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How cellular metabolism facilitates tissue-resident macrophage maintenance
remains elusive. Here we show that visceral adipose tissue (VAT)-resident
macrophages, unlike monocyte-derived macrophages, are enriched with

mitochondrial-specific antioxidant enzymes restraining inflammation and
promoting VAT homeostasis and insulin sensitivity. Additionally, VAT resident
macrophages express high levels of plasminogen activator inhibitor type 2,
encoded by SerpinB2, which is involved in the blood coagulation cascade.
SerpinB2 promotes adipose resident macrophage survival by regulating

mitochondrial oxidative phosphorylation and preventing the release of pro-
apoptotic cytochrome c from the mitochondria into the cytoplasm via anti-
oxidant glutathione production. Chronic inflammation, such as obesity,
diminishes SerpinB2 expression in VAT macrophages in patients and mice,
leading to the decline of this macrophage subset. Mechanistically, interferon-y
elevation in diabetes induces Ikaros, a transcriptional suppressor, which binds
to the SerpinB2 promoter and decreases SerpinB2 expression. Congruently,
selective depletion of the IFN-y receptor in myeloid cells or supplementation
of macrophage-specific SerpinB2 deficient mice with N-acetylcysteine, a glu-

tathione precursor, restores VAT resident macrophage survival, decreases
adipocyte size, and improves glucose tolerance and insulin sensitivity. Our
data thus reveal an unexpected function of SerpinB2 in the regulation of
mitochondrial function and survival of tissue-resident macrophages.

Tissue-resident macrophages are important in health and disease,
including tissue homeostasis', organ regeneration’™, removal of cel-
lular debris®, injury®, and infection’. A recent study showed that peri-
toneal resident macrophages migrate to the heart after myocardial
infarction to mitigate cardiac fibrosis®. Cardiac resident macrophages
support mitochondrial homeostasis’ and electrical conduction®. A
novel CX3C chemokine receptor-positive resident synovial macro-
phages have been reported to provide a protective barrier against
inflammatory reactions”. Similarly, microglia, which are resident

macrophages in the brain, execute important functions such as
synapse plasticity” and elimination®, neuronal activity', and tissue
repair®. Moreover, resident dermal macrophages promote the regen-
eration of local nerves after mechanical injury and are renewed by local
proliferation*. Adipose macrophages are indispensable in tissue
homeostasis, metabolic inflammation, and insulin resistance'*™*%.
Triggering receptors expressed on myeloid cells 2" lipid-associated
adipose macrophages have recently been demonstrated to elicit a
protective response in obesity*.
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Visceral adipose tissue (VAT) harbors two ontogenically different
macrophages: monocyte-derived short-lived macrophages and hema-
topoietic progenitor-derived long-term resident macrophages*.
Inflammation propagated by monocyte-derived macrophages in VAT
is causally linked to increased insulin resistance in obesity**. In con-
trast, VAT resident macrophages attenuate the local proinflammatory
environment in many pathological conditions including diet-induced
obesity***’. Contraction of resident macrophage populations has been
reported in inflammatory conditions such as myocardial infarction**
and infection*® due to largely unexplored reasons.

Plasminogen activator inhibitors (PAI) are serine protease inhibi-
tors and inactivate tissue and urokinase plasminogen activators, which
promote fibrinolysis*. Hence PAl increase the risk of thrombosis. PAI-1
is expressed by various cell types including fibroblasts, endothelial
cells, adipocytes, cardiomyocytes, and hepatocytes®. The plasma
concentrations of PAI-1 increase in different pathological conditions
such as metabolic and ischemic diseases’**. Genetic and pharmaco-
logical inhibitions of PAI-1 ameliorated insulin resistance in mice fed
with a high-fat diet (HFD)****. Moreover, PAI-1 mediates fibrosis of
various organs including the heart”, lungs®, and kidneys”, and
increases the pathogenesis of coronary artery disease®®,
atherosclerosis™, diabetes™, and cancer®®®’ In contrast, to the well-
known functions of PAI-1, the physiological roles of PAI-2, which is
encoded by SerpinB2, are understudied. PAI-2 is inefficiently secreted,
and the majority of the protein is retained intracellularly*’. Unlike PAI-
1, PAI-2 is not widely expressed. It is secreted by the placenta and thus,
can be readily detected in the plasma during pregnancy. Macrophages
are the major cell type that expresses SerpinB2. Yet, the role of Ser-
pinB2 in cellular metabolism in macrophages is largely unknown.

Dysregulated oxidative damage and altered respiratory potential
of mitochondria due to impaired antioxidant status are prevalent in
apoptotic cells. Among the antioxidant defense systems, glutathione is
a key endogenous antioxidant, which acts as a cofactor of many
enzymes controlling a multitude of cellular processes, including cell
proliferation, growth, and differentiation®* . GSH deficiency is impli-
cated in the etiology of various human diseases including cardiovas-
cular, aging, and diabetes®***”", However, the effects of GSH on VAT
resident macrophage survival and associated inflammation in obesity
have not been studied well.

Here we show that inflammatory conditions, such as obesity,
diminish SerpinB2 expression in tissue-resident macrophages via the
IFN-y pathway, which results in higher oxidative phosphorylation,
lower GSH, and exaggerated release of pro-apoptotic cytoplasmic
cytochrome ¢ from the mitochondria into the cytoplasm, leading to
macrophage apoptosis. Moreover, selective depletion of the VAT
resident macrophage subset enhanced glucose intolerance and insulin
resistance in obese mice, accentuating the significance of this macro-
phage subset in promoting insulin sensitivity. Finally, myeloid-specific
Ifngrl deficiency and GSH supplementation in LysM=®* SerpinB2"" mice
curtailed VAT resident macrophage apoptosis, reduced inflammation,
and improved glucose tolerance and insulin sensitivity. As such, these
findings have therapeutic implications in diseases, such as myocardial
infarction and Alzheimer’s disease, where resident macrophage func-
tions are altered.

Results

VAT monocyte-derived and resident macrophages have differ-
ent transcriptome profiles

Using various mouse strains, such as CX3CR17* (Fig. 1A) and
CX3CRIT™* ROSA ™t (Sypplementary Fig. 1A and Fig. 1B) mice, and
techniques like parabiosis (Fig. 1C) and genetic fate mapping*, we
observed that CX3CR1* CCR2" and CX3CR1" CCR2" VAT macrophages
are monocyte-derived and tissue-resident, respectively. We performed
a lineage tracing experiment in CX3CRI-CreER-TdTomato mice to
probe the conversion of CX3CR1"* CCR2" macrophages into CX;CR1”

CCR2" macrophages (Supplementary Fig. 1B). Four weeks after
tamoxifen injection, most tdTomato" macrophages were CX;CR1'™*,
Only about 12% of them were CX3CR1'"". These data indicate that
CX3CRI" macrophages convert to CX3CR1™ macrophages, albeit at low
levels. RNA sequencing revealed that these two subsets of macro-
phages express discrete transcriptome profiles (Fig. 1D and Supple-
mentary Fig. 1C) (GSE 118226)*. CX3CR1" CCR2" monocyte-derived
macrophages expressed genes encoding inflammatory molecules such
as matrix metalloproteinases, tumor necrosis factor superfamily 14,
and IFNBI (Supplementary Fig. 1C) and other pro-inflammatory genes
typically expressed by monocyte-derived macrophages (Fig. 1E)">7°.
Further, CX3CR1™ CCR2" VAT resident macrophages expressed genes
involved in collagen synthesis (Supplementary Fig. 1C) and other genes
typically expressed by tissue-resident macrophage (Fig. 1E)*50%,
Analysis of publicly available bulk RNA sequencing data (GSE112396)%¢
revealed that anti-inflammatory CD206" and pro-inflammatory CD206~
VAT macrophages exhibited a similar gene signature (Fig. 1F). Con-
sistent with their pro-inflammatory gene expression, CX3CR1" CCR2*
and CD206™ macrophages expressed high levels of the genes, which
positively correlate with insulin resistance (Fig. 1G, H and Supple-
mentary Fig. 1D)*°". In contrast, CX3CR1- CCR2" and CD206" macro-
phages expressed similar transcriptomic profiles including higher
levels of insulin sensitivity and anti-inflammatory genes®*"*¢ (Fig. 1G-)
and Supplementary Fig. 1D, E). Altogether, these data demonstrate that
VAT CX3CR1" CCR2" macrophages are pro-inflammatory while CX;CR1
CCR2™ macrophages are anti-inflammatory and express high levels of
the genes, which promote systemic insulin sensitivity.

Chronic inflammation leads to apoptosis of VAT resident
macrophages

The balance between monocyte-derived infiltrating and tissue-resident
macrophages in metabolic tissues is a key contributing factor in the
maintenance of metabolic health. We first aimed to assess the changes
in the macrophage subsets in VAT in chronic inflammatory diseases
such as obesity. We observed an increase in CCR2" monocyte-derived
macrophages and a decrease in CCR2™ VAT resident macrophages in
omental adipose tissue of obese patients (Fig. 1K, L and Supplementary
Fig. 1IF). The changes in these macrophage subsets followed a similar
pattern in obese mouse VAT (Fig. IM and Supplementary Fig. 1G-I). We
also calculated the frequencies and numbers of CX3CR1™ CCR2" mac-
rophages in lean and obese mice (Supplementary Fig. 1]). Although the
frequencies of these macrophages decreased, their numbers were not
significantly changed in obese mice. Furthermore, we also assessed
CD9-expressing lipid-associated macrophages and TIM4* VAT resident
macrophages at one and two months after HFD initiation. The num-
bers of both subsets of macrophages increased significantly at one
month after HFD (Supplementary Fig. 1K). However, although CD9-
expressing lipid-associated macrophages remained significantly
increased at two months after HFD, the abundance of TIM4" VAT
resident macrophages diminished at this time. We further investigated
the dynamics of VAT resident macrophages at different time points
after HFD feeding in CX3CR1/* ROSAY™™ mice using intravital
microscopy (Fig. IN). The frequency of monocyte-derived macro-
phages (tdTomato®) increased whereas the proportions of adipose
resident macrophages (tdTomato~) decreased at 2 and 4 months after
HFD initiation (Fig. 10 and Supplementary videos 1 and 2).

Further, to understand if apoptosis contributed to the decline in
CX3CR1"CCR2 tissue-resident macrophage numbers in obese mice, we
measured annexin V, a late apoptosis marker, and caspase 3, an early
apoptosis marker, in this macrophage population. Obese mice had
augmented proportions of annexin V* (Fig. 1P and Supplementary
Fig. 1L) and caspase 3* (Fig. 1Q, R and Supplementary Fig. IM, N) resi-
dent macrophages in VAT compared to lean mice, indicating a higher
rate of apoptosis in this macrophage subset in obesity. In contrast, the
frequency of caspase 3' CCR2" macrophages did not significantly
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change in obese mice (Fig. 1Q). We next determined whether the
change in the frequency of the VAT macrophage subsets after HFD
feeding is permanent. As expected, HFD feeding significantly increased
monocyte-derived macrophages in VAT while the resident macro-
phage population was decreased (Supplementary Fig. 1S and O).
Interestingly, the frequencies of the macrophage subsets were
restored two months after HFD withdrawal (Fig. 1S and Supplementary
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Fig. 10), indicating that the alteration in the numbers of the macro-
phage subsets with an HFD is reversible. To ascertain whether the
emergence of newly generated VAT resident macrophages after HFD
withdrawal is due to their local proliferation or higher differentiation
of infiltrated monocytes, we carried out the following experiments. We
performed parabiosis between two congenically different mice and
quantified the frequency of VAT resident macrophages derived from
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Fig. 1| VAT monocyte-derived and resident macrophages have different tran-
scriptomic profiles. A Flowcytometric analysis of the macrophage subsets in
visceral adipose tissue of CX3CR17°"" mice which express GFP under the
CX3CR1promoter. B tdTomato* (CX3;CR1"&") macrophages were quantified at day 7
after a single i.p injection of tamoxifen in CX3CR,<*t* ROSA™™ " mice that
express YFP under the CX;CR1 promoter and tdTomato in CX3CR1-expressing cells
upon tamoxifen injection using intravital microscopy (n = 6/group). C Parabiosis
between C57BL/6 and CX3CRI®™* mice was performed. Flow cytometry was con-
ducted to enumerate chimerism in the macrophage subsets in the C57BL/6 mice six
months after parabiosis. (n=5 for CX3CR1™ and 6 for CX;CR1"). D Heatmap dis-
playing the genes with at least a two-fold difference between the VAT macrophage
subsets and with FDR < 0.01 (n = 3/group). E-G Heatmaps displaying the expression
of the genes using bulk RNA sequencing comparing CX3CR1'CCR2" and CX5CR1”
CCR2” macrophages (n=3/group) and CD206™ and CD206" macrophage subsets of
VAT (n=3/group). H q-PCR quantification of the genes associated with glycemia
and diabetes in CX3CR1'CCR2* and CX3CR1™ CCR2™ macrophages sorted from VAT
of lean mice (n=6-12/group). I Bar graph representing the frequency of
CX3CR1'CCR2" and CX3CR1™ CCR2™ VAT macrophages enriched in the insulin sen-
sitivity and resistance genes shown in (G, H) (n = 3-6 /group). J PCA plot showing the
relations among the genes responsible for insulin sensitivity, survival, resident

macrophage (ATM) markers, inflammation, insulin resistance, and monocyte-
derived macrophages (MDM) markers in the VAT macrophage subsets using bulk
RNA sequencing. K, L Frequencies of CCR2* and CCR2™ macrophage subsets in
human VAT as measured by flow cytometry (K) (n=5/group) and confocal micro-
scopy (L) (n=15 for lean and 13 for obese). M-0 Quantification of the VAT mac-
rophage subsets in HFD-fed mice by flow cytometry (n =4/group) (M) and serial
intravital microscopy (Scale bar = 10 um) (N, O) was performed in lean and obese
CX3CRIR* ROSAMTm o mice (n =3 for CD, 4 for HFD 2 months, and 5 for HFD
4 months). P-R Apoptosis in VAT resident and monocyte-derived macrophages in
lean and obese mice was examined using annexin V by flow cytometry (P) (n=4/
group), and caspase 3 staining by flow cytometry (Q) (n=5 for CD and 4 for HFD/
group) and confocal microscopy (R) (n =14/group). S Quantification of the VAT
macrophage subsets in lean and obese CX3CRIE/* ROSA™™ mice before and
after removal of HFD (n=7/group). T Evaluation of Ki-67* VAT resident macro-
phages after HFD withdrawal (n=10/group). Mean + s.e.m. *P<0.05, * P<0.01,
***P < (0.001. The Mann-Whitney test (two-tailed) was used to determine the sig-
nificance between two groups. One-way ANOVA with Bonferoni’s post hoc cor-
rection test was performed to determine differences among data obtained from
more than two groups (Fig. 10 and S).

the parabiont partner three months after HFD initiation, and two and
four months after withdrawal of the diet (Supplementary Fig. 1P).
Parabiosis allows us to discern if a cell population is derived from
circulating hematopoietic cells. HFD withdrawal did not significantly
change parabiont-derived VAT resident macrophage frequencies, rul-
ing out the possibility of differentiation of recruited monocytes into
this macrophage subset after the diet withdrawal. VAT resident mac-
rophages after HFD withdrawal exhibited augmented Ki-67 staining
(Fig. 1T and Supplementary Fig. 1Q), indicating their higher prolifera-
tion after HFD withdrawal.

