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PAI-1 Exacerbates White Adipose Tissue Dysfunction and Metabolic Dysregulation in High Fat Diet-Induced Obesity
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Background: Plasminogen activator inhibitor (PAI)-1 levels and activity are known to increase during metabolic syndrome and obesity. In addition, previous studies have implicated PAI-1 in adipose tissue (AT) expansion while also contributing to insulin resistance. As inflammation is also known to occur in AT during obesity, we hypothesized that in a high-fat diet (HFD)-induced obese mouse model PAI-1 contributes to macrophage-mediated inflammation and metabolic dysfunction.

Methods: Four- to five-weeks-old male C57B6/6J mice were fed a HFD (45%) for 14 weeks, while age-matched control mice were fed a standard laboratory chow diet (10% fat). Additional studies were performed in PAI-1 knockout mice and wild type mice treated with an inhibitor (PAI-039) of PAI-1. Macrophage polarization were measured by real time PCR.

Results: HFD mice showed increased expression of PAI-1 in visceral white AT (WAT) that also displayed increased macrophage numbers. PAI-1 deficient mice exhibited increased numbers of anti-inflammatory macrophages in WAT and were resistant to HFD-induced obesity. Similarly, pharmacological inhibition of PAI-1 using PAI-039 significantly decreased macrophage infiltration in WAT and improved metabolic status in HFD-induced wild-type mice. Importantly, the numbers of M1 macrophages appeared to be increased by the HFD and decreased by either genetic PAI-1 depletion or PAI-039 treatment.

Conclusions: Collectively, our findings provide support for PAI-1 contributing to the development of inflammation in adipose tissue and explain the mechanism of inflammation modulated by PAI-1 in the disordered metabolism in HFD-induced obesity.
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INTRODUCTION

Adipose tissue is a highly active metabolic and endocrine organ. In humans and other mammals, adipose tissue can be classified into two subtypes with opposing functions: white adipose tissue (WAT) and brown adipose tissue (BAT). Accumulating evidence indicates that in obese states WAT, in particular, contributes to inflammation, and, compared to lean tissue, shows a higher level of secretion of inflammatory cytokines, such as TNF-α and IL-6 (Hotamisligil et al., 1993; Xu et al., 2003). Substantial interest has developed in the role of various immunocytes including adipose tissue macrophages (ATMs), which exhibit at least two distinct phenotypes (i.e., classically activated M1 “inflammatory” macrophages and alternatively activated M2 “anti-inflammatory” macrophages). Increased numbers of macrophages are found in adipose tissue during obesity (Weisberg et al., 2003) and are considered to be involved in the pathogenesis of components of the metabolic syndrome, including insulin resistance (Hardy et al., 2001; Blüher, 2010). Furthermore, during the progression of high-fat diet (HFD)-induced obesity, the relative numbers of M1 to M2 macrophages in adipose tissue appears to play an important role in the pathogenesis of metabolic dysfunction (Lumeng et al., 2007; Fujisaka et al., 2009).

Plasminogen activator inhibitor-1 (PAI-1) is a key component of fibrinolysis and has been suggested to contribute to increased cardiovascular risk in obese individuals (Kohler and Grant, 2000). PAI-1 is associated with the metabolic syndrome in obesity (Schäfer et al., 2001; Ma et al., 2004; De Taeye et al., 2006) which is characterized by dyslipidemia, hypertension, and glucose intolerance. PAI-1 has also been demonstrated within adipose tissue, with adipocytes being a major source of production for circulating PAI-1 in obese individuals (Folsom et al., 1993; Charles et al., 1998; Eriksson et al., 1998). WAT, specifically visceral adipose tissue, is the major tissue source of PAI-1, accounting for significantly more PAI-1 compared to subcutaneous adipose tissue (Cigolin et al., 1999). Further supporting a relationship between PAI-1 and metabolism, previous studies have shown that PAI-1 deficiency protects against obesity and metabolic dysfunction (Morange et al., 2000). In terms of an interaction with inflammation, macrophage infiltration of WAT leads to increased lipolysis through the increased release of cytokines while TNF-α has been linked to PAI-1 expression in human adipose tissue explants and obese mice (Samad et al., 1999; Alessi and Juhan, 2006). Further supporting a relationship between PAI-1 and tissue macrophage infiltration, increased numbers of macrophages have been shown in lung exudates in the presence of PAI-1, while inhibition of PAI-1 by the administration of a small-molecule PAI-1 inhibitor attenuated infiltration of these cells (Ichimura et al., 2013; Osterholzer et al., 2013; Rebalka et al., 2015). Thus, collectively, these prior observations suggest a possible role for AT PAI-1 in the progression obesity and point to a need to clearly define such relationships.

