promoting ASC ferroptosis and
exhaustion, which impaired adipogenesis to disturb fat storage by VAT
and therefore promote severe fatty liver. Lastly, Tipe2-/- macrophage
transfer accelerated ASC ferroptosis and VAT maladaptation to
metabolic stress in wild-type mice in the early phase of HFD feeding;
while TIPE2 restoration in VAT macrophages ameliorated ASC fer-
roptosis and metabolic dysfunction in obese M-Tipe2-/- mice. It is evi-
dent that a high-fat microenvironment may reduce TIPE2 protein in
VAT macrophages, which further promotes ASC ferroptosis to elicit a
detrimental metabolic outcome. Besides fatty acids, inflammatory

stimuli like LPS can induce TIPE2 downregulation in macrophages22,33.
As these inflammatory factors often increase with HFD-associated
obesity, it is reasonable that they may collaborate with fatty acids to
reduce TIPE2 in WAT macrophages. In line with this, TIPE2 over-
expression in VAT macrophages effectively ameliorated HFD-induced
obesity and metabolic dysfunction in wild-type mice (Supplementary
Fig. 13a–d), probably by counteracting the above insults in the high-fat
microenvironment. Interestingly, even without high-fat challenge,
TIPE2 loss in macrophages could cause mild adipocyte hypertrophy
and an increasing trend of ASC death in VAT (Fig. 3b; Supplementary
Fig. 6f, g), together with moderate increase in hepatic triglyceride
(Fig. 2j). In either insulin sensitive or resistant state, substrate delivery
including fatty acid flux from WAT is a large contributor to hepatic
triglyceride independent of insulin49–51. In this case, it is plausible that
NCD-fed M-Tipe2-/- mice could direct excess fatty acids from WAT
toward the liver to increase hepatic triglyceride. This process probably
resulted from hypertrophic adipocytes with increased lipolysis or
reduced lipid uptake50,52, and therefore, caused a compensatory reg-
ulation by hepatic triglycerides. Nonetheless, other intrahepatic reg-
ulatory mechanisms likely involved remain to be further determined.
Collectively, these findings reveal a previously unrecognized role of
obesity-associated VAT macrophages in disturbing ASC-based meta-
bolism beyond mediating inflammation. Besides, our study generated
M-Tipe2-/- mice by crossing Tipe2fl/fl mice with LysMCremice, which are
commonly used in Cre-lox studies for myeloid cell lineage, including
adipose tissue macrophages53,54. Since most myeloid cells in adipose
tissue are macrophages rather than granulocytes, it is plausible that
the primary effects caused by M-Tipe2-/- mice could be attributed to
TIPE2-deficient macrophages. Furthermore, metabolic improvement
by TIPE2 restoration in VATmacrophages could also support the roles
of TIPE2-deficient macrophages in these M-Tipe2-/- mice. Despite this,
we cannot exclude possible effects fromother TIPE2-deficientmyeloid
cells yet, such as neutrophils involved in early phase of adipose tissue
inflammation in obesity. This will be an interesting area deserving
further investigation.