Loss of VAT resident macrophages enhances insulin resistance
in diet-induced obesity

As CX3CRI'CCR2" tissue-resident macrophages are enriched for
insulin sensitivity genes, we were interested in deciphering the
functions of these macrophages in diet-induced insulin resistance.
To this end, we generated LysM** Chr,"" mice, which express the
channelrhodopsin-2 (ChR2) protein in macrophages after exposure
to blue light (450-490 nm) (Fig. 2A). Photostimulation of this protein
leads to prolonged action potential firing activity, resulting in cellular
apoptosis*. Extended blue light exposure (BLE) resulted in the
reduction of VAT-resident macrophages but not monocyte-derived
macrophages possibly due to a high turnover and increased apop-
tosis of the latter cell population compared to the white light
exposure (WLE) (Fig. 2B). Indeed, blue light exposure in obese
LysM”* ChR2"™ mice significantly enhanced Annexin V expression, a
marker of early apoptosis, in CX3CR1* CCR2" VAT macrophages
(Supplementary Fig. 2A). We next examine if blue light exposure also
affects TIM4" adipose resident macrophages and CD9* lipid-
associated macrophages (LAM), which are crucial for adipose
biology**”’. We observed that TIM4* macrophage abundance was
lower in VAT of LysM*** ChR2"® mice after blue light exposure as
expected (Supplementary Fig. 2B). Moreover, the number of CD9*
LAMs, which are recruited in obesity and play protective roles**”’,
diminished significantly upon blue light exposure. Additionally, we
have examined if blue light exposure in VAT of the optogenetic mice
alters the expression of Annexin V, an early marker of apoptosis, in
macrophages residing in distant organs. This treatment did not sig-
nificantly change Annexin V expression in microglia, Kupffer cells,
and splenic macrophages (Supplementary Fig. 2C). Consistently, we
observed no significant difference in total hepatic macrophage and
Kupffer cell numbers (Supplementary Fig. 2D). VAT-resident macro-
phage depletion resulted in glucose intolerance and insulin resis-
tance (Fig. 2C and Supplementary Fig. 2E). Consistently, these mice

had higher levels of triglycerides, free fatty acids, and free glycerol
(Fig. 2C). Furthermore, pAkt and glut4 expression, which is asso-
ciated with insulin sensitivity, was impaired after blue light exposure
(Fig. 2D and Supplementary Fig. 2F, G). The levels of Slc2a4, Irs1, 2 and
3, SfrpS, Adpn, and Cesle, which promote glucose clearance™*,
were significantly decreased after VAT resident macrophage deple-
tion with blue light illumination (Fig. 2E). Transcript analysis further
showed that blue light-exposed VAT samples exhibited higher levels
of proinflammatory cytokines associated with obesity-mediated
insulin resistance (Fig. 2F)'%'°¢, Collectively, these data suggest
that VAT resident macrophages improve insulin sensitivity.

CX3CR1 CCR2" VAT resident macrophages express SerpinB2 at
high levels

We noticed that CX3CR1™ CCR2™ macrophages expressed high levels of
Pdgfc, Gatal, and Gata2 that promote tissue-resident macrophage
survival by inhibiting the activation of caspases and subsequent
apoptosis'”™° (Fig. 3A). Among all cell survival genes, SerpinB2 was
highly expressed in VAT resident macrophages (Fig. 3A and Supple-
mentary Fig. 3A). Various organs, such as the liver and muscle,
important in glucose homeostasis did not express detectable levels of
SerpinB2 (Fig. 3B). Among all cells in adipose tissue, which we tested,
macrophages expressed very high levels of SerpinB2 (Fig. 3C). Mac-
rophages differentiated from THP-1 human monocytes using phorbol-
12-myristate-13-acetate also exhibited high SerpinB2 expression; how-
ever, SerpinB2 was not detectable in the cell culture conditioned
medium (Fig. 3D) although copious amounts of pro-inflammatory
cytokines were present in the culture, suggesting that SerpinB2 is
poorly secreted”. To validate the RNA sequencing data, we measured
SerpinB2 expression in the macrophage subsets in gonadal adipose
tissue of lean mice. Adipose tissue-resident macrophages expressed
significantly higher levels of SerpinB2 mRNA and protein (Fig. 3E-G)
than monocyte-derived macrophages. To discern if SerpinB2 is also
expressed at high levels in human adipose tissue-resident macro-
phages, we collected human omental adipose tissue. Human CCR2"
macrophages also expressed higher levels of SerpinB2 mRNA and
protein than CCR2" macrophages (Fig. 3H-)).

IFN-y-mediated SerpinB2 downregulation leads to VAT resident
macrophage apoptosis in chronic inflammation

We next sought to delineate the mechanisms behind enhanced
apoptosis of VAT resident macrophages in chronic inflammation
precipitated by obesity. To determine if SerpinB2 levels in VAT resi-
dent macrophages alter in obesity, we first quantified SerpinB2 in
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Fig. 2 | VAT resident macrophage loss exacerbates obesity-induced metabolic
complications. A-F Blue/white light-exposed (BLE and WLE, respectively) LysMc™/*
Chr2"" mice were fed with an HFD. A Schematic diagram showing the experimental
design. B Enumeration of the VAT macrophage subsets using flow cytometry (n= 6/
group). C GTT and ITT were performed. The concentrations of fasting blood glu-

cose, serum insulin, triglycerides (TG), free fatty acids (FFA), and free glycerol (FG)
were evaluated (n =13 for WLE and 12 for BLE, combined data of 2 independent

experiments). D Immunoblot images of the represented proteins in muscle and
VAT (n=5-6/group). E, F qPCR quantification of the expression of the indicated
metabolic and inflammatory genes measured in VAT represented by heat maps (E)
(n=5/group) and bar graphs (F) (n =15/group). Mean + s.e.m. * P<0.05, * P< 0.01.
The Mann-Whitney test (two-tailed) was used to determine the significance
between two groups.

CCR2™ macrophages in omental adipose tissue of healthy and dia-
betic/obese patients and observed a significant downregulation of
SerpinB2 in these macrophages of diabetic/obese patients (Fig. 3K-M
and Supplementary Table 1). Furthermore, using bivariate analysis, we
observed a significant negative correlation between the frequency of
SerpinB2-expressing macrophages in VAT and the BMI of the patients
(Fig. 3N). Congruent with the reduction in SerpinB2 expression in VAT
CCR2™ macrophages in obese humans, gonadal adipose tissue of
obese mice harbored fewer SerpinB2-expressing macrophages
(Fig. 30, P). Additionally, adipose tissue-resident macrophages in
obese patients and mice downregulated the expression of SerpinB2
(Fig. 3Q, R). It has been reported that obesity can increase endogen-
ous palmitic acid levels™. This excess palmitic acid can promote
inflammation'?. Because exaggerated inflammation can reduce Ser-
pinB2 expression, we sought to test whether palmitic acid can reduce
the expression of this gene. Indeed, palmitate treatment in bone

marrow-derived macrophages of mice suppressed SerpinB2 expres-
sion (Fig. 3S).

Adipose tissue secretes high levels of pro-inflammatory cytokines
such as IFN-y and TNF in obesity™ ™, THP1 macrophages treated with
IFN-y, but not TNF, expressed lower levels of SerpinB2 whereas inhibi-
tion of IFN-y with Bay-117082 increased SerpinB2 expression (Fig. 4A, B,
and Supplementary Fig. 3B). Consistently, fibroblasts and macrophages
produced high levels of IFN-y in obese mice (Fig. 4C). We hypothesized
that IFN-y binds to its receptor on VAT macrophages to decrease Ser-
pinB2 expression. Consistently, obese mice with myeloid-specific defi-
ciency in the IFN-y receptor (Ifngrl) had elevated SerpinB2 expression in
VAT resident macrophages compared to wildtype control mice (Fig. 4D
and Supplementary Fig. 3C). In line with this finding, this macrophage
subset in myeloid-specific lfngri-deficient mice was more abundant and
less apoptotic (Fig. 4D, E and Supplementary Fig. 3C-E) while the total
number of adipose macrophages did not change in these mice
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compared to the control mice (Supplementary Fig. 4A). Additionally,
LysM* Ifngri™ mice had reduced fasting blood glucose levels,
improved glucose tolerance, and reduced levels of triglycerides, free
glycerol, and free fatty acids in the serum; however, their body weights
were unchanged compared to LysM™* IfngrI" mice (Fig. 4F and Sup-
plementary Fig. 3F). LysM®* Ifngr1™® mice also had higher pAkt, glut4,
adiponectin, and Ppary expression compared to the control group,
indicating improved insulin signaling (Fig. 4G, H and Supplementary
Fig. 3G). In line with these findings, the expression of insulin sensitivity-
promoting genes like Sic2a4, Irs1, Irs3, SfrpS, Adipoq, Cesid, Abca4, Abcgl,
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and Abcg4 were increased in VAT of these mice (Fig. 41). In addition,
Cd36, Msr1, Olr1, Ccl3, Ccl5, Cxcll, Cxcl2, Il1b, Il6, and Tnf transcripts,
which are associated with increased risk of obesity and insulin resistance,
were markedly diminished in VAT of LysM" [fngrI™ mice (Fig. 41, J).
Our in-silico analysis showed that the SerpinB2 promoter has binding
motifs for Ikaros, a transcriptional suppressor (Fig. 4K and Supplemen-
tary Fig. 3H). A chromatin immunoprecipitation assay confirmed the
binding of Ikaros to the SerpinB2 promoter (Fig. 4L), and IFN-y treatment
significantly increased Ikaros expression in BMDM (Fig. 4M). Treatment
with lenalidomide, a known inhibitor of Ikaros"™, significantly blocked
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Fig. 3 | CX;CR1 CCR2" VAT resident macrophages express high levels of Ser-
pinB2. A The heatmap displays the levels of the cell survival regulating genes in
CX3CRI™ CCR2" VAT resident macrophages compared to CX3CR1* CCR2" VAT
monocyte-derived macrophages using RNA sequencing (n = 3/group).

B, C SerpinB2 expression in various organs (B) (n=4/group) and adipose cells (C)
(n=4/group) is assessed using qPCR. A-C n represent the number of mice the cells
or organs were obtained from. D In PMA-differentiated THP-1 macrophages, Ser-
pinB2 levels were measured in the cell lysates and conditioned medium by
immunoblot. The proinflammatory cytokines in the conditioned media were
quantified by ELISA (n =12-16/group). E-G SerpinB2 quantification in mouse
CX3CR;" CCR2" and CX5CR;” CCR2™ VAT macrophages by qPCR (E) (n =3/group),
flow cytometry (F) (n=4/group), and confocal microscopy (G) (n=12/group, each
dot represents one tissue section.) in lean mice. The dashed and solid arrows in (G)
indicate CCR2" and CCR2” macrophages, respectively. Scale bar =20 um. H-J Serpin
B2 expression in human CCR2" and CCR2™ VAT macrophages were measured by
gPCR (H) (n=5/group, each dot represents one mouse.), confocal imaging (I)

(n=12/group), Scale bar = 30 um, and flow cytometry (J) (n=8/group, each dot
represents one mouse). K Schematic diagram depicting the experiments per-
formed with patient omental VAT. Created in BioRender. Dutta, P. (2025) https://
BioRender.com/Oh4nb79. L, M SerpinB2-expressing macrophages in lean and
obese human VAT were quantified by confocal microscopy (L) (n=16/group) and
flow cytometry (M) (n =9 for lean and 12 for obese). N Correlation between BMI and
SerpinB2’ cells in human VAT using confocal imaging (n=21). O, P The frequency of
SerpinB2* macrophages in VAT of lean and obese mice by confocal microscopy (0)
(n=12 for lean and 11 for obese) and flow cytometry (P) (n =10/group) is discerned.
Q, R SerpinB2 mRNA was measured in VAT resident macrophages of lean and obese
humans (Q) (n=4/group, each dot represents one human sample) and mice (R)
(n=5/group) by qPCR. S SerpinB2 was quantified by qPCR in BMDM after palmitate
treatment (n = 7/group, each dot represents cells cultured in one well.). Mean +
s.e.m. * P<0.05, * P<0.01, **P < 0.001. The Mann Whitney test (two-tailed) was
used to determine the significance between two groups. Linear regression analysis
was performed for the data presented in (D).

IFN-y-mediated SerpinB2 downregulation (Fig. 4N). Congruently,
monocyte-derived macrophages, which express SerpinB2 at lower
levels, were enriched for the genes encoding the receptors for IFN-y
(Fig. 40). Altogether, these data indicate that IFN-y-induced Ikaros
decreases SerpinB2 expression in VAT resident macrophages. To deter-
mine whether SerpinB2 is indeed involved in the survival of macro-
phages, we analyzed apoptosis of BMDM, THP-1 macrophages, and VAT
resident macrophages. We observed elevated caspase 3 levels in BMDM
lacking SerpinB2 (Fig. 4P) and decreased proportions of apoptotic THP-1
macrophages after SerpinB2 overexpression (Fig. 4Q). Furthermore,
obese SerpinB2”~ mice harbored an augmented frequency of apoptotic
VAT resident macrophages (Fig. 4R). In contrast, the numbers of Kupffer
cells in obese SerpinB2"* and SerpinB2”~ mice were similar (Supple-
mentary Fig. 4B). In aggregate, these data suggest that SerpinB2-
deficient macrophages are apoptotic.

Increased mitochondrial ROS in SerpinB2~/~ macrophages
induces apoptosis

Next, we investigated the mechanisms of enhanced apoptosis in
SerpinB2”~ macrophages. To understand how SerpinB2 mediates
macrophage survival, we measured cytochrome c levels in cytosol and
mitochondria. The release of cytochrome ¢ from the mitochondria
into the cytosol has been reported to be a major mechanism of cellular
apoptosis™ ™, We observed increased concentrations of cytosolic
cytochrome ¢ while the levels of mitochondrial cytochrome c
decreased in SerpinB2”~ BMDM compared to SerpinB2"* BMDM
(Fig. 5A, B). These findings suggest that loss of SerpinB2 results in
cytochrome c release from the mitochondria into the cytosol. Cyto-
chrome c release into the cytosol depends on mitochondrial oxidative
stress'®, To understand the mechanisms of cytochrome c transloca-
tion from mitochondria to the cytoplasm in the absence of SerpinB2,
we quantified the genes encoding antioxidant enzymes in the VAT
macrophage subsets. We ascertained that CX3;CR1™ CCR2™ VAT mac-
rophages of lean mice were enriched with anti-oxidant enzymes such
as superoxide dismutase (Sod3), glutathione-S-transferases (Gstm,
Gsta, Gstp, and Gstt), mitochondrial membrane-associated MgstI,
metallothioneins (MtI and Mt2), and mitochondrial specific anti-
oxidant enzymes like glutathione peroxidase (Gpx7), malic enzyme 1
(Mel), and isocitrate dehydrogenase2 (/dh2) (Fig. 5C, D)**°. Similarly,
CX53CRI" CCR2" VAT macrophages had elevated expression of the GSH
encoding genes (Fig. 5E). Additionally, the expression of the GSH-
encoding genes in CX3CR1™ CCR2™ VAT macrophages was decreased in
obesity (Fig. 5F). Moreover, GSH gene expression in CX3CR1™ CCR2"
VAT macrophages and glucose clearance were correlated (Fig. 5G).
Taken together, these results demonstrate that CX3CR1™ CCR2™ VAT
macrophages are enriched in GSH in lean mice. Among the genes
involved in GSH precursor import, only Slc7A13, which mediates the
transport of glutamic acid, one of the precursors for GSH synthesis,

was upregulated in CX3CR1™- CCR2™ VAT macrophages (Fig. 5SH). Nota-
bly, SerpinB2 deficiency significantly curtailed the levels of these
antioxidant genes in VAT macrophages (Fig. 5I). Consistently,
SerpinB2”~ BMDM isolated from lean or obese mice had higher levels
of mitochondrial ROS than SerpinB2"* BMDM (Fig. 5), K and Supple-
mentary Fig. 4C, D). Mitotracker green MFI was significantly decreased
in SerpinB2”~ BMDM treated with palmitate, indicating lower mito-
chondrial volume in these cells compared to SerpinB2** BMDM (Sup-
plementary Fig. 4E). To examine the function of mitochondrial ROS in
cytochrome c release into the cytosol from the mitochondria, we
treated BMDM derived from SerpinB2** and SerpinB2”7~ mice with
mitotempol, a mitochondrial ROS scavenger. This treatment sig-
nificantly decreased cytosolic cytochrome c levels while the con-
centrations of mitochondrial cytochrome c were increased in
SerpinB2”~ BMDM (Fig. 5L) indicating suppressed cytochrome c
release from the mitochondria. Concomitantly, the treatment caused a
non-significant decrease in the level of annexin V, an early apoptosis
marker, in SerpinB2”~ BMDM (Fig. 5M). Nevertheless, annexin V mean
fluorescent intensities in SerpinB2"* BMDM were unchanged after the
treatment (Fig. 5SM). To understand if SerpinB2 deficiency alters the
inflammasome, which can trigger pyroptotic cell death, we measured
Nirp3, which is involved in inflammasome signaling. The expression of
NIrp3in SerpinB2'* and SerpinB2”" adipose resident macrophages was
similar (Supplementary Fig. 4F), suggesting that this pathway does not
contribute to increased apoptosis of this macrophage subset in
absence of SerpinB2. Altogether, these data imply that the lack of
SerpinB2 in macrophages elevated mitochondrial ROS, which trig-
gered cytochrome c release into the cytosol.

