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Editorial on the Research Topic
Insights in cardiovascular therapeutics 2022—cardiovascular innate immunity




Introduction

Thanks to the efforts and support of the authors and editorial team, our Research topic entitled “Insights in Cardiovascular Therapeutics: 2022” in the Frontiers in Cardiovascular Medicine, Cardiovascular Pharmacology and Drug Discovery Section has achieved great success and attracted more than 13,500 views in the past 12 months. Within this topic, we highlight nine original research papers published related to cardiovascular tissue injury and remodeling, cardiovascular innate immunity, trained immunity, and recent advances in cardiovascular therapies. These highlights may serve as the foundation for new developments in cardiovascular pharmacology and drug discovery areas. Looking ahead to 2023, we will continue our work to provide an outstanding platform for cardiologists, translational cardiovascular scientists, and cardiovascular pharmacological scientists to share new findings in clinical cardiology, cardiovascular pharmacology and drug discovery, and translational cardiovascular therapeutics.



Trained immunity is a novel mechanism underlying the pathogenesis of cardiovascular diseases

Cardiovascular diseases (CVDs) represent a leading cause of death worldwide. However, the specific mechanisms and potential treatment options for CVDs have yet to be fully addressed. Noteworthy, chronic non-resolving low-grade inflammation is known to be a major feature in the pathogenesis of CVDs (1). Increasing evidence indicates that the innate immune system contributes to CVD development (2–4). Recently, it has been discovered that innate immune cells can produce a long-lasting proinflammatory phenotype after certain stimulations by either exogenous pathogen-associated molecular patterns (PAMPs)/damage-associated molecular patterns (DAMPs) or endogenous metabolic stress-derived stimuli (2, 5). This persistent hyper-activation of the innate immune system is referred to trained immunity (also termed as innate immune memory) (4, 6–14).

Trained immunity is a functional status of enhanced innate immune/proinflammatory responses via metabolic reprogramming in generating methyl, acetyl, and other chemical moieties (15), which induces long-term epigenetic reprogramming around the promoters of inflammatory genes (8, 16). These epigenetic changes are associated with immune protection against infections or exacerbated inflammations (11) after re-stimulation (14). In contrast to the adaptive immune system, trained immunity lacks antigen-specific recognition (17–19), but leads to a cross-reaction and protects against different pathogens other than the one to which it was initially exposed (3). Nevertheless, as with adaptive immunity (20), innate immune cells may develop immunological memory after encountering a specific insult to adjust their response to subsequent stimulations (14). Innate immune cells that have been “trained” respond more effectively to the possibility of re-stimulation by the same or different insults. One of the other differences between adaptive immune memory and innate immune memory is that special subsets of adaptive immune cells carry out memory functions (21), whereas innate immune memory is the functional status of all innate immune cells experienced metabolic reprogramming (4). Trained immunity serves as a new mechanism underlying chronic metabolic cardiovascular diseases. In addition, trained immunity can be a qualification criteria for environmental, metabolic, and infectious stimuli to become significant cardiovascular disease risk factors such as hyperlipidemia (22–27), hyperglycemia (28–30), hyperhomocysteinemia (31, 32), cigarette smoke (12, 33, 34), hypertension, infections (11, 35), metabolic syndrome, and obesity (23, 36, 37), which are different from insignificant endogenous metabolites and compounds in the foods in inducing trained immunity and enhancing inflammation (8, 33).



Cardiovascular structural cell types, such as endothelial cells and vascular smooth muscle cells, serve as innate immune cells