Through cell-cell contact coculture, we demonstrated the direct
effects of Tipe2-/- macrophages on ASC ferroptosis. TIPE2 deficiency
caused a propagation of mitochondrial fragmentation from macro-
phages to ASCs, thereby promoting their ferroptosis due to mito-
chondrial ROS overload. Accumulating studies have reported
mitochondrial transfer from mesenchymal stem cells into recipient
cells, including macrophages, thus providing healthy mitochondria to
improve the functions of recipient cells or rescue them from
injuries42,55,56. More interestingly, tissue-resident macrophages can
remove damaged mitochondria from stressed adipocytes to facilitate
intra-or inter-organhomeostasis of brownadipose tissue andheart57,58.
In this study, we unexpectedly revealed an opposite direction of
mitochondrial transfer frommacrophages intoASCs,whichwas driven
by loss of macrophage TIPE2, a kind of stressed phenotype in high-fat
conditions. This transportation imposed fragmented mitochondria
with high ROS on ASCs and thus increased their susceptibility to fer-
roptosis. Of note, there were evident intercellular TNTs between these
macrophages and ASCs in FA-rich circumstances, indicating
that TNTs serve as the crucial hubs in charge of transporting
these mitochondria. In this regard, TNT-based propagation of mito-
chondria fragmentation from TIPE2-ablatedmacrophagesmay act as a
culprit of ASC ferroptosis. Interestingly, extracellular vesicles
have also been identified as an important pathway to deliver mito-
chondrial components into target cells42,59–61. In fact, exosomes from
both Tipe2+/+ and Tipe2-/- macrophages also contained mitochondrial
protein TOMM20 (Supplementary Fig. 14a). As shown inmitochondria
tracking assay, ASCs could obtain mitochondrial parts from super-
natants of Tipe2+/+ or Tipe2-/- macrophages (prelabelled with Mito-
Tracker), which were partially inhibited by exosome inhibition
(Supplementary Fig. 14b). Thus, mitochondrial transfer via
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Fig. 7 | TIPE2 restoration in VAT macrophages reduces ASC ferroptosis and
metabolic disorders in HFD-fed M-Tipe2-/- mice. a–e Body weight change (a),
glucose tolerance test (b) and insulin tolerance test (c) with corresponding area
under the curve (d, e) in M-Tipe2+/+ and M-Tipe2-/- mice received M-TIPE2 (recom-
binant AAV expressing EGFP-fused TIPE2 in F4/80+ macrophages) in visceral fat 2
weeks after HFD intervention (12 weeks). f, gRatios of EpiVATmass (f), liverweight
(g) to bodyweight. h Statistical analysis of adipocyte sizes in VAT sections (n ≥ 262
adipocytes examined over 3mice per group). i Representative confocal imaging of

immunofluorescence for 4-HNE (red) in ASCs (Sca-1, green) in VAT sections. Scale
bars, 10 μm. j–m Flow cytometry frequencies of ASCs in SVF (j, k), mitochondrial
ROS inASCs (j, l), cellular death inASCs (j,m) in VATof themice.n = 3or 4miceper
group (a–g; k–m). Data are presented as mean ± s.e.m. #P <0.05, ##P <0.01,
###P <0.001 (M-Tipe2+/++MOCK vs. M-Tipe2-/-+MOCK in a–c); *P <0.05, **P <0.01,
***P <0.001 (M-Tipe2-/-+MOCK vs. M-Tipe2-/-+M-TIPE2 in a–c) determined by two-
way (a–c) or one-way ANOVA (d–h,k–m).
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extracellular vesicles of macrophages could be another contributor to
the mitochondrial state of ASCs. And it is valuable to carefully discern
the complex package of extracellular vesicles frommacrophages, such
as healthy, damaged, oxidative mitochondria, or various mitochon-
drial proteins, which may produce different effects in different
microenvironments.

Aside from mitochondrial ROS overload, another culprit of ASC
ferroptosis is Fe2+ overload caused by Tipe2-/- macrophages. Ferritin in
mammals serves as an iron storage protein, confining ferric iron (Fe3+)
in nontoxic and bioavailable form. Its H-subunit FTH possesses a fer-
roxidase center to convert Fe2+ to Fe3+, while L-subunit FTL facilitates
iron core formation41,62,63. So, ferritin, especially FTH, plays a critical
role in maintaining intracellular iron homeostasis. Previous studies
havedemonstrated that exosomal ferritin fromhumanmacrophages is
required for maintaining serum ferritin41,64. Here, we demonstrated
that in high-fat conditions, TIPE2-ablated macrophages reduced exo-
somal ferritin and failed to upregulate ferritin in ASCs, therefore
increasing the susceptibility of ASCs to ferroptosis via an overload of
intracellular Fe2+. Of note, ferritin decrease in exosomes might be
attributed to its downregulation in source macrophages that was
caused by TIPE2 deficiency. A possible explanation for TIPE2
deficiency-elicited ferritin decline in macrophages could be
ferritinophagy65,66, largely due to TIPE2 regulation in autophagy flux or
mTORC1 activity23,24,27, which remains an open area to be explored.

