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Source of Chronic Inflammation in Aging
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Aging is a complex process that results from a combination of environmental, genetic, and epigenetic factors. A chronic pro-inflammatory status is a pervasive feature of aging. This chronic low-grade inflammation occurring in the absence of overt infection has been defined as “inflammaging” and represents a significant risk factor for morbidity and mortality in the elderly. The low-grade inflammation persists even after reversing pro-inflammatory stimuli such as LDL cholesterol and the renin–angiotensin system (RAS). Recently, several possible sources of chronic low-grade inflammation observed during aging and age-related diseases have been proposed. Cell senescence and dysregulation of innate immunity is one such mechanism by which persistent prolonged inflammation occurs even after the initial stimulus has been removed. Additionally, the coagulation factor that activates inflammatory signaling beyond its role in the coagulation system has been identified. This signal could be a new source of chronic inflammation and cell senescence. Here, we summarized the factors and cellular pathways/processes that are known to regulate low-grade persistent inflammation in aging and age-related disease.
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Introduction
At present, chronic inflammation is thought to be a risk factor for a broad range of age-related diseases such as hypertension, diabetes, atherosclerosis, and cancer. (1) Although age-related diseases may be partially preventable with lifestyle modifications, including diet, the burdens of unhealthy aging associated with lifestyle are increasing, both in developed and developing regions. Therefore, the elucidation of the sources and cellular pathways/processes of chronic inflammation is an urgent task. There are several possible factors that initiate and maintain a low-grade inflammatory response. These include aging, unbalanced diet, low level of sex hormones, and smoking. In contrast to young individuals, aged individuals have consistently elevated levels of inflammatory cytokines, especially interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) (2), which may induce muscle atrophy and cancer through DNA damage. Visceral fat tissue from obese individuals can also produce both IL-6 and TNF-α, affecting systemic metabolism (3,  4). The accumulation of macrophages in visceral fat seems to be proportional to body mass index and appears to be a major source of low-grade persistent, systemic inflammation and insulin resistance in obese individuals (5,  6). Cigarette smoke contains multiple inducers of inflammation, especially reactive oxygen species. Indeed, chronic smoking increases production of several pro-inflammatory cytokines such as IL-6, TNF-α, and interleukin-1β (IL-1β) (7). Smoking also increases systemic inflammation and is an independent risk factor for several lifestyle-related diseases. Other inciting factors such as mental stress and periodontal disease have been reported. Importantly, the low-grade inflammation persists even after reversing the pro-inflammatory stimuli such as LDL cholesterol, the renin–angiotensin system (RAS), and smoking. These findings can be explained by the discovery of senescent associated secretory phenotype (SASP) and immunological imprinting.
In this narrative review, we aimed to review the sources of chronic inflammation during aging (Figure 1). The cellular pathways/processes that are known to regulate the DNA damage response are also discussed.
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Figure 1.  Source of “inflammaging”. Among the main causes of inflammaging, the accumulation of cell senescence, pro-coagulation factors, cell debris such as circulating mitochondrial DNA (cmtDNA), gut dysbiosis, and immune senescence is known to be the main causes of inflammaging. Inflammaging can also be influenced by many other factors, including age itself, reactive oxygen species (ROS), and those not directly related to inflammation, such as microRNAs (miRs) and agalactosylated N-glycans.

Source of Chronic Inflammation in Aging
Acute inflammation is indispensable for immune responses to invading pathogens or acute traumatic injuries. This process enables repair and cell turnover in multiple tissues. In contrast, chronic inflammation normally causes low-grade and persistent inflammation, leading to tissue degeneration. (8). Chronic, low-grade inflammation is a crucial contributor to various age-related pathologies and natural processes in aging tissue, including the nervous and the musculoskeletal system (9). Many tissues in the elderly are chronically inflamed, and inflammatory cytokines such as IL-6, IL-1β, and TNF-α are known to weaken the anabolic signaling cascade, including insulin and erythropoietin signaling, leading to the development of sarcopenia (10). The possible sources of chronic inflammation during aging, termed “inflammaging”, have been described previously (9).