As mentioned above, trained immunity is inseparable from innate immune cells. Classically, phagocytes (macrophages and neutrophils), mast cells, dendritic cells, basophils, eosinophils, natural killer (NK) cells, and innate lymphoid cells are identified as innate immune cells (38). Despite their various types, innate immune cells share a common feature: they are all monocytic and antigen-presenting white blood cells. This type of innate immune cell functionalized the role of cell migration and engulfment in cellular interaction during the immune process or inflammation. With the intensive study of the immune system, scientists discovered that innate immune cells are not limited to white blood cells. However, stressful circumstances could transform somatic cells into innate immune cells. Endothelial cells (ECs), the innermost layer of the vessel wall, play a critical role in maintaining cardiovascular homeostasis in health or contributing to the pathological mechanisms in multiple CVDs (39–41). In 2013 (Journal of Hematology and Oncology (42, 43), we proposed a new concept: that endothelial cells (ECs) actively participate in innate and adaptive immune responses and carry out all the innate immune functions, the same as prototypical innate immune cell macrophages (44, 45). Therefore, we classified ECs as novel immune cells. The same qualities expressed in traditional innate immune cells are also present in ECs, such as danger associated molecular patterns (DAMPs)/pathogen-associated molecular patterns (PAMPs)-sensing; secretions of cytokines, chemokines, and secretomes (35); phagocytic function; antigen presentation; pro/anti-inflammatory; immunosuppression; migration; plasticity; and heterogeneity (43). Forming the trained phenotype requires metabolic reprogramming, including transitioning from oxidative phosphorylation (OXPHOS) to enhanced glycolysis (13). Oxidized low-density lipoprotein (ox-LDL) (46), a well-established risk factor for CVD, plays a key role in the induction of trained immunity. Evidence reports that ox-LDL mediates immunologic memory in ECs by switching OXPHOS to glycolysis, via significantly increases the enrichment of histone 3 lysine 27 trimethylation/histone 3 lysine 27 acetylation (H3K27m3/H3K27ac) and H3K14ac (8) at the enhancers or promoters of proinflammatory cytokines, such as interleukin (IL) 6 and IL8, through mammalian target of rapamycin- hypoxia-inducible factor 1 alpha (mTOR-HIF1α) signaling in ECs (47). In addition to ox-LDL, reactive oxygen species (ROS) (48) are the upstream activator of the leucine-rich repeats (LRR) containing domain, nucleotide oligomerization domain (NOD), and pyrin domain-containing protein 3 (NLRP3) caspase 1 inflammasome, which has a positive correlation with trained immunity activation. Taken together, trained immunity in ECs is functional for inflammation effectiveness and transition to chronic inflammation (4).

In addition, vascular pathologies reshape vascular smooth muscle cells (VSMCs) into six different phenotypes, including contractile, mesenchymal, fibroblast, macrophage (innate immune cell prototype) (49), foam cell-like, osteochondrogenic-like, myofibroblast-like (50), osteogenic, and adipocyte in response to stimulations of DAMPs/PAMPs (51). We also reported that chronic kidney disease -uremic toxins (52) activate the VSMC phenotypic switch (53) and the proinflammatory caspase-1-inflammasome pathway (innate immune sensors) (5) to promote neointima hyperplasia in the carotid artery (54). Others have also reported that ox-LDL induces trained innate immunity in human coronary VSMCs (55). Taken together, we propose a new concept: that VSMCs in pathologies are an innate immune cell type.



Nine research papers related to therapeutic studies in cardiovascular diseases, inflammation, and trained immunity have been published

Academic research plays a vital role in identifying new therapeutic targets, including understanding target biology and the connections between novel therapeutic targets and disease states. CVDs, as diseases with high mortality and morbidity, have long been the subject of research by scientists or medical experts seeking potential therapies. A comprehensive analysis of trained immunity in relation to CVD might offer novel perspectives on the pathophysiology of the disease and new treatment options. Cui et al. reported that alternate-day fasting (ADF) reduced fasting blood glucose levels and improved endothelium (EC) function in diabetic mice, indicating the therapeutic potential of blocking novel trained immunity-related metabolic pathways, including glycolysis. Ribieras et al. proved that cell adhesion molecule secretion from ECs is critical for inflammation and neovascularization in areas of wound healing and ischemia. Liu et al. demonstrated that interleukin-12 (IL12)p40, the common subunit of IL12 and IL23, was associated with the classic trained immunity stimuli: LPS-induced cardiac injury; Ren et al. showed that the agonistic analog of growth hormone-releasing hormone (GHRH-A) MR409, can effectively attenuate vascular calcification and trained immunity mediator ROS expression and improve EC function and diabetics. Table 1 summarizes nine significant studies on our research topic.


TABLE 1 Nine highly viewed research papers, published in our special topic entitled “Insights in Cardiovascular Therapeutics: 2022”, are summarized.

[image: Table 1]



Author contributions

KX carried out literature collections and drafted the manuscript. YZ, FS, YS, YL, XJ, and HW provided editing input. XY supervised and edited the manuscript. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication. All authors contributed to the article and approved the submitted version.



