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Abstract

Tissue factor (TF), the initiator of the coagulation cascade, mediates coagulation factor VIIa-

dependent activation of protease activated receptor-2 (PAR2). Here we delineate an unexpected 

role for coagulation signaling in obesity and its complications. Mice lacking PAR2 (F2rl1) or the 

cytoplasmic domain of TF (F3) are protected from high fat diet (HFD) induced weight gain and 

insulin resistance. In hematopoietic cells, genetic deletion of TF-PAR2 signaling reduces adipose 

tissue macrophage inflammation and specific pharmacological inhibition of macrophage TF 

signaling rapidly ameliorates insulin resistance. In contrast, non-hematopoietic cell TF-VIIa-PAR2 

signaling specifically promotes obesity. Mechanistically, adipocyte TF cytoplasmic domain 

dependent VIIa signaling suppresses Akt phosphorylation with concordant adverse transcriptional 

changes of key regulators of obesity and metabolism. Pharmacological blockade of adipocyte TF 

in vivo reverses these effects of TF-VIIa signaling and rapidly improves energy expenditure. Thus, 

TF signaling is a potential therapeutic target to improve impaired metabolism and insulin 

resistance in obesity.

G-protein-coupled receptor (GPCR) signaling regulates obesity1 and modulates adipose 

tissue macrophage-dependent inflammation2. While crucial regulators of adipose tissue 

macrophages have been identified2–6, extracellular signals sustaining their proinflammatory 

phenotype in obesity are unclear. The adaptor protein β-arrestin 2 terminates as well as 

mediates signaling of certain GPCRs7, 8 and is important in insulin signaling9. The GPCR 

protease activated receptor 2 (PAR2), signals through G protein activation and recruits β-

arrestins for scaffolding of cytoskeletal regulators as well as for suppression of phosphatidyl 
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inositol 3 kinase (PI3K) dependent Akt phosphorylation8, 10, 11. In adipocytes, β-arrestin 2 

suppresses adenosine monophosphate-activated protein kinase (AMPK) activation induced 

by PAR2 G protein-coupled signaling12, but it remained unexplored whether PAR2 can 

influence diet-induced obesity (DIO).

Obesity induces prothrombotic molecules (plasminogen activator inhibor-1[PAI-1], tissue 

factor [TF]) that are implicated in metabolic and cardiovascular complications13, 14 

attributed to elevated circulating TF15–17. However, functional roles of increased TF in 

adipose tissues of obese mice18 are unknown. A range of serine proteases activate PAR2, 

but coagulation factor VIIa in complex with TF uniquely regulates cell migration though 

PAR2 activation and phosphorylation-dependent crosstalk of the TF cytoplasmic domain 

with integrins19. TF-PAR2 signaling also promotes cancer progression and myeloid cell 

inflammatory signaling leading to fetal loss syndrome20, 21 and mice lacking the TF 

cytoplasmic domain (TFΔCT mice) phenocopy PAR2-deficiency, demonstrating required 

contributions of the TF cytoplasmic domain in pathological TF-PAR2 signaling. The 

cellular pool of TF involved in cell signaling is recognized by a specific anti-human TF 

antibody (10H10)22 that blocks TF-VIIa-PAR2 signaling21, 23 without inhibiting 

downstream coagulation signaling. Here, we made use of these novel genetic and 

pharmacological tools to uncover an unexpected signaling pathway in obesity. We delineate 

that TF-VIIa-PAR2 signaling of adipocytes is a crucial regulator of weight gain, while 

independently TF-PAR2 signaling of adipose tissue macrophages promotes inflammation 

leading to insulin resistance.

Results

TF cytoplasmic domain or PAR2 deficiency attenuate DIO

TF activity in plasma and in epididymal visceral adipose tissue (VAD) extracts was 

upregulated in mice on a HFD for 16 weeks (Fig. 1a) concordant with elevations of VAD 

mRNA of TF and its signaling receptor PAR2 (Fig. 1b). Body weights of aged, syngeneic 

C57BL/6 male mice on a normal low fat chow diet (Supplementary Fig. 1a) indicated that 

TF cytoplasmic domain and PAR2 signaling, but not the thrombin receptor PAR1 contribute 

to body weight regulation by the TF pathway. On a HFD, WT mice gained weight rapidly, 

whereas weight gain was reduced in TFΔCT or F2rl1−/− mice. TFΔCT/F2rl1−/− mice showed 

no additive effects (Fig.1c) and both mutations caused significantly reduced fat pad weights 

(Supplementary Fig. 1b), indicating that the mutations protect from DIO by a similar 

mechanism.