Cell Debris or Immunoglobulin Accumulation
Debris and immunoglobulin accumulation due to inappropriate cell elimination systems in aging trigger the innate immune system activation leading to persist inflammation. Glycosylation represents the most frequent post-translational modification of proteins. Protein-linked sugar chains play a variety of specific roles in the “fine-tuning” of interactions between cells and between molecules (11,  12). High-throughput analysis of the N-glycome, i.e., the sugar chains N-linked to asparagine, revealed new candidate biomarkers of natural aging, such as N-glycans devoid of galactose residues on their branches, in a variety of human studies (13–15) comparing healthy elderly people, centenarians, and their offspring, as well as in experimental animal models (16–18), such as the calorie-restricted mice model. These agalactosylated biantennary structures mainly decorate Asn297 of the Fc portion of IgG (IgG-G0) and are present in patients affected by progeria syndromes as well as a several autoimmune/inflammatory diseases. IgG-G0 exerts a pro-inflammatory effect through various mechanisms, including the lectin pathway of complement, binding to Fcγ receptors and formation of autoantibody aggregates. Similarly, the age-related accumulation of IgG-G0 activating the immune system can contribute to inflammaging. On the other hand, among the complex determinants of aging, mitochondrial dysfunction has attracted attention for some time. The consequences of age-related failing mitochondrial quality control include the release of mitochondria-derived damage-associated molecular patterns (DAMPs). Mitochondrial DAMPs, especially cell-free circulating mitochondrial DNA, have recently become the subject of intensive research because of their possible involvement in conditions associated with inflammation, such as aging and degenerative diseases (19,  20). Through their bacterial ancestry, these molecules contribute to increasing an inflammatory response by interacting with receptors similar to those involved in pathogen-associated responses.
The Gut Mucosa and Microbiota of Elderly People
The barrier of the oral and gut mucosa against bacterial invasion deteriorates with age. Periodontal disease has also demonstrated to cause chronic low-grade inflammation (12). The gut microbiota of elderly people displays decreased diversity (21,  22). The abundance of anti-inflammatory microbiota, such as members of Clostridium cluster XIVa, Bifidobacterium spp., and F. prausnitzii are diminished in aged individuals (23). Toward R et al. demonstrated supportive data that the level of Bifidobacterium is inversely correlated with serum levels of inflammatory cytokines, such as TNF-α and IL-1β. Conversely, inflammatory and pathogenic microbiota, including Streptococcus spp., Staphylococcus spp., Enterococcus spp. and Enterobacter spp., are increased with age (23). Changes in the gut microbiota diversity in aged people might increase susceptibility to infectious agents by pathobionts colonization. Unique stool microbiota profiles were evident between healthy “community-dwelling elderly” and subjects with “residential long-term care” (24). These differences might be due to the disparate consumption of food in various groups, suggesting a new therapeutic target for prolonged healthy life years.
Cell Senescence
Cellular senescence is defined as irreversible cell cycle arrest driven by a variety of mechanisms, including telomere shortening, genotoxic stress, mitogen stimuli, and inflammatory cytokines, that result in the activation of the p53 tumor suppressor and/or the cyclin-dependent kinase inhibitor p16 (25). It is evident that the number of senescent cells in several organs increases with age; these cells secrete multiple inflammatory cytokines, generating low-grade inflammation. This phenotype of senescent cells is termed the senescence-associated secretory phenotype or SASP, which recently has been proposed as the main origin of inflammaging in both aging and age-related diseases such as atherosclerosis, cancer, and diabetes (26–28). Increasing evidence has suggested that the clearance of senescent cells in animal models attenuates the progression of age-related disorders, including atherosclerosis and osteoarthritis (29–31). These data strongly support the hypothesis that senescent cell clearance, reprogramming of senescent cells, and the modulation of pro-inflammatory pathways related to the acquisition of SASP might be pursued as potential anti-aging strategies for combating age-related diseases and expanding the health span of humans.