Conflict of interest

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.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Yang XF, Yin Y, Wang H. VASCULAR INFLAMMATION AND ATHEROGENESIS ARE ACTIVATED VIA RECEPTORS FOR PAMPs AND SUPPRESSED BY REGULATORY T CELLS. Drug Discov Today Ther Strateg. (2008) 5:125–42. doi: 10.1016/j.ddstr.2008.11.003

2. Flores-Gomez D, Bekkering S, Netea MG, Riksen NP. Trained immunity in atherosclerotic cardiovascular disease. Arterioscler Thromb Vasc Biol. (2021) 41:62–9. doi: 10.1161/ATVBAHA.120.314216

3. Zieleniewska NA, Kazberuk M, Chlabicz M, Eljaszewicz A, Kaminski K. Trained immunity as a trigger for atherosclerotic cardiovascular disease-A literature review. J Clin Med. (2022) 11(12):3369. doi: 10.3390/jcm11123369

4. Drummer C, Saaoud F, Shao Y, Sun Y, Xu K, Lu Y, et al. Trained immunity and reactivity of macrophages and endothelial cells. Arterioscler Thromb Vasc Biol. (2021) 41:1032–46. doi: 10.1161/ATVBAHA.120.315452

5. Yin Y, Pastrana JL, Li X, Huang X, Mallilankaraman K, Choi ET, et al. Inflammasomes: sensors of metabolic stresses for vascular inflammation. Front Biosci. (2013) 18:638–49. doi: 10.2741/4127

6. Drummer CIV, Saaoud F, Sun Y, Atar D, Xu K, Lu Y, et al. Hyperlipidemia may synergize with hypomethylation in establishing trained immunity and promoting inflammation in NASH and NAFLD. J Immunol Res. (2021) 2021:3928323. doi: 10.1161/ATVBAHA.120.315452

7. Zhong C, Yang X, Feng Y, Yu J. Trained immunity: an underlying driver of inflammatory atherosclerosis. Front Immunol. (2020) 11:284. doi: 10.3389/fimmu.2020.00284

8. Lu Y, Sun Y, Drummer IV C, Nanayakkara GK, Shao Y, Saaoud F, et al. Increased acetylation of H3K14 in the genomic regions that encode trained immunity enzymes in lysophosphatidylcholine-activated human aortic endothelial cells—novel qualification markers for chronic disease risk factors and conditional DAMPs. Redox Biol. (2019) 24:101221. doi: 10.1016/j.redox.2019.101221

9. Fagenson AM, Xu K, Saaoud F, Nanayakkara G, Jhala NC, Liu L, et al. Liver ischemia reperfusion injury, enhanced by trained immunity, is attenuated in caspase 1/caspase 11 double gene knockout mice. Pathogens. (2020) 9(11):879. doi: 10.3390/pathogens9110879

10. Li X, Fang P, Sun Y, Shao Y, Yang WY, Jiang X, et al. Anti-inflammatory cytokines IL-35 and IL-10 block atherogenic lysophosphatidylcholine-induced, mitochondrial ROS-mediated innate immune activation, but spare innate immune memory signature in endothelial cells. Redox Biol. (2020) 28:101373. doi: 10.1016/j.redox.2019.101373

11. Shao Y, Saredy J, Xu K, Sun Y, Saaoud F, Drummer C, et al. Endothelial immunity trained by coronavirus infections, DAMP stimulations and regulated by anti-oxidant NRF2 may contribute to inflammations, myelopoiesis, COVID-19 cytokine storms and thromboembolism. Front Immunol. (2021) 12:653110. doi: 10.3389/fimmu.2021.653110

12. Shao Y, Saaoud F, Cornwell W, Xu K, Kirchhoff A, Lu Y, et al. Cigarette smoke and morphine promote treg plasticity to Th17 via enhancing trained immunity. Cells. (2022) 11(18):2810. doi: 10.3390/cells11182810

13. Saaoud F, Liu L, Xu K, Cueto R, Shao Y, Lu Y, et al. Aorta- and liver-generated TMAO enhances trained immunity for increased inflammation via ER stress/mitochondrial ROS/glycolysis pathways. JCI Insight. (2023) 8(1):e158183. doi: 10.1172/jci.insight.158183

14. Ochando J, Mulder WJM, Madsen JC, Netea MG, Duivenvoorden R. Trained immunity—basic concepts and contributions to immunopathology. Nat Rev Nephrol. (2023) 19:23–37. doi: 10.1038/s41581-022-00633-5

15. Huang Z, Song S, Zhang X, Zeng L, Sun A, Ge J. Metabolic substrates, histone modifications, and heart failure. Biochim Biophys Acta Gene Regul Mech. (2023) 1866:194898. doi: 10.1016/j.bbagrm.2022.194898

16. Millan-Zambrano G, Burton A, Bannister AJ, Schneider R. Histone post-translational modifications—cause and consequence of genome function. Nat Rev Genet. (2022) 23:563–80. doi: 10.1038/s41576-022-00468-7

