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Patients with insulin resistance have high risk of cardiovascular disease such as myocardial 

infarction (MI). However, it is not known whether MI can initiate or aggravate insulin resistance. 

We observed that patients with ST-elevation MI and mice with MI had de novo hyperglycemia and 

features of insulin resistance, respectively. In mouse models of both myocardial and skeletal 

muscle injury, we observed that the number of visceral adipose tissue (VAT)–resident 

macrophages decreased because of apoptosis after these distant organ injuries. Patients displayed a 

similar decrease in VAT-resident macrophage numbers and developed systemic insulin resistance 

after ST-elevation MI. Loss of VAT-resident macrophages after MI injury led to systemic insulin 

resistance in non-diabetic mice. Danger signaling–associated protein high mobility group box 1 

was released by the dead myocardium after MI in rodents and triggered macrophage apoptosis via 

Toll-like receptor 4. The VAT-resident macrophage population in the steady state in mice was 

transcriptomically distinct from macrophages in the brain, skin, kidney, bone marrow, lungs, and 

liver and was derived from hematopoietic progenitor cells just after birth. Mechanistically, VAT-

resident macrophage apoptosis and de novo insulin resistance in mouse models of MI were linked 

to diminished concentrations of macrophage colony-stimulating factor and adiponectin. 

Collectively, these findings demonstrate a previously unappreciated role of adipose tissue–resident 

macrophages in sensing remote organ injury and promoting MI pathogenesis.

INTRODUCTION

Tissue-resident macrophages play a crucial role in organ function, tissue homeostasis, and 

infection and injury. For example, deficiency of alveolar macrophages leads to pulmonary 

alveolar proteinosis (1), and resident macrophages in pancreatic islets have been shown to 

initiate autoimmunity in type 1 diabetes (2). Furthermore, tissue macrophages also mediate 

organ regeneration after tissue injury (3–5). Interleukin-4 (IL-4) receptor signaling in dermal 

macrophages assembles collagen fibrils during skin repair (6). Tissue-resident macrophages 

increase the expression of the receptor for apoptotic cell recognition after tissue injury for 

the clearance of apoptotic bodies (7). These studies demonstrate that macrophages can 

respond to the alteration of tissue microenvironment due to a local injury. However, how 

tissue-resident macrophages respond to a distant organ injury is understudied.

The hypothesis that tissue-resident macrophages are maintained by a constant supply of 

monocytes has been challenged by recent studies showing that most tissue-resident 

macrophages can sustain by self-renewal (8, 9). The current paradigm is that, with the 

exception of intestinal macrophages (10), most tissue-resident macrophages arise during 

successive waves of hematopoiesis in embryo (11, 12). Genetic fate-mapping experiments 

revealed that Kupffer cells and alveolar, splenic, and peritoneal macrophages are established 

before birth and maintain themselves without being replenished by blood monocytes (13). 

Although intestinal macrophages are considered to be blood monocyte–derived, a subset of 

these macrophages expressing Tim-4 and CD4 develop prenatally and can self-renew 

without monocytes (14). Csf1r+ erythromyeloid progenitors independent of Myb (15), a 

transcription factor required for hematopoietic stem cell development, originate from the 

yolk sac and fetal liver. These progenitors seed in different organs and differentiate into 

macrophages before birth (16, 17). A recent study demonstrated that these progenitors 

generate pre-macrophages that seed the whole embryo starting from embryonic day 9.5 
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(E9.5) (17). Egress of macrophage progenitors from the fetal liver is mediated by 

endothelium-specific plasmalemma vesicle-associated protein (18). Some organs such as the 

heart (19, 20) and testicles (21) contain heterogeneous macrophage populations that are 

derived from either embryonic progenitors or blood monocytes. The origin of adipose 

tissue–resident macrophages is not known despite these macrophages playing a critical role 

in the steady state and disease (22–27). We set out to understand alterations in adipose 

tissue–resident macrophage population and insulin resistance after a remote organ injury and 

to discern the ontogeny of macrophage subsets in visceral adipose tissue (VAT).

RESULTS

Mouse adipose tissue contains two distinct subsets of macrophages with different 
ontogenies

Although the ontogeny of resident macrophages in different tissues has been studied 

extensively, the ontogeny of VAT macrophage subsets is not known. To identify macrophage 

subsets in adipose tissues, we checked the expression of CX3 chemokine receptor 1 

(CX3CR1) and C-C chemokine receptor type 2 (CCR2), which are responsible for myeloid 

cell recruitment and survival (28, 29), in macrophages present in murine gonadal and 

mesenteric adipose tissue. To this end, we used CX3CR1 reporter mice that express green 

fluorescent protein (GFP) under the CX3CR1 promoter. On the basis of CX3CR1 and CCR2 

expression, we observed two distinct subsets of macrophages present in the adipose tissue of 

adult mice: CX3CR1high CCR2high and CX3CR1low CCR2low (fig. S1, A to C). To further 

investigate these macrophage subsets, we generated CX3 CR1CreER/+ ROSAtdTomato/+ mice 

that constitutively expressed yellow fluorescent protein under the CX3CR1 promoter and 

tdTomato in CX3CR1+ cells upon tamoxifen injection. The VAT of these mice also 

contained two distinct subsets of macrophages based on their CX3CR1 expression (fig. 

S1D). CX3CR1high and CX3CR1low macrophages were CCR2high and CCR2low, 

respectively. Tamoxifen injection selectively induced tdTomato expression in CX3CR1high 

macrophages but not in CX3CR1low macrophages.

Next, to determine the ontogeny of these two macrophage populations, we performed 

parabiosis between CX3CR1+/GFP CD45.2 and CX3CR1+/+ CD45.1 mice and analyzed 

leukocyte chimerism in the blood and adipose tissue in CX3CR1+/+ CD45.1 mice 2 months 

later. Circulating monocytes and neutrophils exhibited about 30% chimerism (fig. S1E). 

After adjusting to blood monocyte chimerism, the chimerism in CX3CR1high CCR2high was 

about 95%, whereas the chimerism in CX3CR1low CCR2low macrophages was less than 1% 

(Fig. 1A). Resident macrophages are slowly replaced by circulating monocytes in some 

tissues such as the heart (30) and choroid plexus (31). To ascertain whether CX3CR1low 

CCR2low macrophages in VAT were progressively replenished by blood monocytes, we 

analyzed the parabionts at 14 and 30 weeks after parabiosis (Fig. 1B). We found that the 

chimerism in this macrophage population was still low at these time points. To further 

evaluate the origin of the VAT macrophage subsets, we injected CX3CR1CreER/+ 

ROSAtdTomato/+ mice with tamoxifen for five consecutive days. Immediately after the last 

tamoxifen injection, CX3CR1high macrophages expressed tdTomato (Fig. 1, C and D). 

However, at weeks 4 and 8 after tamoxifen injection, most of these cells were tdTomato−, 
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indicating that this macrophage subset was short-lived and continuously replaced by blood 

monocytes. Together, the parabiosis and genetic fate mapping experiments suggest that 

CX3CR1high CCR2high macrophages were blood monocyte– derived, whereas CX3CR1low 

CCR2low macrophages were tissue resident.