Given that PAI-1 is dramatically up-regulated in human obesity (Ma et al., 2004), and can be increased by high fat feeding (1–6 weeks) of normal weight subjects, we hypothesized that PAI-1 contributes to macrophage-mediated inflammation in AT and metabolic dysfunction in a HFD-induced obese mouse model. Our results identify a previously unrecognized role for PAI-1 in regulating M1 macrophage numbers in WAT. PAI-1 deficient mice exhibit increased numbers of anti-inflammatory macrophages in WAT and are resistant to HFD-induced obesity. Similarly, pharmacological inhibition of PAI-1 using PAI-039 significantly decreased macrophage infiltration in WAT and improved the metabolic status of HFD-fed wild-type mice. Importantly, genetic loss or inhibition of PAI-1 reduced the apparent numbers of M1-macrophages compared to that observed in HFD-fed wild-type mice. Together, our findings suggest that PAI-1 plays a role in the development of inflammation within adipose tissue and contributes to disordered metabolism during HFD-induced obesity.

METHODS

Animals

C57BL/6J mice were from purchased from Chongqing Medical University Animal Center, Chongqing, China. PAI-1-deficient (Pai1−/−) mice were a gift from Dr. Peter Carmeliet, University of Leuven, Leuven, Belgium (Carmeliet et al., 1993). All animal use protocols were reviewed and approved by the Animal Care Committee of Southwest Medical University in accordance with Institutional Animal Care and Use Committee guidelines.

High Fat Diet-Fed Mouse Model

Four- to five-weeks-old male C57B6/6J mice were fed a commercially available high-fat diet (HFD; 45% fat by kcal; D12451; Research Diet, New Brunswick, NJ) for 14 weeks, as described previously (Hazarika et al., 2007). Age-matched male mice fed a standard laboratory normal chow diet served as controls. Blood glucose levels were tested from tail vein blood samples using a glucometer (Accu-Check; Roche Diagnostics, Mannheim, Germany). Body weight was measured every 3 days. At the completion of the study, blood was collected under fasting conditions and centrifuged at 1,500 × g for 10 min for measurement of plasma levels of low-density lipoprotein (LDL), high-density lipoprotein (HDL), total cholesterol (TC), and triglycerides (TG) using using an AU680 analyzer (Beckman Coulter, Indianapolis, IN).

Administration of PAI-039

PAI-039 is an orally administered, specific inhibitor of active PAI-1 (Elokdah et al., 2004). After C57B6/6J mice were fed a high-fat diet for 14 weeks, mice were treated with PAI-039 (2 mg/kg/day; dissolved in vehicle consisting of sterile water containing 0.5% methylcellulose and 2% Tween 80), or vehicle control, treated for 30 consecutive days by twice daily oral gavage (Wu et al., 2015).

Measurement of Plasma PAI-1

Plasma samples were prepared by centrifugation. PAI-1 antigen was measured using a mouse PAI-1 total antigen assay ELISA kit (Molecular Innovations).

Quantitative Real-Time PCR

Epididymal white adipose tissue (eWAT) and interscapular brown adipose tissue fat samples were harvested from male ND-WT, HFD-WT, ND-Pai-1−/−, HFD-Pai-1−/−, and HFD-WT treated with PI-039, respectively. N = 9 mice per group. RNA was extracted using TRIzol reagent (Invitrogen). RNA samples were pre-treated with deoxyribonuclease I (Invitrogen Life Technologies) and cDNA synthesized using a SuperScript kit (Invitrogen Life Technologies). Each sample was analyzed in duplicate with ribosomal 18S RNA used as an internal control. Fold changes in gene expression were determined using the 2−ΔΔCT method. Results are presented as mean ± SEM. Sequences of all primers are shown in Supplementary Table 1.

Glucose and Insulin Tolerance Testing

After an overnight fast, glucose tolerance tests (GTT) were evaluated following intraperitoneal (IP) injection of D-glucose (Roth, Karlsruhe, Germany; 2 g of glucose/kg lean body mass). After a 4-h fast, insulin tolerance testing (ITT) was performed using IP injections of insulin (0.75 U insulin/kg lean body mass). Blood samples were obtained from the tail, and blood glucose levels measured at 0, 30, 60, and 120 min after glucose injection using an Accu-Check glucometer (Roche Diagnostics).