17. Yang F, Chen IH, Xiong Z, Yan Y, Wang H, Yang XF. Model of stimulation-responsive splicing and strategies in identification of immunogenic isoforms of tumor antigens and autoantigens. Clin Immunol. (2006) 121:121–33. doi: 10.1016/j.clim.2006.06.007

18. Yang F, Yang XF. New concepts in tumor antigens: their significance in future immunotherapies for tumors. Cell Mol Immunol. (2005) 2:331–41.16368059

19. Ng B, Yang F, Huston DP, Yan Y, Yang Y, Xiong Z, et al. Increased noncanonical splicing of autoantigen transcripts provides the structural basis for expression of untolerized epitopes. J Allergy Clin Immunol. (2004) 114:1463–70. doi: 10.1016/j.jaci.2004.09.006

20. Xu K, Yang WY, Nanayakkara GK, Shao Y, Yang F, Hu W, et al. GATA3, HDAC6, and BCL6 regulate FOXP3+ treg plasticity and determine treg conversion into either novel antigen-presenting cell-like treg or Th1-treg. Front Immunol. (2018) 9:45. doi: 10.3389/fimmu.2018.00045

21. Shen H, Wu N, Nanayakkara G, Fu H, Yang Q, Yang WY, et al. Co-signaling receptors regulate T-cell plasticity and immune tolerance. Front Biosci (Landmark Ed). (2019) 24:96–132. doi: 10.2741/4710

22. Yin Y, Li X, Sha X, Xi H, Li YF, Shao Y, et al. Early hyperlipidemia promotes endothelial activation via a caspase-1-sirtuin 1 pathway. Arterioscler Thromb Vasc Biol. (2015) 35:804–16. doi: 10.1161/ATVBAHA.115.305282

23. Virtue A, Johnson C, Lopez-Pastrana J, Shao Y, Fu H, Li X, et al. MicroRNA-155 deficiency leads to decreased atherosclerosis, increased white adipose tissue obesity, and non-alcoholic fatty liver disease: a NOVEL MOUSE MODEL OF OBESITY PARADOX. J Biol Chem. (2017) 292:1267–87. doi: 10.1074/jbc.M116.739839

24. Mai J, Nanayakkara G, Lopez-Pastrana J, Li X, Li YF, Wang X, et al. Interleukin-17A promotes aortic endothelial cell activation via transcriptionally and post-translationally activating p38 MAPK pathway. J Biol Chem. (2016) 291(10):4939–54. doi: 10.1074/jbc.M115.690081

25. Li X, Shao Y, Sha X, Fang P, Kuo YM, Andrews AJ, et al. IL-35 (Interleukin-35) suppresses endothelial cell activation by inhibiting mitochondrial reactive oxygen Species-mediated site-specific acetylation of H3K14 (histone 3 lysine 14). Arterioscler Thromb Vasc Biol. (2018) 38:599–609. doi: 10.1161/ATVBAHA.117.310626

26. Saaoud F, Wang J, Iwanowycz S, Wang Y, Altomare D, Shao Y, et al. Bone marrow deficiency of mRNA decaying protein tristetraprolin increases inflammation and mitochondrial ROS but reduces hepatic lipoprotein production in LDLR knockout mice. Redox Biol. (2020) 37:101609. doi: 10.1016/j.redox.2020.101609

27. Shao Y, Yang WY, Saaoud F, Drummer IV C, Sun Y, Xu K, et al. IL-35 promotes CD4 + Foxp3+ tregs and inhibits atherosclerosis via maintaining CCR5-amplified treg-suppressive mechanisms. JCI Insight. (2021) 6(19):e152511. doi: 10.1172/jci.insight.152511

28. Fang P, Zhang D, Cheng Z, Yan C, Jiang X, Kruger WD, et al. Hyperhomocysteinemia potentiates hyperglycemia-induced inflammatory monocyte differentiation and atherosclerosis. Diabetes. (2014) 63(12):4275–90. doi: 10.2337/db14-0809

29. Yan Y, Xiong Z, Zhang S, Song J, Huang Y, Thornton AM, et al. CD25high T cells with a prolonged survival inhibit development of diabetes. Int J Immunopathol Pharmacol. (2008) 21:767–80. doi: 10.1177/039463200802100401

30. Fang P, Li X, Shan H, Saredy JJ, Cueto R, Xia J, et al. Ly6C(+) inflammatory monocyte differentiation partially mediates hyperhomocysteinemia-induced vascular dysfunction in type 2 diabetic db/db mice. Arterioscler Thromb Vasc Biol. (2019) 39:2097–119. doi: 10.1161/ATVBAHA.119.313138