In terms of mitochondrial fragmentation caused by TIPE2 defi-
ciency, our data defined an aberrant IP3R-Ca2+-Drp1 axis in driving
excessive mitochondrial fission, evidenced by multiple blockade
assays in Tipe2-/- macrophages. Firstly, TIPE2 deficiency caused mito-
chondrial fragmentation together with Drp1 dephosphorylation
(Ser637) and Drp1 accumulation in mitochondria, while Mdivi-1 abro-
gatedDrp1 activation to preventmitochondrial fragmentation in these
cells. This confirms that TIPE2 deficiency could induce Drp1-mediated
mitochondrial fission in macrophages. Secondly, TIPE2 deficiency led
to an upregulation of IP3R together with a surge of cytoplasmatic Ca2+;
while blockade of IP3R or cytoplasmic Ca2+ successfully inhibited Drp1
activation and mitochondrial fission, supporting the essential role of
IP3R-mediatedCa2+ release in this process. Thesefindings demonstrate
that TIPE2 loss is the primary cause for the aberrant IP3R-Ca2+-Drp1 axis
and excessive mitochondrial fission in macrophages. It has been
recognized that TIPE family proteins have a homologous TH domain
that can bind to phosphoinositides, including PIP234. In line with this,
TIPE2 deficiency led to an increase of PIP2 inmacrophages, particularly
on the plasma membrane. As membrane PIP2 determines the pro-
duction of IP3 catalyzed by phospholipase C (PLC)-γ, it is plausible that
TIPE2 deficiency entails more membrane PIP2 available for PLC-γ and
thusmore IP3production to activate IP3R.Notably, IP3R is identified as
an inhibitory target of TIPE2 in macrophages. TIPE2 deficiency may
release IP3R to allow its clustering on actin assembly, whilst the latter
can be initiated by the elevation of PIP2. This process may promote
Ca2+ rise to induce Drp1 activation and subsequent mitochondrial fis-
sion. Thus, TIPE2 is indispensable to constrain the aberrant IP3R-Ca2+-
Drp1 axis, whereby Drp1-mediated mitochondrial fission and frag-
mentationwere precisely controlled inmacrophages. Upon TIPE2 loss,
the aberrant IP3R-Ca2+-Drp1 axis may trigger excessive mitochondrial
fission in macrophages, and these fragmented mitochondria propa-
gate frommacrophages to ASCs, causing mitochondrial ROS overload
to promote ASC ferroptosis.

It should be noted that, in spite of mitochondrial fission and ROS
increment, Tipe2-/- macrophages, relative to Tipe2+/+ macrophages,
showed no significant alteration in cellular death, similar to that in ASC
coculture system (Supplementary Fig. 15a, b). And there was no sig-
nificant difference in the death of CD45+ immune cells in VAT between
HFD-fedM-Tipe2-/- andM-Tipe2+/+ mice (Supplementary Fig. 15c). These
observations implied that TIPE2 deficiency did not increase the risk of
ferroptosis in macrophages. One plausible explanation for this

ferroptosis resistance could be mTORC1 activation caused by TIPE2
deficiency and consequent GPX4 protein increment, both of which
could be abrogated by rapamycin (Supplementary Fig. 15d, e). In
support of these findings, previous studies have documented
the inhibitory effect of TIPE2 onmTORC1 activation and the promotive
effect of mTORC1 on GPX4 protein expression23,24,67. Besides,
we unexpectedly found a decrease of Fe2+ in Tipe2-/- macrophages
relative to Tipe2+/+ macrophages (Supplementary Fig. 15f), which could
be another contributor to ferroptosis resistance and a reasonable
trigger of ferritin decline in Tipe2-/- macrophages.