SerpinB2 deficiency aggravates inflammation

Adipose tissue inflammation mediated by macrophages contributes to
insulin resistance®**. OXPHOS analysis using SeaHorse XF bioanalyzer in
BMDM obtained from lean and obese C57BL/6 mice showed that BMDM
of obese mice have elevated oxygen consumption rates (Fig. 6A and
Supplementary Fig. 5A). Interestingly, OCR and inflammatory cytokines
are strongly correlated (Fig. 6A). From these observations, we hypo-
thesized that enhanced OXPHOS activity in macrophages exaggerates
inflammation in obesity. Consistently, obese LysM** COX10"" mice that
lack the mitochondrial complex IV activity” > exhibited decreased
inflammation, and improved glucose clearance, insulin sensitivity, and
insulin levels compared to obese LysM”* COX10"" mice although the
body weights were similar between the groups (Fig. 6B and Supple-
mentary Fig. 5B, C). We observed depressed basal and maximal
respiration and spare capacity while extracellular acidification rates were
unchanged in Cox10-deficient BMDM compared to WT BMDM (Sup-
plementary Fig. 5D, E). Similarly, SerpinB2 deficiency increased OCR
(Supplementary Figs. 6C and SF) and inflammation (Supplementary
Figs. 5G and H) in BMDM while SerpinB2 overexpression in THP-1
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macrophages depressed inflammation (Fig. 6D). In line with these find-
ings, we observed that SerpinB2”~ adipose macrophages expressed
higher levels of inflammatory genes, such as Il1b, Tnf, Ccl2, Ccl3, iNOS,
etc., and lower levels of pro-resolving genes, such as /10 and Argl, than
SerpinB2'"* adipose macrophages (Supplementary Fig. 51, J). In aggre-
gate, these data support the premise that SerpinB2 is essential for sup-
pressing macrophage-mediated inflammation.

SerpinB2 deficiency in macrophages exacerbates glucose intol-
erance in diet-induced obesity

Our data demonstrate that VAT resident macrophages are crucial to
the maintenance of insulin sensitivity (Fig. 1). Because SerpinB2
expression is critical for the survival of this macrophage subset, and
there is an inverse correlation between macrophage-specific Ser-
pinB2 expression in omental adipose tissue and BMI in patients, we
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Fig. 4 | IFN-y-mediated SerpinB2 downregulation leads to resident VAT mac-
rophage apoptosis in obesity. A, B SerpinB2 was quantified in THP-1 macro-
phages after stimulation with IFN-y in the presence or absence of Bay-118072, an
NF-kB inhibitor, by qPCR (A) (n=8/group) and confocal imaging (B) (n=10/
group). A, B each dot represents cells cultured in one well. C VAT from lean and
obese mice were stained for the markers of fibroblasts, macrophages, and adi-
pocytes along with IFN-y. The frequencies of IFN-y-expressing cells were assessed
by confocal microscopy (n=5/group) Scale bar=20 um. D-J LysM"* IfngrI" and
LysM™* IfngrI" mice were fed with an HFD for four months. D VAT resident
macrophages, SerpinB2-expressing macrophages, and caspase 3* resident mac-
rophages were measured by confocal microscopy (n=12/group). E The fre-
quencies of apoptotic (annexin V* PI") macrophages were measured by flow
cytometry (n =5 for WT and 4 for KO). F GTT and ITT were performed, and fasting
blood glucose, serum insulin, lipid concentrations, and body weights were eval-
uated (n=10/group, combined data of at least 2 independent experiments).

G, H Immunoblot showing pAkt, total Akt, Glut4, adiponectin, and Ppary
expressions in muscle, visceral adipose. and liver (n=6/group). I, J qPCR was

carried out to measure the expression of the metabolic and inflammatory genes
in VAT (n=7/group). K, L The top four transcription factors predicted to bind to
the SerpinB2 promoter (K), and ChIP validation of Ikaros binding to the SerpinB2
promoter (L) (n=4/group, with two sets of primers) are shown. M Ikaros quan-
tification by qPCR in BMDM cultured in the presence or absence of 250 milli units
IFN-y (n =10 and 8 for with and without IFN-y, respectively). L, M each dot
represents cells cultured in one well. N SerpinB2 expression in BMDM treated
with or without IFN-y and lenalidomide (representative image of the 3 indepen-
dent experiments). O Ifngrl and Ifngr2 were quantified by RNA seq in the adipose
macrophage subsets (n=3/group, each dot represents one mouse.).

P-R Evaluation of apoptosis in BMDM lacking SerpinB2 (P) (n=6/group), THP-1
macrophages overexpressing SerpinB2 (Q) (n=4/group), and VAT resident mac-
rophages in obese SerpinB2"* and SerpinB2”~ mice (R) (n=4 for WT and 6 for KO)
by flow cytometry. * P< 0.05, ** P< 0.01, **P < 0.001. The Mann Whitney test (two-
tailed) was used to determine the significance between two groups. One-way
ANOVA with Bonferoni’s post hoc correction test was performed to determine
differences among data obtained from more than two groups (Fig. 4B).

hypothesize that the loss of SerpinB2 expression in macrophages
results in glucose intolerance. A glucose tolerance test revealed that
SerpinB2”~ mice had delayed glucose clearance and higher fasting
insulin levels compared to SerpinB2"* mice whereas the body weights
were unaltered (Fig. 6E and Supplementary Fig. 6A). To specifically
test the contributions of myeloid-specific SerpinB2, we generated the
mice that lack SerpinB2 in myeloid cells (Supplementary Fig. 6B).
Glucose and insulin tolerance tests revealed that these mice had
delayed glucose clearance and aggravated insulin resistance,
respectively, compared to age-matched control mice while the body
weights of the mice in both groups were similar (Fig. 6F and Sup-
plementary Fig. 6C, D). SerpinB2 deficiency in myeloid cells also led
to increased levels of fasting serum insulin, triglycerides, free fatty
acids, and free glycerol suggesting increased whole-body insulin
resistance (Fig. 6F). These findings were further confirmed by a
hyperinsulinemic-euglycemic clamp study. During this experiment,
the glucose infusion rate to match plasma glucose levels was sig-
nificantly less in LysM“* SerpinB2"" mice (Fig. 6G), demonstrating
whole body insulin resistance in these mice. Additionally, plasma
insulin and free fatty acid levels were higher in LysM*** SerpinB2""
mice (Fig. 6G) without noticeable differences in the body weights,
steady-state whole-body glucose uptake measurements, and fasting
rates of endogenous (hepatic) glucose production (Supplementary
Fig. 6E). However, hepatic glucose production during steady-state
was markedly greater in LysM** SerpinB2"" mice during the clamp,
indicating that the failure to suppress hepatic glucose production
accounted for the differences in whole-body insulin sensitivity
between the groups (Fig. 6G). In line with this, we observed
decreased p-Akt in VAT and muscle (Fig. 6H and Supplementary
Fig. 6F), diminished Glut4, Ppary, and adiponectin in VAT, and
reduced Glut4 in muscle (Fig. 61 and Supplementary Fig. 6F). Fur-
thermore, insulin sensitizing Slc2a4, Irs1, Irs2, SfrpS, Adipoq, and
Abcg4 transcripts were repressed in VAT of LysM** SerpinB2"" mice
(Fig. 6)). Furthermore, the lack of SerpinB2 in myeloid cells elevated
pro-inflammatory gene expression in VAT (Fig. 6J). Similarly, sorted
macrophages from VAT from these mice had suppressed expression
of anti-inflammatory genes and heightened pro-inflammatory genes
(Fig. 6K). SerpinB2 deficiency augmented apoptosis of VAT resident
but not monocyte-derived macrophages (Supplementary Fig. 6G).
Altogether, these data corroborate the significance of macrophage
SerpinB2 expression in maintaining systemic insulin sensitivity.

IL-4 reverses exaggerated diet-induced insulin resistance in the
absence of myeloid SerpinB2

To investigate the molecular mechanisms of insulin sensitivity exerted
by VAT resident macrophages, we assessed the expression of the
cytokines promoting insulin sensitivity from the RNA sequencing

analysis data of sorted CX3CR1" CCR2* and CX5CR1" CCR2™ VAT mac-
rophages. We observed that VAT-resident macrophages expressed
higher levels of 14, II33, and 134 (Fig. 6L). To discern whether increased
insulin resistance in LysM* SerpinB2"" mice is due to lack of IL-4, we
supplemented these mice with IL-4 (Supplementary Fig. 6C). IL-4
supplementation accelerated glucose clearance, encouraged insulin
sensitivity, and decreased fasting glucose concentrations (Fig. 6F and
Supplementary Fig. 6D) while no noticeable improvements in insulin,
triglycerides, and free glycerol levels were observed (Fig. 6F). Con-
sistent with these findings, IL-4 replenishment boosted p-Akt, Glut4,
and Ppary expression in VAT, and pAkt and glut4 levels in muscle
(Fig. 6H, I and Supplementary Fig. 6H). As expected, the expression of
insulin sensitivity-promoting genes was enhanced while the transcripts
of the proteins stimulating inflammation and insulin resistance were
drastically reduced in VAT (Fig. 6)). Altogether, these findings reveal
that IL-4 can reverse aggravated insulin resistance in the absence of
myeloid SerpinB2.

Loss of adipose resident macrophages provokes VAT expansion
in diet-induced obesity

Because VAT expansion in obesity is associated with insulin resistance,
we deciphered the role of adipose resident macrophages in VAT
growth. Towards this end, we depleted VAT resident macrophages in
LysMe"*/Chr;"" mice with blue light exposure. Blue light-exposed
LysMe*/Chr,"" mice had heavier VAT, bigger adipocytes, and higher
expression of adipose expansion genes, reflecting the adipocyte
enlargement in the absence of VAT resident macrophages (Fig. 7A). In
agreement with these data, myeloid-specific SerpinB2 deficiency, which
we found to deplete the adipose resident macrophage pool, heightened
VAT weight and adipocyte diameter whereas IL-4 replenishment
in LysM** SerpinB2"" mice restored these parameters (Fig. 7B). Con-
sistent with the finding that /fngr1 deficiency prevents adipose resident
macrophage apoptosis in obesity and improves insulin sensitivity, mice
lacking this receptor in myeloid cells had lower VAT weights and smaller
adipocytes (Supplementary Fig. 7A). Interestingly, adipose resident
macrophages expressed low levels of /[1b, which stimulates adipocyte
growth™, and high levels of Tgfb2, which inhibits adipocyte growth'”,
compared to monocyte-derived macrophages (Supplementary Fig. 7B).
As cytoskeleton remodeling is a prerequisite step during the
morphological transition of fibroblast-like preadipocytes into lipid-filled
spherical mature adipocytes, we measured cytoskeleton proteins like
beta-tubulin, beta-actin, and vimentin**"*°, Beta-tubulin and beta-actin
expression was significantly suppressed while vimentin levels were
elevated in mice lacking VAT resident macrophages and mice deficient
in myeloid SerpinB2 (Fig. 7C and Supplementary Fig. 7C). The absence of
myeloid Jfngrl and IL-4 replenishment in LysM™* SerpinB2"" mice
inflated the expression of beta-tubulin and beta-actin and diminished
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vimentin levels (Supplementary Fig. 7D, E). Supporting these observa-
tions, adipocytes residing near CCR2™ VAT resident macrophages were
smaller (Fig. 7D).

Glutathione (GSH) negatively regulates adipocyte hypertrophy
and expansion of VAT in diet-induced obesity

Given that CX3CR1™ CCR2™ VAT macrophages express high levels of
GSH, SerpinB2 deficiency lowers these antioxidants in VAT macro-
phages, and depletion of VAT resident macrophages increased

adipocyte size, we hypothesized that the anti-inflammatory and
suppressed adiposity properties are attributable to GSH.
N-acetylcysteine (NAC), an aminothiol and synthetic precursor of
intracellular cysteine and GSH, dose-dependently abrogated the
differentiation of adipocytes (Fig. 7E and Supplementary Fig. 7F).
Concordant with the inhibitory effect on adipocyte development,
NAC treatment promoted the expression of insulin sensitivity-
promoting genes and blunted pro-inflammatory and adipose
expansion genes in VAT depots (Fig. 7F). These results imply the
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Fig. 5 | Increased mitochondrial ROS in SerpinB2”~ macrophages induces
apoptosis. A, B Cytochrome c (Cyt C) levels in the mitochondria and cytoplasm
measured by immunoblot in SerpinB27 or SerpinB2** BMDM (n = 6/group).

C, D Antioxidant gene expression using bulk RNA sequencing (C) (n = 3/group) and
gPCR (D) (n=6/group, each dot represents one mouse.) in the VAT macrophage
subsets of lean mice is shown. E The bar graph represents the frequency of the VAT
macrophage subsets expressing the GSH-encoding genes shown in (C, D) (n=9/
group). F Antioxidant gene expression using qPCR in CX3CR1" CCR2" VAT macro-
phages isolated from obese mice (n=6/group). G The PCA plot shows the relation
between GTT and GSH gene expression in macrophages of lean and obese mice.
H Heat map showing the expression of the genes responsible for transporting GSH
between cytoplasm and mitochondria (n = 3/group). I Antioxidant gene expression

using qPCR in total macrophages sorted from obese SerpinB2"* and SerpinB2"
mice (n=6/group). J, K Mitochondrial ROS was measured in untreated and
palmitate-treated SerpinB2"* and SerpinB2”~ BMDM isolated from lean mice and
obese mice by confocal microscopy (J) (n=8/group) and flow cytometry (K) (n=5/
group). L, M Cytosolic and mitochondrial Cytochrome c quantification in
SerpinB2”~ BMDM by immunofluorescence microscopy (L) (n =7 for the without
mitotempol group and 5 for with mitotempol group, each dot represents cells
cultured in one well.) and assessment of annexin V MFl in SerpinB2"~ or SerpinB2**
BMDM by flow cytometry (M) (n=4 /group, each dot represents one mouse.) after
mitotempol treatment. Mean + s.e.m. * P<0.05, * P<0.01, **P< 0.001. The
Mann-Whitney test (two-tailed) was used to determine the significance between
two groups.

significant role played by GSH in confining the expansion of adipo-
cytes in obesity. To ascertain the protective role of GSH, obese
LysM=* SerpinB2"" mice were supplemented with 1% of NAC for 8
weeks in drinking water. NAC supplementation significantly curtailed
fasting glucose levels, and improved glucose tolerance and insulin
sensitivity compared to vehicle treatment (Fig. 7G and Supplemen-
tary Fig. 7G). Interestingly, NAC supplementation significantly
reduced the body weight (Supplementary Fig. 7G). Moreover, insulin,
triglycerides, free fatty acids, and free glycerol levels were reduced in
the serum of NAC-treated obese LysM** SerpinB2"" mice (Fig. 7G).
Further, Akt activation was enhanced in muscle and VAT of NAC-
supplemented LysM*** SerpinB2"" mice (Fig. 7H and Supplementary
Fig. 7H). Consistently, Glut4 and adiponectin protein levels (Fig. 7H
and Supplementary Fig. 7H) and insulin sensitivity-promoting gene
expression (Fig. 7I) raised while the transcripts of inflammatory,
adipose expansion, and insulin resistance-promoting genes were
suppressed (Fig. 7I) in VAT of NAC-treated LysM*** SerpinB2"" mice.
Furthermore, NAC supplementation escalated the number of tissue-
resident macrophages in VAT (Fig. 7) and Supplementary Fig. 7I),
reduced macrophage apoptosis (Supplementary Fig. 7)), and limited
VAT weight (Supplementary Fig. 7K) and adipocyte size (Supple-
mentary Fig. 7L). These results imply the significant role played by
GSH in confining the expansion of adipocytes in obesity. Moreover,
adipocytes cultured in the presence of conditioned media from
LysM=* SerpinB2"" BMDM expanded more compared to LysM"*
SerpinB2"" BMDM (Supplementary Fig. 7M, N). However, adipocyte
expansion was significantly attenuated with conditioned medium of
NAC-supplemented LysM®* SerpinB2"" BMDM. In cluster, these
findings endorse that the pro-inflammatory and glucose intolerance
phenotype in the absence of myeloid SerpinB2 could be attributed to
the lack of GSH.