Adipose tissue–resident macrophages are derived from progenitors at birth

To determine the ontogeny of VAT-resident macrophages, we generated Csf1r-mer-cre-mer-

tdTomato mice that express tdTomato in Csf1r+ cells upon tamoxifen injection. We injected 

these mice with tamoxifen at 4 weeks of age and analyzed VAT 12 weeks later (Fig. 2A). 

Consistent with the notion that microglia can self-renew by local proliferation, we observed 

almost all microglia-retained tdTomato expression (Fig. 2B). In addition, most VAT-resident 

macrophages were tdTomato+ at the time of analysis (Fig. 2, B and C). Because tdTomato 

labeling is permanent, these data indicate that VAT-resident macrophages can self-renew. 

Next, we enumerated macrophage subsets at different time points and found that the 

frequency of total VAT macrophages progressively decreased after birth (fig. S2, A and B). 

At birth (postpartum day 0, P0), most VAT macrophages were CX3CR1high and only about 

1% of macrophages were CX3CR1low (Fig. 2D and fig. S2C). The proportions of 

CX3CR1high VAT macrophages gradually decreased, whereas the frequency of CX3CR1low 

macrophages increased as the mice aged. In adult mice (P60), most of VAT-resident 

macrophages were CX3CR1low.

On the basis of these observations, we hypothesized that CX3 CR1high macrophages present 

at birth differentiate into CX3CR1low macrophages. To test this, we injected pregnant 

ROSA-tdTomato mice mated with CX3CR1CreER/CreER male mice with tamoxifen only 

before birth on E17 (Fig. 2E). Because about 99% of VAT macrophages were CX3CR1high at 

birth, almost all VAT macrophages were labeled with tdTomato at this time. On P14, 

although most CX3 CR1high macrophages were tdTomato+, CX3CR1low macrophages were 

tdTomato−. These data indicate that CX3CR1low macrophages were not derived from 

CX3CR1high macrophages present at birth. To ascertain whether VAT macrophages are yolk 

sac progenitor–derived, we injected tamoxifen in pregnant ROSA-tdTomato mice mated 

with Csf1r-mer-cre-mer male mice on E8.5, when Csf1r+ erythromyeloid progenitors arise 

in the yolk sac (Fig. 2F) (15). Whereas most microglia were tdTomato+ on P0, most VAT 

macrophages were tdTomato−, indicating that these macrophages were not derived from 

yolk sac progenitors. A recent study (17) reported that pre-macrophages (F4/80− CD11b− 

CX3CR1+ CD45+ C-kit+) originated from embryonic erythromyeloid progenitors that seed 

in different organs on E13 before differentiating into tissue-resident macrophages. In line 

with this finding, we detected cells phenotypically similar to pre-macrophages in VAT of 

E13 embryo (fig. S2D).

To understand whether pre-macrophages can differentiate into VAT-resident macrophages, 

we injected tamoxifen at E13 in ROSA-tdTomato female mice mated with Csf1r-mer-cre-

mer male mice (Fig. 2G). We found very few tdTomato+ microglia or VAT macrophages at 

P0, consistent with the notion that Csf1r+ yolk sac progenitors are not present at E13 (16). 

Because pre-macrophages present at E13 express CX3CR1 (17), we injected tamoxifen at 

E13 in ROSA-tdTomato female mice mated with CX3CR1creER/CreER male mice (Fig. 2H). 
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Only 18% of VAT-resident macrophages were tdTomato+ at P28. These data indicate that 

most VAT-resident macrophages are not derived from pre-macrophages. It has been reported 

that bone marrow monocytes at the time of birth can infiltrate into tissue such as the aorta 

(32) and differentiate into macrophages that can self-renew throughout life.

To investigate whether VAT-resident macrophages are derived from precursors present at 

birth, we injected Csf1r-mer-cre-mer-ROSA-tdTomato offspring with tamoxifen on P0 and 

determined tdTomato expression on P14 and P28 (Fig. 2I). Most VAT-resident macrophages 

were tdTomato+ on P14 and P28, indicating that this macrophage subset was derived from 

cells expressing Csf1r on P0. Because bone marrow myeloid progenitors express Csf1r, we 

assessed the contribution of hematopoietic progenitors in VAT-resident macrophage 

ontogeny. To this end, we generated mice expressing tdTomato under Flt3, primarily 

expressed by hematopoietic progenitor cells, upon tamoxifen injection. These mice were 

injected with tamoxifen on P0 to label Flt3-cre+ cells (Fig. 2J and fig. S2E). Analysis on P28 

revealed that most VAT-resident macrophages were tdTomato+ whereas microglia were 

tdTomato−, consistent with the idea that microglia are not derived from hematopoietic 

progenitors. Last, because CX3CR1 affects macrophage survival, we assessed whether VAT 

macrophage development depended on this chemokine receptor. Mice deficient in CX3CR1 

had reduced total numbers of VAT macrophages and CCR2high macrophages on P0 and P14 

compared to wild-type control; however, leukocyte and CCR2low macrophage numbers were 

unchanged (fig. S2, F and G). Collectively, these data indicate that VAT-resident 

macrophages arise from hematopoietic progenitors at birth.

VAT-resident macrophages express a distinct transcriptome profile

To examine the morphology of VAT macrophage subsets, we sorted these macrophages and 

blood monocytes. Wright-Giemsa staining and flow cytometry analysis (33) revealed that 

VAT-resident macrophages (CX3CR1low CCR2low) were larger than monocyte-derived 

CX3CR1high CCR2high macrophages and monocytes (Fig. 3A and fig. S3, A and B). In 

addition, the number of vacuoles was higher in VAT-resident macrophages compared to 

monocyte-derived VAT macrophages, which had a morphology similar to blood monocytes. 

Whole transcriptome analysis revealed that VAT-resident macrophages had a distinct 

transcriptional profile compared to CX3CR1high CCR2high VAT macrophages and 

monocytes (Fig. 3, B to D) although these macrophage subsets reside in the same 

microenvironment. CX3 CR1high CCR2high VAT macrophages had higher expression of 

genes encoding inflammatory cytokines such as Il1b, Il7, Tnfa, and Infb1 and chemokines 

such as Ccl2 and Ccl5 (fig. S3, C and D), which act as monocyte chemoattractants; IL-1β 
and IL-6 are known to exacerbate insulin resistance (34). Arg1 has been reported to be 

highly expressed by tissue-resident macrophages (7, 35). VAT-resident macrophages were 

enriched in genes responsible for collagen synthesis and transcription factors involved in 

tissue-resident macrophage maintenance, such as Gata6 (36).