Immunosenescence
“Immunosenescence”, which is the age-related dysregulation of an innate immune system, is characterized by persistent inflammatory responses (32). Immunosenescence increases the susceptibility to malignancy, autoimmunity, and infections; decreases the response to vaccinations; and impairs wound healing (33,  34). Conversely, chronic inflammatory disease can accelerate the “immunosenescence” process. The mechanisms that underlie this persistent aging-associated basal inflammation remain incompletely understood but seem to involve changes in the numbers and functions of innate immune cells. Changes in the expression of pattern recognition receptors (PRRs), activation of PRRs by endogenous ligands associated with cellular damage, and unusual downstream signaling events of PRRs activation have been implicated to induce chronic cytokine secretion. Thus, together with cell senescence, dysregulation of immunological imprinting mediated by trained innate immunity might also contribute to persistent low-grade inflammation that occurs even after the initial stimulus has been removed.
Coagulation and Fibrinolysis System
Increased coagulation and fibrinolysis activity in the elderly has recently been implicated in enhanced inflammation through the protease-activated receptor, PAR (35–37) leading to age-related diseases such as atherosclerosis and lung fibrosis (38). The plasma concentrations of coagulation factor V, VII, VIII, and IX, have been reported to increase in healthy humans in conjunction with the physiological processes of aging (39,  40). In addition, fibrinogen (coagulation factor I) levels, a primary risk factor for thrombotic disorders proved in several clinical studies, has been shown to increase with advancing age. Additionally, we have recently identified that coagulation factor X is locally synthesized at high levels in human atherosclerotic plaques, specifically in endothelial cells, smooth muscle cells, and inflammatory cells (41). Thus, based on these observations, increased levels of plasma and local coagulation factors during physiological aging might account for the higher cardiovascular risk observed in the elderly. Additionally, a clinical trial, ATLAS ACS 2–TIMI, 51 investigators showed that the direct coagulation factor Xa inhibitor, rivaroxaban, reduced the risk of the composite endpoint of death from cardiovascular causes, myocardial infarction, and stroke in patients with a recent acute coronary syndrome event (42). Although the mechanism has not been elucidated, activation of the coagulation cascade following fibrinogen activation may increase thrombosis, and elevated levels of coagulation factor Xa and thrombin could enhance the inflammatory response through PAR-1/2, in addition to its roles in coagulation and the fibrinolysis system (43). Interestingly, PAR-1/2 signaling induced by coagulation factor Xa (FXa) and the fibrinolytic factor plasmin has been shown to increase insulin-like growth factor binding protein-5 (IGFBP-5) expression (37,  41, 44, 45), which plays decisive roles in cell senescence and inflammation. Kojima et al. demonstrated that IGFBP-5, a downstream mediator of signal transducer and activator of transcription 3 (STAT3), regulates interleukin-6 (IL-6)-induced reactive oxygen species production, subsequent DNA damage response, and senescence of fibroblast cells (46). As shown in the study by Yasuoka et al., IGFBP-5 induces a fibrotic phenotype by activating MAPK signaling and nuclear EGR-1 translocation that interacts with IGFBP-5 and promotes fibrotic and inflammatory gene transcription (47). Consistent with previous reports, our recent study demonstrated that FXa stimulation of smooth muscle cells, endothelial cells, and endothelial progenitor cells enhances cellular senescence through the early growth response-1 (EGR-1)-IGFBP-5-p53 pathway (37). These data imply that inflammaging, hyper-coagulability, and cell senescence might share a common pathway that is regulated by IGFBP-5 (Figure 2). Intriguingly, our recent experiment showed that the FXa- and IGFBP-5-positive areas were similarly distributed within human atherosclerotic plaques (41). These finding strongly suggest that locally produced coagulation factor Xa in atherosclerotic plaques might induce IGFBP-5 expression, enhancing cellular senescence with SASP, although the involvement of thrombin in this process is undeniable (48).
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Figure 2. Activation of the coagulation cascade induces cell senescence and persistent inflammation.