Histological Assessment

Mouse eWAT was obtained and fixed in 4% (wt/vol) paraformaldehyde in PBS for 3 h and subsequently transferred to 30% (wt/vol) sucrose overnight. The samples were then embedded in OCT compound, frozen, and serially sectioned (6 μm). Cross-sections were prepared for immunofluorescence analysis. Macrophages were determined by immunostaining using anti-F4/80 (Abcam, Cambridge, UK) antibody. Goat anti-rabbit IgG Alexa Fluor 568-conjugated antibody (Molecular Probes, Invitrogen) was used as the secondary antibody. Images were captured using a fluorescence microscope (Leica, Germany). Numbers were quantified in five microscopic fields in each of three cross-sections of each tissue using ImagePro Plus software. In some experiments, cross-sections were stained with hematoxylin-eosin (HE).

Statistical Analysis

Data are presented as the mean ± SEM. Glucose excursions during the GTT were calculated using Microsoft Excel and expressed as incremental area under the curve (iAUC). Differences between groups were analyzed by Student's t-test (comparisons of two groups) or analysis of variance (ANOVA; multiple comparisons) using GraphPad Prism (La Jolla, CA, USA). P < 0.05 was considered to represent statistical significance.

RESULTS

Genetic Deletion and Pharmacological Inhibition of PAI-1 Protects From HFD-Induced Weight Gain and Associated Metabolic Disturbances

Significantly higher levels of PAI-1 mRNA were expressed in eWAT compared with those of BAT, both at baseline and after the HF diet (Figure 1A). When fed with normal diet, Pai-1−/− and WT mice exhibited a similar weight gain. On feeding of the HF diet, body weight gain was inhibited in Pai-1−/− mice (Figure 1B). Circulating PAI-1 concentration was significantly higher in HFD-WT mice (3.02 ± 0.12 ng/mL) than in ND-WT mice (0.95 ± 0.13 ng/mL; P < 0.05; n = 3 per group).). Circulating PAI-1 concentration was significantly higher in HFD-WT mice (3.02 ± 0.12 ng/mL) than in ND-WT mice (0.95 ± 0.13 ng/mL; P < 0.05; n = 3 per group). In separate studies the small molecule PAI-1 inhibitor, PAI-039, was used to further characterize the effects of PAI-1 inhibition on body weight, and lipid metabolism in HFD-WT mice. PAI-039 treatment for 30 days caused a significant reduction in circulating PAI-1 concentrations (1.42 ± 0.18 vs. 3.02 ± 0.12 ng/mL, P < 0.05; n = 3 per group), and a significantly lower body weight compared to HFD-WT mice (25.2 ± 1.28 vs. 31.6 ± 0.66, p < 0.05; Figure 1C). Plasma cholesterol levels were similar in ND-WT (1.68 ± 0.12 mM; n = 3) and ND- Pai-1−/− mice (1.44 ± 0.21 mM; n = 3) while levels were elevated in HFD-WT (2.86 ± 0.09 mM; n = 3). Cholesterol levels in HFD- Pai-1−/− mice (1.31 ± 0.26 mM; n = 3) and PAI-039 treated mice (1.72 ± 0.44 mM; n = 3) were similar to controls. Plasma lipid characteristics of each experimental group are shown in Table 1.
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FIGURE 1. Genetic deletion and pharmacological inhibition of PAI-1 protects from HFD-Induced Weight Gain and associated metabolic disturbances. (A) Expression level of PAI-1 in brown adipose tissue (BAT) and white adipose tissue (WT) of normal chow diet-fed WT (ND-WT), ND-Pai-1−/−, high fat chow-fed WT (HFD-WT), and HFD-Pai-1−/− mice. *P < 0.05 vs. ND-WT. (B) Changes in body weight of male Pai-1−/− (n = 9) and their littermate controls (WT, n = 13) after being fed an HFD for Pai-1−/− 14 weeks. Initial body weights were 23.6 ± 0.16 g for WT and 18.2 ± 0.78 g for Pai-1−/− mice. *P < 0.05 vs. HFD-Pai-1−/− mice. (C) Body weight was assessed by PAI-039 treatment after 30 days in HFD-WT mice. *P < 0.05 vs. vehicle. (D) Representative histological images of epididymal white adipose tissue (eWAT) of ND-WT, ND-Pai-1−/−, HFD-WT, and HFD-Pai-1−/− mice.