Next, we analyzed enriched canonical pathways in the VAT macrophage subsets. These 

analyses revealed that CX3 CR1high CCR2high VAT macrophages were enriched for 

pathways involved in blood cell accumulation, macrophage chemotaxis, inflammatory 

response, and leukocyte migration (fig. S4, A and B). The VAT macrophage subset had 
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higher expression of genes that mediate chemotaxis and leukocyte migration, such as Ccl4, 

Ccl5, and Cxcl19. They were also enriched in inflammatory genes such as Tnf, Il1b, Ifnb1, 

Itgav, and Spp1. In aggregate, these data suggest that CX3 CR1high CCR2high VAT 

macrophages are more proinflammatory and have higher chemotaxis ability than their 

CX3CR1low CCR2low counterparts.

The heart contains ontogenically different macrophage populations. In line with a previous 

observation (20), we found that the heart has at least three types of macrophages based on 

MHC class II and CCR2 expression (fig. S5A). A longterm parabiosis experiment revealed 

that MHC class IIhigh CCR2low and MHC class IIlow CCR2high macrophages are tissue 

resident and monocyte-derived, respectively. To ascertain whether cardiac and VAT-resident 

macrophages express similar transcriptome profiles when compared to their respective 

monocyte-derived macrophage counterparts, we identified canonical pathways that were 

enriched in the resident cardiac macrophages compared to monocyte-derived cardiac 

macrophages. Several of these pathways, such as extracellular matrix and collagen triple 

helix repeat, were common in VAT-resident macrophages (fig. S5B).

Tissue microenvironments shape the transcriptome profile and phenotype of tissue-resident 

macrophages (1, 37–40). Because the adipose tissue microenvironment is quite different 

from that of other solid organs, we hypothesized that VAT macrophages exhibit a different 

transcriptome profile compared to other tissue-resident mac rophages. To test this 

hypothesis, we analyzed the transcriptome profiles of microglia, Kupffer cells, and alveolar, 

kidney, skin, and bone marrow macrophages (17, 41). Principal components analysis (PCA) 

revealed that bone marrow macrophage gene expression was closer to that of CX3CR1high 

CCR2high VAT macrophages than CX3 CR1low CCR2low VAT macrophages (Fig. 3E). Both 

subsets of VAT macrophages expressed similar gene signatures compared to the other tissue-

resident macrophages (Fig. 3E and fig. S6). We identified 93 genes that were up-regulated 

only in VAT-resident macrophages compared to the other tissue-resident macrophages (fig. 

S7A). These genes (fig. S7B) included Foxo1, Foxo3, Creb1, CD44, PI3K, Smad3, and 

Retnlb, all reported to be involved in lipid metabolism and insulin sensitivity (42–46), and 

were enriched canonical pathways such as sirtuin signaling and ERK/MAPK (extracellular 

signal–regulated kinase/mitogen-activated protein kinase) signaling (Fig. 3F). In addition, 

we investigated whether VAT-resident macrophages displayed altered expression of 

inflammatory and anti-inflammatory genes in acute inflammation such as during myocardial 

infarction (MI). To this end, we performed RNA sequencing in VAT-resident macrophages 

isolated from mice with or without MI. Even in the inflammatory milieu after MI, this 

macrophage population did not show increased inflammatory gene expression (fig. S7C). In 

aggregate, these data demonstrate that VAT-resident macrophages express a distinctive gene 

signature.

Acute organ injury induces de novo insulin resistance in patients and mice

Because VAT-resident macrophages are crucial to systemic insulin sensitivity (25, 47, 48), 

we checked fasting blood glucose concentrations in patients 30 days after ST-elevation MI 

(STEMI). Most patients had glycosylated hemoglobin A1c of less than 6.5% (average, 

5.7%) at admission, indicating that these patients were non-diabetic before MI (Fig. 4A). To 
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assess whether non-diabetic patients develop hyperglycemia after STEMI, we turned to the 

University of Pennsylvania Medical Center (UPMC) catheterization laboratory database of 

patients for whom fasting glucose concentrations were available and normal (102 ± 2 mg/dl) 

15 days before STEMI. These patients had elevated fasting blood glucose concentrations 

(130 ± 9 mg/dl) at an average follow up of 30 days after STEMI (Fig. 4B), above the normal 

fasting glucose cutoff of 110 mg/dl. About 50% of these patients had increased (162 ± 13 

mg/dl) fasting blood glucose concentrations, whereas the other 50% had unchanged blood 

glucose concentrations (99.86 ± 2.5 mg/dl) (Fig. 4C). There was no notable difference in 

age, gender, and body mass index, or in use of diabetogenic drugs such as statins and beta 

blockers that are reported to impair insulin release (49) between these two groups of patients 

(table S1). These data indicate that a subset of non-diabetic patients develops insulin 

resistance after STEMI.

To understand the mechanisms of hyperglycemia after an organ damage, we used two 

different mouse models of acute tissue injury: coronary artery ligation, which is a mouse 

model of MI, and BaCl2-induced skeletal muscle injury. Glucose tolerance tests (GTTs) in 

non-diabetic lean C57BL/6 mice fed with a chow diet revealed glucose intolerance at days 7 

and 28 after MI (Fig. 4D). Obese C57BL/6 mice fed with a high-fat diet for 4 months 

exhibited delayed glucose clearance after MI (Fig. 4D), demonstrating that MI increases 

glucose intolerance in mice with established insulin resistance. Lean mice with MI also had 

hyperinsulinemia, a feature of insulin resistance (Fig. 4E). Congruently, we observed a 

substantial decrease in the expression of phosphorylated Akt, important for insulin signaling, 

in the liver and skeletal muscles (Fig. 4F). Similarly, BaCl2-mediated skeletal muscle injury 

triggered glucose intolerance in mice (Fig. 4G), although their body weights were similar 

(Fig. 4H). Together, these data indicate that an acute organ injury induces de novo insulin 

resistance in humans and mice.

Acute injuries in remote organs trigger loss of VAT-resident macrophages

To investigate the mechanisms of insulin resistance after MI, we initially considered 

multiple potential factors. High amounts of glucocorticoids (50) and catecholamines (51) 

released immediately after MI can induce insulin resistance. However, high glucocorticoid 

concentrations did not persist on days 7 and 28 after MI (fig. S8A), and we did not observe 

any significant increase in catecholamines at day 7 after MI (fig. S8B). In addition, adipose 

tissue lipolysis (52) accompanied by body weight loss after MI can cause insulin resistance. 

Mice lost about 10% of their body weight on day 1 after MI (fig. S8C); however, the initial 

body weight was restored by day 7 after MI, and amounts of serum-free fatty acids and 

glycerol, markers of lipolysis, on day 7 after MI were unchanged compared to sham-

operated mice. Last, insulin resistance in patients with a large MI can be due to underlying 

heart failure (53, 54). However, we induced a small MI in our mouse model, which did not 

induce heart failure at day 28 after MI (fig. S8D).