HFD TFΔCT mice had reduced plasma levels of free fatty acids (FFA), fasting insulin, 

glucose, and showed improved glucose homeostasis in insulin and glucose tolerance tests 

(Fig. 1d; Supplementary Fig. 2a, b). Pronounced insulin-induced phosphorylation of Akt in 

adipose tissue confirmed improved insulin sensitivity of HFD TFΔCT mice in comparison to 

non-responsive WT controls (Fig. 1d). Similarly, F2rl1−/− and TFΔCT/F2rl1−/− mice had 

lower plasma FFA, fasting insulin and glucose levels, and improved glucose homeostasis 

relative to WT (Fig 1e; Supplementary Fig. 2c, d). Thus, loss of the TF cytoplasmic domain 

or PAR2 signaling produced a similar and non-additive improvement in obesity and insulin 

resistance.
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Chronic inflammation specifically in VAD is linked to proinflammatory adipose tissue 

F4/80+/CD11b+/CD11c+ macrophages/dendritic cells24. Depletion of CD11c+ cells shifts 

the balance to M2 polarized F4/80+/CD11b+/CD11c− macrophages expressing high levels of 

the anti-inflammatory cytokine IL-10 and improves insulin sensitivity25. CD11b+/CD11c+ 

pro-inflammatory macrophages aggregate around apoptotic adipocytes to form “crown like 

structures” (CLS)26. CLS were reduced in TFΔCT and F2rl1−/− mice (Fig. 1f). FACS 

analysis of adipose stromal vascular fraction (SVF) cells of HFD WT, TFΔCT, F2rl1−/− and 

TFΔCT/F2rl1−/− mice showed that obesity-protected strains had reduced numbers of 

CD11b+/CD11c+ macrophages in the inflammation prone VAD (Fig. 1g), but not the 

subcutaneous adipose (SAD), excluding a general defect in macrophage recruitment. 

Reduced VAD macrophage numbers likely reflected improved obesity in the protected 

strains.

TF-PAR2 signaling promotes macrophage inflammation

Monocyte/macrophage TF is induced by NFκB and JNK signaling pathways27 that are 

crucial for the development of proinflammatory adipose tissue macrophages24. TF was 

expressed by CD11b+/F4/80+ macrophages specifically in the inflammation prone VAD and 

at higher levels in CD11b+/CD11c+ versus CD11b+/CD11c− adipose tissue macrophages 

(Fig. 2a). To determine the contributions of macrophage TF-PAR2 signaling to adipose 

inflammation, we reconstituted lethally irradiated WT type mice with bone marrow (BM) 

from TFΔCT or F2rl1−/− mice. After 6 weeks of engraftment, we fed mice a HFD for 16 to 

19 weeks. Deletion of the TF cytoplasmic domain or PAR2 in the hematopoietic 

compartment did not impair HFD-induced weight gain (Fig. 2b), suggesting that TF-PAR2 

signaling in non-hematopoietic cells promoted obesity.

Donor BM-derived cells accounted for >90% of the VAD macrophages (Fig. 2c) and TF 

expression in VAD CD11b+/CD11c+ adipose tissue macrophages was indistinguishable 

between mice reconstituted with knock-out or WT BM (Supplementary Fig. 3). However, 

TFΔCT and F2rl1−/− BM chimeras had reduced numbers of VAD CD11b+/CD11c+ 

macrophages, but no appreciable changes in CD11b+/CD11c− macrophages or CD4+ or 

CD8+ T cell numbers (Fig. 2d). Despite the normal HFD-induced weight gain, chimeras 

deficient in hematopoietic TF-PAR2 signaling showed reduced blood glucose levels and 

improved glucose tolerance and insulin sensitivity relative to WT controls (Fig. 2c; 

Supplementary Fig. 4). Adipose tissues of these chimeric mice had lower mRNA levels of 

the pro-inflammatory cytokine IL-6 and increased levels of the anti-inflammatory cytokine 

IL-10 (Fig. 2e).

TF regulates reverse endothelial transmigration contributing to dendritic cell maturation28 

that may cause reduced CD11b+/11c+ macrophage recruitment. However, TF cytoplasmic 

domain signaling also regulates activation of myeloid cells21, 29 and, in microglia, PAR2 

triggers induction of TNFα and IL-6, while PAR2-deficiency results in increased IL-10 

expression30. In an independent experiment, cytokine mRNA expression in isolated CD11b+ 

macrophages showed a reduction in IL-6 and increased IL-10 in TF-PAR2 signaling-

deficient macrophages (Fig. 2e). Thus, hematopoietic TF-PAR2 signaling plays no role in 
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the development of obesity, but promotes HFD-induced adipose tissue macrophage 

inflammation and insulin resistance.