Discussion
Tissue-resident macrophages are important in a myriad of physiolo-
gical functions including organ regeneration**, removal of cellular
debris’®, injury®, infection’, nerve regeneration*, neuronal function'>,
mitochondrial homeostasis’®, electrical conduction', and protection
against fibrosis™ ™, In this study, we have shown that VAT resident
macrophages are critical for maintaining an anti-inflammatory envir-
onment, VAT homeostasis, and insulin sensitivity. Tissue-resident
macrophages mainly self-renew by local proliferation' and disappear
during inflammation”'%***¥3¢_ The mechanisms of the disappearance
of tissue-resident macrophages in inflammation are not well under-
stood. We observed that SerpinB2-mediated inhibition of cytochrome
¢ release from the mitochondria is vital to adipose resident macro-
phage survival. Although other pathways, such as inflammasome sig-
naling, could lead to macrophage apoptosis, the present study has not
examined the contributions of other pathways in adipose resident
macrophage depletion in obesity.

We observed that, among all leukocytes in VAT, resident macro-
phages expressed high levels of SerpinB2. The exact function of Ser-
pinB2 in adipose resident macrophages is unknown. SerpinB2

deficiency precipitated apoptosis in this macrophage subset in obese,
but not lean, mice indicating that SerpinB2 expression by adipose
macrophages in the steady state is dispensable for their survival.
Although the present study does not elucidate why SerpinB2 is
required for VAT resident macrophage survival in obesity but not in
the steady state, inflammation after initiation of an HFD may be a
determinant of macrophage apoptosis in the absence of SerpinB2.
Concordant with this hypothesis, we observed that IFN-y was impor-
tant in SerpinB2 reduction in obesity, and the anti-apoptotic role of
SerpinB2 has been demonstrated in inflammatory disease
pathologies'”*¢, Several mechanisms have been proposed for IFN-y
production by obese adipose tissue. In obesity, adipocytes secrete
CXCL12, which recruits natural killer cells and stimulates the secretion
of IFN-y by these cells'’. Besides natural killer cells, inflammatory
macrophages and T helper cells can infiltrate adipose tissue and
secrete IFN-y in obesity?>'*%, Additionally, the activation of HIF-1a in
response to the hypoxic environment in adipose tissue in obesity can
stimulate the transcription of various genes including Ifng'*’. The sig-
nificance of SerpinB2 expression by the macrophage subsets is not
clearly understood. IFN-y, which is released in high quantity in infec-
tion, decreases SerpinB2 levels in VAT resident macrophages, resulting
in their apoptosis. Loss of VAT resident macrophages can lead to
infiltration of monocyte-derived macrophages, which have better
infection fighting ability and lower SerpinB2 expression, thereby are
resistant to IFN-y-mediated apoptosis. Although our data indicate that
myeloid-specific deficiency of Infgrl resulted in improved insulin sen-
sitivity by protecting adipose-resident macrophages from apoptosis,
we cannot rule out the contributions of reduced food intake, increased
activity, and reduced fat mass to the beneficial effects Future studies
will be required to examine the significance of SerpinB2 expression by
the macrophage subsets in infection clearance. Further, we found that
SerpinB2-expressing CX;CR1™ CCR2™ VAT macrophages are enriched
with GSH-encoding genes. Antioxidants like GSH present in the cyto-
plasm modulate apoptosis by up-regulating anti-apoptotic proteins
such as B-cell lymphoma 2", An elevated ROS content in mito-
chondria is a driving factor of cytochrome c translocation from mito-
chondria to the cytoplasm via cardiolipin oxidation®>. Surprisingly,
SLC7A13, which mediates the transport of glutamic acid, one of the
precursors for GSH synthesis™>*"* is expressed in higher amounts in
CX3CR1™ CCR2” VAT macrophages. In line with this finding, the defi-
ciency of SerpinB2, which is highly expressed by this subset of mac-
rophages, attenuated GSH levels. As such, these observations indicate
that SerpinB2-mediated increase in GSH levels curbs mitochondrial
ROS production, which thwarts cytochrome c release in the cytoplasm,
promoting macrophage survival. Whether SerpinB2 amplifies the level
of GSH, a mitochondrial antioxidant, via SLC7A13 should be examined
using mechanistic experiments.

Inflammatory cytokine production and immune cell function are
controlled by mitochondrial respiration™>, Recent reports demon-
strated that mitochondrial respiration impairment by genetically
depleting Tfam, which confers mitochondrial DNA stability, sup-
presses inflammation in macrophages™ ™. Consistent with this
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finding, we observed that the deficiency of myeloid CoxI0, which
encodes the mitochondrial complex IV*7%, decreased inflammation,
promoted VAT resident macrophage survival, and improved glucose
tolerance. On the contrary, SerpinB2 depletion in macrophages kin-
dled pro-inflammatory cytokine production with concomitant high
oxidative phosphorylation and apoptosis of VAT resident macro-
phages, indicating the role of SerpinB2 in controlling exaggerated

CX3CR1-CCR2-

mitochondrial respiration, inflammation, and VAT resident macro-
phage survival in obesity. In line with these findings, we observed
positive correlations among OXPHOS activity, inflammatory cytokines
production, glucose intolerance, and insulin resistance in wild-type
and myeloid-specific SerpinB2 and CoxI10-depleted mice. Altogether,
these data strongly suggest the contribution of mitochondrial
respiration in inflammation and VAT macrophage survival. However,
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Fig. 6 | SerpinB2 deficiency in macrophages exacerbates inflammation.

A Oxygen consumption rate (OCR) was measured by Seahorse XF 96 Extracellular
Flux Analyzer (n=20/group) in BMDM isolated from lean and obese mice. The
correlation between maximal OCR and cytokine levels measured by ELISA in BMDM
supernatants is shown. B GTT, ITT, and fasting insulin levels in HFD-fed LysM"*
COX10™" and LysMe™"* COX10"™ mice (n =7 for WT and 8 for KO, combined data of
two independent experiments). C The Seahorse traces and maximal OCR (n =24/
group) in BMDM of obese SerpinB2”~ or SerpinB2"* mice are shown. D mRNA and
protein levels of pro- and anti-inflammatory cytokines by qPCR and ELISA,
respectively, were determined after SerpinB2 overexpression in THP-1 macro-
phages (n=4/group, each dot represents cells cultured in one well.). E GTT and
fasting insulin levels (n = 6-8/group, combined data of two independent experi-
ments) (n=8 for WT and 9 for KO) in obese SerpinB2"* and SerpinB2”~ mice.

F-L HFD-fed LysM** SerpinB2"" and LysM*™"* SerpinB2"" mice were injected with
PBS-vehicle, and LysM~"*/* SerpinB2"" mice were injected with IL-4. F GTT and ITT
were performed, and the concentrations of fasting blood glucose, serum insulin,

triglycerides (TG), free fatty acids (FFA), and free glycerol (FG) were evaluated
(n=10 for WT+vehicle, 18 for KO+vehicle, and 11 for KO + IL-4, combined data of at
least two independent experiments). G Glucose infusion rate (GIR), hepatic endo-
genous glucose production (EGP), plasma insulin, and FFA levels are determined by
hyperinsulinemic-euglycemic clamp studies (n=7-9/group). Immunoblots (H, I)
show pAkt, total Akt, Glut-4, adiponectin, and Ppary expression in muscle and VAT
(n=5-6/group). The expression of the metabolic and inflammatory genes is mea-
sured by qPCR in whole VAT (J) (n=8/group) and sorted VAT macrophages (K)
(n=6/group). L The expression of the anti-inflammatory genes was determined by
RNA sequencing in CX3CR;" CCR2" and CX5CR;” CCR2" VAT macrophages isolated
from lean mice (n=3/group). Mean + s.e.m. *P< 0.05, *P< 0.01, **P< 0.001. The
Mann-Whitney test (two-tailed) was used to determine the significance between
two groups. One-way ANOVA with Bonferoni’s post hoc correction test was per-
formed to determine differences among data obtained from more than two groups
(Fig. 6F, J).

the mechanisms of how obesity reprograms mitochondrial respiratory
capacity in macrophages, which in turn rewires inflammatory pheno-
type, need to be explored.

Obesity induces adipocyte hypertrophy, monocyte infiltration
into adipose tissue, and their subsequent differentiation into
macrophages®*¥1¢°12 How adipose macrophages regulate patho-
genic adipocyte hypertrophy is not known. Our study reveals that
adipose resident macrophages control adipocyte expansion, accent-
uating their protective effect in obesity, which is in line with a recent
study showing the control of lipid stores by resident macrophages'®.
Adipocyte expansion is regulated by several biological processes
including adipocyte apoptosis and necrosis, adipogenesis, lipolysis,
and lipogenesis. Inflammatory cytokines produced by macrophages
and monocytes can regulate these processes. A recent study showed
that PDDGcc produced by macrophages can control adipocyte energy
storage, which aids in the growth of adipose tissue in obesity'®’. Adi-
pose resident macrophages express low levels of /[1b, which stimulates
adipocyte growth'?, and high levels of Tgfb2, which inhibits adipocyte
growth'”, compared to monocyte-derived macrophages. However,
how these inflammatory cues regulate adipocyte growth by affecting
adipocyte apoptosis and necrosis, adipogenesis, lipolysis, or lipogen-
esis is beyond the scope of this study.

In summary, our findings imply a significant role of resident
macrophages present in VAT to protect against metabolic com-
plications. While we acknowledge that the data in Fig. 1 establish a
correlation between VAT resident macrophage loss and emergence
of insulin resistance in obesity, the experimental depletion of this
macrophage subset highlights their importance in maintaining
insulin sensitivity. Hence, the strategies to prevent VAT resident
macrophage loss may attenuate VAT expansion and improve
insulin sensitivity in obesity. Moreover, although VAT resident
macrophages express SerpinB2 abundantly, other tissue-resident
macrophages important in metabolic syndromes, such as Kupffer
cells, may express this protein. However, Kupffer cell numbers in
the liver did not change in SerpinB2”~ obese mice. The mechanisms
of the absence of numerical changes in Kupffer cells of these mice
should be elucidated by future studies. Another limitation of this
study is that we used samples from deceased patients, which may
introduce many potential confounders. These patients had highly
variable BMI, and the information regarding their causes of death
was not available. Furthermore, to investigate the importance of
GSH in the regulation of VAT physiology and systemic insulin
sensitivity, we employed a pharmacological approach. This
experiment does not specifically test the significance of macro-
phage GSH. Although our experiments show that secreted factors
from macrophages treated with NAC restrain adipocyte expansion
in culture, macrophage-specific GSH transgenic mice will be useful
for this purpose. Furthermore, we do not know what factor(s)

secreted by macrophages in the presence of NAC can limit adipo-
cyte size. Additionally, the beneficial effects of NAC may be par-
tially attributed to the reduction in body weight observed
after treatment. Finally, future studies addressing the effects of
VAT resident macrophages on mesenchymal stem cell differentia-
tion into adipocyte precursors increasing adiposity should be
performed.

Methods

Mouse strains, cellular fate mapping, and treatments

The control and experimental mice were co-housed in a barrier facility
at the University of Pittsburgh. Both male and female mice
(16-50 weeks old) wildtype and transgenic mice have been used for the
experiments. To investigate the origin of adipose tissue macrophages,
female ROSA-tdTomato mice were mated with male CxscrI*® mice.
We injected tamoxifen (50 pul of 20 mg/ml solution, Sigma, T5648)
dissolved in corn oil (Sigma, C8267) in the offspring to induce per-
manent tdTomato expression in Cxscrl* macrophages. CxscrI¢®/c,
LysMFe/ee, Ifngr"™ (Jackson Lab, #025394), and SerpinB2™~ (Jackson Lab,
#007234) mice were purchased. SerpinB2 Tmlc mice (KOMP project ID
CSD66707) were bred with Flp recombinase-expressing mice (Jackson
Lab, #009086) to generate conditional-ready Tmla mice. Tmla mice
were crossed with wild-type female mice purchased from the Jackson
Lab at least for five generations. After this, Tmla mice were bred with
LysMF"® mice to generate LysM="*/LysM""* SerpinB2 ¥ mice. Eight to
twelve weeks old male and female mice were fed with either a chow or
HFD (Research Diets Inc, #D12492) for four months. Ten weeks old
LysMe"*SerpinB2 " mice were fed with an HFD for two months fol-
lowed by either ani.p infusion of 2 doses/week of 1 ng IL-4 (R&D, #404-
ML-050/CF) dissolved in 100 microliters of PBS or supplementation of
1% NAC (Research Products, #A10040) dissolved in water for 8 weeks
as previously'®*. The mice were randomized among various groups,
and most analyses were blindfolded. The mice were euthanized using
carbon dioxide. The sources and identifiers of all reagents and
resources used in this study have been included in Supplementary
Table 2.

Study approval

All animal experimental protocols were approved by the Institutional
Animal Care and Use Committee of the University of Pittsburgh.
Omental adipose tissue from patients with diabetes and normal indi-
viduals was collected via a warm autopsy program directed by Dr.
Mauricio Rojas. His team obtained consents from decedents’ next-of-
kin or legal representatives. These patients were classified as either
lean (<25 BMI) or obese (>30 BMI) based on their BMI. Collection of the
tissue samples from deceased patients was approved by the University
of Pittsburgh Committee for Oversight of Research and Clinical
Training Involving Decedents (CORID #724).
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Parabiosis

CD45.1 (Jackson Lab, #002014) and CD45.2 (Jackson Lab, #000664)
mice were surgically joined. Following anesthesia and disinfection
using betadine scrub and 70% isopropanol, an incision was made from
the ear to the base of the tail on the adjacent sides of the mice. The
subcutaneous fascia was loosened, and the skin was sutured using a
5-0 silk suture. The olecranon and knee joints were attached to avoid

stress on the suture lines. Non-absorbable sutures were removed on
day 7 after the surgery, and chimerism was ensured on day 21 after
parabiosis by flow cytometric analyses of peripheral blood leukocytes.

Intravital microscopy
tdTomato expression was induced in CX;CRl1-expressing cells by
injecting 100 pl of 20 mg/ml of tamoxifen (Sigma) dissolved in corn oil
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Fig. 7 | Glutathione (GSH) restrains adipocyte hypertrophy and VAT expansion
in diet-induced obesity. A, B BODIPY images, adipocyte diameters and fre-
quencies, and the expression of VAT expansion genes are shown in obese LysM™/
*/Chr2"" mice exposed to either white (WLE) or blue (BLE) light (n=8/group), and
obese LysM""* SerpinB2™ and LysM~"** SerpinB2"" mice treated with vehicle and
LysM™* SerpinB2"" mice treated with IL-4 (n=7/group). Scale bar=20 um for
BODIPY and bright field images, and 200 um for VAT images. C Immunoblot images
of the proteins in VAT of obese LysM/Chr2", LysM*"* SerpinB2"", and LysMer*
SerpinB2"" mice (n=5-6/group). D Confocal imaging to show the association
between CCR2™ macrophages and adipocyte size in mouse VAT (n =16/group).
Scale bar =20 um. E BODIPY and bright field images using ImageStreamX Mark II
and Oil Red O pictures of undifferentiated or differentiated 3T3L1 cells cultured in
the presence or absence of IL-4 or NAC (n=7/group). Scale bar = 5 um for the
ImageStreamX images and 200 um for the Oil Red O pictures. F The metabolic and

inflammatory genes were measured by qPCR in 3T3 L1 differentiated adipocytes
exposed to vehicle or NAC (n = 8/group). G-J Obese LysM*™* SerpinB2"" mice were
supplemented with either water or NAC-containing water. G GTT and ITT were
performed, and the concentrations of fasting blood glucose, serum insulin, tri-
glycerides (TG), free fatty acids (FFA), and free glycerol (FG) were evaluated. (n=8/
group). H Immunoblots showing pAkt, total Akt, Glut4, adiponectin, and Ppary
expression in muscle and VAT (n = 6/group). I The expression of the metabolic and
inflammatory genes was analyzed in VAT by qPCR. (n =12/group). J Quantification
of CCR2™ macrophages in VAT. (n =14/group). 1, J Each dot represents one mouse.
Mean ts.e.m.* P<0.05, * P< 0.01, **P < 0.001. The Mann Whitney test (two-tailed)
was used to determine the significance between two groups. One-way ANOVA with
Bonferoni’s post hoc correction test was performed to determine differences
among data obtained from more than two groups (Fig. 7B). The Mann-Whitney test
(two-tailed) was used to determine the significance between two groups.