We previously reported that MI increases the production of inflammatory monocyte 

development (55–57). In line with these findings, flow cytometry confirmed increased 

numbers of macrophages, myeloid cells, monocytes, and Ly-6Chigh monocytes in VAT after 

MI (Fig. 5A and fig. S9A). To determine the dynamics of the two subsets of VAT 
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macrophages, we performed serial intravital microscopy in CX3CR1CreER/+ ROSAtdTomato/+ 

mice, using tamoxifen injection in these mice to label CX3CR1high monocyte-derived 

macrophages with tdTomato. Consistent with increased inflammation after MI, we found a 

progressive increase in VAT monocyte-derived macrophages after MI (Fig. 5B and movies 

S1 and S2). However, the frequency of VAT-resident macrophages gradually declined after 

MI. Similarly, omental VAT in patients with STEMI harbored increased numbers of 

CCR2high and decreased numbers of CCR2low macrophages compared to that in control 

patients (Fig. 5C). Congruently, BaCl2-mediated skeletal muscle injury reduced proportions 

of VAT-resident macrophages (Fig. 5D). To find the origin of newly developed CX3CR1high 

macrophages after MI, we performed parabiosis between CX3CR1+/GFP CD45.2 and 

CD45.1 mice. One month after, when blood leukocyte chimerism was stable (fig. S9B), we 

induced MI by coronary artery ligation in CD45.1 mice (Fig. 5E). Most CX3CR1high 

macrophages in VAT were derived from the other parabiont, indicating that newly generated 

monocytes after MI infiltrated into VAT and differentiated into CX3 CR1high macrophages.

Distant organ injury induces apoptosis of VAT-resident macrophages

To investigate the mechanisms behind the loss of VAT-resident macrophages after MI, we 

isolated this macrophage subset from mice with or without MI and performed RNA 

sequencing. VAT-resident macrophages after MI expressed a distinct transcriptomic profile 

(Fig. 6A). VAT-resident macrophages after MI expressed 118 differentially expressed genes 

with a 2 log2 fold cutoff and false discovery rate (FDR)–adjusted P < 0.05 compared to the 

ones isolated from mice without MI (Fig. 6B). Pathway analysis revealed that 12 functional 

pathways were up-regulated in VAT-resident macrophages isolated from mice with MI (Fig. 

6C). These pathways included apoptosis and necrosis (Fig. 6C and fig. S10, A and B), two 

major mechanisms of cell death, consistent with the observation that MI triggers the 

disappearance of VAT-resident macrophages in humans and mice (Fig. 5). Of the 118 

differentially expressed genes, 16 genes were involved in cellular apoptosis (Fig. 6, D and E, 

and fig. S10C). Consistent with these observations, mice after MI harbored higher 

proportions of caspase-3+, annexin V+ PI−, and TUNEL+ VAT-resident macrophages 

compared to control mice (Fig. 6F and fig. S10, D and E). VAT-resident macrophages did 

not increase their expression of proinflammatory genes reported to be up-regulated in cells 

undergoing necroptosis (fig. S10F) (58). To specifically discern whether VAT-resident 

macrophages undergo necroptosis after MI, we stained these macrophages with an antibody 

against phosphorylated mixed lineage kinase domain-like protein (MLKL), a sensitive 

detector of this cell death pathway (59, 60). We did not detect any change in the frequency 

of pMLKL+ VAT-resident macrophages (fig. S10G), suggesting that these cells do not 

undergo necroptosis after MI.

VAT-resident macrophage apoptosis initiates glucose intolerance

To explore the importance of VAT-resident macrophages in glucose homeostasis after MI, 

we depleted this cell subset by systemic clodronate liposome injection (fig. S11A). Mice 

with MI had impaired glucose clearance after VAT-resident macrophage depletion (fig. 

S11A). However, systemic clodronate liposome injection likely depletes other tissue-resident 

macrophages. To specifically test whether VAT-resident macrophages play a crucial role in 

post-MI glucose intolerance, we directly injected either clodronate or control liposome in 
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epididymal adipose tissue, the largest abdominal fat depot in non-obese mice, in C57BL/6 

mice before inducing MI. This injection resulted in reduced number of VAT-resident 

macrophages (fig. S11B); however, the numbers of other tissue-resident macrophages such 

as microglia and liver, heart, and splenic macrophages were unaltered (fig. S11C). The 

number of VAT monocyte-derived macrophages did not change, most likely due to their high 

turnover rate (Fig. 1). Mice injected with clodronate liposome had elevated glucose 

intolerance after MI as determined by a GTT compared to mice injected with control 

liposome (fig. S11D).

To specifically test the effect of VAT-resident macrophage apoptosis on glucose intolerance 

in the setting of MI, we generated mice (LysMcre/+ ChR2fl/fl) that express the 

channelrhodopsin-2 (ChR2) protein in macrophages after exposure to blue light (450 to 490 

nm). Chlamydomonas reinhardtii–derived ChR2 is composed of a blue light–sensitive 

domain with an ion channel, providing light-dependent ion transport and membrane 

potential. Illuminating ChR2-expressing macrophages with blue light leads to 

photostimulation of action potential firing activity. We surgically exposed epididymal 

adipose tissue and illuminated it with blue light for 20 min. Prolonged blue light exposure of 

adipose tissue resulted in increased expression of annexin V and caspase-3, markers of 

apoptosis, in VAT-resident macrophages in these mice (Fig. 6, G and H). This is consistent 

with the report that chronic stimulation of the ChR-2 signals by blue light induces apoptotic 

cell death (61). As expected, annexin V expression in microglia, Kupffer cells, and splenic 

macrophages was unchanged (fig. S11E). In line with their high apoptosis after blue light 

exposure, the number of VAT-resident macrophages diminished on day 5 after exposure (Fig. 

6I). In contrast, the number of VAT monocyte-derived macrophages was unaltered, possibly 

due to their high turnover rate. To ascertain the function of VAT-resident macrophages after 

MI, we induced MI in these mice 1 day after VAT-resident macrophage depletion with blue 

light. VAT-resident macrophage depletion in LysMcre/+ ChR-2fl/fl mice resulted in delayed 

glucose clearance compared to LysMcre/+ ChR-2fl/fl mice without blue light exposure and 

LysM+/+ ChR-2fl/fl mice with blue light exposure (Fig. 6J). LysMcre/+ ChR-2fl/fl mice also 

had elevated fasting insulin concentrations after blue light exposure compared to the control 

mice (Fig. 6K). Together, these data strongly suggest that VAT-resident macrophage loss 

after MI drives glucose intolerance.