31. Jamaluddin MD, Chen I, Yang F, Jiang X, Jan M, Liu X, et al. Homocysteine inhibits endothelial cell growth via DNA hypomethylation of the cyclin agene. Blood. (2007) 110:3648–55. doi: 10.1182/blood-2007-06-096701

32. Jamaluddin MS, Yang X, Hyperhomocysteinemia WH. DNA Methylation and vascular disease. Clin Chem Lab Med. (2007) 45:1660–6. doi: 10.1515/CCLM.2007.350

33. Saaoud F, Shao Y, Cornwell W, Wang H, Rogers T, Yang X. Cigarette smoke modulates inflammation and immunity via ROS-regulated trained immunity and trained tolerance mechanisms. Antioxid Redox Signaling. (2022). doi: 10.1089/ars.2022.0087

34. Shao Y, Cornwell W, Xu K, Kirchhoff A, Saasoud F, Lu Y, et al. Chronic exposure to the combination of cigarette smoke and morphine decreases CD4(+) regulatory T cell numbers by reprogramming the treg cell transcriptome. Front Immunol. (2022) 13:887681. doi: 10.3389/fimmu.2022.887681

35. Lu Y, Sun Y, Xu K, Saaoud F, Shao Y, Drummer C, et al. Aorta in pathologies may function as an immune organ by upregulating secretomes for immune and vascular cell activation, differentiation and trans-differentiation-early secretomes may serve as drivers for trained immunity. Front Immunol. (2022) 13:858256. doi: 10.3389/fimmu.2022.858256

36. Johnson C, Drummer C, Virtue A, Gao T, Wu S, Hernandez M, et al. Increased expression of resistin in MicroRNA-155-deficient white adipose tissues may be a possible driver of metabolically healthy obesity transition to classical obesity. Front Physiol. (2018) 9:1297. doi: 10.3389/fphys.2018.01297

37. Johnson C, Drummer IV C, Shan H, Shao Y, Sun Y, Lu Y, et al. A novel subset of CD95(+) pro-inflammatory macrophages overcome miR155 deficiency and may serve as a switch from metabolically healthy obesity to metabolically unhealthy obesity. Front Immunol. (2020) 11:619951. doi: 10.3389/fimmu.2020.619951

38. Holmgren K. Urinary calculi and urinary tract infection. A clinical and microbiological study. Scand J Urol Nephrol Suppl. (1986) 98:1–71.3026032

39. Rubanyi GM. The role of endothelium in cardiovascular homeostasis and diseases. J Cardiovasc Pharmacol. (1993) 22(Suppl 4):S1–14. doi: 10.1097/00005344-199322004-00002

40. Xu K, Saaoud F, Yu S, Ct D, Shao Y, Sun Y, et al. Monocyte adhesion assays for detecting endothelial cell activation in vascular inflammation and atherosclerosis. Methods Mol Biol. (2022) 2419:169–82. doi: 10.1007/978-1-0716-1924-7_10

41. Xu K, Shao Y, Saaoud F, Gillespie A, Drummer C, Liu L, et al. Novel knowledge-based transcriptomic profiling of lipid lysophosphatidylinositol-induced endothelial cell activation. Front Cardiovasc Med. (2021) 8:773473. doi: 10.3389/fcvm.2021.773473

42. Mai J, Virtue A, Shen J, Wang H, Yang XF. An evolving new paradigm: endothelial cells–conditional innate immune cells. J Hematol Oncol. (2013) 6:61. doi: 10.1186/1756-8722-6-61

43. Shao Y, Saredy J, Yang WY, Sun Y, Lu Y, Saaoud F, et al. Vascular endothelial cells and innate immunity. Arterioscler Thromb Vasc Biol. (2020) 40:e138–52. doi: 10.1161/ATVBAHA.120.314330

44. Lai B, Wang J, Fagenson A, Sun Y, Saredy J, Lu Y, et al. Twenty novel disease group-specific and 12 new shared macrophage pathways in eight groups of 34 diseases including 24 inflammatory organ diseases and 10 types of tumors. Front Immunol. (2019) 10:2612. doi: 10.3389/fimmu.2019.02612

45. Drummer C, Saaoud F, Jhala NC, Cueto R, Sun Y, Xu K, et al. Caspase-11 promotes high-fat diet-induced NAFLD by increasing glycolysis, OXPHOS, and pyroptosis in macrophages. Front Immunol. (2023) 14:1113883. doi: 10.3389/fimmu.2023.1113883

46. Sun Y, Lu Y, Saredy J, Wang X, Drummer IV C, Shao Y, et al. ROS Systems are a new integrated network for sensing homeostasis and alarming stresses in organelle metabolic processes. Redox Biol. (2020) 37:101696. doi: 10.1016/j.redox.2020.101696