Macrophage inflammation also contributes to hepatic steatosis5, 31 confirmed by histological 

and biochemical analysis to be reduced in the BM TF-PAR2 signaling-deficient chimeric 

mice (Fig. 2f). However, skeletal muscle triglyceride concentrations were modestly 

increased compared to WT chimeras (Fig. 2f, 2g), consistent with other models where 

reduced myeloid cell inflammation is associated with reduced steatosis, modest increases in 

muscle triglycerides and improved insulin sensitivity32. Accumulation of triglycerides in 

muscle can improve insulin sensitivity by sequestering reactive lipid metabolites such as 

ceramide that causes insulin resistance33, 34. Thus, improvements in adipose, hepatic and 

muscle insulin sensitivity likely contributed to improved glucose homeostasis in 

inflammation-protected TFΔCT or F2rl1−/− BM chimeric mice.

Inhibition of TF signaling improves insulin sensitivity

TFΔCT and F2rl1−/− adipose tissue macrophages appeared indistinguishable from WT in the 

expression of CD11b/CD11c surface markers, but it remained unproven that TF-PAR2 

signaling directly sustained their pro-inflammatory phenotype. We used knock-in mice 

carrying human TF under control of the endogenous TF promoter (TFKI mice)35 to generate 

BM chimeras in which hematopoietic cells were humanized for TF. On a HFD, these 

chimeric mice developed obesity and insulin resistance indistinguishable from WT BM 

controls (Supplementary Fig. 5a, b). In these chimeric mice, human TF is only expressed in 

BM-derived myeloid cells allowing us to selectively block macrophage TF with the species-

selective monoclonal antibody 10H10 to human TF that inhibits TF-VIIa-PAR2 signaling, 

but not coagulation21, 23.

A single dose of monoclonal antibody 10H10 within 24 hours significantly decreased basal 

blood glucose (214±15 versus 245±18 mg/dL; p<0.05) and improved glucose homeostasis in 

the TFKI BM chimeras relative to chimeric mice treated with isotype-matched control 

antibody or wild-type BM chimera controls receiving 10H10 (Fig. 3a). Specific antibody 

treatment decreased mRNA levels of pro-inflammatory cytokines TNF-α and IL-6 and 

increased mRNA levels of the anti-inflammatory IL-10 in VAD CD11b+ macrophages, but 

PAI-1 mRNA levels were unchanged demonstrating specificity (Fig. 3b). Notably, treatment 

of obese BM TFKI mice with antibody to human TF did not appreciably reduce VAD 

CD11b+/CD11c+ macrophage counts relative to control antibody (Fig. 3b), excluding that 

the antibody to TF caused macrophage depletion. Since BM transplantation replaces 

myeloid cells in the liver31, 36, it is likely that TF blockade also improved hepatic 

inflammation to improve overall insulin sensitivity.

In an independent approach, we acutely blocked TF in obese wild-type mice with 

monoclonal antibody 21E10 that inhibits binding of VIIa to murine TF. This treatment also 

improved glucose tolerance within 24 hours (Fig. 3c) and was specific, since this antibody 

specific for mouse TF did not further improve insulin resistance of insulin-sensitive HFD 

TFΔCT mice relative to control antibody (Supplementary Fig. 5c). As seen with selective TF 

blockade of myeloid cells, antibody 21E10-treated obese WT mice showed decreased VAD 

mRNA levels of TNF-α and IL-6, increased IL-10, and unchanged counts of CD11b+/
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CD11c+ macrophages relative to control antibody (Fig. 3d). Analysis of isolated adipose 

CD11b+ macrophages (Fig. 3e) confirmed these cytokine changes (Fig. 3e). However, total 

blockade of TF reduced mRNA levels of PAI-1 in VAD but not in isolated macrophages, 

indicating that TF-PAR2 signaling also occurred in a non-hematopoietic cell type, 

presumably the adipocyte. Thus, inhibition of TF signaling rapidly changes adipose tissue 

macrophage phenotypes to improve insulin sensitivity in obesity.

TF-PAR2 signaling in non-hematopoietic cells promotes obesity

To address roles of non-hematopoietic TF-PAR2 signaling in the development of obesity, 

we transplanted WT BM into TFΔCT and F2rl1−/− mice. Compared to WT recipient controls, 

mice with a TF-PAR2 signaling-deficient stromal compartment showed reduced HFD-

induced weight gain (Fig. 4a). Histological analysis of 18 weeks HFD mice showed reduced 

abundance of CLS in VAD, reduced liver weight, hepatic steatosis, and muscle triglyceride 

accumulation in chimeric TFΔCT and F2rl1−/− mice compared to WT controls (Fig. 4b, c). 

The metabolically favorable changes were reflected in reduced FFA and blood glucose in 

chimeric mutants (Fig. 4c). FACS analysis of VAD SVF cells confirmed reduced CD11b+/

CD11c+ macrophage numbers, indicating that improvements in obesity indirectly caused 

reduced recruitment of macrophages with normal TF-PAR2 signaling (Fig. 4c).

WT BM chimeric TFΔCT and F2rl1−/− were hyperphagic and more active than WT recipient 

controls, excluding that the reduced weight gain was caused by decreased food intake (Fig. 