Distant organ injury alters hepatic metabolism

Next, we investigated whether MI alters resident macrophages in organs other than VAT and 

observed an increase in total number of liver macrophages on day 7 after MI (fig. S12A). In 

contrast to the decreased presence of VAT-resident macrophages, we found increased 

numbers of Kupffer cells (fig. S12, B and C). Concomitantly, hepatic monocyte-derived 

macrophage and Ly-6Chigh monocyte numbers increased after MI. MI did not alter liver 

gluconeogenesis indicated by a pyruvate tolerance test (fig. S12D). However, lipid 

metabolism was different in lean and obese mice after MI as demonstrated by increased 

triglyceride quantity in the liver (fig. S12E). Consistent with this finding, genes involved in 

lipid metabolism (62) were differentially expressed in the liver after MI (fig. S12, F and G). 

any changes in body weight (fig. S13F) or lipolysis (fig. S13G) in these mice after MI 

compared to littermate controls. To compensate for decreased Csf1 concentrations after MI, 
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we infused mice with Csf1 just after coronary artery ligation. Csf1 supplementation 

improved glucose tolerance (Fig. 7H) and lowered insulin quantity in the blood after fasting 

(Fig. 7I) after MI. We previously found that MI increases proinflammatory phenotype of 

monocytes (55), and it is known that Csf1 increases macrophage differentiation (64), 

suggesting that Csf1 infusion in mice after MI induces a proinflammatory phenotype in 

VAT-resident macrophages. In contrast, VAT-resident macrophages isolated from Csf1-

treated mice after MI expressed reduced amounts of proinflammatory cytokines such as 

Tnfa, Il1b, and Il6 and augmented amounts of anti-inflammatory cytokine genes such as 

Tgfb, Il10, and Il13 (Fig. 7J and fig. S13H) (55, 57, 65, 66).

To specifically test the role of Csf1r expression in VAT macrophages, we performed adipose 

tissue transplantation in mice (fig. S13I). LyMcre/+ Csf1rfl/fl or LyM+/+ Csf1rfl/fl epididymal 

adipose tissue was transplanted into LyMcre/+ Csf1rfl/fl or LyM+/+ Csf1rfl/fl mice (Fig. 7K). 

LyMcre/+ Csf1rfl/fl mice lack Csf1r in macrophages. We performed MI surgery in these mice 

10 days after the transplantation. On day 20 after adipose tissue transplantation, these mice 

had viable transplanted tissue (fig. S13J). GTTs on day 7 after MI revealed that, as expected, 

LyMcre/+ Csf1rfl/fl mice transplanted with LyMcre/+ Csf1rfl/fl adipose tissue had delayed 

glucose clearance compared with LyM+/+ Csf1rfl/fl mice transplanted with LyM+/+ Csf1rfl/fl 

adipose tissue (Fig. 7K). However, the transplantation of LysM+/+ Csf1rfl/fl adipose tissue 

containing Csf1r+ macrophages into LysMcre/+ Csf1rfl/fl mice improved glucose tolerance. 

Collectively, these data indicate that Csf1r expression in VAT macrophages is important for 

glucose tolerance.

On the basis of the data presented above, Csf1 could potentially be used in patients with MI 

to reduce insulin resistance. However, several lines of evidence suggest that Csf1 increases 

atherosclerosis (67), which can lead to MI. In contrast, chronic infusion of Csf1 prevents 

atherosclerosis (68, 69). It is not known whether shortterm Csf1 treatment after MI, as we 

performed, affects atherosclerosis. To ascertain this, Apoe−/− mice fed with an atherogenic 

diet were treated with Csf1 after MI. Four months after Csf1 infusion, Apoe−/− mice had 

unaltered atherosclerotic plaque size compared to the control group (fig. S14A). However, 

Csf1 infusion decreased inflammatory cell accumulation in the aorta (fig. S14B) and 

decreased the expression of genes encoding inflammatory cytokines and proteases (fig. 

S14C), which are reported to increase plaque vulnerability in patients.

HMGB1 induces macrophage apoptosis

Next, we investigated the long-distance signals that trigger apoptosis in VAT-resident 

macrophages after MI. Dead cardiomyocytes after MI secrete danger-associated molecular 

patterns (DAMPs); one of the major DAMPs secreted in high concentrations is high mobility 

group box 1 (HMGB1) (70–72). To determine whether HMGB1 could induce apoptosis of 

macrophages, we cultured bone marrow–derived macrophages (BMDMs) with various 

concentrations of HMGB1. This treatment reduced living BMDMs in cell culture (Fig. 8A). 

In addition, macrophages underwent apoptosis after HMGB1 treatment. HMGB1 binds to 

Toll-like receptor 4 (TLR4) and advanced glycation end product receptor (AGER) on 

macrophages (73). To assess whether HMGB1-induced apoptosis of macrophages is 

mediated by TLR4 and AGER signaling, we knocked down either Tlr4 or Ager in BMDMs 
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using small interfering RNA (siRNA) before treating with HMGB1. Both siTlr4 and siAger 
decreased the expression of annexin V, a late apoptosis marker, in BMDMs (Fig. 8B). 

However, only siTlr4 treatment decreased the expression of caspase-3, a marker of early 

apoptosis (Fig. 8C). To understand the role of TLR4 in VAT-resident macrophage loss and 

glucose intolerance after MI, we induced MI in Tlr4−/− mice. These mice had improved 

glucose tolerance (Fig. 8D), and reduced annexin V (Fig. 8E) and caspase-3 staining (Fig. 

8F) in VAT-resident macrophages after MI.

Decreased adiponectin concentrations after MI induce glucose intolerance

Acute stress conditions can decrease the systemic adiponectin (74–76) that helps maintain 

systemic insulin sensitivity. To determine whether MI decreases the amounts of this 

adipokine, we induced MI in C57BL/6 mice. MI decreased adiponectin content in the serum 

(Fig. 8G). Because MI also decreased the number of VAT-resident macrophages (Fig. 5), 

which are crucial for insulin sensitivity (Fig. 6), we hypothesized that VAT-resident 

macrophages help adiponectin secretion by adipocytes. Consistent with this, we observed 

that the supplementation of Csf1, which is required for tissue-resident macrophage survival, 

increased serum adiponectin concentrations after MI (Fig. 8H). To specifically test whether 

VAT-resident macrophages help adiponectin production, we depleted this macrophage 

population in LysMcre/+ ChR-2fl/fl mice by blue light exposure. This resulted in decreased 

serum adiponectin contents (Fig. 8I), indicating a role of VAT-resident macrophages in 

adiponectin production. To understand the importance of adiponectin in glucose intolerance 

after MI, we induced coronary ligation in adiponectin-deficient mice. These mice had 

delayed glucose clearance compared with age-matched control mice (Fig. 8J) and increased 

fasting insulin concentrations (Fig. 8K) although the body weights were not different in 

these groups of mice (Fig. 8L). In summary, these data suggest that decreased adiponectin 

concentrations after MI trigger systemic insulin resistance.

Acute inflammation after trauma (77–79), burn (80, 81), and sepsis (82) induces insulin 

resistance in patients and animal models. To investigate whether inflammation after MI is a 

nonspecific response or a pathophysiologic process unique to MI, we compared post-MI 

inflammation with chronic inflammation mediated by obesity and acute nonsterile 

lipopolysaccharide (LPS)–mediated inflammation as seen in infection. These two 

pathological conditions are known to induce insulin resistance (43, 82–84). Mice with MI 

had a higher number of circulatory monocytes than obese mice (fig. S15A). Unlike in MI, 

obese mice (fig. S15A) and mice with LPS injection (fig. S15B) had increased lipolysis, as 

indicated by high contents of serum fatty acids. MI also reduced systemic Csf1 

concentrations, resulting in decreased numbers of resident macrophages. In contrast, obesity 

and LPS injection did not change systemic Csf1 concentrations. These data suggest that 

inflammation after MI has distinct features, which may ultimately have an etiologic link to 

post-MI insulin resistance.