Table 1. Plasma lipid characteristics.
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WAT plays a key role in the regulation of adiposity and energy metabolism and has been found to undergo significant metabolic changes during feeding of a high-fat diet (Hazarika et al., 2007). Specifically, adipocyte hypertrophy and hyperplasia occurs in HFD-induced obesity. Consistent with results reported previously for chow-fed animals (Kohler and Grant, 2000), adipocytes in ND- and HFD- Pai-1−/− mice were smaller in size compared with adipocytes from HFD-WT mice after 14 weeks of HFD feeding. Similarly, HFD-WT mice treated with PAI-039 had decreased adipocyte size compared with HFD-WT mice (Figure 1D). Group data showing quantification of adipocyte areas are shown in Supplementary Figure 1.

Genetic Deletion and Pharmacological Inhibition of PAI-1 Improves Glucose Tolerance and Insulin Sensitivity

After 14 weeks on the HFD, WT mice developed hyperglycemia while deletion of PAI-1 was associated with fasting plasma glucose levels within the normal range (8.0 ± 0.3 vs. 12.3 ± 0.5 mM, p < 0.05). Treatment of HFD-WT mice with PAI-039 for 30 days resulted in decreased plasma glucose levels compared to HFD-WT mice (5.7 ± 0.3 vs. 12.2 ± 1.2 mM; p < 0.05). Intraperitoneal glucose and insulin tolerance tests were performed to further characterize the metabolic state of the animal groups. Prior to each test, fasting plasma glucose levels were significantly (p < 0.05) lower in ND and WDF PAI-1−/− mice compared to ND-WT (Figure 2) mice perhaps consistent with previously reported increases in insulin sensitivity and metabolic rate in the knockout model (Ma et al., 2004). HFD feeding caused impaired glucose tolerance (Figures 2A,B) and decreased insulin sensitivity (Figures 2C,D). Both HFD- Pai-1−/− and PAI-039 treated mice showed improved glucose tolerance (Figures 2A,B) and attenuated apparent insulin resistance (Figures 2C,D) despite being similarly fed the HFD.
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FIGURE 2. Genetic deletion and pharmacological inhibition of PAI-1 improves glucose tolerance and insulin sensitivity. (A,B) Glucose tolerance tests (GTT) and AUC in each group. N = 6 per group. *P < 0.05 vs. ND-WT; **P < 0.05 vs. ND-WT; #P < 0.05 vs. HFD-WT vehicle. HFD was associated with elevated fasting glucose levels and impaired glucose tolerance. PA1-1 depletion or inhibition (C,D) Insulin tolerance tests (ITT) and AUC in each group. N = 6 per group. *P < 0.05 vs. ND-WT; **P < 0.05 vs. ND-WT; #P < 0.05 vs. HFD-WT.



Macrophage Quantification in White Adipose Tissue

Previous studies have reported that feeding of a HFD results in the accumulation of macrophages in WAT, which can subsequently contribute to inflammation (Elokdah et al., 2004). Consistent with this we found a significant increase in the total number of macrophages (F4/80-positive) in WAT from HFD-WT mice compared to ND-WT mice (Figures 3A,B). PAI-1 deficiency and PAI-039 treatment was associated with a significant reduction in macrophage numbers in HFD-fed mice compared to their respective control groups (Figures 3A,B). As an indicator of the effect of PAI-1 on the polarization of resident macrophages in WAT, transcript markers for the M1 inflammatory macrophage phenotype were assessed using quantitative RT-PCR analysis. The pro-inflammatory M1 markers, including TNF-α, MCP-1, IL-β1, and CD11c, exhibited a significant decrease in HFD- Pai-1−/− mice and PAI-039 treated HFD-WT mice compared to HFD-WT mice (Figure 3C). Further, expression levels in HFD- Pai-1−/− mice and PAI-039-treated HFD-WT mice were similar to those found in ND fed mice. Meanwhile, we examined the anti-inflammatory M2 markers, including CD206, IL-10 and Fn1, and levels of CD206 and IL-10 in HFD- Pai-1−/− mice and PAI-039-treated HFD-WT mice were similar to those found in HFD fed mice. The Fn1 was significantly increased in HFD- Pai-1−/− mice and PAI-039 treated HFD-WT mice compared to HFD-WT mice (Figure 3D). These data were thus taken to indicate that either PAI-1 deficiency or pharmacological inhibition of PAI-1 can prevent a HFD-induced infiltration of macrophages into WAT and, more specifically, decrease numbers of the pro-inflammatory M1 phenotype.
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FIGURE 3. Macrophage quantification in white adipose tissue. (A) Representative images of macrophages as assessed by F4/80 Immunofluorescence in eWAT from ND-WT, ND-Pai-1−/−, HFD-WT, HFD-Pai-1−/−, and PAI-039-treated mice. Scale bars, 100 μm. HPF: high power field. (B) Quantification of anti-F4/80 positive-macrophage infiltration of eWAT. *P < 0.05 vs. ND-WT; **P < 0.05 vs. HFD-WT. (C,D) The gene profile of the M1 (C) and M2 (D) phenotype as assessed by quantitative RT-PCR of eWAT in ND-WT, HFD-WT, HFD-Pai-1−/−, and PAI-039-treated mice, respectively. All bars show Mean ± SEM. Data are mean of three experiments and are expressed as fold-control. *P < 0.05 vs. ND-WT; **P < 0.05 vs. HFD-WT.