47. Sohrabi Y, Lagache SMM, Voges VC, Semo D, Sonntag G, Hanemann I, et al. OxLDL-mediated immunologic memory in endothelial cells. J Mol Cell Cardiol. (2020) 146:121–32. doi: 10.1016/j.yjmcc.2020.07.006

48. Li X, Fang P, Li Y, Kuo YM, Andrews AJ, Nanayakkara G, et al. Mitochondrial reactive oxygen Species mediate lysophosphatidylcholine-induced endothelial cell activation. Arterioscler Thromb Vasc Biol. (2016) 36:1090–100. doi: 10.1161/ATVBAHA.115.306964

49. Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells in atherosclerosis. Circ Res. (2016) 118:692–702. doi: 10.1161/CIRCRESAHA.115.306361

50. Grootaert MOJ, Bennett MR. Vascular smooth muscle cells in atherosclerosis: time for a re-assessment. Cardiovasc Res. (2021) 117:2326–39. doi: 10.1093/cvr/cvab046

51. Yap C, Mieremet A, de Vries CJM, Micha D, de Waard V. Six shades of vascular smooth muscle cells illuminated by KLF4 (kruppel-like factor 4). Arterioscler Thromb Vasc Biol. (2021) 41:2693–707. doi: 10.1161/ATVBAHA.121.316600

52. Sun Y, Johnson C, Zhou J, Wang L, Li YF, Lu Y, et al. Uremic toxins are conditional danger- or homeostasis-associated molecular patterns. Front Biosci (Landmark Ed). (2018) 23:348–87. doi: 10.2741/4595

53. Monroy MA, Fang J, Li S, Ferrer L, Birkenbach MP, Lee IJ, et al. Chronic kidney disease alters vascular smooth muscle cell phenotype. Front Biosci (Landmark Ed). (2015) 20:784–95. doi: 10.2741/4337

54. Ferrer LM, Monroy AM, Lopez-Pastrana J, Nanayakkara G, Cueto R, Li YF, et al. Caspase-1 plays a critical role in accelerating chronic kidney disease-promoted neointimal hyperplasia in the carotid artery. J Cardiovasc Transl Res. (2016) 9(2):135–44. doi: 10.1007/s12265-016-9683-3

55. Schnack L, Sohrabi Y, Lagache SMM, Kahles F, Bruemmer D, Waltenberger J, et al. Mechanisms of trained innate immunity in oxLDL primed human coronary smooth muscle cells. Front Immunol. (2019) 10:13. doi: 10.3389/fimmu.2019.00013












	
	ORIGINAL RESEARCH
published: 17 May 2022
doi: 10.3389/fcvm.2022.878003






[image: image2]

Long-Term Beta-Blocker Therapy in Patients With Stable Coronary Artery Disease After Percutaneous Coronary Intervention

Seung-Jun Lee1†, Dong-Woo Choi2,3†, Choongki Kim4, Yongsung Suh5, Sung-Jin Hong1, Chul-Min Ahn1, Jung-Sun Kim1, Byeong-Keuk Kim1, Young-Guk Ko1, Donghoon Choi1, Eun-Cheol Park2, Yangsoo Jang6, Chung-Mo Nam2* and Myeong-Ki Hong1*


1Severance Cardiovascular Hospital, Yonsei University College of Medicine, Seoul, South Korea

2Department of Preventive Medicine, Yonsei University College of Medicine, Seoul, South Korea

3Cancer Big Data Center, National Cancer Control Institute, National Cancer Center, Goyang, South Korea

4Seoul Hospital, Ewha Womans University College of Medicine, Seoul, South Korea

5Myongji Hospital, Hanyang University College of Medicine, Goyang, South Korea

6CHA Bundang Medical Center, CHA University College of Medicine, Seongnam, South Korea

Edited by:
Xiaofeng Yang, Temple University, United States

Reviewed by:
Yifan Lu, Temple University, United States
 Jing-Song Ou, The First Affiliated Hospital of Sun Yat-sen University, China

*Correspondence: Myeong-Ki Hong, mkhong61@yuhs.ac
Chung-Mo Nam, cmnam@yuhs.ac

†These authors have contributed equally to this work

Specialty section: This article was submitted to Cardiovascular Therapeutics, a section of the journal Frontiers in Cardiovascular Medicine