DISCUSSION

Tissue-resident macrophages can respond to stimuli such as injury and infection in the local 

environment where they reside (3, 4). A recent study showed that a distant injury can change 
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the phenotype and function of a tissue-resident macrophage subset (85). Here, we show that 

VAT-resident macrophages expressed altered transcriptome profiles and underwent apoptosis 

after an ischemic injury in the heart, resulting in insulin resistance. Our results suggest that 

these changes in VAT-resident macrophages were mediated by diminished amounts of Csf1 

after MI because Csf1 infusion and transplantation of adipose tissue containing Csf1r+/+ 

macrophages restored glucose tolerance. In addition, mice lacking Csf1 globally and Csf1r 
in macrophages had reduced numbers of VAT-resident macrophages and impaired glucose 

tolerance. These data may indicate a mechanism of the maintenance of insulin sensitivity by 

Csf1 signaling in VAT-resident macrophages. Further, our results suggest that HMGB1, 

secreted by dead cardiomyocytes after MI (70–72), induces VAT-resident macrophage 

apoptosis (fig. S16). This macrophage subset is critical for insulin sensitizing adiponectin 

production and maintaining glucose tolerance.

Several reports showed that tissue-resident macrophages exhibit disease-specific 

transformations. A specific subset of microglia is activated in neurodegenerative and 

neuroinflammatory diseases (86). In addition, tissue-resident macrophages can modulate 

disease progression; for example, embryo-derived pancreatic macrophages promote ductal 

adenocarcinoma (87). Our data suggest that VAT-resident macrophages are crucial to 

maintaining insulin sensitivity. MI promotes the loss of this macrophage population, which 

may result in glucose intolerance and insulin resistance.

Tissue-resident macrophages are heterogeneous in phenotype and function. Their function 

and phenotype depend on the chromatin landscape, which is controlled by the 

microenvironment they reside in (1). This ultimately induces different tissue-specific 

transcription factors that collaborate with PU.1 to establish tissue-specific enhancers (39, 

40). Fully differentiated tissue-resident macrophages can be reprogrammed when they are 

transferred to a new microenvironment. For example, lung, spleen, liver, and peritoneal 

macrophages derived from bone marrow cells, when transferred to new tissue environment, 

acquired enhancers found in embryonic macrophages in a tissue-specific manner (37). In 

addition, macrophages from different sources, such as the yolk sac, fetal liver, and bone 

marrow, when transplanted into the lungs, differentiated into alveolar macrophages that were 

transcriptionally and functionally similar (38). Consistent with these observations, we found 

that VAT-resident macrophages expressed a unique transcriptome profile compared to other 

tissue-resident macrophages such as microglia, Kupffer cells, and skin, kidney, alveolar, and 

bone marrow macrophages. The present study identified a VAT-resident macrophage-specific 

gene signature that included Foxo1, Foxo3, Creb1, CD44, PI3K, Smad3, and Retnlb, which 

were reported to be involved in lipid metabolism and insulin sensitivity (42–46). When 

compared to other tissue-resident macrophages, both VAT macrophage subsets had similar 

transcriptomic profiles, confirming the effect of the tissue microenvironment on macrophage 

gene expression. However, when we compared the VAT macrophage subsets, we observed 

that 320 genes were differentially expressed. This is possibly due to the fact that VAT 

monocyte-derived macrophages are continuously replaced by blood monocytes. Thus, the 

VAT microenvironment may not be able to fully reshape the chromatin landscape of this 

macrophage subset to that of VAT-resident macrophages due to the transient life span of VAT 

monocyte-derived macrophages.

Vasamsetti et al. Page 12

Sci Transl Med. Author manuscript; available in PMC 2021 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Another finding of our study is that non-diabetic patients and mice develop insulin resistance 

after MI. Recent publications suggest that patients with MI exhibit insulin resistance and 

hyperglycemia (88, 89). However, these studies do not address whether these patients had 

undiagnosed diabetes before MI. Our data demonstrate that patients who were 

normoglycemic developed hyperglycemia after STEMI. We confirmed this de novo insulin 

resistance after MI in lean and obese mice. These data indicate that an acute ischemic injury, 

such as MI, provokes a unique pathophysiological response. Consistently and unlike MI, 

obesity and LPS-mediated inflammation, although also capable of inducing insulin 

resistance, did not alter VAT-resident macrophage numbers and Csf1 concentrations but 

triggered lipolysis. Furthermore, our results suggest that Csf1 infusion in mice after MI 

ameliorated insulin resistance. Csf1 supplementation did not augment atherosclerotic plaque 

size; rather, the treatment decreased inflammatory cytokine and leukocyte contents. 

However, new studies will be required to ascertain the efficacy of Csf1 to reduce insulin 

resistance in patients after MI.

The current study has several limitations. We observed impaired glucose clearance and 

improved glucose tolerance in adiponectin- and Tlr4-deficient mice, respectively, after MI. 

However, these mice are known to have altered glucose clearance when fed with a high-fat 

diet (90, 91). Thus, the effect of adiponectin and Tlr4 on MI-induced insulin resistance may 

not be unique to the pathophysiology of MI. Although our experiments involving clodronate 

liposome and LysMcre/+ ChR2fl/fl mice suggest specific depletion of VAT-resident 

macrophages, we cannot rule out the effect of nonhematopoietic cells on MI-induced insulin 

resistance. Furthermore, Tlr4−/− mice exhibited reduced VAT-resident macrophage apoptosis 

and expedited glucose clearance in a GTT; however, we cannot rule out the effect of Tlr4 

expressed by other cell types on glucose intolerance after MI. Adipose tissue–resident 

macrophage-specific Cre recombinase mice will be required to specifically test the 

contribution of VAT-resident macrophages and the role of Tlr4 expressed by this 

macrophage subset in glucose intolerance after MI. In contrast to loss of VAT-resident 

macrophages, the number of Kupffer cells, which are liver-resident macrophages and crucial 

to insulin resistance, increased after MI. Future studies are warranted to understand the role 

of Kupffer cells in post-MI insulin resistance. We found that MI altered hepatic lipid content 

possibly by increasing hepatic inflammation. However, mechanistic studies will be required 

to understand the mechanisms of altered hepatic lipid content after MI. Our study did not 

delineate the roles of other DAMPs, such as S100 proteins, heat shock proteins, and 

mitochondrial DNA, in VAT-resident macrophage apoptosis after MI. Moreover, the 

systemic release of DAMPs after MI may lead to secondary organ damage, resulting in 

insulin resistance. Future studies are warranted to assess the contribution of post-MI organ 

damage in insulin resistance.