4d). Both TFΔCT mice with WT BM (Fig. 4d) and whole body TFΔCT mice (Supplementary 

Fig. 6a) showed increased oxygen consumption and CO2 output in indirect calorimetry, with 

unchanged or slightly decreased respiratory exchange ratios (RER) relative to WT controls, 

suggesting that increased metabolism in the absence of major impairments of fat utilization 

contributed to the reduced body weight in TFΔCT mice. To eliminate differences in body 

weight and activity as variables, we further blocked TF acutely in obese WT mice during 

metabolic evaluation. Blocking TF with the antibody 21E10 in weight-matched DIO mice 

caused no changes in activity or food intake relative to control antibody, but significantly 

increased oxygen consumption and CO2 output with a modest reduction of the RER 

indicative of improved fatty acid oxidation (Fig. 4e). Since TF is not detectable in skeletal 

muscle cells or hepatocytes by in situ hybridization37, 38, the improved energy expenditure 

and metabolism following anti-TF therapy or genetic TF cytoplasmic domain deletion in the 

stromal compartment likely originated from alteration of TF signaling in the adipocyte.

Despite increased food intake and activity, oxygen consumption and CO2 output were not 

significantly increased in WT BM chimeric F2rl1−/− mice relative to WT controls (Fig. 4d). 

Similarly, metabolism was not increased in an experiment with whole body F2rl1−/−-

deficient mice displaying no increased activity and food intake (Supplementary Fig. 6b). 

However, VO2 and CO2 were significantly increased for F2rl1−/− groups when normalized 

for body weights (Supplementary Fig. 6c, d). A modest, but significant increase of RER of 

F2rl1−/− mice relative to WT indicated impaired fatty acid oxidation, consistent with the 

proposed role of adipocyte PAR2 G protein-coupled signaling in activating AMPK12. 

However, similar to TFΔCT chimeric mice, WT BM F2rl1−/− mice had reduced TG levels in 
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liver and skeletal muscle (Fig. 4b, c), indicating that deletion of TF or PAR2 signaling in 

adipocytes has common beneficial effects on other insulin-sensitive tissues.

Adipocyte TF-VIIa signaling controls regulators of obesity

Considering that PAR2 β-arrestin signaling suppresses PI-3 kinase activation and that 

insulin-induced Akt phosphorylation was not inhibited in obese TFΔCT mice (Fig. 1), we 

asked whether adipocyte Akt activation was directly regulated by TF-VIIa-PAR2 signaling. 

In in vitro differentiated adipocytes from WT, but not from TFΔCT mice, VIIa suppressed 

basal Akt phosphorylation in a TF-dependent manner (Fig. 5a). Insulin-induced Akt 

phosphorylation was similarly inhibited in VIIa-treated WT, but not in TFΔCT adipocytes 

(Fig. 5b). Importantly, Akt activation was preserved in insulin-treated WT adipocytes when 

VIIa binding to TF was blocked with antibody 21E10 to mouse TF. Thus, TF directly 

regulates adipocyte Akt activation.

Adipocyte TF-VIIa signaling regulated Akt-dependent target genes implicated in obesity 

and insulin resistance (Fig. 5c). Stimulation of 3T3-L1 adipocytes for 3 hours with VIIa, but 

not thrombin (not shown), increased in a TF-dependent manner mRNA expression of the 

obesity promoter PAI-1 that is negatively regulated by Akt in adipocytes39. Akt activation 

supports adiponectin expression in adipocytes40. VIIa stimulation reduced mRNA of this 

adipokine that upregulates glucose and lipid metabolism broadly in other insulin-sensitive 

tissue and thereby prevents obesity414243. Adiponectin activates AMPK and, consistently, 

VIIa suppressed the mRNA expression of targets downstream of AMPK, i.e. UCP-2 and 

PPAR-α involved in energy expenditure44 and fatty acid oxidation45. Suppression of AMPK 

may, in part, also be directly mediated by β-arrestin downstream of TF-VIIa-PAR2 

signaling12. In addition, TF-VIIa signaling increased adipocyte mRNA synthesis of TNF-α, 

a key inflammatory mediator that promotes obesity and insulin resistance46. Thus, adipocyte 

TF-VIIa signaling regulates crucial effectors that contribute to the development of DIO.

To demonstrate that TF signaling in vivo regulated the same target genes, adipocytes were 

isolated from the VAD of WT mice 24 hours after treatment with antibody 21E10 to mouse 

TF. Blockade of TF reduced mRNA levels of PAI-1 and TNF-α and increased mRNA 

expression of adiponectin, UCP-2 and PPAR-α (Fig. 5d), demonstrating a reversal of TF-

VIIa signaling effects observed in cultured adipocytes. These changes were directly caused 

by TF adipocyte signaling, because the mouse TF-specific antibody 21E10 (Supplementary 

Fig. 7) caused the same changes in treated BM chimeric mice with human TF in 

hematopoietic cells (Fig. 5d). Conversely, blocking human TF signaling in the 

hematopoietic compartment of the chimeric mice with antibody 10H10 had no effect on the 

adipocyte expression of the same target genes relative to control. These data establish direct 

and independent regulatory roles for adipocyte TF signaling in the expression of key 

mediators of weight gain42, 47–49.