Received: 11 March 2022
 Accepted: 15 April 2022
 Published: 17 May 2022

Citation: Lee S-J, Choi D-W, Kim C, Suh Y, Hong S-J, Ahn C-M, Kim J-S, Kim B-K, Ko Y-G, Choi D, Park E-C, Jang Y, Nam C-M and Hong M-K (2022) Long-Term Beta-Blocker Therapy in Patients With Stable Coronary Artery Disease After Percutaneous Coronary Intervention. Front. Cardiovasc. Med. 9:878003. doi: 10.3389/fcvm.2022.878003



Background: It is unclear whether beta-blocker treatment is advantageous in patients with stable coronary artery disease (CAD) who underwent percutaneous coronary intervention (PCI). We evaluated the clinical impact of long-term beta-blocker maintenance in patients with stable CAD after PCI with drug-eluting stent (DES).

Methods: From a nationwide cohort database, we identified the stable CAD patients without current or prior history of myocardial infarction or heart failure who underwent DES implantation. An intention-to-treat principle was used to analyze the impact of beta-blocker treatment on long-term outcomes of major adverse cardiovascular events (MACE) composed of cardiovascular death, myocardial infarction, and hospitalization with heart failure.

Results: After stabilized inverse probability of treatment weighting, a total of 78,380 patients with stable CAD was enrolled; 45,746 patients with and 32,634 without beta-blocker treatment. At 5 years after PCI with a 6-month quarantine period, the adjusted incidence of MACE was significantly higher in patients treated with beta-blockers [10.0 vs. 9.1%; hazard ratio (HR) 1.11, 95% CI 1.06–1.16, p < 0.001] in an intention-to-treat analysis. There was no significant difference in all-cause death between patients treated with and without beta-blockers (8.1 vs. 8.2%; HR 0.99, 95% CI 0.94–1.04, p = 0.62). Statistical analysis with a time-varying Cox regression and rank-preserving structure failure time model revealed similar results to the intention-to-treat analysis.

Conclusions: Among patients with stable CAD undergoing DES implantation, long-term maintenance with beta-blocker treatment might not be associated with clinical outcome improvement.

Trial Registration: ClinicalTrial.gov (NCT04715594).

Keywords: percutaneous coronary intervention, coronary artery disease, beta-blocker, drug-eluting stents, treatment outcome


INTRODUCTION

Beta-blockers are considered the primary choice in long-term maintenance drug therapy in patients with coronary artery disease, based on positive evidence for improving clinical outcomes in patients with acute myocardial infarction (MI) (1, 2) or heart failure (3). Long-term beta-blocker maintenance is associated with reduced mortality after percutaneous coronary intervention (PCI) in patients with acute MI (4). However, there is a lack of evidence supporting the beneficial impact of long-term beta-blocker treatment in patients with stable coronary artery disease (CAD) (5). Randomized clinical studies, which usually enroll small patient numbers (6), and observational studies (7, 8) have found no significant benefit to beta-blocker treatment in reducing mortality or ischemic events among patients with stable CAD. Furthermore, published data evaluating the clinical benefits of beta-blocker treatment in patients with stable CAD under the specific situation of post-PCI with drug-eluting stents (DES) is very rare. Using a nationwide cohort database, we sought to investigate the clinical impact of long-term beta-blocker maintenance in patients with stable CAD after PCI with DES.



MATERIALS AND METHODS


Study Design and Data

This study was a nationwide retrospective analysis of the National Health Claims database established by the National Health Insurance Service (NHIS) of Korea, which contains claimed medical costs, detailed information on prescribed drugs including the number of pills and drug dosage, and medical history presented as International Classification of Diseases, Tenth Revision (ICD-10) codes. A majority (97.1%) of the Korean population is required to subscribe to the NHIS, which is the sole insurer managed by the Korean government. Considering that the NHIS also covers information for the remaining population (2.9%) categorized as medical aid subjects, this cohort is considered to represent the entire Korean population (9). This study was approved by the Institutional Review Board of our institute. Informed consent was waived because personal information was masked after cohort generation according to strict confidentiality guidelines of the Korean Health Insurance Review and Assessment Service. This study is registered at ClinicalTrial.gov (NCT04715594). We were also provided with death certificates including ICD-10 codes from the National Institute of Statistics of Korea.



Study Population

Among the 52 million citizens included in the NHIS database, we identified 214,340 patients (≥20 years old) who underwent DES implantation between January 2005 and December 2015, in Korea (CONNECT DES cohort registry). Patients with current (n = 22,079) or prior (n = 43,637) history of MI, history of heart failure (n = 31,310), or history of atrial fibrillation (n = 4,671) were excluded from this study. Furthermore, patients with missing covariates were excluded (n = 376). Patients with an insufficient period of beta-blocker prescription (<90 days, n = 32,573) or those with any clinical event (n = 1,555) during 180 days of quarantine were also excluded from the analyses. Consequently, the remaining 78,139 patients with stable CAD that was treated with DES implantation were included in the analysis of this study (Figure 1).