Taken together, we reveal a previously unrecognized intercellular
cross-talk between macrophages and ASCs during VAT maladaptation
to obesity. Macrophages with a distinct phenotype of TIPE2 loss dictate
ASC ferroptosis, thereby disrupting adaptive VAT expansion to pro-
mote series of metabolic abnormalities. We identify two critical path-
ways in dictating ASC ferroptosis by TIPE2-ablated macrophages: TNT-
based propagation of mitochondrial fragmentation and exosome-
mediated dysregulation of ferritin transportation from macrophages
into ASCs, jointly contributing to ASC ferroptosis by overload of
mitochondrial ROS and intracellular Fe2+. We also unravel a regulatory
mechanism by which TIPE2 controls excessive mitochondrial fission
through IP3R-Ca2+-Drp1 axis in macrophages (Supplementary Fig. 16).
These findings propose opportunities for correcting obesity-associated
ASC ferroptosis and visceral fat dysfunction by targeting TIPE2 loss and
related mitochondrial fragmentation in VAT macrophages, which ben-
efits the treatment of obesity and metabolic disorders. Nonetheless,
some open and interesting areas remain to be explored. For instance,
possible regulation of TIPE2 on other cell types such as adipocytes,
probably in some special subsets or some distinct obesity-associated
pathologies, is yet to be determined. As HFD feeding could also induce
mitochondrial fragmentation in white adipocytes68, it remains to be
uncovered whether other cell types including adipocytes could receive
or suffer from macrophage-derived mitochondrial fragmentation. In
addition, the regulation of macrophage ferritin is another prospective
field for potential clinical importance. But different from the detri-
mental effects of TIPE2-deficient macrophages, macrophage-specific
FTH1 knockout, which altered gene expression related to iron meta-
bolism, unexpectedly alleviated obesity and associated metabolic dys-
function by inhibiting macrophage inflammation69. As such, more
careful investigations are required to elucidate the mechanisms by
which TIPE2 deficiency causes ferritin reduction in macrophages. This
may result from a secondary reaction to mitochondrial fragmentation
or an incapability to handle the iron cycle. Moreover, in terms of
Ferrostatin-1 treatment, it is evident that ferroptosis inhibition could
successfully rescue VATASCs inHFD state. Given the key role ofWAT in
regulating systemic insulin action, it is reasonable to attribute systemic
metabolic improvement to the reduction of ASC ferroptosis, at least
partially by Ferrostatin-1 treatment.Nonetheless,we cannot exclude the
contribution of ferroptosis inhibition in other tissues, such as the liver.
This is another area deserving further exploration, inwhich cell types of
ferroptosis and possible metabolic outcome in obesity should be con-
sidered. For instance, hepatocytes may function in both glycogenesis
and gluconeogenesis, which differentially regulate glucose metabolism
in insulin-sensitive or resistant state and are heavily affected by WAT
function51. In this context, either induction or inhibition of ferroptosis
may produce multiple and complicated effects on blood glucose reg-
ulation, which require careful evaluation.

Methods
Animals
All of the animal studies were in accordance with the institutional
guidelines and relevant ethical regulations for animal care and utili-
zation, and approved by the Ethical Committee of the School of Basic
Medical Sciences, Shandong University. Male mice were used in this
study. C57BL/6 J mice were obtained from Vital River Laboratory
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Animal Technology (Beijing, China). Tipe2 knockout (Tipe2-/-) mice
and Tipe2flox/flox (Tipe2fl/fl; two loxP sites flanking Tipe2 exon 2) mice
were created on C57BL/6 J background using CRISPR-Cas9 technique
(Biocytogen Pharmaceutical, Beijing, China). Myeloid cell-specific
Tipe2 knockout (M-Tipe2-/-) mice were generated by crossing Tipe2fl/fl

mice with LysMCre mice (The Jackson Laboratory) carrying Cre
recombinase in lysozyme 2 gene locus. Mice were maintained on a

12:12 h light/dark cycle at 22 °C ± 2 °C in the Model Animal Research
Center.

Cell culture
Primary Tipe2+/+ or Tipe2-/- macrophages were harvested from perito-
neal lavage fluid in starch-induced mice at 6–8 weeks of age. After 4 h
of attachment, the cells were cultured in complete DMEM containing
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10% fetal bovine serum (FBS) plus 1% streptomycin/penicillin. ASCs
were isolated from wild-type mice at 10–12 weeks of age as previously
described3,18. Briefly, epididymal fat pads were digested in Krebs-
Ringer Bicarbonate buffer supplemented with 2mg/mL collagenase I
(Worthington, Lakewood, NJ). After filtration through a 100 μmmesh,
the SVF was collected, washed and cultured in complete DMEM. After
24 h, non-adherent cells were removed and the adherent ASCs were
maintained in complete DMEM supplemented with 5 ng/mL basic
fibroblast growth factor (Peprotech, Rocky Hill, NJ). The 3rd-4th pas-
sages of ASCs were used for the experiments.