DISCUSSION

Growing evidence indicates that inflammation plays an important role in the pathological processes contributing to obesity and its complications (Chawla et al., 2011). Further, it has been suggested that an abnormal increase in numbers of pro-inflammatory macrophages gives rise to local inflammation in adipose tissue during obesity (Weisberg et al., 2003; Xu et al., 2003). Relevant to the present studies PAI-1 has been reported to have important physiological and pathophysiological roles some of which affect macrophage migration (Cao et al., 2006). PAI-1 has also been shown to be expressed in WAT and linked to metabolic dysfunction (Alessi and Juhan, 2006; Ichimura et al., 2013). Despite these observations relatively little is known regarding the direct actions of PAI-1 in modulating pro-inflammatory macrophage infiltration into WAT and disease progression during diet-induced obesity/T2D. In the present studies we, therefore, focused on the role of PAI-1 in tissue-specific inflammation and macrophage infiltration in HFD-induced obese mice.

Using both PAI-1 knockout mice and WT mice treated with a pharmacological inhibitor of PAI-1 we initially confirmed prior studies implicating a causative role for PAI-1 in obesity and insulin resistance (Ma et al., 2004) and validated our model in relation to whether PAI-1 contributed to the metabolic abnormalities associated with HFD feeding. Feeding of WT/control mice with a HFD caused a significant gain in body weight. Weight gain, however, was not observed in either Pai-1−/− mice or animals treated with the PAI-1 inhibitor. Both HFD- Pai-1−/− mice and PAI-039 treated mice showed lower plasma levels of total cholesterol compared with HFD-WT mice, indicative of improved lipid metabolism. Similarly improved glucose tolerance and apparent insulin sensitivity was evident in both HFD- Pai-1−/− mice and PAI-039 treated mice. Thus, consistent with earlier observations (Ma et al., 2004), suppression of PAI-1 in mice appears to protect against the development of HFD-induced obesity and associated metabolic dysregulation.

WAT is now recognized to be an active metabolic and endocrine tissue producing adipokines, as well as pro- or anti-inflammatory cytokines capable of regulating lipid metabolism and local inflammation (Amengual et al., 2013). Macrophages infiltrating WAT secrete pro inflammatory factors that promote metabolic dysfunction (Surmi et al., 2010). In obese and diabetic subjects adipose tissue has been shown to contain increased numbers of M1 macrophages, a major source of pro-inflammatory cytokines (Grant and Dixit, 2015). Our results indicate that PAI-1 deficiency or PAI-039 treatment reduces macrophage invasion into WAT. To our knowledge this represents the first report linking PAI-1 to macrophage infiltration into adipose tissue. Of further importance, macrophage infiltration, in a high fat feeding model, could be prevented by both genetic deletion of PAI-1 and administration of a small molecular weight inhibitor of PAI-1 suggesting therapeutic strategies for decreasing the effects of PAI-1 in obese/T2D states.

We further found that PAI-1 deficiency or PAI-039 treatment caused a significant reduction in a subset of M1 macrophage-specific genes in WAT of HFD-fed mice compared to HFD-WT mice. While this is apparent contrast to the studies of Rebalka et al. (Rebalka et al., 2015), who reported that PAI-039 had little effect on M1 macrophages while increasing an M2a subset, their studies used a streptozotocin-induced model of diabetes, examined wound tissue as opposed to adipocytes and used a shorter duration of treatment with the inhibitor. The data from the present study suggest that genetic deletion and pharmacological inhibition of PAI-1 will cause a shift in WAT from an M1-mediated inflammatory environment to a relatively anti-inflammatory condition. Of particular interest, we observed a significant reduction in the level of TNF-α mRNA in the WAT of PAI-1 deficiency or PAI-039 treated HFD-fed mice. TNF-α has previously been shown to be involved in adipose tissue inflammation and insulin resistance during obesity (Boutens and Stienstra, 2016). Collectively, these results suggest that in WAT PAI-1 may regulate glucose hemostasis through modulation of macrophage polarization in WAT, however, additional studies are required to determine specific relationships between alterations in macrophage subpopulations and PAI-1-regulated inflammatory responses regulated during metabolic disorders.