(Sigma) once a day for five consecutive days into CX;CRI™R*
ROSATomato* mice, By using betadine and 70% ethanol, the abdominal
skin was disinfected, and an incision was made on the linea alba.
Gonadal adipose tissue was retracted and placed in sterile 0.9% saline.
Gonadal adipose tissue was imaged for 30-60 minutes per mouse by
using a two-photon microscope that was equipped with a heated
mouse holder to maintain a body temperature of 37 °C. To maintain
contact between the tissue and the microscope objective, Methocel 2%
gel was used during imaging. The total imaging duration was
30-60 minutes per mouse. Data analysis was performed using Image]J.

Gamma irradiation and bone marrow transplantation
Non-anesthetized mice were placed in agammairradiator and exposed
to 10 Gy irradiation. Then the mice were returned to the housing
facility and injected with one million bone marrow cells/mouse i.v
under anesthesia.

Organ harvesting, flow cytometry, and cell sorting

Mice were euthanized and perfused thoroughly with 30 mL of ice-cold
PBS through the left ventricle after incising the right atrium to remove
circulating blood from solid organs such as adipose tissue. Gonadal
and mesenteric adipose tissues were harvested and digested in PBS
containing 1 mg/ml of collagenase IV (Worthington, # LS004209) and
20 uM HEPES buffer at 37 °C on thermoblock by rotating at 750 rpm
for 30 minutes. After red blood cell lysis for three minutes using RBC
lysis buffer (BioLegend, #420302), blood cells were washed and
resuspended in cold FACS buffer (PBS containing 0.5% BSA). Cell
staining and analysis were performed as described previously**'®, All
antibodies used in this study were purchased from eBioscience, Bio-
Legend, and BD Biosciences. Anti-mouse and human CCR2 antibodies
were used in 1:30 dilutions, and all other antibodies were used in 1:600
dilutions in FACS buffer before flow cytometry acquisition. We used
these following antibodies: anti-CD1lb (BD Biosciences, M1/70 #
557657), CDllc (BioLegend, N418 # 117338, BD Biosciences, HL3
#553800), Ly6G (BD Biosciences, 1A8 # 563979), CD115 (eBioscience,
AFS98 # 46-1152-82), Ly-6C (BioLegend, HK 1.4#128006), CD19 (BD
Biosciences, 1D3 # 563148), MHC class Il (BioLegend, M5/114.15.2 #
107620), CD64 (BD Biosciences, X54-5/7.1 # 558455), F4/80 (BioLe-
gend, BM8#123114), CD45.1 (BioLegend, A20 #110730), CD45.2 (Bio-
Legend, 104 # 109820, BD Biosciences, 104 # 560693), CCR2 (R&D
Systems, # FAB5538A) and streptavidin (BD Biosciences, #563260,
563261). Neutrophils and monocytes were gated as CD11b* Ly6G" and
CD11b* CD115°, respectively. CD45" CD11b" CD64" F4/80" cells in adi-
pose tissue were considered as macrophages. Human omental leuko-
cytes were extracted using the same digestion method mentioned
above and stained with antibodies against CD45 (BD Biosciences, HI30
# 564585), CCR2 (BiolLegend, KO36C2 #357206), CD24 (BD Bios-
ciences, ML5 # 561647), CD14 (BD Biosciences, #555399), CD16 (BD
Biosciences, 3G8# 560195), CD11c (BD Biosciences, B-ly6 # 563404),

CD 206 (BD Biosciences, 19.2 # 564063), and HLA-DR (BD Biosciences,
G46-6 # 565127). CD45" CD11c* CD206° cells in adipose tissue obtained
from patients were deemed as macrophages. Fortessa Flow Cyt-
ometers at the Unified Flow Cytometry Core at the University of
Pittsburgh were used to perform data acquisition. Data were analyzed
using FlowJo software (Tree Star). To assess the apoptosis of adipose
tissue macrophages, the cells were first stained with antibodies men-
tioned above. FITC Annexin V apoptosis detection I (BD Biosciences,
#556547) and PE-active Caspase 3 apoptosis (BD Biosciences, #550914)
kits were used according to the manufacturer’s instructions.

Whole-mount imaging of VAT using confocal microscopy
Following collection of VAT from patients and mice, the samples were
fixed with 4% formalin for 2 hours and stored in 30% sucrose solution
containing 0.05% sodium azide overnight before storing at —80 °C.
Small pieces of formalin-fixed VAT were cut, permeabilized with 0.1%
triton X-100 for 4 hours and blocked overnight in PBS containing 2%
BSA in 96 well cell culture plates. Tissues were incubated for 48 hours
with the primary antibodies against proteins like F4/80 (Invitrogen,
#MAI-91124), cleaved caspase 3 (Abcam, #ab13847), CD11b (Abcam,
#abl133357), CX3CR1 (Abcam, #ab8021), CCR2 (Bio-Rad, #AAM72),
Ki67*°*?°, CD68 (ThermoFisher Scientifics, # 14-0688-82), and Ser-
pinB2 (Invitrogen, #PA5-27857) followed by washing with PBS and
incubation for 24 hours at 4 °C with Alexa fluor 488, 594 and 647-
conjugated secondary antibodies. Tissue sections were stained and
mounted with Vectashield DAPI (Vector Laboratories, #H-1200). Nikon
confocal laser microscopy was used to obtain images of the stained
tissue sections. We used Image J and NIS-Elements to discern the fre-
quency and number of cell populations and calculate the mean fluor-
escence intensities of proteins. For measuring adipocyte size, small
pieces of VAT were stained with 1pg/ml BODIPY (ThermoFisher Sci-
entifics, # D3922) for 15-30 minutes followed by PBS washing in 96-
well plates and mounting with Vectashield DAPI. About 10-15 images
were randomly selected for every sample, 100-200 adipocytes were
selected randomly from every image, and adipocyte size was measured
using Image).

Glucose and insulin tolerance tests

Two-month-old mice that were fed with a 60% calorie-rich HFD for
120 days were fasted for 6 hours before glucose and insulin tolerance
tests, Blood was collected from these mice by tail nicking to measure
glucose concentrations. Fasting blood glucose concentrations were
measured and considered as a O-minute time point. Sterile glucose
solution (1 g/kg body weight dissolved in PBS to make a 10% solution)
was injected intraperitoneally, and glucose concentrations were mea-
sured at various time points. For the insulin tolerance test, mice were
injected with insulin (0.25 U/kg body weight, Fisher Scientifics, #12-
585-014) and blood glucose levels were measured at 15, 30, 60, 90, and
120 minutes after injection.
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Assays to measure serum concentrations of insulin

Mice were anesthetized using 2% isoflurane mixed with oxygen. Blood
was collected via retro-orbital bleeding using non-heparin-coated
capillary tubes and allowed to clot. Samples were centrifuged
(3000 rpm for 10 minutes at 4 °C) to separate serum, which was stored
at —80 °C until further analyses. An ELISA-based assay was performed
to measure serum insulin concentrations (Mercordia Diagnostics, #10-
1247-01).

Estimation of serum triglycerides, free fatty acids, and free
glycerol concentrations

Following serum separation, triglycerides, free glycerol, and free fatty
acids were quantified using the following reagents or kits: triglycerides
liquid reagent (Pointe Scientific, #T7532120), EnzyChrom free glycerol
assay kit™ (Bioassay Systems, #EGLY-200), and EnzyChrom free fatty
acid assay kit™ (Bioassay Systems, #EFFA-100).

Cell sorting and quantitative RT-PCR

We obtained single-cell suspensions of adipose tissue as described
above. The cells were stained for macrophage markers. VAT monocyte-
derived and resident macrophages were sorted using a FACS Aria into
RNAse-free tubes containing 100 ul of RNA extraction buffer. mRNA
was extracted using a commercially available kit (Applied Biosystems,
#12204-01) and cDNA was made by a reverse transcription assay using
high-capacity cDNA kit (ThermoFisher Scientific, #4368813). Genes
encoding cytokines were quantified with a Powerup™ SYBR™ Green
mastermix (Applied Biosystems™, #A25778)-based quantitative RT-
PCR assay (Applied Biosystems). Ct values were normalized to the
housekeeping gene Gapdh and 18sRNA, and gene expression was
ascertained. Excel and Prism were used to generate heatmaps based on
the gene expression values. The primer sequences have been provided
in Supplementary Table 3.

Cell sorting and RNA-seq analysis

We obtained single-cell suspensions of adipose tissue as described
above. The cells were stained for macrophage markers. VAT monocyte-
derived and resident macrophages were sorted using a FACS Aria into
RNAse-free tubes containing 100 ul of RNA extraction buffer. mRNA
was extracted using a commerecially available PicoPure™ RNA isolation
kit (Applied Biosystems, #12204-01). mRNA sequencing was per-
formed by the Health Science Sequencing Core at UPMC Children’s
Hospital of Pittsburgh and FASTQ files have been deposited to GSE
118226*, Using CLC Genomics Workbench 21, RNA seq data analysis
was performed, and a QC report was generated to check the quality of
the data. The adaptor sequences (CTGTCTTATA) were trimmed from
the 3’ end of the reads. The trimmed reads were then mapped against
the Mus musculus CLC reference genome version 86. Gene expression
was normalized as reads per kilobase of transcript, per million mapped
reads (RPKM), and the genes that met a cut-off of FDR P<0.05 and 2
log2 fold change in CX3CR1" CCR2" compared to CX;CR1™ CCR2™ adi-
pose macrophages were calculated using the software. A Volcano plot
to depict differential gene expression was made, and a heatmap
showing the genes having at least 2-fold differences between the
macrophage subsets and less than FDR P value of 0.05 was generated
using CLC Genomics Workbench. Next, we used Ingenuity Pathway
Analysis to find canonical and disease pathways differentially expres-
sed between the two subsets of macrophages.

Gene expression analysis using quantitative RT-PCR

Following collection, organs were stored overnight in RNA later
(Sigma, #R0901) and transferred to —80°C after removing RNA later.
mRNA was extracted using an RNEasy kit (Qiagen, # 74104), and cDNA
was made by a reverse transcription assay. The genes encoding cyto-
kines were quantified with a SYBR Green-based quantitative RT-PCR
assay (Applied Biosystems). Ct values were normalized to the

housekeeping genes Gapdh and 18S RNA, and gene expression was
ascertained. Prism and Excel were used to generate heat maps based
on the gene expression values.

Apoptosis induction in VAT resident macrophages

Single-cell suspensions of VAT were obtained using collagenase
digestion as written above. The cells were cultured in 1ml DMEM
containing 20 M camptothecin (Sigma, #C9911) for 2 hours to induce
apoptosis. The cells were stained with antibodies against leukocyte
markers. The apoptosis kits were used to quantify apoptotic macro-
phages by flow cytometry. For annexin V staining (BD Biosciences,
#556547), the cells were suspended in 100 ul of 1x binding buffer and
stained with 5 ul annexin V Alexa Fluor 488 and 1l of 100 pg/ml pro-
pidium iodide (BioLegend, #421301). The cells were incubated at room
temperature for 15 minutes, and 400 pl of 1x binding buffer was added
and analyzed by flow cytometry immediately. For caspase 3 staining
(BD Biosciences, #550914), the cells were incubated in 500 pl of BD
cytofix/cytoperm buffer for 20 minutes on ice and were centrifuged at
370 RPM for 7 minutes at 4 °C followed by washing in 500 pl of the
perm/wash buffer. The cells were then incubated in 100 pl of perm/
buffer containing 5l of caspase 3 antibody for 30 minutes at room
temperature. The cells were washed in 1 ml of perm/wash buffer and
diluted in 400 pl of perm/wash buffer before flow cytometry analysis.

Insulin stimulation in the vena cava

Two months old mice LysM"* SerpinB2"" and LysM*™* SerpinB2"",
LysM*"* IfngrI™ and LysM=* IfngrI™® mice were fed on 60% calorie-rich
high-fat diet for 16 weeks. These mice were fasted overnight for
16 hours and anesthetized with isoflurane and injected with or without
insulin (0.25 U/kg body weight, Fisher Scientifics, #12-585-014). Fifteen
minutes after insulin injection, liver, muscle, and visceral adipose tis-
sue were harvested. These tissues were processed for immunoblot to
check the activation status of Akt using antibodies that detect total and
phosphorylated Akt.

BMDM culture and treatments

Femurs and tibias were collected from SerpinB2**, SerpinB2™"", LysM*"*
SerpinB2'M, and LysM*™"* SerpinB2"" mice after left ventricular perfu-
sion with PBS to collect bone marrow cells, which were RBC lysed and
plated in cell culture dishes. After six hours, floating cells were trans-
ferred into new dishes and these cells were used for BMDM culture.
Adherent cells were cultured in DMEM containing 5.5 mM glucose and
supplemented with 20% L929 conditioned medium for 6-8 days.

Similarly, BMDM were cultured in 5.5mM glucose containing
DMEM along with 20% L1929 conditioned medium. BMDM obtained
from the mice mentioned above were grown in 60 mm dishes for
2 days, and the levels of IL-1B (ThermoFisher Scientifics, #88-7013-88)
and IL-6 (ThermoFisher Scientifics #88-7064-88) were measured using
ELISA. Additionally, cells were collected, RNA was made using an
RNEasy kit (Qiagen, #74104), and gene expression was quantified.
Similarly, BMDM from bone marrow cells of C57BL/6 mice were cul-
tured and treated with 250 milliunits of IFN-y (Invitrogen, #PHC4031)
or various chemicals such as palmitate (Acros Organics, #416700050),
cycloheximide (Alfa Aesar, #)6690103), and 250 pM mitotempol
(Fisher Scientific, #NC1229394) for 0-24 hours in either 6 well plates or
chamber slides. In a separate experiment, BMDMs were treated with or
without lkaros inhibitor lenalidomide (5uM) (MedChemExpress,
#HYAO0003) for 2 hours followed by stimulation with 250 milliunits of
IFN-y for 24 hours.

THP-1 cell culture: THP-1 monocytes were seeded at a density of
2x10%/ml and differentiated into macrophages in the presence of
100nM Phorbol-12-myristate-13-acetate (PMA) (Calbiochem, #
524400) for 2 days in RPMI low glucose media in 6-well plates or 4-well
chambered slides as described previously**'®, Following differentia-
tion, macrophages were cultured without any treatment for 2 more
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days by changing medium for every 24 hours. Then the cells were
treated with or without NF-kB inhibitor Bay-117082 (MedChemExpress,
#HY-13453) for 2 hours followed by stimulation with 250 milliunits of
IFN-y for 24 hours. The cells were either fixed in 4% paraformaldehyde
for immunofluorescence or used for gene expression analysis.

3T3L1 mouse fibroblasts culture and treatment

3T3- L1 fibroblasts were cultured in Zen Bio Inc 3T3-L1 preadipocyte
Medium (#PMILI1) until they reached about 50% confluence in 6 well
plates, followed by IL4 (10 ng/ml) or NAC treatment and differentiation
with Zen Bio Inc adipocytes differentiation medium (#DM2L1). After
two days, differentiated cells were maintained in Zen Bio Inc adipo-
cytes maintenance medium (#OMAM) for 10 days with periodic
changes of the culture medium, IL4, and NAC every two days as
previously'**'*’, To delineate tissue-resident macrophages’ effects on
adipocyte development, two days after differentiation 3T3-L1 fibro-
blasts derived adipocytes were cultured in the presence of conditioned
media of BMDM derived from LysM"* SerpinB2"%, [ ysM*™* SerpinB2""
mice, and NAC-treated LysM*™* SerpinB2"" mice. The BMDM was cul-
tured in the conditioned medium along with the maintenance medium
(I:1ratio) for 6-8 days. BODIPY staining and confocal microscopy were
performed to assess adipocyte size.