Diet-induced obesity, adoptive cell transfer and AAV infection
in mice
M-Tipe2+/+,M-Tipe2-/-mice orwild-typemice at 8weeks of agewere fed a
HFD (60% of total calories; Trophic Animal Feed High-tech, Nantong,
China) to induce obesity, using mice fed a NCD as lean controls. For
macrophage transfer, wild-typemice fed onHFDwere intraperitoneally
injected with Tipe2+/+ or Tipe2-/- macrophages during the last 4 weeks of
diet intervention. The macrophages were pretreated with FA (50μM
palmitic acid and 100μM oleic acid; Sigma-Aldrich, St Louis, MO) for
18 h, and 2×106 cells per mice were used every 3 days. To restore TIPE2
expression in VAT macrophages, M-Tipe2-/- mice fed on HFD were
injected with recombination adeno-associated virus (AAV; serotype 9)
expressing EGFP-fused TIPE2 driven by F4/80 promoter (M-TIPE2;
GeneChem, Shanghai, China) two weeks after diet intervention, using
mice administered with AAV expressing EGFP as controls. Equal
amounts of AAV (2 × 1011 genome copies per mouse) were injected into
multiple sites of bilateral epidydimal fat pads. Metabolic measurement
and tissue collectionwereperformed7–10weeks after AAV infection. In
some condition, HFD-fed wild-type mice were used for AAV-mediated
M-TIPE2 restoration inVAT. In other experiments, Ferrostatin-1 (Selleck,
Houston, TX) was intraperitoneally injected into HFD-fed mice during
the last 5 weeks of diet intervention (1mg/kg body weight per mice
per day), followed by metabolic measurement and tissue collection.

Metabolic parameter measurement
Glucose tolerance test was performed in mice with an overnight fast.
The mice were intraperitoneally injected with D-glucose (2 g/kg body
weight; Sigma-Aldrich), and the levels of blood glucoseweremeasured
at different time points. Insulin tolerance test was performed in mice
with free access to food or fasted for 6 h. The mice were intraper-
itoneally injected with human insulin (0.75units/kg body weight;
Wanbang, Xuzhou, China), and the levels of blood glucose were mea-
sured at different time points.

Hepatic lipid measurement
Hepatic lipids were extracted using Folch method. Briefly, liver tissue
was homogenized in chloroform/methanol (2:1 v/v). The lipid-
containing organic phase separated from the aqueous phase was col-
lected and dried. The contents of triglyceride and total cholesterol
were measured using commercial kits (Jiancheng Bio-engineering

Institute, Nanjing, China) and normalized to tissue mass. In some
conditions, neutral lipidswere assayed in frozen sections of liver tissue
using Oil Red O (Sigma-Aldrich) staining. Nuclei were stained with
hematoxylin. And the sections were visualized by VS120 Virtual Slide
Microscope (OLYMPUS, Tokyo, Japan).

Histology and lipofuscin autofluorescence detection
Mouse tissues fixed with 4% paraformaldehyde were embedded with
paraffin and prepared into sections (Servicesbio, Wuhan, China). The
sections were stained with hematoxylin and eosin (H&E) followed by
visualization using VS120 Virtual Slide Microscope. Adipocyte sizes
were evaluated in adipose tissue sections using ImageJ software. At
least 10 randomly selected areas were included in 6 sections of 3 mice
in each group. Lipofuscin was detected in paraffin-embedded adipose
tissue sections based on its autofluorescence, referring to previous
studies30,70. The combination of the following channels was used:
channel 1, λex/λem = 488 nm/507 nm; channel 2, λex/λem = 561 nm/
594 nm; channel 3, λex/λem= 637 nm/650 nm.