Our study significantly broadens the current understanding of the pathological mechanisms by PAI-1 in adipose tissue during metabolic disorder. There are some limitations to this study. While our study demonstrated that PAI-1 plays an important role in the regulation of adipose tissue dysfunction and glucose homeostasis, limited by the availability of the adipose specific PAI-1 knockout strain. Additional studies are warranted to resolve this important issue. An additional consideration is that the present studies were conducted in male mice so as to initially understand the relationships between PAI-1 and adipose tissue macrophage numbers in the absence of fluctuating levels of sex hormones. Interestingly female mice fed a HFD show an estrogen-induced (mediated through estrogen receptor alpha) increase in PAI-1 expression despite the fact that the estrogen attenuates insulin resistance and glucose intolerance (Riant et al., 2009). In the light of the present results this suggests that there may be apparent sexual dimorphism. As such an important future direction will be to determine the effect of sex on relationships between PAI-1 and infiltration of macrophages into adipose tissue.

In summary, the pathophysiologic mechanisms by which adipose tissue-derived PAI-1 influences the development of metabolic syndrome remain to be determined. Our results demonstrated that the absence of PAI-1 could recruit more macrophages into adipose tissues and link to the promotion of metabolic dysfunction. Further, genetic deletion and pharmacological inhibition of PAI-1 showed that PAI-1 was involved in macrophage polarization in WAT in HFD-induced obesity in mice. However, more evidence should be required to explain the mechanism of inflammation modulated by PAI-1 in WAT during metabolic disorder.

AUTHOR CONTRIBUTIONS

All authors made substantial contributions to the conception and design of the various aspects of the prospective studies or to the acquisition, analysis or interpretation of data. All authors also contributed to drafting the article or revising it critically for important intellectual content and have given final approval of the version to be published. JW and RL are responsible for the integrity of this work as a whole, including the study design, access to data, and the decision to submit and publish the manuscript.

FUNDING

This work was supported by the National Natural Science Foundation of China Grant (81172050, 81570263, and 81402431), Grant of Sichuan Province Science and Technology Agency Grant (2014FZ0104).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2018.01087/full#supplementary-material

REFERENCES

 Alessi, M. C., and Juhan, V. I. (2006). PAI-1 and the metabolic syndrome: links, causes, and consequences. Arterioscler. Thromb. Vasc. Biol. 26, 2200–2207. doi: 10.1161/01.ATV.0000242905.41404.68

 Amengual, C. E., Lladó, I., Proenza, A. M., and Gianotti, M. (2013). High-fat diet feeding induces a depot-dependent response on the pro-inflammatory state and mitochondrial function of gonadal white adipose tissue. Br. J. Nutr. 109, 413–424. doi: 10.1017/S0007114512001171

 Blüher, M. (2010). The distinction of metabolically ‘healthy' from ‘unhealthy' obese individuals. Curr. Opin. Lipidol. 21, 38–43. doi: 10.1097/MOL.0b013e3283346ccc

 Boutens, L., and Stienstra, R. (2016). Adipose tissue macrophages: going off track during obesity. Diabetologia 59, 879–894. doi: 10.1007/s00125-016-3904-9

 Cao, C., Lawrence, D. A., Li, Y., Von Arnim, C. A., Herz, J., Su, E. J., et al. (2006). Endocytic receptor LRP together with tPA and PAI-1 coordinates Mac-1-dependent macrophage migration. EMBO J. 25, 1860–1870. doi: 10.1038/sj.emboj.7601082

 Carmeliet, P., Kieckens, L., Schoonjans, L., Ream, B., van Nuffelen, A., Prendergast, G., et al. (1993). Plasminogen activator inhibitor-1 gene-deficient mice. I. Generation by homologous recombination and characterization. J. Clin. Invest. 92, 2746–2755. doi: 10.1172/JCI116892

 Charles, M. A., Morange, P., Eschwège, E., André, P., Vague, P., and Juhan, V. I. (1998). Effect of weight change and metformin on fibrinolysis and the von Willebrand factor in obese nondiabetic subjects: the BIGPRO1 study. Biguanides and the prevention of the risk of Obesity. Diabetes Care 21, 1967–1972. doi: 10.2337/diacare.21.11.1967

 Chawla, A., Nguyen, K. D., and Goh, Y. P. (2011). Macrophage-mediated inflammation in metabolic disease. Nat. Rev. Immunol. 11, 738–749. doi: 10.1038/nri3071