MATERIALS AND METHODS

Study design

This study was performed to understand the mechanisms of insulin resistance after MI. The 

other objectives of the study were to ascertain how a distant organ injury such as MI affects 

tissue-resident macrophages and to delineate the role of tissue-resident macrophages in MI 
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pathogenesis. To investigate the changes in VAT-resident macrophages after a distant injury, 

we used mouse models of acute MI and BaCl2-induced skeletal muscle injury and studied 

patients with STEMI. To discern the function of VAT-resident macrophages in MI-induced 

insulin resistance, we depleted macrophages specifically in VAT using clodronate liposomes 

and induced apoptosis in VAT-resident macrophages in macrophage-specific optogenetic 

mice. Mice were glucose intolerant after depletion of VAT-resident macrophages. In 

addition, we used mice lacking adiponectin and Tlr4 to study the mechanisms of insulin 

resistance after MI. All animal experiments were conducted following National Institutes of 

Health (NIH) guidelines under protocols approved by the Institutional Animal Care and Use 

Committee of the University of Pittsburgh. We further performed a retrospective study in 

patients with STEMI (n = 27) in UPMC catheterization laboratory database to assess insulin 

resistance after MI. These patients had normal fasting glucose concentrations 15 days before 

MI and obtained fasting blood glucose concentrations in the patients at 30 days after 

STEMI. We also collected and analyzed omental adipose tissue from deceased patients with 

or without MI. Written informed consent was received from family members of deceased 

patients before tissue collection for the study.

Sample sizes were determined on the basis of our experience of analyzing inflammatory 

cells after MI. Experiments were replicated as indicated in the figure legends. Quantitative 

polymerase chain reaction (qPCR) primer sequences are listed in table S2, and primary data 

used to generate graphs are reported in data file S1. More methods are available in the 

Supplementary Materials.

Patient samples

To check fasting blood glucose and glycosylated hemoglobin (HbA1c) concentrations in 

patients with STEMI, we analyzed data of two different patient records: the SWEDEHEART 

register (n = 4455) and UPMC (n = 27) patient records. Patients with HbA1c content less 

than 6.5% were considered non-diabetic. In UPMC patient records, we identified the non-

diabetic patients who had known fasting blood glucose concentrations, on average, 15 days 

before STEMI and 30 days after STEMI. These studies were approved by the University of 

Pittsburgh Institutional Review Board (IRB no. PRO18010045 and PRO9020115). Omental 

adipose tissue was collected from deceased patients with or without MI through UPMC 

autopsy program in a study approved by the University of Pittsburgh Committee for 

Oversight of Research and Clinical Training Involving Decedents (CORID no. 724). Written 

informed consent was received from family members of deceased patients before tissue 

collection.

Mice

The following C57BL/6 mice were purchased from the Jackson Laboratory: Apoe−/− (no. 

002052), Adipoq−/− (no. 008195), Csf1r-mer-cre-mer (no. 019098), CX3CR1gfp/gfp (no. 

005582), CX3CR1creER (no. 021160), Ccr2−/− (no. 004999), C57BL/6 (no. 000664), CD45.1 

(no. 002014), Csf1rfl/fl (no. 021212), LyzMcre/cre (no. 004781), ChR2fl/fl (no. 12569), 

ROSA-tdTomato (no. 007914), Tlr4−/− (no. 029015), and Csf1−/− (op/op) (no. 000231). All 

mice were housed at UPMC animal facility in individually ventilated cages. Veterinary care 

was provided by the Division of Laboratory Animal Resources. All facilities were U.S. 
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Department of Agriculture–registered, covered under an Assurance with the Office of Lab 

Animal Welfare of the U.S. Public Health Service, and accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care International. All animal 

experiments were conducted following NIH guidelines under protocols approved by the 

Institutional Animal care and Use Committee of the University of Pittsburgh. We made all 

attempts to minimize the number of mice required to complete the experiments outlined, and 

all surgeries were performed under anesthesia. Before surgery, mice were anesthetized using 

either isoflurane at a concentration of 2% mixed with oxygen at a flow rate of 2 liters/min or 

by injecting ketamine (100 mg/kg of body weight) combined with xylazine (10 mg/kg of 

body weight) intraperitoneally. For analgesia, we injected buprenorphine (0.1 mg/kg of body 

weight intraperitoneally in a volume of 100 μl of saline) in mice after surgery every 12 hours 

for 3 days. We used 10- to 16-week-old male and female mice for all experiments. For 

studying atherosclerosis, Apoe−/− mice (10 to 12 weeks old) were fed with a high-fat diet 

(42% kcal; Research Diets Inc.) for 4 months before MI induction.

Statistical analysis

Data are represented as means ± SEM. Statistical significance between groups was 

performed using nonparametric Mann-Whitney test or analysis of variance (ANOVA). P < 

0.05 was considered statistically significant. For generating heatmaps, we selected genes that 

have an FDR-corrected P value of less than 0.05 and at least twofold increase in expression. 

To obtain functional pathways, we used a z score cutoff of 2.0.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CX3CR1high CCR2high and CX3CR1low CCR2low macrophages in adipose tissue are 
monocyte-derived and resident macrophages, respectively.
All experiments were performed in lean transgenic mice without MI. (A) Parabiosis between 

wild-type (CD45.1) and CX3CR1+/GFP (CD45.2) mice was performed, and visceral adipose 

tissue (VAT) in CD45.1 mice was analyzed for chimerism 2 months after the parabiosis. The 

chimerism in VAT macrophage subsets was adjusted to that in blood monocytes. n = 4 pairs 

per group. (B) Chimerism in blood monocytes and VAT-resident macrophages (macs) was 

quantified at 14 and 30 weeks after parabiosis. n = 6 pairs per group. (C and D) Genetic fate 
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mapping in CX3CR1CreER/+ ROSAtdTomato/+ mice to test the origin of CX3CR1high 

CCR2high macrophages. TdTomato+ (CX3CR1high) macrophages were quantified at different 

time points after tamoxifen injection using flow cytometry (C) and confocal microscopy (D). 

VAT macrophages are autofluorescent (green). Scale bar, 7 μm. n = 3 to 11 per group. Data 

are derived from three independent experiments. Means ± SEM. ***P < 0.001 and ****P < 

0.0001.
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Fig. 2. VAT-resident macrophages are derived from progenitors present at birth.
All experiments were performed in lean transgenic mice without myocardial infarction (MI) 

at different time points after birth as shown. (A to C) The frequency of tdTomato+ VAT-

resident macrophages was quantified using flow cytometry (A) (n = 7 per group) and 

confocal microscopy (B and C) (n = 3 to 4 per group). Scale bar, 20 μm. (D) Frequency of 

the VAT macrophages at different time points after birth in CX3CR1+/GFP mice. n = 3 to 4 

per group. (E to J) Experimental design and quantification of tdTomato+ VAT macrophages 

labeled by tamoxifen injection in various lineage-tracing mice. n = 3 to 4 per group in (E); n 
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= 3 per group in (F); n = 5 to 6 per group in (G); n = 5 to 12 per group in (H); n = 4 (P14) 

and n = 8 (P28) in (I); and n = 3 (microglia) and n = 8 (macrophages) in (J). Tamoxifen was 

injected in either pregnant dams or offspring, and tdTomato+ VAT-resident macrophages 

were enumerated by flow cytometry at various time points as shown. Data are from two to 

three independently performed experiments. IF, immunofluorescence; DAPI, 4′,6-

diamidino-2-phenylindole. Means ± SEM.
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Fig. 3. VAT-resident macrophages exhibit a unique transcriptome profile.
All experiments were performed in lean C57BL/6 mice without MI. (A) Assessment of 

morphology of isolated blood monocytes and VAT macrophages by Wright-Giemsa staining. 