Coculture of macrophages and ASCs
Primary Tipe2+/+ or Tipe2-/- macrophages (2.5×105 per well) were
cocultured with ASCs (5×104 per well) via cell-cell contact in a 12-well
plate. After 6 h of attachment, the cells were incubated with comple-
ment DMEM containing FA (50μM palmitate acid and 100μM oleic
acid) in conjugation with bovine serum albumin (BSA, free of FA;
Sigma-Aldrich) for another 24 h, using DMEM containing equal
amounts of vehicle in conjugationwith BSA as control. ASC ferroptosis
was evaluated by lipid ROS and cell viability as mentioned below. In
some condition, DFO (100μM, APExBIO, Houston, TX), Ferrostatin-1
(5μM, Selleck), z-VAD-FMK (20 μM, APExBIO), Necrostatin-1 (2 μM,
APExBIO),Mdivi-1 (50μM,MCE,Monmouth,NJ) or 20μMMito-TEMPO
(Sigma-Aldrich) was added during coculture before assay for cell
death. In other condition, ASCs were pretreated with RSL3 (250 nM,
APExBIO) for 6 h before the coculture.

Exosome isolation from macrophages
Primary Tipe2+/+ or Tipe2-/- macrophages were cultured in DMEM sup-
plemented with exosome-depleted FBS. After 24 h, the conditional
medium was collected for centrifugation at 3000g for 15min. The
supernatants were used for exosome isolation by ExoQuick-TC (Sys-
tem Biosciences, Palo Alto, CA) according to the instructions. Briefly,
the supernatants were mixed with ExoQuick-TC at a ratio of 5:1 and
then incubated at room temperature overnight. After centrifugation at
1500 g for 30min at room temperature, the pellets were resuspended
as exosomes. The exosomes were identified by nanoparticle tracking
analysis (ZetaView; Meerbusch, Germany). Exosomal markers TSG101
and CD63 were identified by Western blot.

Lipid ROS and cell viability assay
For lipid ROS assay, the cells were incubatedwith 5μMC11-BODIPY581/591

(Thermo Fisher Scientific, Waltham, MA) at 37 °C for 30min away from

Fig. 8 | TIPE2 deficiency induces mitochondrial fission by potentiating IP3R-
Ca2+-Drp1 axis in macrophages. a Representative transmission electron micro-
scopy images for mitochondrial morphology and statistical analysis of mitochon-
drial area (n ≥ 20) in Tipe2+/+ or Tipe2-/- macrophages. Scale bars, 500nm.
b Representative confocal imaging of immunofluorescence for mitochondria
(MitoTracker, red; inset, grayscale images) and Drp-1 (green) in Tipe2+/+ or Tipe2-/-

macrophages. Nuclei (DAPI, blue). Scale bars, 3 μm. c Representative confocal
imaging of mitochondria (MitoTracker, red; right, binary images) in Tipe2+/+ or
Tipe2-/- macrophages after 18 h treatment with or without 50μM Mdivi-1. Nuclei
(DAPI, blue). Scale bars, 2 μm. d Representative confocal imaging of intracellular
Ca2+ (Fluo-4 AM, green) in Tipe2+/+ or Tipe2-/- macrophages. Scale bars, 50 μm. e,
f Representative immunoblots for indicated proteins in Tipe2+/+ or Tipe2-/- macro-
phages (e), or post 2 h treatment with or without 10μM BAPTA (f).

g,h Representative confocal imaging of mitochondria (MitoTracker, red; bottom,
binary images and skeletonized branches) in Tipe2-/- or Tipe2+/+ macrophages after
2 h treatmentwith orwithout 10 μMBAPTA (g), 50μM2-APB (h), respectively. Scale
bars, 5 μm. i, Immunoblots for indicated proteins in Tipe2+/+ or Tipe2-/-macrophages
post 2 h treatment with or without 50μM2-APB. j Representative confocal imaging
of immunofluorescence for TIPE2 (green) and IP3R (red) in Tipe2+/+ macrophages.
Nuclei (DAPI, gray). Scale bars, 10 μm. k Representative blots for IP3R and TIPE2
proteins in Tipe2+/+ macrophage lysates immunoprecipitated by antibodies against
TIPE2 or IP3R. l Representative confocal imaging of immunofluorescence for
F-actin (green) and IP3R (red) in Tipe2+/+ or Tipe2-/- macrophages. Nuclei (DAPI,
gray). Scale bars, 5 μm. Data are representative of at least two independent
experiments. ***P <0.001 determined by two-tailed student’s t-test (a).
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light, followed by flow cytometry assay or fluorescence imaging using
Opera Phenix Plus High-Content Screening System (PerkinElmer, Wal-
tham, MA). For the cellular death assay, the cells were stained with
eFluor 780-conjugated fixable viability Dye (FVD; Thermo Fisher Sci-
entific) at 4 °C for 30min, followed by flow cytometry assay. FVDhigh

populationwas considered as dead cells. In some experiments, the cells
were stained with Annexin V / 7-AAD Apoptosis Kit (APExBIO). And
7-AAD+ population was considered as dead cells.