TF is expressed by neither skeletal muscle nor hepatocytes3738 and restrictions of the blood-

brain barrier would exclude central effects of acutely administered antibody. Blocking 

adipocyte TF in the human/mouse TF chimeric mice ameliorated insulin resistance within 

24 hours (Fig. 5e). In order to determine whether the improved insulin sensitivity was 

independent of changes in adipose inflammation, we determined inflammatory cytokines in 
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SVF cells which include macrophages (Fig. 5f). As expected, blocking hematopoietic TF 

signaling with the human TF-specific antibody 10H10 increased IL-10 and suppressed IL-6 

and TNF-α mRNA levels in SVF cells from these chimeric mice. Blocking TF specifically 

in non-hematopoietic cells with the murine TF-specific antibody 21E10 had no effect on 

IL-10 mRNA expression. Thus, macrophage TF signaling specifically regulates IL-10 

expression independent of potential cross talks from adipocytes. Conversely, both antibodies 

did not change PAI-1 mRNA expression in SVF cells, confirming adipocyte-specific 

regulation of PAI-1 by TF signaling. However, inhibition of non-hematopoietic TF reduced 

mRNA levels of TNF-α and IL-6 in SVF cells. These data indicated that improved insulin 

sensitivity in response to TF blockade on adipocytes may, in part, involve reduced adipose 

tissue inflammation.

Discussion

This study establishes an unexpected direct role for coagulation signaling in the 

development of obesity and insulin resistance. Consistent with established pro-inflammatory 

effects of TF cytoplasmic domain and PAR2 signaling in myeloid cells21, 29, genetic loss of 

this signaling pathway attenuates adipose macrophage inflammation and improves insulin 

sensitivity. Significantly, acute blockade of macrophage TF-VIIa signaling produces a rapid 

phenotypic switch of adipose tissue pro-inflammatory macrophages, decreasing the 

expression of TNF-α and IL-6, and increasing levels of the anti-inflammatory cytokine 

IL-10 (Supplementary Fig. 8). These changes in macrophage phenotype are directly linked 

to insulin sensitivity, since neutralization of TNF-α enhances insulin signaling in the adipose 

tissue and muscle46, 50, 51, reduction of adipose IL-6 improves hepatic insulin resistance by 

down regulation of SOCS352, and IL-10 protects against TNF-α-mediated insulin resistance 

in adipocytes53. Importantly, selective blockade of macrophage TF signaling in chimeric 

mice was sufficient to reverse insulin resistance independent of changes in adipocyte-

derived metabolic regulators. The phenotypic switch of adipose tissue macrophage in these 

mice was reminiscent of the macrophage-mediated anti-inflammatory and insulin sensitizing 

effects following activation of GPR120 by omega-3 fatty acid2.

While our data show that TF signaling is a direct regulator of adipose tissue macrophage 

inflammation, TF in the non-hematopoietic compartment induced adipocyte expression of 

PAI-1 and indirectly supported macrophage production of TNF-α and IL-6, but not IL-10. 

The reduction of macrophage inflammatory cytokines was observed in mice treated with the 

antibody 21E10 that reversed PAI-1 expression in adipocytes and also directly blocked 

coagulation. This suggests the intriguing possibility that adipocyte TF-induced coagulation 

in conjunction with PAI-1-mediated suppression of fibrinolysis may increase local fibrin 

deposition required for the proinflammatory phenotype of adipose tissue macrophages. 

Indeed, integrin αMβ2 interaction with fibrin is crucial for macrophage activation and 

inflammatory cytokine production54–56. Thus, the mechanistic coupling of fibrin generation 

and innate immune cell-driven inflammation may cause adipose tissue inflammation and 

metabolic syndrome.

Absence of TF cytoplasmic domain signaling in non-hematopoietic cells produced an 

obesity resistant phenotype. Acute disruption of the ligand interaction between TF and VIIa 
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rapidly improved metabolism independent of changes in body weight, food intake, or 

locomotor activity. Mechanistically, adipocyte TF-VIIa signaling initiates a TF cytoplasmic 

domain-dependent suppression of basal and insulin-mediated Akt phosphorylation and alters 

the expression of Akt-regulated target genes causally linked to weight gain in 

DIO14, 42, 45, 48, 49. Of these, adiponectin, an adipokine produced exclusively by adipocytes 

regulates glucose uptake, AMPK activation and fatty acid oxidation, and has additional 

central effects on body weight reduction42. Thus, TF-Vlla-mediated suppression of 

adipocyte adiponectin broadly influences insulin responsive target tissue, reduces energy 

expenditure, and thereby contributes to an obese phenotype (Supplementary Fig. 8). 