Analysis of mitochondrial volume, membrane potential, ROS,
and cytochrome c in VAT macrophages and BMDM using flow
cytometry and confocal microscopy

Single-cell suspensions from VAT were obtained using the method
discussed above. Cells were incubated with the antibodies against Ly-
6C, F4/80, and CDI11b. Following staining with the antibodies, the cells
were treated with 200 nM mitotracker green (Invitrogen, #M7514,
Excitation/emission: 490/516, in FITC channel) to detect all mito-
chondria, 200 nM mitotracker deep Red (Invitrogen, #M22426, Exci-
tation/emission: 644/665, in APC channel) to detect mitochondrial
membrane potential, and 5uM mitosox red (PE) (Invitrogen,
#M36008, Excitation/emission: 644/665 in APC channel) to detect
mitochondrial reactive oxygen species. For confocal microscopy,
BMDM were treated with or without 250 uM palmitate for 24 hours and
incubated with 200 nM mitotracker green, 200 nM mitotracker deep
Red (Excitation/emission: 644/665, in the Cy3 channel), and 5uM of
mitosox red (PE), and counterstained with 300 nM DAPI (Invitrogen,
#D1306) for 30 minutes in PBS. To quantify nuclear vs. cytoplasmic
cytochrome c, we gently dropped 100 pl of cytochrome ¢ antibody
(Novus Biologicals, #SC69-08) solution into the wells containing
BMDM and incubated overnight at 4°C. After washing with PBS con-
taining 0.5% BSA (PBB) five times, the cells were incubated for
60 minutes with goat anti-mouse secondary antibody conjugated with
Cy3. Images were taken using a Nikon 216.3 confocal microscope.

Hyperinsulinemic euglycemic clamps studies

These were performed according to guidelines established by the
Mouse Metabolic Phenotyping Center Consortium'®®, Briefly, an
indwelling jugular vein catheter was surgically implanted five days
before the clamp. Mice were fasted overnight prior to the study and
received an infusion of [3-3H]-glucose (HPLC purified; Perkin-Elmer
Life Sciences) at a rate of 0.05 puCi/min for 120 min followed by blood
sampling via tail vein massage to determine basal (fasted) rates of
glucose turnover. Next, mice received a primed/continuous infusion
of insulin and [3-3H]-glucose (Novolin; Novo Nordisk; 10.5 mU/kg/min
and 0.36 pCi/min prime for 4 min; 4.5 mU/kg/min and 0.1 pCi/min
continuous) and a variable infusion of 20% dextrose to
maintain euglycemia. Blood glucose was sampled at 10 min
intervals for the 120 min infusion and plasma samples were collected
every 10 min during the last 40 min of the clamp for determination of
glucose enrichment for turnover calculations and plasma insulin
levels.

Immunoblot

Following euthanization and perfusion with PBS through the left ven-
tricle of mice, the liver and quadriceps muscles were harvested and
snap frozen in liquid N,. Tissues and BMDM were homogenized in RIPA
lysis buffer (Alfa Aesar, #)63324) containing phosphatase and protease
(Pierce, #88666) inhibitors. Homogenates were subjected to SDS-
PAGE, and blots were probed with primary antibodies against adipo-
nectin (CST, #2789), beta-tubulin (CST, #2128), beta-actin (CST,
#4970), vimentin (Sigma, #SAB4200716), glut4 (Fisher Scientifics,
#MAI183191), SerpinB2 (Invitrogen, #PA5-27857), Akt (CST, #4691),
p-Akt ser 473 (CST, #4060), and GAPDH (CST, #2118). For measuring
cytochrome c levels in the cytoplasm and mitochondria, cells were
subjected to cytosol and mitochondrial fractionation using a cytosol/
mitochondria extraction kit (Biovision, #K256-25) and SDS-PAGE was
incubated with a cytochrome c antibody (Novus Biologicals, # SC69-
08) for overnight at 4 °C. Subsequently, we incubated the blots with
secondary IgG-HRP antibody, and images were captured by molecular
imaging system as described previously**'®,

Cellular mitochondrial bioenergetics of BMDM

Bioenergetic analysis of oxidative phosphorylation was performed
using Seahorse XF 96 Bioanalyzer. Cells were seeded in collagen type
I-coated Seahorse plate and treated when confluent. Following treat-
ment, cells were washed with warm media, and the growth medium
was replaced with a bicarbonate-free medium. After attaining equili-
bration for 60 minutes in a 37 °C incubator without CO,, cells were
sequentially treated with 20 uM oligomycin, 20 pM FCCP at 45 min-
utes, and 20 pM rotenone at 62 minutes in the presence or absence of
etomoxir, a carnitine palmitoyltransferase 1b (CPT1b) inhibitor. Base-
line respiration, respiratory ATP production, and maximal respiration
rates were measured and normalized to protein content by performing
protein analysis.

VAT resident macrophages depletion in LysM* ChR2"" mice
We generated LysM™* ChR2" mice that express the
channelrhodopsin-2 (ChR2) protein in macrophages and induced
apoptosis in VAT resident macrophages by exposing epididymal adi-
pose tissue to the blue light (440 nm) for 20 minutes as earlier**. For
control, epididymal adipose tissue was exposed to the white light for
20 minutes. To investigate the function of VAT resident macrophages
in systemic glucose clearance and insulin sensitivity preservation in
obesity, blue light-exposed (BLE) and white light-exposed (WLE) mice
were fed on a high-fat diet for 15-60 days.

Calculations of insulin sensitivity, insulin resistance, and GSH
gene expression

We combined the expression of insulin sensitivity and anti-
inflammatory genes obtained by RNA sequencing and qPCR in the
VAT macrophage subsets and considered as 100%. Based on this
combined gene expression, we calculated the expression of individual
genes as percentages in Fig. 1. Similarly, for the GSH-encoding genes,
we represented the combined the expression of these genes
obtained from the RNA sequencing and qPCR experiments as 100%.
Based on this average expression, we calculated the expression of
individual genes and then averaged them to represent as a single
value in Fig. 5E.

PCA Plots
The PCA plot for GTT (AUC) and GSH gene expression in CX3CR1
CCR2" VAT macrophages was made using the calculated percentage
expression of the GSH-encoding genes (Gstml, Gstm2, Gstm3, Gstm4,
Gstpl, Gstp4, Mgstl, Gsttl, Gstt2, and Gstt3) for each sample.

In the same way, the PCA plots for maximal OCR and secreted
cytokines from BMDM were made from the OXPHOS data of Seahorse
analysis and ELISA data by calculating the percentage of cytokines
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released from BMDM of lean and SerpinB2"* mice with respect to
obese and SerpinB2”" mice.

Chromatin immunoprecipitation

We performed ChIP as previously'. Briefly, SerpinB2 (ThermoFisher
Scientific, # PA5-27857) and IgG antibodies were used for chromatin
precipitation. Genomic DNA was extracted from immunoprecipitated
and non-immunoprecipitated (INPUT) samples, and qPCR was per-
formed to quantify the promoter binding regions.

Statistics

The data were represented as mean + SEM. The Mann Whitney test
(two-tailed) was used to determine the significance between two
groups. One-way ANOVA with Bonferoni’s post hoc correction test was
performed to determine differences among data obtained from more
than two groups. Results were considered statistically significant
when P<0.05.

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

Data availability

All data included in the Supplementary Information are available from
the authors, as are unique reagents used in this article. The raw num-
bers for charts and graphs are available in the Source Data file when-
ever possible. The RNA sequencing data used in this study have been
deposited in GEO under the accession code GSE118226. Source data
are provided with this paper.

References

1 Amit, |., Winter, D. R. & Jung, S. The role of the local environment
and epigenetics in shaping macrophage identity and their effect
on tissue homeostasis. Nat. Immunol. 17, 18-25 (2016).

2. Aurora, A. B. et al. Macrophages are required for neonatal heart
regeneration. J. Clin. Invest. 124, 1382-1392 (2014).

3. Godwin, J. W., Pinto, A. R. & Rosenthal, N. A. Macrophages are
required for adult salamander limb regeneration. Proc. Natl. Acad.
Sci. USA 110, 9415-9420 (2013).

4. Kolter, J. et al. A subset of skin macrophages contributes to the
surveillance and regeneration of local nerves. Immunity 50,
1482-1497.e1487 (2019).

5. Roberts, A. W. et al. Tissue-resident macrophages are locally
programmed for silent clearance of apoptotic cells. Immunity 47,
913-927.e916 (2017).

6. Knipper, J. A. et al. Interleukin-4 receptor alpha signaling in mye-
loid cells controls collagen fibril assembly in skin repair. Immunity
43, 803-816 (2015).

7. Zhang, N. et al. Expression of factor V by resident macrophages
boosts host defense in the peritoneal cavity. J. Exp. Med. 216,
1291-1300 (2019).

8. Deniset, J. F. et al. Gata6(+) pericardial cavity macrophages relo-
cate to the injured heart and prevent cardiac fibrosis. Immunity 51,
131-140.€135 (2019).

9. Nicolas-Avila, J. A. et al. A network of macrophages supports
mitochondrial homeostasis in the heart. Cell 183, 94-109.€123
(2020).

10. Hulsmans, M. et al. Macrophages facilitate electrical conduction
in the heart. Cell 169, 510-522.e520 (2017).

1. Culemann, S. et al. Locally renewing resident synovial macro-
phages provide a protective barrier for the joint. Nature 572,
670-675 (2019).

12.  Nguyen, P. T. et al. Microglial remodeling of the extracellular
matrix promotes synapse plasticity. Cell 182, 388-403.e315
(2020).

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

Wang, C. et al. Microglia mediate forgetting via complement-
dependent synaptic elimination. Science 367, 688-694 (2020).
Badimon, A. et al. Negative feedback control of neuronal activity
by microglia. Nature 586, 417-423 (2020).

Willis, E. F. et al. Repopulating microglia promote brain repair in an
IL-6-dependent manner. Cell 180, 833-846.e816 (2020).
Boutens, L. & Stienstra, R. Adipose tissue macrophages: going off
track during obesity. Diabetologia 59, 879-894 (2016).

Bu, L., Gao, M., Qu, S. & Liu, D. Intraperitoneal injection of clo-
dronate liposomes eliminates visceral adipose macrophages and
blocks high-fat diet-induced weight gain and development of
insulin resistance. AAPS J. 15, 1001-1011 (2013).

Burlinson, E. L., Drakes, M. L. & Wood, P. J. Differential patterns of
production of granulocyte macrophage colony stimulating factor,
IL-2, IL-3 and IL-4 by cultured islets of Langerhans from non-obese
diabetic and non-diabetic strains of mice. Int. Inmunol. 7,

79-87 (1995).

Camell, C. D. et al. Inflammasome-driven catecholamine catabo-
lism in macrophages blunts lipolysis during ageing. Nature 550,
119-123 (2017).

Chawla, A., Nguyen, K. D. & Goh, Y. P. Macrophage-mediated
inflammation in metabolic disease. Nat. Rev. Immunol. 11,
738-749 (20M1).

Chow, F., Ozols, E., Nikolic-Paterson, D. J., Atkins, R. C. & Tesch, G.
H. Macrophages in mouse type 2 diabetic nephropathy: correla-
tion with diabetic state and progressive renal injury. Kidney Int. 65,
116-128 (2004).

Fan, R. et al. Loss of the co-repressor GPS2 sensitizes macrophage
activation upon metabolic stress induced by obesity and type 2
diabetes. Nat. Med. 22, 780-791 (2016).

Feng, B. et al. Clodronate liposomes improve metabolic profile
and reduce visceral adipose macrophage content in diet-induced
obese mice. PLoS One 6, 24358 (2011).

Kang, K. et al. Adipocyte-derived Th2 cytokines and myeloid
PPARdelta regulate macrophage polarization and insulin sensi-
tivity. Cell Metab. 7, 485-495 (2008).

Kanter, J. E. et al. Diabetes promotes an inflammatory macrophage
phenotype and atherosclerosis through acyl-CoA synthetase 1.
Proc. Natl. Acad. Sci. USA 109, E715-E724 (2012).

Lee, B. C. et al. Adipose natural killer cells regulate adipose tissue
macrophages to promote insulin resistance in obesity. Cell Metab.
23, 685-698 (2016).

Liao, X. et al. Kruppel-like factor 4 regulates macrophage polar-
ization. J. Clin. Invest. 121, 2736-2749 (2011).

Lumeng, C. N., Bodzin, J. L. & Saltiel, A. R. Obesity induces a
phenotypic switch in adipose tissue macrophage polarization. J.
Clin. Invest. 117, 175-184 (2007).

McNelis, J. C. & Olefsky, J. M. Macrophages, immunity, and
metabolic disease. Immunity 41, 36-48 (2014).

Nagareddy, P. R. et al. Adipose tissue macrophages promote mye-
lopoiesis and monocytosis in obesity. Cell Metab. 19, 821-835 (2014).
Odegaard, J. I. et al. Macrophage-specific PPARgamma controls
alternative activation and improves insulin resistance. Nature 4417,
1116-1120 (2007).

Okabe, Y. & Medzhitov, R. Tissue biology perspective on macro-
phages. Nat. Immunol. 17, 9-17 (2016).

Parathath, S. et al. Diabetes adversely affects macrophages during
atherosclerotic plaque regression in mice. Diabetes 60,
1759-1769 (2011).

Ramkhelawon, B. et al. Netrin-1 promotes adipose tissue macro-
phage retention and insulin resistance in obesity. Nat. Med. 20,
377-384 (2014).

Saeed, S. et al. Epigenetic programming of monocyte-to-
macrophage differentiation and trained innate immunity. Science
345, 1251086 (2014).

Nature Communications | (2026)17:1493

18


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE118226
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69196-4

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Satoh, T. et al. Critical role of Trib1 in differentiation of tissue-
resident M2-like macrophages. Nature 495, 524-528 (2013).
Schilling, J. D., Machkovech, H. M., Kim, A. H., Schwendener, R. &
Schaffer, J. E. Macrophages modulate cardiac function in lipotoxic
cardiomyopathy. Am. J. Physiol. Heart Circ. Physiol. 303,
H1366-H1373 (2012).

Schmidt, A. M. & Moore, K. J. The Semaphorin 3E/PlexinD1 axis
regulates macrophage inflammation in obesity. Cell Metab. 18,
461-462 (2013).

Weisberg, S. P. et al. Obesity is associated with macrophage
accumulation in adipose tissue. J. Clin. Investig. 112,

1796-1808 (2003).

Wu, D. et al. Eosinophils sustain adipose alternatively activated
macrophages associated with glucose homeostasis. Science 332,
243-247 (20M1).

Wynn, T. A., Chawla, A. & Pollard, J. W. Macrophage biology in
development, homeostasis and disease. Nature 496,

445-455 (2013).

Zheng, C. et al. CD11b regulates obesity-induced insulin resistance
via limiting alternative activation and proliferation of adipose tis-
sue macrophages. Proc. Natl. Acad. Sci. USA 112,

E7239-E7248 (2015).

Jaitin, D. A. et al. Lipid-associated macrophages control metabolic
homeostasis in a trem2-dependent manner. Cell 178,
686-698.e614 (2019).

Vasamsetti, S. B. et al. Apoptosis of hematopoietic progenitor-
derived adipose tissue-resident macrophages contributes to
insulin resistance after myocardial infarction. Sci. Transl. Med. 12,
eaaw0638 (2020).

Weisberg, S. P. et al. CCR2 modulates inflammatory and meta-
bolic effects of high-fat feeding. J. Clin. Invest 116, 115-124 (2006).
Mu, X., Li, Y. & Fan, G. C. Tissue-resident macrophages in the
control of infection and resolution of inflammation. Shock 55,
14-23 (2021).

Chen, Q. et al. Resident macrophages restrain pathological adi-
pose tissue remodeling and protect vascular integrity in obese
mice. EMBO Rep. 22, €52835 (2021).

Silva, H. M. et al. Vasculature-associated fat macrophages readily
adapt to inflammatory and metabolic challenges. J. Exp. Med. 216,
786-806 (2019).

Schroder, W. A., Major, L. & Suhrbier, A. The role of SerpinB2 in
immunity. Crit. Rev. Immunol. 31, 15-30 (2011).