 Cigolin, M., Tonoli, M., Borgato, L., Frigotto, L., Manzato, F., Zeminian, S., et al. (1999). Expression of plasminogen activator inhibitor-1 in human adipose tissue: a role for TNF-alpha? Atherosclerosis 143, 81–90. doi: 10.1016/S0021-9150(98)00281-0

 De Taeye, B. M., Novitskaya, T., Gleaves, L., Covington, J. W., and Vaughan, D. E. (2006). Bone marrow plasminogen activator inhibitor-1 influences the development of obesity. J. Biol. Chem. 281, 32796–32805. doi: 10.1074/jbc.M606214200

 Elokdah, H., Abou, G. M., Hennan, J. K., McFarlane, G., Mugford, C. P., Krishnamurthy, G., et al. (2004). Tiplaxtinin, a novel, orally efficacious inhibitor plasminogen activator inhibitor-1: design, synthesis, and preclinical characterization. J. Med. Chem. 47, 3491–3494. doi: 10.1021/jm049766q

 Eriksson, P., Reynisdottir, S., Lönnqvist, F., Stemme, V., Hamsten, A., and Arner, P. (1998). Adipose tissue secretion of plasminogen activator inhibitor-1 in non-obese and obese individuals. Diabetologia 41, 65–71. doi: 10.1007/s001250050868

 Folsom, A. R., Qamhieh, H. T., Wing, R. R., Jeffery, R. W., Stinson, V. L., Kuller, L. H., et al. (1993). Impact of weight loss on plasminogen activator inhibitor (PAI-1), factor VII, and other hemostatic factors in moderately overweight adults. Arterioscler. Thromb. 13, 162–169. doi: 10.1161/01.ATV.13.2.162

 Fujisaka, S., Usui, I., Bukhari, A., Ikutani, M., Oya, T., Kanatani, Y., et al. (2009). Regulatory mechanisms for adipose tissue M1 and M2 macrophages in diet-induced obese mice. Diabetes 58, 2574–2582. doi: 10.2337/db08-1475

 Grant, R. W., and Dixit, V. D. (2015). Adipose tissue as an immunological organ. Obesity 23, 512–518. doi: 10.1002/oby.21003

 Hardy, O. T., Perugini, R. A., Nicoloro, S. M., Gallagher, D. K., Puri, V., Straubhaar, J., et al. (2001). Body mass index-independent inflammation in omental adipose tissue associated with insulin resistance in morbid obesity. Surg. Obes. Relat. Dis. 7, 60–67. doi: 10.1016/j.soard.2010.05.013

 Hazarika, S., Dokun, A. O., Li, Y., Popel, A. S., Kontos, C. D., and Annex, B. H. (2007). Impaired angiogenesis after hindlimb ischemia in type 2 diabetes mellitus: differential regulation of vascular endothelial growth factor receptor 1 and soluble vascular endothelial growth factor receptor 1. Circ. Res. 101, 948–956. doi: 10.1161/CIRCRESAHA.107.160630

 Hotamisligil, G. S., Shargill, N. S., and Spiegelman, B. M. (1993). Adipose expression of tumor necrosis factor-alpha: direct role in obesity-linked insulin resistance. Science 259, 87–91. doi: 10.1126/science.7678183

 Ichimura, A., Matsumoto, S., Suzuki, S., Dan, T., Yamaki, S., Sato, Y., et al. (2013). A small molecule inhibitor to plasminogen activator inhibitor 1 inhibits macrophage migration. Arterioscler. Thromb. Vasc. Biol. 33, 935–942. doi: 10.1161/ATVBAHA.113.301224

 Kohler, H. P., and Grant, P. J. (2000). Plasminogen-activator inhibitor type 1 and coronary artery disease. N. Engl. J. Med. 342, 1792–1801. doi: 10.1056/NEJM200006153422406

 Lumeng, C. N., Bodzin, J. L., and Saltiel, A. R. (2007). Obesity induces a phenotypic switch in adipose tissue macrophage polarization. J. Clin. Invest. 117, 175–184. doi: 10.1172/JCI29881

 Ma, L. J., Mao, S. L., Taylor, K. L., Kanjanabuch, T., Guan, Y., Zhang, Y., et al. (2004). Prevention of obesity and insulin resistance in mice lacking plasminogen activator inhibitor 1. Diabetes 53, 336–346. doi: 10.2337/diabetes.53.2.336

 Morange, P. E., Lijnen, H. R., Alessi, M. C., Kopp, F., Collen, D., and Juhan, V. I. (2000). Influence of PAI-1 on adipose tissue growth and metabolic parameters in a murine model of diet-induced obesity. Arterioscler. Thromb. Vasc. Biol. 20, 1150–1154. doi: 10.1161/01.ATV.20.4.1150