Mitochondrial transfer and TNT formation assessment
To trackmitochondrial transfer frommacrophages to ASCs.Tipe2+/+ or
Tipe2-/- macrophages (2.5×104 per well) were labeled with 100nM
MitoTracker™ Deep Red FM (Thermo Fisher Scientific) at 37 °C for
30min, followed by coculture with ASCs (5×103 per well) in a 96-well
plate in the presence of FA as aforementioned. Themitochondria were
tracked inASCs through imagingwithOpera Phenix PlusHigh-Content
Screening System. To dynamically track the mitochondrial transpor-
tation, ASCs (5×104 per well) in coculture with MitoTracker-labeled
Tipe2-/- macrophages (5×104 per well) in a 12-well plate were photo-
graphed for specific time periods using Long Time Live-cell Dynamic
Imaging and Analysis System (Sartorius, Gottingen, Germany). In some
condition, conditional medium of MitoTracker-labeled macrophages
that were pretreatedwith GW4869 (MCE) or vehicle were collected for
ASC incubation for 24 h, followed by mitochondrial tracking in ASCs.
In other experiments,Tipe2+/+orTipe2-/-macrophages (2.5×105 perwell)
were labeledwith 5μMMitoSOX (Thermo Fisher Scientific) at 37 °C for
20min, followed by coculture with ASCs (5×104 per well) in a 12-well
plate in the presence of FA. Mitochondrial ROS was detected in ASCs
using flow cytometry.

TNT formation was examined in the coculture of ASCs and
MitoTracker-labeled macrophages through staining F-actin with 5μg/
ml TRITC-conjugated phalloidin (Sigma-Aldrich) for 30min. After
fixation with 4% paraformaldehyde, fluorescence signals were exam-
ined using Opera Phenix Plus High-Content Screening System, so as to
evaluate mitochondrial localization in TNTs. In some experiments,
350nM cytochalasin B (Abcam, Cambridge, MA, UK) was used to
inhibit TNT formation in the coculture of macrophages with ASCs.

Macrophage treatment and mitochondrial assessment
Primary macrophages (5 × 105 per well in a 12-well plate or 5×104 per
well in a 96-well plate) were treated with FA (50μMpalmitate acid and
100μM oleic acid) in conjugation BSA for indicated time period. In
some condition, macrophages were treated with 50μMMdivi-1 (MCE)
for 18 h, 10μM BAPTA (Thermo Fisher Scientific) for 2 h, 50μM 2-APB
for 2 h, 200nM Rapamycin (APExBIO) for 24 h or 10μM GW4869
(MCE) for 24 h before the assessment, respectively. To detect mito-
chondrial ROS, macrophages were incubated with 5μM MitoSOX for
20min at 37 °C followed by a flow cytometry assay. In terms of mito-
chondrial fission assessment, macrophages were incubated with
100nM MitoTracker for 30min at 37 °C or performed immuno-
fluorescence for TOMM20 using corresponding antibodies (Supple-
mentary Table 1). Mitochondrial morphologies were examined
through fluorescence imaging using Opera Phenix Plus High-Content
Screening System or Dragonfly High Speed Confocal Microscope
(Andor, Belfast, UK), and mitochondrial branch length was evaluated
using Fiji (Fiji Is Just ImageJ) software. In other conditions, mitochon-
drialmorphology was examined by transmission electronmicroscopy,
and mitochondrial area was evaluated using ImageJ software.

Ferrous iron imaging
ASCs were cultured in complete DMEM plus conditioned medium
from Tipe2+/+ or Tipe2-/- macrophages (pretreated with FA for 18 h) at a
volume ratio of 1:1 for 24 h. Intracellular Fe2+ was detected in ASCs
using FerroOrange (Dojindo Lab, Kumamoto, Japan). Briefly, the nuclei

were stained with Hoechst 33342 (Beyotime Biotechnology, Shanghai,
China) at 37 °C for 10min, followed by incubation with 1μM FerroOr-
ange in Hank’s Balanced Salt Solution at 37 °C away from light for
30min. Fluorescence signals were visualized using Opera Phenix Plus
High-Content Screening System.