Flevaris, P. & Vaughan, D. The role of plasminogen activator inhi-
bitor type-1in fibrosis. Semin. Thromb. Hemost. 43,169-177 (2017).
Alessi, M. C. et al. Production of plasminogen activator inhibitor 1
by human adipose tissue: possible link between visceral fat
accumulation and vascular disease. Diabetes 46, 860-867 (1997).
Loskutoff, D. J., Fujisawa, K. & Samad, F. The fat mouse. A powerful
genetic model to study hemostatic gene expression in obesity/
NIDDM. Ann. NY Acad. Sci. 902, 272-281 (2000).

Lee, S. M. et al. TM5441, a plasminogen activator inhibitor-1 inhi-
bitor, protects against high fat diet-induced non-alcoholic fatty
liver disease. Oncotarget 8, 89746-89760 (2017).

Ma, L. J. et al. Prevention of obesity and insulin resistance in mice
lacking plasminogen activator inhibitor 1. Diabetes 53,

336-346 (2004).

Flevaris, P. et al. Plasminogen activator inhibitor type i controls
cardiomyocyte transforming growth factor-beta and cardiac
fibrosis. Circulation 136, 664-679 (2017).

Eitzman, D. T. et al. Bleomycin-induced pulmonary fibrosis in
transgenic mice that either lack or overexpress the murine plas-
minogen activator inhibitor-1 gene. J. Clin. Invest. 97,

232-237 (1996).

Yao, L. et al. Fibroblast-specific plasminogen activator inhibitor-1
depletion ameliorates renal interstitial fibrosis after unilateral

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

ureteral obstruction. Nephrol. Dial. Transpl. 34,

2042-2050 (2019).

Song, C., Burgess, S., Eicher, J. D., O'Donnell, C. J. & Johnson, A. D.
Causal effect of plasminogen activator inhibitor type 1 on coronary
heart disease. J. Am. Heart Assoc. 6, €004918 (2017).

Khoukaz, H. B. et al. Drug targeting of plasminogen activator
inhibitor-1 inhibits metabolic dysfunction and atherosclerosis in a
murine model of metabolic syndrome. Arterioscler. Thromb. Vasc.
Biol. 40, 1479-1490 (2020).

Kubala, M. H. et al. Plasminogen activator inhibitor-1 promotes the
recruitment and polarization of macrophages in cancer. Cell Rep.
25, 2177-2191.e2177 (2018).

Nakatsuka, E. et al. Plasminogen activator inhibitor-1is an inde-
pendent prognostic factor of ovarian cancer and IMD-4482, a
novel plasminogen activator inhibitor-1 inhibitor, inhibits ovarian
cancer peritoneal dissemination. Oncotarget 8,

89887-89902 (2017).

Ballatori, N. et al. Glutathione dysregulation and the etiology and
progression of human diseases. Biol. Chem. 390, 191-214 (2009).
Kumar, P. et al. Supplementing glycine and N-acetylcysteine
(GlyNAC) in older adults improves glutathione deficiency, oxida-
tive stress, mitochondrial dysfunction, inflammation, physical
function, and aging hallmarks: a randomized clinical trial. J. Ger-
ontol. A Biol. Sci. Med. Sci. 78, 75-89 (2023).

Vasamsetti, S. B. et al. Resveratrol attenuates monocyte-to-
macrophage differentiation and associated inflammation via
modulation of intracellular GSH homeostasis: relevance in ather-
osclerosis. Free Radic. Biol. Med. 96, 392-405 (2016).

Busu, C., Atanasiu, V., Caldito, G. & Aw, T. Y. Influence of GSH
synthesis inhibition on temporal distribution of NAD+/NADH dur-
ing vascular endothelial cells proliferation. J. Med. Life 7,
611-618 (2014).

Teskey, G. et al. Glutathione as a marker for human disease. Adv.
Clin. Chem. 87, 141-159 (2018).

Kumar, P. et al. Glycine and N-acetylcysteine (GlyNAC) supple-
mentation in older adults improves glutathione deficiency, oxi-
dative stress, mitochondrial dysfunction, inflammation, insulin
resistance, endothelial dysfunction, genotoxicity, muscle
strength, and cognition: Results of a pilot clinical trial. Clin. Transl.
Med. 11, €372 (2021).

Espinosa-Diez, C. et al. Role of glutathione biosynthesis in endo-
thelial dysfunction and fibrosis. Redox Biol. 14, 88-99 (2018).
Sheeran, F. L. & Pepe, S. Posttranslational modifications and dys-
function of mitochondrial enzymes in human heart failure. Am. J.
Physiol. Endocrinol. Metab. 311, E449-E460 (2016).

Tan, M. et al. Glutathione system enhancement for cardiac pro-
tection: pharmacological options against oxidative stress and
ferroptosis. Cell Death Dis. 14, 131 (2023).

Jang, S. et al. Elucidating the contribution of mitochondrial glu-
tathione to ferroptosis in cardiomyocytes. Redox Biol. 45,

102021 (2021).

Joffre, J. et al. Genetic and pharmacological inhibition of TREM-1
limits the development of experimental atherosclerosis. J. Am.
Coll. Cardiol. 68, 2776-2793 (2016).

Zysset, D. et al. TREM-1 links dyslipidemia to inflammation and lipid
deposition in atherosclerosis. Nat. Commun. 7, 13151 (2016).
Shaw, T. N. et al. Tissue-resident macrophages in the intestine are
long lived and defined by Tim-4 and CD4 expression. J. Exp. Med.
215, 1507-1518 (2018).

Saade, M., Araujo de Souza, G., Scavone, C. & Kinoshita, P. F. The
role of GPNMB in inflammation. Front. Immunol. 12, 674739 (2021).
Missiou, A. et al. Tumor necrosis factor receptor-associated factor
1 (TRAF1) deficiency attenuates atherosclerosis in mice by
impairing monocyte recruitment to the vessel wall. Circulation 121,
2033-2044 (2010).

Nature Communications | (2026)17:1493

19


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69196-4

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Padilla, J. et al. Identification of genes whose expression is altered
by obesity throughout the arterial tree. Physiol. Genomics 46,
821-832 (2014).

Han, S., Zhuang, H., Arja, R. D. & Reeves, W. H. A novel monocyte
differentiation pattern in pristane-induced lupus with diffuse
alveolar hemorrhage. Elife 11, €76205(2022).

Nedeva, C. et al. TREML4 receptor regulates inflammation and
innate immune cell death during polymicrobial sepsis. Nat.
Immunol. 21, 1585-1596 (2020).

Bosma, M. et al. FNDC4 acts as an anti-inflammatory factor on
macrophages and improves colitis in mice. Nat. Commun. 7,
1314 (2016).

Lv, Z. T. et al. FNDC4 inhibits RANKL-induced osteoclast formation
by suppressing NF-kB activation and CXCL10 expression. Biomed.
Res. Int. 2018, 3936257 (2018).

Wang, Z. et al. Fibronectin type Ill domain-containing 4 promotes
the migration and differentiation of bovine skeletal muscle-
derived satellite cells via focal adhesion kinase. Cell Adh. Migr. 14,
153-164 (2020).

Park, D. D. et al. Resident and elicited murine macrophages differ
in expression of their glycomes and glycan-binding proteins. Cell
Chem. Biol. 28, 567-582.e564 (2021).

Nguyen, T. H., Abidin, B. M. & Heinonen, K. M. Frizzled-6 promotes
hematopoietic stem/progenitor cell mobilization and survival
during LPS-induced emergency myelopoiesis. Stem Cell Rep. 17,
2303-2317 (2022).

Liu, S. et al. Loss of EMP1 promotes the metastasis of human
bladder cancer cells by promoting migration and conferring
resistance to ferroptosis through activation of PPAR gamma sig-
naling. Free Radic. Biol. Med. 189, 42-57 (2022).

Caratti, G. et al. Glucocorticoid activation of anti-inflammatory
macrophages protects against insulin resistance. Nat. Commun.
14, 2271 (2023).

Lindhorst, A. et al. Adipocyte death triggers a pro-inflammatory
response and induces metabolic activation of resident macro-
phages. Cell Death Dis. 12, 579 (2021).

Fink, L. N. et al. Expression of anti-inflammatory macrophage
genes within skeletal muscle correlates with insulin sensitivity in
human obesity and type 2 diabetes. Diabetologia 56,

1623-1628 (2013).

Bae, H. R. et al. Chronic expression of interferon-gamma leads to
murine autoimmune cholangitis with a female predominance.
Hepatology 64, 1189-1201 (2016).

Chan, P. C. et al. Targetted inhibition of CD74 attenuates adipose
COX-2-MIF-mediated M1 macrophage polarization and retards
obesity-related adipose tissue inflammation and insulin resis-
tance. Clin. Sci. 132, 1581-1596 (2018).

Wang, Y. et al. Tissue-resident macrophages promote extra-
cellular matrix homeostasis in the mammary gland stroma of
nulliparous mice. Elife 9, 57438 (2020).

Adamson, S. E. et al. Disabled homolog 2 controls macrophage
phenotypic polarization and adipose tissue inflammation. J. Clin.
Invest. 126, 1311-1322 (2016).

Shaul, M. E., Bennett, G., Strissel, K. J., Greenberg, A. S. & Obin, M.
S. Dynamic, M2-like remodeling phenotypes of CD11c+ adipose
tissue macrophages during high-fat diet-induced obesity in mice.
Diabetes 59, 1171-1181 (2010).

Wu, L. et al. CIQTNF1 attenuates angiotensin ll-induced cardiac
hypertrophy via activation of the AMPKa pathway. Free Radic. Biol.
Med. 121, 215-230 (2018).

Jia, Y. et al. Circulating CTRP9 levels are increased in patients with
newly diagnosed type 2 diabetes and correlated with insulin
resistance. Diab. Res. Clin. Pract. 131, 116-123 (2017).

Wei, Z., Lei, X., Petersen, P. S., Aja, S. & Wong, G. W. Targeted
deletion of C1g/TNF-related protein 9 increases food intake,

97.

98.

99.

100.

101.

102.

1083.

104.

105.

106.

107.

108.

109.

10.

m.

12.

13.

14.

115.

116.

decreases insulin sensitivity, and promotes hepatic steatosis in
mice. Am. J. Physiol. Endocrinol. Metab. 306, E779-E790 (2014).
Wang, X. et al. Prolonged hypernutrition impairs TREM2-
dependent efferocytosis to license chronic liver inflammation and
NASH development. Immunity 56, 58-77.e11 (2023).

Li, Q. et al. Obesity and hyperinsulinemia drive adipocytes to
activate a cell cycle program and senesce. Nat. Med. 27,
1941-1953 (2021).

Carvalho, E. et al. Low cellular IRS 1 gene and protein expression
predict insulin resistance and NIDDM. FASEB J. 13,

2173-2178 (1999).

Withers, D. J. et al. Disruption of IRS-2 causes type 2 diabetes in
mice. Nature 391, 900-904 (1998).

Laustsen, P. G. et al. Lipoatrophic diabetes in Irs1(-/-)/Irs3(-/-)
double knockout mice. Genes Dev. 16, 3213-3222 (2002).

Gan, C. et al. Natural deletion of mouse carboxylesterases Ceslc/
d/e impacts drug metabolism and metabolic syndrome develop-
ment. Biomed. Pharmacother. 164, 114956 (2023).

Ouchi, N. et al. Sfrp5 is an anti-inflammatory adipokine that
modulates metabolic dysfunction in obesity. Science 329,
454-457 (2010).

Li, S., Shin, H. J., Ding, E. L. & van Dam, R. M. Adiponectin levels
and risk of type 2 diabetes: a systematic review and meta-analysis.
JAMA 302, 179-188 (2009).

Vincent, V. et al. ATP-binding cassette transporter A1 (ABCAT1)
expression in adipose tissue and its modulation with insulin
resistance in obesity. Diab. Metab. Syndr. Obes. 12,

275-284 (2019).

de Haan, W., Bhattacharjee, A., Ruddle, P., Kang, M. H. & Hayden,
M. R. ABCA1 in adipocytes regulates adipose tissue lipid content,
glucose tolerance, and insulin sensitivity. J. Lipid Res. 55,
516-523 (2014).

Son, D., Na, Y. R., Hwang, E. S. & Seok, S. H. Platelet-derived
growth factor-C (PDGF-C) induces anti-apoptotic effects on
macrophages through Akt and Bad phosphorylation. J. Biol. Chem.
289, 6225-6235 (2014).

Nei, Y. et al. GATA-1 regulates the generation and function of
basophils. Proc. Natl. Acad. Sci. USA 110, 18620-18625 (2013).
Tanaka, H. et al. GATA-1 blocks IL-6-induced macrophage differ-
entiation and apoptosis through the sustained expression of cyclin
D1 and bcl-2 in a murine myeloid cell line M1. Blood 95,
1264-1273 (2000).

Gautier, E. L. et al. Gata6 regulates aspartoacylase expression in
resident peritoneal macrophages and controls their survival. J.
Exp. Med. 211, 1525-1531 (2014).

Annevelink, C. E., Sapp, P. A., Petersen, K. S., Shearer, G. C. &Kris-
Etherton, P. M. Diet-derived and diet-related endogenously pro-
duced palmitic acid: effects on metabolic regulation and cardio-
vascular disease risk. J. Clin. Lipidol. 17, 577-586 (2023).

Qiu, T. et al. Obesity-induced elevated palmitic acid promotes
inflammation and glucose metabolism disorders through GPRs/
NF-kappaB/KLF7 pathway. Nutr. Diab. 12, 23 (2022).

Hotamisligil, G. S., Arner, P., Caro, J. F., Atkinson, R. L. & Spiegel-
man, B. M. Increased adipose tissue expression of tumor necrosis
factor-alpha in human obesity and insulin resistance. J. Clin.
Invest. 95, 2409-2415 (1995).

Hotamisligil, G. S., Shargill, N. S. & Spiegelman, B. M. Adipose
expression of tumor necrosis factor-alpha: direct role in obesity-
linked insulin resistance. Science 259, 87-91 (1993).

Rocha, V. Z. et al. Interferon-gamma, a Th1 cytokine, regulates fat
inflammation: a role for adaptive immunity in obesity. Circ. Res.
103, 467-476 (2008).

Kronke, J. et al. Lenalidomide causes selective degradation of
IKZF1 and IKZF3 in multiple myeloma cells. Science 343,
301-305 (2014).

Nature Communications | (2026)17:1493

20


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69196-4

n7.

8.

9.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Cai, J., Yang, J. & Jones, D. P. Mitochondrial control of apoptosis:
the role of cytochrome c. Biochim. Biophys. Acta 1366,

139-149 (1998).

Garrido, C. et al. Mechanisms of cytochrome c release from
mitochondria. Cell Death Differ. 13, 1423-1433 (2006).

Sadaf, S. et al. Pyroptotic and apoptotic cell death in iNOS and
nNOS overexpressing K562 cells: a mechanistic insight. Biochem.
Pharm. 176, 113779 (2020).

Ribas, V., Garcia-Ruiz, C. & Fernandez-Checa, J. C. Glutathione and
mitochondria. Front. Pharm. 5, 151 (2014).

Diaz, F., Thomas, C. K., Garcia, S., Hernandez, D. & Moraes, C. T.
Mice lacking COX10 in skeletal muscle recapitulate the phenotype
of progressive mitochondrial myopathies associated with cyto-
chrome c oxidase deficiency. Hum. Mol. Genet. 14,

2737-2748 (2005).

Baek, J. H. et al. Deletion of the mitochondrial complex-IV cofactor
heme a:farnesyltransferase causes focal segmental glomerulo-
sclerosis and interferon response. Am. J. Pathol. 188,

2745-2762 (2018).

Murlanova, K. et al. Deficient mitochondrial respiration in astro-
cytes impairs trace fear conditioning and increases naloxone-
precipitated aversion in morphine-dependent mice. Glia 70,
1289-1300 (2022).

Ahola, S. et al. OMA1-mediated integrated stress response pro-
tects against ferroptosis in mitochondrial cardiomyopathy. Cell
Metab. 34, 1875-1891.e1877 (2022).

Schiffmann, L. M. et al. Mitochondrial respiration controls
neoangiogenesis during wound healing and tumour growth. Nat.
Commun. 1, 3653 (2020).