 Osterholzer, J. J., Christensen, P. J., Lama, V., Horowitz, J. C., Hattori, N., Subbotina, N., et al. (2013). PAI-1 promotes the accumulation of exudate macrophages and worsens pulmonary fibrosis following type II alveolar epithelial cell injury. J. Pathol. 228, 170–180. doi: 10.1002/path.3992

 Rebalka, I. A., Raleigh, M. J., D'Souza, D. M., Coleman, S. K., Rebalka, A. N., and Hawke, T. J. (2015). Inhibition of PAI-1 via PAI-039 improves dermal wound closure in diabetes. Diabetes 64, 2593–2602. doi: 10.2337/db14-1174

 Riant, E., Waget, A., Cogo, H., Arnal, J. F., Burcelin, R., and Gourdy, P. (2009). Estrogens protect against high-fat diet-induced insulin resistance and glucose intolerance in mice. Endocrinology 150, 2109–2117. doi: 10.1210/en.2008-0971

 Samad, F., Uysal, K. T., Wiesbrock, S. M., Pandey, M., Hotamisligil, G. S., and Loskutoff, D. J. (1999). Tumor necrosis factor alpha is a key component in the obesity-linked elevation of plasminogen activator inhibitor 1. Proc. Natl. Acad. Sci. U.S.A. 96, 6902–6907. doi: 10.1073/pnas.96.12.6902

 Schäfer, K., Fujisawa, K., Konstantinides, S., and Loskutoff, D. J. (2001). Disruption of the plasminogen activator inhibitor-1 gene reduces the adiposity and improves the metabolic profile of genetically obese and diabetic ob/ob mice. FASEB J. 15, 1840–1842. doi: 10.1096/fj.00-0750fje

 Surmi, B. K., Webb, C. D., Ristau, A. C., and Matsushima, G. K. (2010). Absence of macrophage inflammatory protein-1{alpha} does not impact macrophage accumulation in adipose tissue of diet-induced obese mice. Am. J. Physiol. Endocrinol. Metab. 299, E437–E445. doi: 10.1152/ajpendo.00050.2010

 Weisberg, S. P., McCann, D., Desai, M., Rosenbaum, M., Leibel, R. L., and Ferrante, A. W. (2003). Obesity is associated with macrophage accumulation in adipose tissue. J. Clin. Invest. 112, 1796–1708. doi: 10.1172/JCI200319246

 Wu, J., Strawn, T. L., Luo, M., Wang, L., Li, R., Ren, M., et al. (2015). Plasminogen activator inhibitor-1 inhibits angiogenic signaling by uncoupling vascular endothelial growth factor receptor-2-αVβ3 integrin cross talk. Arterioscler. Thromb. Vasc. Biol. 35, 111–120. doi: 10.1161/ATVBAHA.114.304554

 Xu, H., Barnes, G. T., Yang, Q., Tan, G., Yang, D., Chou, C. J., et al. (2003). Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. J. Clin. Invest. 112, 1821–1830. doi: 10.1172/JCI200319451

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Wang, Chen, Liu, Liu, Luo, Chen, Deng, Luo, He, Zhang, Hill, Li and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphar-09-01087-g003.gif





OPS/images/fphar-09-01087-t001.jpg
ND-WT

TC 1.91+0.12
TG 027 £0.08
LDL-C 044003
HDL-C 1434011

ND-Pai-1~/=

1.44 £0.217
0.26 +0.06
0.45 £ 0.05
0.85 +0.12"

HFD-WT

2.86 + 0.09
0.34 £ 0.02
0.68 £ 0.08
1.63+0.08

HFD-Pai-1=/~

1.31+0.30%
0.26 + 0,05
1.23+0.14*
0.98 + 0.08%

HFD-WT + PAI-039

172+ 0.43%
0.30 + 0.02#
0.39 +0.06*
1.17 £ 0.26%

Allunits are mM. Values are mean  SEM. *p < 0.05 vs. WT mice receiving normal dlet; *p < 0.05 vs. WT fed western diet; n = 3 mice per group. TC, total cholesterol; TG, trigiycerides;
LDL-C, fow-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol: WT, wild-type.





OPS/images/fphar-09-01087-g001.gif





OPS/images/fphar-09-01087-g002.gif
c
giizeiiaaic  §§id4






OPS/images/cover.jpg
’ frontiers
in Pharmacology

PAI-1 Exacerbates White Adipose
Tissue Dysfunction and Metabolic
Dysregulation in High Fat
Diet-Induced Obesity









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