Importantly, these experiments demonstrate synergistic and independent roles for adipocyte 

and immune cell TF signaling in the metabolic impairments of obesity.

Improving insulin resistance without the side effects of weight gain, as is observed for 

PPARγ agonists remains a major challenge for anti-diabetic therapies. A rapidly acting 

signaling blocking anti-TF antibody with minimal risks of bleeding complications may 

provide a novel approach to target the metabolic complications of obesity and potentially 

induce weight loss by independent effects on the regulation of energy expenditure by 

adipocytes.

Methods

Animals

All experiments were approved by the animal ethics committee of the Torrey Pines Institute 

for Molecular Studies and The Scripps Research Institute IACUC. We backcrossed 

TFΔCT 57, F2rl1−/− 58, and TFΔCT/F2rl1−/− mice for at least 9 generations into C57BL/6J. 

Humanized TF knock-in mice (TFKI) in the C57BL/6J background21 were originally 

developed by Lexicon Pharmaceuticals. We fed male mice a HFD (60% kcal from fat; 

Research Diets) beginning at 6–8 weeks of age. We generated BM chimeras by injecting 5–

10 × 106 BM cells 4–6 hours after lethal irradiation of mice and started mice on a HFD for 

16–20 weeks following engraftment under antibiotic prophylaxis for 6 weeks. BM donors 

typically carried a transgene for green fluorescent protein (GFP) (C57BL/6-Tg(CAG-

EGFP)131Osb/LeySopJ; Jackson) and we quantified reconstitution efficiency of adipose 

tissue macrophages by determining GFP-positivity of CD11b+/CD11c+ cells, using gates 

established by GFPneg control SVF cells prepared identically.

Indirect Calorimetry

We evaluated metabolism of mice placed in respiratory chambers equipped with a food tray 

connected to a balance and photo beams to detect motor activity (Oxymax, Columbus 

Instruments) under the regular 12 hour light-dark cycle59. We measured oxygen 

consumption (VO2) and CO2 production (VCO2) from each metabolic chamber every 15 

min for 3 consecutive days and averaged data based on light-dark cycles.

Glucose and Insulin challenge

We injected mice fasted for 6 hours intraperitoneally with glucose (2 g per kilogram body 

weight) or non-fasted mice with insulin (0.75U/kg, Eli Lilly) and determined glucose 
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concentration with a Glucometer (Bayer) in blood samples from tail bleeds at baseline and 

15, 30, 60, 90 and 120 minutes after injection. For insulin-dependent Akt phosphorylation, 

we injected mice with 0.75U/kg insulin via the tail vein 10 minuted prior to harvesting VAD 

samples for Western blotting using antibodies (Cell Signaling Technology) for 

phosphorylated Akt serine 473 of Akt59.

Adipocyte culture

We differentiated 3T3-L1 mouse embryo fibroblasts or adipose SVF into adipocytes60 and 

incubated the cells in serum free media 24 hours prior to treatment with VIIa (25 nM) in the 

presence or absence of 50 µg/ml antibody 21E10 to mouse TF. After 3 hours we extracted 

total RNA and measured gene expression. We treated differentiated adipocytes with VIIa in 

serum free media for 24 hours and stimulated with 100 nM insulin for 10 minutes for 

analysis of Akt serine 473 phosphorylation by Western blotting59.

Analysis of gene expression

We extracted total RNA with the Ultraspec RNA isolation system (Biotecx Laboratories, 

Houston, TX), synthesized cDNA and performed real-time quantitative RT-PCR with gene-

specific primers (Invitrogen) and SYBR Green PCR Master mix (PerkinElmer) in an iCycler 

(Bio-Rad)59. Relative gene expression levels were calculated after normalization to β-actin 

using the ΔΔCT method (Bio-Rad).

Tissue factor assay

We used the TF activity kit (American Diagnostica) to measure TF activity in plasma and 

adipose tissues extracts obtained by homogenization in 15 mM octyl-β-D-glucopyranoside, 

25 mM HEPES-buffered normal saline (pH 7.0) followed by recovery of supernatants after 

centrifugation at 15,600 g for 5 min.

Adipose tissue fractionation

We washed and minced epididymal adipose tissues in PBS containing 0.5% BSA, 

performed initial clearance by centrifugation for 5 min at 1680 rpm, or directly incubated 

tissues at 37°C on a shaking platform for 20 min with collagenase (1 mg/ml) in the same 

buffer. We filtered the suspension through a nylon filter (100 µm), centrifuged for 5 min at 

1680 rpm at 4°C, and recovered the floating cells and the pellet as the mature adipocytes and 

the stromal vascular fraction (SVF), respectively.