Conclusions
Ideally, inflammation should subside immediately after elimination of the pathogen and insult to allow normal tissue to be rebuilt. However, low-grade persistent inflammation occurs in the majority of older people, leading to degeneration of several organs. There is strong evidence that the development of age-related multi-factorial conditions such as cancer, cardiovascular disease, Alzheimer’s disease, type II diabetes, frailty, sarcopenia, and osteoporosis is associated with low-grade elevations of circulating inflammatory mediators. Considering that aging is a complex process that results from a combination of environmental, genetic, and epigenetic factors, focusing future work on interventions addressing selectively destroying senescent cells, namely, “senolytic therapies” in the aging host rather than by treating symptoms of disease or attempting to block the effects of the multi-source of inflammaging, will offer improved therapeutic opportunities (49–52).
Author Contributions
FS and YT performed experiment and organized manuscript. JM, HS, and RO performed experiments. HR and RM supervised this project.
Funding
This work was partially supported by a Grant-in-Aid from the Organization for Pharmaceutical Safety and Research, a Grantin-Aid from the Ministry of Public Health and Welfare, a Grantin-Aid from Japan Promotion of Science, special coordination funds from the Ministry of Education, Culture, Sports, Science and Technology of the Japanese government, and research funding from Bayer Yakuhin, Ltd.
Acknowledgments
We would like to thank Blure May Kanako and Kana Shibata for providing technical support and all members of the Clinical Gene Therapy group at the Osaka University Graduate School of Medicine.
References
1. Freund A, Orjalo AV, Desprez PY, Campisi J. Inflammatory networks during cellular senescence: causes and consequences. Trends Mol Med (2010)  16(5):238–46. doi: 10.1016/j.molmed.2010.03.003
2. Singh T, Newman AB. Inflammatory markers in population studies of aging. Ageing Res Rev (2011)  10(3):319–29. doi: 10.1016/j.arr.2010.11.002
3. Trayhurn P. Endocrine and signalling role of adipose tissue: new perspectives on fat. Acta Physiol Scand (2005)  184(4):285–93. Review . doi: 10.1111/j.1365-201X.2005.01468.x
4. Schrager MA, Metter EJ, Simonsick E, Ble A, Bandinelli S, Lauretani F, et al. Sarcopenic obesity and inflammation in the InCHIANTI study. J Appl Physiol (2007)  102(3):919–25. doi: 10.1152/japplphysiol.00627.2006
5. Ortega Martinez de Victoria E, Xu X, Koska J, Francisco AM, Scalise M, Ferrante AW Jr, Krakoff J. Macrophage content in subcutaneous adipose tissue: associations with adiposity, age, inflammatory markers, and whole-body insulin action in healthy Pima Indians. Diabetes (2009)  58(2):385–93.