Calcium imaging and calcium flux measurement
Cytosolic free Ca2+ was evaluated in macrophages using fluorescent
indicator Fluo-4 AM (Thermo Fisher Scientific). Briefly, the cells were
incubated with 5μM Fluo-4 AM at 37 °C for 30min, followed by
nucleus staining with Hoechst 33342 at 37 °C for 10min. Fluorescence
signals were visualized by the Opera Phenix Plus High-Content
Screening System. In some experiments, macrophages were incu-
bated with 5μM Fluo-4 AM at 37 °C for 30min, followed by a flow
cytometry assay for Ca2+ flux.

Immunofluorescence
Immunofluorescence staining was performed in paraffin-embedded
sections post-deparaffinization, rehydration, and antigen retrieval.
Briefly, after blockade with 10% goat serum, the sections were incu-
bated with primary antibodies overnight at 4 °C, followed by
fluorochrome-conjugated secondary antibodies for 30min at 37 °C.
Nuclei were stained with DAPI. Fluorescence signals were visualized
using Dragonfly High Speed Confocal Microscope. The antibodies
used are listed in Supplementary Table 1.

Flow cytometry
The cells or SVF from adipose tissues were incubated with Fc block
(Biolegend, San Diego, CA) at 4 °C for 15min, followed by incubation
with FITC-labeled anti-CD45 (ebioscience, clone 30-F11; Biolegend,
clone 30-F11), Alexa Fluor 700-labeled anti-Sca-1 (ebioscience, clone
D7) antibodies at 4 °C in dark for 30min. For measurements of mito-
chondrial ROS or mitochondrial membrane potential, the cells were
incubated with 5μM MitoSOX or 100nM MitoTracker™ Red CMXRos
(Thermo Fisher Scientific) at 37 °C for 20min before membrane
molecule staining. The cells were acquired using CytoFLEX and data
were analyzed by CytExpert (Beckman Coulter, Brea, CA) or FlowJo
software. In some experiments, SVF frommouse VAT was stained with
fluorochrome-labeled antibodies, followed by cell sorting using BD
FACSAria™ II (BD Biosciences, Franklin Lakes, NJ). ASCs were identified
as Sca-1+CD45-, and macrophages were identified as CD45+ F4/80+.

Western blot and co-immunoprecipitation
Equal amounts of protein from tissue or cell lysates were separated by
SDS-PAGE and then transferred to PVDF membrane (Millipore, Bill-
erica, MA). After blockade with 5% BSA, the membranes were incu-
bated with primary antibodies at 4 °C overnight, followed by
incubation with HRP (horseradish peroxidase)-conjugated secondary
antibodies for 1 h at room temperature. Thebandswere visualizedwith
an automatic chemiluminescence image analysis system (Tanon,
Shanghai, China). For the co-immunoprecipitation assay, protein
lysates from mouse macrophages were immunoprecipitated with
antibodies against TIPE2 or IP3R, followed by immunoblotting with
antibodies against IP3R and TIPE2. Equal amounts of IgG were used as
negative controls. The antibodies are listed in Supplementary Table 1.

Quantitative PCR
Total RNA was extracted from the cells using the SPARKeasy Cell RNA
Kit (Sparkjade®, Jinan, China), and the mRNA was transcribed into
cDNA using the ReverTra Ace qPCR RT Kit (TOYOBO Life Science,
Shanghai, China), according to the manufacturer’s protocol. Quanti-
tative PCR was performed using ultraSYBR Mixture (CWbiotech, Beij-
ing, China) on CFX-Connect (Bio-Rad, Hercules, CA). The primers are
listed in Supplementary Table 2.
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Statistical analysis
Statistical analysis was performed with GraphPad Prism software (San
Diego, CA). Statistical differences were evaluated using two-tailed
student’s t-test, one-way or two-way ANOVA. Data are expressed as the
mean ± s.e.m. P <0.05 is considered as significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data that support the findings are provided in this manuscript. Source
data are provided with this paper.
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