Flow cytometry and CD11b+ selection

We stained SVF cells following incubation for 5 min in RBC lysis buffer in FACS buffer 

(PBS, 1% FCS, 1 mM EDTA) at 4°C for 30 min with labeled monoclonal antibodies to 

CD3, CD4, CD8α, CD11b, CD11c, F4/80 (eBioscience), or TF (PhD126) in the presence of 

Fc receptor blocking antibody CD16/32 (eBioscience). We employed propidium iodide (PI, 

Invitrogen) for live cell gating and fixed washed cells with 1% formaldehyde for analysis on 

a LSR-II cytometer (BD) with data processing using the FlowJo software (Tree Star). SVF 

from 2–3 mice were typically pooled. We selected CD11b+ cells from SVF using anti-

Badeanlou et al. Page 9

Nat Med. Author manuscript; available in PMC 2012 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CD11b paramagnetic microbeads (Milltenyi) by a single pass through the magnetic 

columns.

Tissue triglyceride quantification

We homogenized liver and muscle samples (20–30mg) for 10 min in 1 ml of isopropanol 

using a Pro200 homogenizer, centrifuged (2000 g for 10 min) to recover 100µl of 

supernatant for drying in a Speedvac system. We dissolved the dry residue in isopropanol 

for determination of triglyceride content with a Triglyceride E test (Wako).

Statistical analysis

We determined statistical significance of differences between two groups by unpaired 

Student’s t-test and comparisons among several groups by ANOVA followed by the 

Bonferroni test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TF-PAR2 signaling promotes diet induced obesity and insulin resistance
(a) TF activity in plasma and adipose tissue extracts of male C57BL/6J mice on low or high 

fat diet (LFD, 10% fat; HFD, 60% fat) for 16 weeks, n = 6 ± SD. (b) TF and PAR2 mRNA 

in VAD from 16 week HFD male C57BL/6J mice, n = 6, mean ± SD. For (a–b): *P < 0.05, 

**P < 0.01, ***P < 0.001 for LFD versus HFD. (c) HFD-induced weight gain of male 

TFΔCT, F2rl1−/−, TFΔCT/F2rl1−/−, or wild type (WT) mice; n = 8–20, mean ± SD. *P < 

0.05, **P < 0.01, WT versus F2rl1−/−; #P < 0.05, ##P < 0.01 for WT versus TFΔCT/

F2rl1−/−; +P < 0.05, ++P < 0.01, for WT versus TFΔCT. (d) Plasma levels, GTT, ITT, and 

insulin-mediated Akt phosphorylation in adipose tissues of HFD WT and TFΔCT mice. (e) 

Plasma levels, GTT and ITT for HFD WT, F2rl1−/− and TFΔCT/F2rl1−/− mice. For (d–e): n 

= 8–20, mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 for WT versus knock-out mice. 

(f) Representative H&E-stained, paraffin-embedded VAD sections from WT, TFΔCT and 

F2rl1−/− mice (n=3). Arrows indicate “crown like structures” of macrophages around 

apoptotic adipocytes. Scale bar: 50 µm. (g) FACS quantification of VAD and SAD CD11b+/

CD11c+ macrophages in SVF from WT, TFΔCT, F2rl1−/− and TFΔCT/F2rl1−/− mice. SVF 

from 2–3 mice were typically pooled. n = 3, mean ± SD. *P < 0.05 for WT versus knock-

out mice.
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Fig. 2. TF-PAR2 signaling in hematopoietic cells contributes to insulin resistance and adipose 
tissue macrophage inflammation
(a) TF expression in CD11b+/F4/80+ and CD11b+/F4/80− or CD11b+/CD11c− and CD11b+/

CD11c+ gated macrophages in SVF from the VAD or SAD of WT DIO mice. (b) Weight 

gains of WT, TFΔCT, or F2rl1−/− BM chimeras in C57BL/6 WT mice. Pooled data from 2 

independent BM transplantation experiments, n = 14, mean ± SD. (c) Reconstitution 

efficiency of donor BM-derived macrophages labeled with green fluorescent protein (GFP). 

n = 3, mean ± SD. Plasma glucose, GTT, and ITT of TFΔCT or F2rl1−/− BM chimeras in 
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comparison with WT controls after 16 weeks of HFD. n = 10–14, mean ± SD. (d) FACS 

quantification of macrophage and T cell populations in the VAD SVF from WT, TFΔCT, or 

F2rl1−/− BM chimeras. n = 3, mean ± SD. (e) IL-6 or IL-10 mRNA in VAD (n = 8, mean ± 