6. Weisberg SP, Mccann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW. Obesity is associated with macrophage accumulation in adipose tissue. J Clin Invest (2003)  112(12):1796–808. doi: 10.1172/JCI200319246
7. Arnson Y, Shoenfeld Y, Amital H. Effects of tobacco smoke on immunity, inflammation and autoimmunity. J Autoimmun (2010)  34(3):J258–65. doi: 10.1016/j.jaut.2009.12.003
8. Straub RH, Schradin C. Chronic inflammatory systemic diseases: an evolutionary trade-off between acutely beneficial but chronically harmful programs. Evol Med Public Health (2016)  2016(1):eow001–51. doi: 10.1093/emph/eow001
9. Franceschi C, Campisi J. Chronic inflammation (inflammaging) and its potential contribution to age-associated diseases. J Gerontol A Biol Sci Med Sci (2014)  69(Suppl 1):S4–9. doi: 10.1093/gerona/glu057
10. Beyer I, Mets T, Bautmans I. Chronic low-grade inflammation and age-related sarcopenia. Curr Opin Clin Nutr Metab Care (2012)  15(1):12–22. doi: 10.1097/MCO.0b013e32834dd297
11. dall’olio F, Vanhooren V, Chen CC, Slagboom PE, Wuhrer M, Franceschi C. N-glycomic biomarkers of biological aging and longevity: a link with inflammaging. Ageing Res Rev (2013)  12(2):685–98. Review . doi: 10.1016/j.arr.2012.02.002
12. Ohtsubo K, Marth JD. Glycosylation in cellular mechanisms of  health and disease. Cell (2006)  126(5):855–67. Review . doi: 10.1016/j.cell.2006.08.019
13. Parekh R, Isenberg D, Ansell B, Roitt I, Dwek R, Rademacher T. Galactosylation OF IgG associated oligosaccharides: reduction in patients with adult and juvenile onset rheumatoid arthritis AND relation to disease activity. Lancet (1988)  331(8592):966–9. doi: 10.1016/S0140-6736(88)91781-3
14. Vanhooren V, Desmyter L, Liu XE, Cardelli M, Franceschi C, Federico A, et al. N-glycomic changes in serum proteins during human aging. Rejuvenation Res (2007)  10(4):521–31. doi: 10.1089/rej.2007.0556
15. Ruhaak LR, Uh HW, Beekman M, Hokke CH, Westendorp RG, Houwing-Duistermaat J, et al. Plasma protein N-glycan profiles are associated with calendar age, familial longevity and health. J Proteome Res (2011)  10(4):1667–74. doi: 10.1021/pr1009959
16. Zou S, Meadows S, Sharp L, Jan LY, Jan YN. Genome-wide study of aging and oxidative stress response in Drosophilamelanogaster. Proc Natl Acad Sci USA (2000)  97(25):13726–31. doi: 10.1073/pnas.260496697
17. Cingle KA, Kalski RS, Bruner WE, O'Brien CM, Erhard P, Wyszynski RE. Age-related changes of glycosidases in human retinal pigment epithelium. Curr Eye Res (1996)  15(4):433–8. doi: 10.3109/02713689608995834
18. Zhu M, Lovell KL, Patterson JS, Saunders TL, Hughes ED, Friderici KH. Beta-mannosidosis mice: a model for the human lysosomal storage disease. Hum Mol Genet (2006)  15(3):493–500. doi: 10.1093/hmg/ddi465
19. Zhang Q, Raoof M, Chen Y, Sumi Y, Sursal T, Junger W, et al. Circulating mitochondrial DAMPs cause inflammatory responses to injury. Nature (2010)  464(7285):104–7. doi: 10.1038/nature08780
20. dall'olio F, Vanhooren V, Chen CC, Slagboom PE, Wuhrer M, Franceschi C. N-glycomic biomarkers of biological aging and longevity: a link with inflammaging. Ageing Res Rev (2013)  12(2):685–98. doi: 10.1016/j.arr.2012.02.002
21. Kinross J, Nicholson JK. Gut microbiota: dietary and social modulation of gut microbiota in the elderly. Nat Rev Gastroenterol Hepatol (2012)  9(10):563–4. doi: 10.1038/nrgastro.2012.169
22. Claesson MJ, Cusack S, O'Sullivan O, Greene-Diniz R, de Weerd H, Flannery E, et al. Composition, variability, and temporal stability of the intestinal microbiota of the elderly. Proc Natl Acad Sci USA (2011)  108(Suppl. 1):4586–91. doi: 10.1073/pnas.1000097107