Scale bar, 10 μm. (B) The heatmap displays genes obtained from RNA sequencing analysis 

with at least twofold difference between the VAT macrophage subsets (FDR < 0.05). 

Principal components analysis (PCA) (C) and a Venn diagram (D) showing differentially 

expressed genes among monocytes and the VAT macrophage subsets. PCA plot (E) and bar 

graph (F) compare VAT macrophages to other tissue-resident macrophages. n = 3 per group.
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Fig. 4. Acute organ injuries trigger insulin resistance in non-diabetic patients and mice.
(A) Distribution of patient groups at admission in patients with ST-elevation MI (STEMI). n 
= 4455. (B and C) Fasting blood glucose concentrations in non-diabetic patients 15 days 

(average) before and 30 days after STEMI. n = 27 per group. (D) Glucose tolerance test 

(GTT) in lean and obese C57BL/6 mice after MI. Fasting serum insulin concentrations (E) 

and pAkt contents in the liver and skeletal muscle (F) in lean C57BL/6 mice at day 7 after 

MI. n = 6 to 7 per group. (G) GTT 7 days after BaCl2 injection. Data pooled from two 
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independently performed experiments. Means ± SEM. *P < 0.05, **P < 0.01, and ***P < 

0.001.
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Fig. 5. Acute injuries in distant organs result in a reduction of VAT-resident macrophages.
Quantification of VAT macrophage subsets using flow cytometry in lean C57BL/6 mice on 

day 7 after MI (n = 3 to 7 per group) (A), intravital microscopy in lean CX3CR1CreER/+ 

ROSAtdTomato/+ mice on days 7 and 60 after MI (n = 4 per group) (B), and flow cytometry in 

patients with STEMI (n = 4 to 5 per group) (C). Data pooled from three independent 

experiments. Scale bar, 7 μm. (D) Quantification of VAT macrophages after BaCl2-induced 

skeletal muscle injury in lean CX3CR1CreER/+ ROSAtdTomato/+ mice using intravital 

microscopy. n = 6 per group. Scale bar, 20 μm. (E) Chimerism in VAT macrophage subsets 
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in lean CD45.1+ parabiont mice 1 week after MI. n = 4 pairs per group. Means ± SEM. *P < 

0.05, ***P < 0.001, and ****P < 0.0001.
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Fig. 6. Apoptosis of VAT-resident macrophages after MI increases glucose intolerance.
Experiments were performed in lean C57BL/6 mice on day 7 after MI. (A) PCA of RNA 

sequencing data comparing the transcriptomic profiles of VAT-resident macrophages isolated 

from mice with or without MI. (B) Differentially expressed genes with a 2 log2 fold cutoff 

and FDR < 0.05. (C) Functional pathways increased in VAT-resident macrophages in mice 

with MI. (D) Volcano plot and (E) heatmap showing genes involved in cellular apoptosis. n 
= 3 for (A) to (E). (F) Quantification of annexin V+ propidium iodide (PI), cleaved 

caspase-3+, and TUNEL+ VAT-resident macrophages by flow cytometry and confocal 
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microscopy. n = 10 per group. (G to K) MI was performed in lean LysMcre/+ ChR2fl/fl and 

control mice on day 5 after blue light exposure. (G and H) Annexin V and caspase-3 

expression in VAT-resident macrophages on day 1 after blue light exposure. (I) Enumeration 

of VAT-resident and monocyte-derived macrophages on day 5 after blue light exposure. A 

GTT was performed (J), and serum insulin concentrations were measured (K) in mice 7 days 

after MI (6 days after blue light exposure). n = 4 per group for (G) to (K). AUC, area under 

the curve. Means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 7. Diminished Csf1r signaling in macrophages causes insulin resistance after MI.
Quantification of Csf1r in VAT macrophage subsets in the steady state using qPCR (A) and 

flow cytometry (B) in lean C57BL/6 mice without MI and Csf1 in VAT and serum on day 7 

after MI in lean C57BL/6 mice (C). n = 3 to 10 per group. qPCR quantification of Csf1 
relative to Gapdh expression is shown. (D) GTT in Csf1-deficient mice without MI. n = 3 to 

4 per group. GTT (E) (n = 6 to 8 per group), fasting insulin concentrations (F) (n = 4 to 8 

per group), and VAT-resident macrophage content (G) in lean LysMcre/+Csf1rfl/fl mice on 

day 7 after MI are shown. n = 4 to 6 per group. GTT (H) [n = 12 for no MI and PBS 
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(phosphate-buffered saline); n = 4 for no MI and M-CSF (macrophage colony-stimulating 

factor); n = 7 for MI and PBS; and n = 3 for MI and M-CSF groups], fasting insulin 

concentrations (I) (n = 5 per group), and gene array in sorted VAT-resident macrophages (J) 

(n = 4 per group) after Csf1 supplementation in lean C57BL/6 mice on day 7 after MI. (K) 

Epididymal adipose tissue was transplanted in different groups of lean mice as shown. MI 

and GTT were performed on days 10 and 17, respectively, after transplantation. n = 4 to 6 

per group. Data pooled from two to four independent experiments are shown. MFI, mean 

fluorescence intensity. Means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 8. Decreased adiponectin content after MI induces glucose intolerance.
(A) Bone marrow–derived macrophages were cultured with various concentrations of 

HMGB1. Flow cytometry quantified the frequency of live cells, annexin V expression, and 

proportions of apoptotic cells. n = 6 per group. (B and C) Tlr4 and Ager were knocked down 

in BMDM using siRNA, and these cells were cultured with or without HMGB1. n = 5 per 

group. Annexin V (B) and cleaved caspase-3 (C) expression was quantified using flow 

cytometry. GTT (D) and annexin V (E) and cleaved caspase-3 (F) expression in VAT-

resident macrophages were assessed on day 7 after MI in lean Tlr4+/+ and Tlr4−/− mice. n = 

4 to 5 per group. Adiponectin concentrations were quantified using enzyme-linked 

immunosorbent assay in the serum of lean C57BL/6 mice on day 7 after MI (G) (n = 6 to 8 

per group), lean C57BL/6 mice on day 7 after MI after Csf1 supplementation (H) (n = 4 to 5 

per group), and lean LysMcre/+ ChR-2fl/fl mice without MI after VAT-resident macrophage 

depletion with blue light (I) (n = 3 per group). MI was induced in lean Adipoq+/+ and 

Adipoq−/− mice, and a GTT to assess glucose clearance (J); fasting insulin quantification 
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(K); and body weight measurement (L) were performed 7 days later. n = 5 mice per group. 

Means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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