Hofwimmer, K. et al. IL-1beta promotes adipogenesis by directly
targeting adipocyte precursors. Nat. Commun. 15, 7957 (2024).
Choy, L. & Derynck, R. Transforming growth factor-beta inhibits
adipocyte differentiation by Smad3 interacting with CCAAT/
enhancer-binding protein (C/EBP) and repressing C/EBP transac-
tivation function. J. Biol. Chem. 278, 9609-9619 (2003).
Spiegelman, B. M. & Farmer, S. R. Decreases in tubulin and actin
gene expression prior to morphological differentiation of 3T3
adipocytes. Cell 29, 53-60 (1982).

Teichert-Kuliszewska, K. et al. Increasing vimentin expression
associated with differentiation of human and rat preadipocytes.
Int. J. Obes. Relat. Metab. Disord. 20, S108-S113 (1996).

Kim, S., Kim, I., Cho, W., Oh, G. T. & Park, Y. M. Vimentin deficiency
prevents high-fat diet-induced obesity and insulin resistance in
mice. Diab. Metab. J. 45, 97-108 (2021).

Bajpai, G. et al. The human heart contains distinct macrophage
subsets with divergent origins and functions. Nat. Med. 24,
1234-1245 (2018).

Dick, S. A. et al. Self-renewing resident cardiac macrophages limit
adverse remodeling following myocardial infarction. Nat. Immu-
nol. 20, 29-39 (2019).

Epelman, S. et al. Embryonic and adult-derived resident cardiac
macrophages are maintained through distinct mechanisms at
steady state and during inflammation. Immunity 40,

91-104 (2014).

Lavine, K. J. et al. Distinct macrophage lineages contribute to
disparate patterns of cardiac recovery and remodeling in the
neonatal and adult heart. Proc. Natl. Acad. Sci. USA 111,
16029-16034 (2014).

Mass, E. et al. Specification of tissue-resident macrophages during
organogenesis. Science 353, aaf4238 (2016).

Williams, J. W. et al. Limited proliferation capacity of aortic intima
resident macrophages requires monocyte recruitment for ather-
osclerotic plaque progression. Nat. Immunol. 21,

1194-1204 (2020).

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Chuang, S. Y. et al. TLR-induced PAI-2 expression suppresses IL-
1beta processing via increasing autophagy and NLRP3 degrada-
tion. Proc. Natl. Acad. Sci. USA 10, 16079-16084 (2013).
Delhase, M. et al. TANK-binding kinase 1 (TBK1) controls cell sur-
vival through PAI-2/serpinB2 and transglutaminase 2. Proc. Natl.
Acad. Sci. USA 109, E177-E186 (2012).

Dickinson, J. L., Bates, E. J., Ferrante, A. & Antalis, T. M. Plasmi-
nogen activator inhibitor type 2 inhibits tumor necrosis factor
alpha-induced apoptosis. Evidence for an alternate biological
function. J. Biol. Chem. 270, 27894-27904 (1995).

Kasyapa, C. S., Kunapuli, P., Hawthorn, L. & Cowell, J. K. Induction
of the plasminogen activator inhibitor-2 in cells expressing the
ZNF198/FGFR1 fusion kinase that is involved in atypical myelo-
proliferative disease. Blood 107, 3693-3699 (2006).

Kumar, S. & Baglioni, C. Protection from tumor necrosis factor-
mediated cytolysis by overexpression of plasminogen activator
inhibitor type-2. J. Biol. Chem. 266, 20960-20964 (1991).
Medcalf, R. L. & Stasinopoulos, S. J. The undecided serpin. The ins
and outs of plasminogen activator inhibitor type 2. FEBS J. 272,
4858-4867 (2005).

Park, J. M. et al. Signaling pathways and genes that inhibit
pathogen-induced macrophage apoptosis—-CREB and NF-kappaB
as key regulators. Immunity 23, 319-329 (2005).

Schroder, W. A. et al. A physiological function of inflammation-
associated SerpinB2 is regulation of adaptive immunity. J. Immu-
nol. 184, 2663-2670 (2010).

Tonnetti, L. et al. SerpinB2 protection of retinoblastoma protein
from calpain enhances tumor cell survival. Cancer Res. 68,
5648-5657 (2008).

Zhao, A. et al. SerpinB2 is critical to Th2 immunity against enteric
nematode infection. J. Immunol. 190, 5779-5787 (2013).

Kim, H. H. et al. xCT-mediated glutamate excretion in white adi-
pocytes stimulates interferon-gamma production by natural killer
cells in obesity. Cell Rep. 42, 112636 (2023).

Yao, J. et al. Macrophage IRX3 promotes diet-induced obesity and
metabolic inflammation. Nat. Immunol. 22, 1268-1279 (2021).
Lawler, H. M. et al. Adipose tissue hypoxia, inflammation, and
fibrosis in obese insulin-sensitive and obese insulin-resistant
subjects. J. Clin. Endocrinol. Metab. 101, 1422-1428 (2016).
Franco, R. & Cidlowski, J. A. Glutathione efflux and cell death.
Antioxid. Redox Signal. 17, 1694-1713 (2012).

D’Alessio, M. et al. Glutathione depletion up-regulates Bcl-2 in
BSO-resistant cells. FASEB J. 18, 1609-1611 (2004).

Ow, Y. P., Green, D. R., Hao, Z. & Mak, T. W. Cytochrome c: func-
tions beyond respiration. Nat. Rev. Mol. Cell Biol. 9,

532-542 (2008).

Deneke, S. M., Steiger, V. & Fanburg, B. L. Effect of hyperoxia on
glutathione levels and glutamic acid uptake in endothelial cells. J.
Appl. Physiol. 63, 1966-1971 (1987).

Lash, L. H. Mitochondrial glutathione transport: physiological,
pathological and toxicological implications. Chem. Biol. Interact.
163, 54-67 (2006).

Boutens, L. et al. Unigue metabolic activation of adipose tissue
macrophages in obesity promotes inflammatory responses. Dia-
betologia 61, 942-953 (2018).

Serbulea, V. et al. Macrophage phenotype and bioenergetics are
controlled by oxidized phospholipids identified in lean and obese
adipose tissue. Proc. Natl. Acad. Sci. USA 115,

E6254-E6263 (2018).

Wculek, S. K. et al. Oxidative phosphorylation selectively orches-
trates tissue macrophage homeostasis. Immunity 56,
516-530.e519 (2023).

Campbell, C. T., Kolesar, J. E. & Kaufman, B. A. Mitochondrial
transcription factor A regulates mitochondrial transcription

Nature Communications | (2026)17:1493

2


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69196-4

initiation, DNA packaging, and genome copy number. Biochim.
Biophys. Acta 1819, 921-929 (2012).

159. Gao, X. et al. TFAM-sdependent mitochondrial metabolism is
required for alveolar macrophage maintenance and homeostasis.
J. Immunol. 208, 1456-1466 (2022).

160. Stenkula, K. G. & Erlanson-Albertsson, C. Adipose cell size:

importance in health and disease. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 315, R284-R295 (2018).
161. Strissel, K. J. et al. Adipocyte death, adipose tissue remodeling,
and obesity complications. Diabetes 56, 2910-2918 (2007).
162. Shimobayashi, M. et al. Insulin resistance causes inflammation in
adipose tissue. J. Clin. Invest. 128, 1538-1550 (2018).
Cox, N. et al. Diet-regulated production of PDGFcc by macro-
phages controls energy storage. Science 373, eabe9383 (2021).
Chang, Y. H., Ho, K. T., Lu, S. H., Huang, C. N. & Shiau, M. Y.
Regulation of glucose/lipid metabolism and insulin sensitivity by
interleukin-4. Int. J. Obes. 36, 993-998 (2012).
Vasamsetti, S. B. et al. Sympathetic neuronal activation triggers
myeloid progenitor proliferation and differentiation. Immunity 49,
93-106.e107 (2018).
Kim, J. R. et al. Association of anti-obesity activity of
N-acetylcysteine with metallothionein-Il down-regulation. Exp.
Mol. Med. 38, 162-172 (2006).
167. Tsao, C. H., Shiau, M. Y., Chuang, P. H., Chang, Y. H. & Hwang, J.
Interleukin-4 regulates lipid metabolism by inhibiting adipogen-
esis and promoting lipolysis. J. Lipid Res. 55, 385-397 (2014).

163.

164.

165.

166.

168. Ayala, J. E. et al. Standard operating procedures for describing
and performing metabolic tests of glucose homeostasis in mice.
Dis. Model. Mech. 3, 525-534 (2010).

169. Coppin, E. et al. Peripheral ischemia imprints epigenetic changes
in hematopoietic stem cells to propagate inflammation and
atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 43,

889-906 (2023).

Acknowledgements

This work was supported by National Institute of Health grants
ROOHL121076-03, ROTHL14262, ROT1HL143967, ROTAG069399, and
RO1DK129339, and AHA Transformational Project Award
(19TPA34910142), AHA Innovative Project Awards

(19IPLOI34760566 and 23IPA1053549) and ALA Innovation Project
Award (IA-629694) (to PD). S.B.V. was supported by the AHA Post-
doctoral Fellowship Award (20POST35210088) and the VMI post-
doctoral scholar award. Confocal and intravital microscopy was per-
formed using the NIH-supported microscopy resources in the Center for
Biologic Imaging. Specifically, the confocal microscope was supported
by the NIH grant 1S100D019973-01. The graphical illustration and the
cartoon in Fig. 3K were designed using BioRender software, and the
mouse images were adapted from Servier Medical Art- Creative Com-
mons Attribution 3.0 Unported License (https://creativecommons.org/
licenses/by/3.0/).

Author contributions

S.B.V.and S.S. were involved in designing and conducting experiments,
data analysis, and writing the manuscript. M.A.U., J.S.,E.J.,, AM., J.F., L.L.,
A.M., and K.S.R. helped in conducting experiments. JS and MR provided
us with the VAT samples from deceased donors. I.S., J.K., and M.J. per-
formed hyperinsulinemic-euglycemic clamp studies. S.S. helped with
Seahorse experiments. R.M.O. and V.Y. provided us with critical insights
into the experiments involving mouse models of insulin resistance. P.D.
was involved in designing research studies, conducting experiments,
acquiring and analyzing data, and writing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-69196-4.

Correspondence and requests for materials should be addressed to
Partha Dutta.

Peer review information Nature Communications thanks Joel Schilling
and the other anonymous reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© This is a U.S. Government work and not under copyright protection in
the US; foreign copyright protection may apply 2026

Sathish Babu Vasamsetti">", Samreen Sadaf"", Mohammad A. Uddin’, Jixing Shen', Ebin Johny ®", Awishi Mondal',
Jonathan Florentin, Liqun Lei', Aleef Mannan', Krithika Sudhakar Rao', John Sembrat®", Mauricio Rojas ® 3, lan Sipula®,
Jake Kastroll?, Michael J. Jurczak ® #®, Sruti Shiva®, Robert M. O’'Doherty™?, Vijay Yechoor ®* &

Partha Dutta ® "-%7-8.210

TPittsburgh Heart, Lung, Blood, and Vascular Medicine Institute, University of Pittsburgh, Pittsburgh, PA, USA. ?Division of Cardiology, Department of
Medicine, University of Pittsburgh, Pittsburgh, PA, USA. ®Division of Pulmonary, Critical Care, & Sleep Medicine, Davis Heart & Lung Research Institute, The
Ohio State University, Columbus, OH, USA. “Division of Endocrinology and Metabolism, Department of Medicine, University of Pittsburgh, Pittsburgh,

PA, USA. 5Center for Metabolism and Mitochondrial Medicine, University of Pittsburgh, Pittsburgh, PA, USA. ®Department of Pharmacology and Chemical

Nature Communications | (2026)17:1493


https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1038/s41467-026-69196-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-8857-9357
http://orcid.org/0000-0002-8857-9357
http://orcid.org/0000-0002-8857-9357
http://orcid.org/0000-0002-8857-9357
http://orcid.org/0000-0002-8857-9357
http://orcid.org/0000-0003-4108-803X
http://orcid.org/0000-0003-4108-803X
http://orcid.org/0000-0003-4108-803X
http://orcid.org/0000-0003-4108-803X
http://orcid.org/0000-0003-4108-803X
http://orcid.org/0000-0001-7340-4784
http://orcid.org/0000-0001-7340-4784
http://orcid.org/0000-0001-7340-4784
http://orcid.org/0000-0001-7340-4784
http://orcid.org/0000-0001-7340-4784
http://orcid.org/0000-0002-6335-6915
http://orcid.org/0000-0002-6335-6915
http://orcid.org/0000-0002-6335-6915
http://orcid.org/0000-0002-6335-6915
http://orcid.org/0000-0002-6335-6915
http://orcid.org/0000-0002-9981-6784
http://orcid.org/0000-0002-9981-6784
http://orcid.org/0000-0002-9981-6784
http://orcid.org/0000-0002-9981-6784
http://orcid.org/0000-0002-9981-6784
http://orcid.org/0000-0001-7456-1757
http://orcid.org/0000-0001-7456-1757
http://orcid.org/0000-0001-7456-1757
http://orcid.org/0000-0001-7456-1757
http://orcid.org/0000-0001-7456-1757
www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-026-69196-4

Biology, University of Pittsburgh, Pittsburgh, PA, USA. "Department of Immunology, University of Pittsburgh, Pittsburgh, PA, USA. ®Department of Bioengi-
neering, Swanson School of Engineering, University of Pittsburgh, Pittsburgh, PA, USA. °The Center for Cardiovascular Inflammation, University of Pittsburgh,

Pittsburgh, PA, USA. °Veterans Affairs Pittsburgh Healthcare System, Pittsburgh, PA, USA. "These authors contributed equally: Sathish Babu Vasamsetti,
Samreen Sadaf. e-mail: duttapa@pitt.edu

Nature Communications | (2026)17:1493 23


mailto:duttapa@pitt.edu
www.nature.com/naturecommunications

	Tissue-resident macrophage survival depends on mitochondrial function regulated by SerpinB2 in chronic inflammation
	Results
	VAT monocyte-derived and resident macrophages have different transcriptome profiles
	Chronic inflammation leads to apoptosis of VAT resident macrophages
	Loss of VAT resident macrophages enhances insulin resistance in diet-induced obesity
	CX3CR1− CCR2− VAT resident macrophages express SerpinB2 at high levels
	IFN-γ-mediated SerpinB2 downregulation leads to VAT resident macrophage apoptosis in chronic inflammation
	Increased mitochondrial ROS in SerpinB2−/− macrophages induces apoptosis
	SerpinB2 deficiency aggravates inflammation
	SerpinB2 deficiency in macrophages exacerbates glucose intolerance in diet-induced obesity
	IL-4 reverses exaggerated diet-induced insulin resistance in the absence of myeloid SerpinB2
	Loss of adipose resident macrophages provokes VAT expansion in diet-induced obesity
	Glutathione (GSH) negatively regulates adipocyte hypertrophy and expansion of VAT in diet-induced obesity

	Discussion
	Methods
	Mouse strains, cellular fate mapping, and treatments
	Study approval
	Parabiosis
	Intravital microscopy
	Gamma irradiation and bone marrow transplantation
	Organ harvesting, flow cytometry, and cell sorting
	Whole-mount imaging of VAT using confocal microscopy
	Glucose and insulin tolerance tests
	Assays to measure serum concentrations of insulin
	Estimation of serum triglycerides, free fatty acids, and free glycerol concentrations
	Cell sorting and quantitative RT-PCR
	Cell sorting and RNA-seq analysis
	Gene expression analysis using quantitative RT-PCR
	Apoptosis induction in VAT resident macrophages
	Insulin stimulation in the vena cava
	BMDM culture and treatments
	3T3L1 mouse fibroblasts culture and treatment
	Analysis of mitochondrial volume, membrane potential, ROS, and cytochrome c in VAT macrophages and BMDM using flow cytometry and confocal microscopy
	Hyperinsulinemic euglycemic clamps studies
	Immunoblot
	Cellular mitochondrial bioenergetics of BMDM
	VAT resident macrophages depletion in LysMcre/+ ChR2fl/fl mice
	Calculations of insulin sensitivity, insulin resistance, and GSH gene expression
	PCA Plots
	Chromatin immunoprecipitation
	Statistics
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