23. Toward R, Montandon S, Walton G, Gibson GR. Effect of prebiotics on the human gut microbiota of elderly persons. Gut Microbes (2012)  3(1):57–60. doi: 10.4161/gmic.19411
24. Claesson MJ, Jeffery IB, Conde S, Power SE, O'Connor EM, Cusack S, et al. Gut microbiota composition correlates with diet and health in the elderly. Nature (2012)  488(7410):178–84. doi: 10.1038/nature11319
25. de Magalhães JP, Passos JF. Stress, cell senescence and organismal ageing. Mech Ageing Dev (2017). doi: 10.1016/j.mad.2017.07.001
26. Sanada F, Taniyama Y, Azuma J, Iekushi K, Dosaka N, Yokoi T, et al. Hepatocyte growth factor, but not vascular endothelial growth factor, attenuates angiotensin II-induced endothelial progenitor cell senescence. Hypertension (2009)  53(1):77–82. doi: 10.1161/HYPERTENSIONAHA.108.120725
27. Tchkonia T, Zhu Y, van Deursen J, Campisi J, Kirkland JL. Cellular senescence and the senescent secretory phenotype: therapeutic opportunities. J Clin Invest (2013)  123(3):966–72. doi: 10.1172/JCI64098
28. He S, Sharpless NE. Senescence in health and disease. Cell (2017)  169(6):1000–11. doi: 10.1016/j.cell.2017.05.015
29. Childs BG, Baker DJ, Wijshake T, Conover CA, Campisi J, van Deursen JM. Senescent intimal foam cells are deleterious at all stages of atherosclerosis. Science (2016)  354(6311): 472–477. doi: 10.1126/science.aaf6659
30. Jeon OH, Kim C, Laberge RM, Demaria M, Rathod S, Vasserot AP, et al. Local clearance of senescent cells attenuates the development of post-traumatic osteoarthritis and creates a pro-regenerative environment. Nat Med (2017)  23(6):775–81. doi: 10.1038/nm.4324
31. Baker DJ, Wijshake T, Tchkonia T, Lebrasseur NK, Childs BG, van de Sluis B, et al. Clearance of p16Ink4a-positive senescent cells delays ageing-associated disorders. Nature (2011)  479(7372):232–6. doi: 10.1038/nature10600
32. Shaw AC, Goldstein DR, Montgomery RR. Age-dependent dysregulation of innate immunity. Nat Rev Immunol (2013)  13(12):875–87. doi: 10.1038/nri3547
33. Aw D, Silva AB, Palmer DB. Immunosenescence: emerging challenges for an ageing population. Immunology (2007)  120(4):435–46. doi: 10.1111/j.1365-2567.2007.02555.x
34. Gruver AL, Hudson LL, Sempowski GD. Immunosenescence of ageing. J Pathol (2007)  211(2):144–56. Review . doi: 10.1002/path.2104
35. Chu AJ. Blood coagulation as an intrinsic pathway for proinflammation: a mini review. Inflamm Allergy Drug Targets (2010)  9(1):32–44. Review . doi: 10.2174/187152810791292890
36. Hess K, Grant PJ. Inflammation and thrombosis in diabetes. Thromb Haemost (2011)  105(Suppl 1):S43–54. doi: 10.1160/THS10-11-0739
37. Sanada F, Taniyama Y, Muratsu J, Otsu R, Iwabayashi M, Carracedo M, et al. Activated factor X induces endothelial cell senescence through IGFBP-5. Sci Rep (2016)  6: 35580. doi: 10.1038/srep35580
38. Biagi E, Candela M, Franceschi C, Brigidi P. The aging gut microbiota: new perspectives. Ageing Res. Rev. (2011)  10(4):428–9. doi: 10.1016/j.arr.2011.03.004
39. Chu AJ. Tissue factor, blood coagulation, and beyond: an overview. Int J Inflam (2011)  2011: 367284–30. doi: 10.4061/2011/367284
40. Favaloro EJ, Franchini M, Lippi G. Aging hemostasis: changes to laboratory markers of hemostasis as we age - a narrative review. Semin Thromb Hemost (2014)  40(6):621–33. doi: 10.1055/s-0034-1384631
41. Sanada F, Muratsu J, Otsu R, Shimizu H, Koibuchi N, Uchida K, et al. Local production of activated factor X in atherosclerotic plaque induced vascular smooth muscle cell senescence. Sci Rep (2017)  7(1): 17172. doi: 10.1038/s41598-017-17508-6
42. Mega JL, Braunwald E, Wiviott SD, Bassand JP, Bhatt DL, Bode C, et al. ATLAS ACS 2–TIMI 51 Investigators. Rivaroxaban in patients with a recent acute coronary syndrome. N Engl J Med (2012)  366(1):9–19.