SD) or in CD11b-selected SFV cells (n = 4, mean ± SD) from WT, TFΔCT, or F2rl1−/− BM 

chimeras. For (c–e): *P < 0.05, **P < 0.01 for WT versus the corresponding knock-out 

chimeras. (f) Representative H&E-stained paraffin-embedded sections of liver and muscle of 

chimeric mice with WT, TFΔCT and F2rl1−/− BM. Scale bar: 50 µm. (g) Triglyceride levels 

in liver and muscle of chimeric mice with WT, TFΔCT and F2rl1−/− BM after 16 weeks on 

the HFD. n = 12, mean ± SD; *P < 0.05 for WT versus knock-out chimeras.
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Fig. 3. Pharmacological inhibition of hematopoietic TF-PAR2 signaling ameliorates insulin 
resistance and adipose tissue macrophage inflammation
(a) GTT and ITT of obese TFKI BM chimeras 24 hours after receiving anti-human TF 

10H10 (20 mg/kg) compared to either obese TFKI BM chimeras receiving non-specific IgG 

or control C57BL/6 WT BM chimeras receiving 10H10. The response of both control 

groups was indistinguishable and the data were combined to show a single control group. n 

= 4–8, mean ± SD; *P < 0.05, **P < 0.01 control versus antibody-treated. (b) CD11b+/

CD11c+ macrophage counts in VAD and mRNA expression in VAD-derived CD11b+-
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selected macrophages 24 hours after treatment with 10H10. n = 3–6, mean ± SD; *P < 0.05, 

**P < 0.01 control versus antibody-treated. (c) Glucose and insulin tolerance test in 16 

week HFD fed male WT obese mice 24 hours after intraperitoneal injection of rat anti-

mouse TF 21E10 (20 mg/kg) or rat IgG control. n = 8, mean ± SD. (d) TNF-α, IL-6, IL-10 

and PAI-1 mRNA, and CD11b+/CD11c+ macrophage counts in the VAD 24 hours after 

treatment with antibody 21E10 or control IgG. For gene expressions, n = 8, mean ± SD. For 

CD11b+/CD11c+ macrophages, n = 3 (pools of 2–3 mice). (e) mRNA expression in 

CD11b+-selected VAD macrophages 24 hours after treatment with 21E10 or control IgG; n 

= 3–6, mean ± SD. For (c–e): *P < 0.05, **P < 0.01, ***P < 0.001 control versus specific 

antibody-treated.
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Fig. 4. TF-PAR2 signaling in non-hematopoietic cells contributes to DIO
(a) Weight gain of WT BM chimeras in WT, TFΔCT or F2rl1−/− mice on a HFD with 

confirmed >90% VAD reconstitution with GFP+ donor macrophages. n = 8, mean ± SD. (b) 

Representative H&E-stained paraffin-embedded sections of VAD, liver and muscle of WT 

BM chimeric WT, TFΔCT and F2rl1−/− mice (n = 3). Scale bar: 50 µm, arrows indicate 

“crown like structures”. (c) Liver weights, liver and muscle triglycerides, plasma FFA, 

glucose (n = 8, mean ± SD) and CD11b+/CD11c+ macrophages in VAD (n = 3) from HFD 

fed WT BM chimeras in WT, TFΔCT or F2rl1−/− mice. (d) Body weights, food intake, 

activity, oxygen consumption, C02 output and RER in BM chimeric mice (n = 5, mean ± 

SD). For (a–d): *P < 0.05, **P < 0.01, ***P<0.001 for WT versus knock-out BM 

chimeras. (e) Body weights, food intake, activity and oxygen consumption, C02 output and 

RER in DIO mice following treatment with the anti-mouse TF antibody 21E10 (n = 5, mean 

± SD). *P < 0.05 for control versus 21E10 treated mice.
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Fig. 5. Contributions of adipocyte TF-PAR2 signaling to the regulation of glucose and lipid 
metabolism in obesity
(a) Representative Western blot analysis for pAkt and Akt from control, VIIa, or VIIa + 

21E10 treated primary adipocyte cultures from WT or TFΔCT mice. (b) Quantification of 

insulin-induced Akt phosphorylation after 24 hour treatment with or without VIIa of primary 

adipocyte cultures from WT and TFΔCT mice. n = 4–8, mean ± SD. (c) Regulation of gene 

expression in 3T3-L1 adipocytes by VIIa. n = 6, mean ± SD, **P < 0.01, ***P < 0.001 for 

control versus VIIa-treated. (d) Gene expression in adipocytes isolated from VAD of DIO 

WT or TFKI BM chimeric mice treated overnight with antibody 21E10 to mouse TF or 

antibody 10H10 to human TF; n = 8–14, mean ± SD, *P < 0.05, **P < 0.01 for control 

versus antibody treated. (e) Insulin tolerance tests of obese TFKI BM chimeras 24 hours 

after receiving antibody 21E10 compared to obese TFKI BM chimeras receiving control 

IgG. (f) Gene expression in SVF fraction cells isolated from VAD of DIO TFKI BM 

chimeric mice treated with the murine TF specific antibody 21E10. For (e, f) n = 8, mean ± 

SD, *P < 0.05, **P < 0.01 for control versus antibody-treated.
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