43. Spronk HM, de Jong AM, Crijns HJ, Schotten U, van Gelder IC, Ten Cate H. Pleiotropic effects of factor Xa and thrombin: what to expect from novel anticoagulants. Cardiovasc Res (2014)  101(3):344–51. doi: 10.1093/cvr/cvt343
44. Kamio N, Hashizume H, Nakao S, Matsushima K, Sugiya H. Plasmin is involved in inflammation via protease-activated receptor-1 activation in human dental pulp. Biochem Pharmacol (2008)  75(10):1974–80. doi: 10.1016/j.bcp.2008.02.018
45. Carmo AA, Costa BR, Vago JP, de Oliveira LC, Tavares LP, Nogueira CR, et al. Plasmin induces in vivo monocyte recruitment through protease-activated receptor-1-, MEK/ERK-, and CCR2-mediated signaling. J Immunol (2014)  193(7):3654–63. doi: 10.4049/jimmunol.1400334
46. Kojima H, Kunimoto H, Inoue T, Nakajima K. The STAT3-IGFBP5 axis is critical for IL-6/gp130-induced premature senescence in human fibroblasts. Cell Cycle (2012)  11(4):730–9. doi: 10.4161/cc.11.4.19172
47. Yasuoka H, Hsu E, Ruiz XD, Steinman RA, Choi AM, Feghali-Bostwick CA. The fibrotic phenotype induced by IGFBP-5 is regulated by MAPK activation and egr-1-dependent and -independent mechanisms. Am J Pathol (2009)  175(2):605–15. doi: 10.2353/ajpath.2009.080991
48. Sparkenbaugh EM, Chantrathammachart P, Mickelson J, van Ryn J, Hebbel RP, Monroe DM, et al. Differential contribution of FXa and thrombin to vascular inflammation in a mouse model of sickle cell disease. Blood (2014)  123(11):1747–56. doi: 10.1182/blood-2013-08-523936
49. Roos CM, Zhang B, Palmer AK, Ogrodnik MB, Pirtskhalava T, Thalji NM, et al. Chronic senolytic treatment alleviates established vasomotor dysfunction in aged or atherosclerotic mice. Aging Cell (2016)  15(5):973–7. doi: 10.1111/acel.12458
50. Lehmann M, Korfei M, Mutze K, Klee S, Skronska-Wasek W, Alsafadi HN, et al. Senolytic drugs target alveolar epithelial cell function and attenuate experimental lung fibrosis ex vivo. Eur Respir J (2017)  50(2):1602367. doi: 10.1183/13993003.02367-2016
51. Collins JA, Diekman BO, Loeser RF. Targeting aging for disease modification in osteoarthritis. Curr Opin Rheumatol (2017).
52. Farr JN, Xu M, Weivoda MM, Monroe DG, Fraser DG, Onken JL, et al. Targeting cellular senescence prevents age-related bone loss in mice. Nat Med (2017)  23(9):1072–9. doi: 10.1038/nm.4385
Conflict of Interest Statement. RM received research funding from Bayer Yakuhin, Ltd. Other authors have no conflicts of interests.
Copyright © 2018 Sanada, Taniyama, Muratsu, Otsu, Shimizu, Rakugi and Morishita. 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 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/cover.jpg
, frontiers
in Cardiovascular Medicine








OPS/images/fcvm-05-00012-g001.gif
Collsenescence







OPS/images/fcvm-05-00012-g002.gif
Hemostatic changes Inflammatory cytokin

FXal Plasmin IL-6/5IL-6Ro.
PAR12 STAT3
L. ieFBP5? .l  Radiation
I Replication
ROST

DNA damage responce

/N

SASP 53

Persist inflammation Cell senescence







OPS/images/crossmark.jpg
Ghesk for

i@