[image: Figure 1]
FIGURE 1. Flow chart of the study population. CAD, coronary artery disease; DES, drug-eluting stent.




Study Procedures and Outcomes

To emulate a randomized clinical trial that compares the impact of long-term beta-blocker treatment in patients with stable CAD, we used an intention-to-treat design for beta-blocker treatment, defined as a prescription of more than a 90-day supply of beta-blocker during 180 days of quarantine since index PCI. Types of prescribed beta-blockers are presented in Supplementary Table 1. We utilized ICD-10 codes, fee-for-service, and prescribed medication codes provided by the NHIS database and death certificates provided by the National Statistical Office. The primary outcome of interest was major adverse cardiovascular events (MACE) composed of cardiovascular death, MI, and hospitalization with heart failure for 5 years after PCI with 6 months of quarantine. Secondary outcomes were all-cause death and the individual MACE components. Cardiovascular death was ascertained from the National Statistical Office of Korea, which provided death certificates with an accuracy of 92% for the specific causes of death (9–11). Cardiovascular death was identified by a death certificate with at least one cardiovascular-related diagnosis (acute MI, stroke, heart failure, or sudden cardiac death). MI was defined by the ICD-10 codes corresponding to acute MI (10) and satisfaction of one or more of the following conditions: (1) concurrent presence of claims for coronary angiography, (2) admission via the emergency department, or (3) cardiac biomarkers tested more than 4 times. A detailed description of each clinical outcome, including the definition of hospitalization due to heart failure, is presented in Supplementary Table 2. Additionally, we included baseline comorbidities and drug prescription status before PCI for propensity score calculation, and stabilized inverse probability of treatment weights (IPTW) was used to accounting for differences in baseline characteristics, medical history, and confounding bias (Supplementary Table 3).



Statistical Analysis

Continuous variables are reported as mean and SD, and dichotomous variables are presented as frequency and percentage. To minimize the effect of confounding bias, we calculated the IPTW using the propensity score, which was calculated by logistic regression with covariates of age, sex, history of comorbidities and medications, and year of PCI (Supplementary Table 4). We also stabilized IPTW by multiplying it by the marginal probability of receiving treatment. The effect size difference between the two groups for all comorbidities and medications was calculated using standardized mean difference and Kernel density plots. Standardized mean difference values above 0.2 were regarded as a potential imbalance between the two groups. Cumulative incidence curves and the rate of clinical outcomes of interest during follow-up were plotted using the Kaplan–Meier method. The adjusted hazard ratio (HR) for each clinical outcome of interest was calculated using a Cox proportional hazard regression model. A cause-specific hazard model was used to consider death as a competing risk when comparing the incidences of cardiovascular death, MI, and hospitalization due to heart failure. We further conducted sensitivity analyses to assess the robustness of the main results. First, the heterogeneity of treatment effects in subgroups was assessed using interaction terms in a Cox proportional hazard model. Second, to estimate the effect of continuous treatment, the rank-preserving structural failure times (RPSFT) model was used (12). This method estimates counterfactual event times that would have occurred if patients had not switched treatments (13). It also uses a counterfactual framework to estimate the common causal effect of the treatment using a grid search method and may be associated with low bias when a large number of patients switch treatments (14, 15). Since the RPSFT model was designed originally for analysis of a randomized controlled trial with frequent the crossover between treatment groups (15), our observational study utilized the RPSFT model after propensity score-matching to establish homogenous covariate balance at baseline between patients treated with and without beta-blocker (Supplementary Table 4). Third, we performed a time-varying Cox regression in which treatment (with or without beta-blocker) was a time-dependent variable considering switch between treatments in real-world practice. Among the patients who were assigned to the beta-blocker treatment group during a quarantine period, those with discontinuation of beta-blocker for ≥90 days were considered unexposed during the interval. Fourth, we conducted an intention-to-treat analysis by assigning patients treated with beta-blockers for more than 1 day during the quarantine period, instead of 90 days, to the treatment group. Fifth, we defined the intention-to-treat group as a prescription of more than a 16-day supply of beta-blocker in the 30-day quarantine period after PCI because the 180-day observational period used in the main analysis could have masked the occurrence of adverse clinical events early after DES implantation.

All tests were two-sided and a p-value < 0.05 was considered statistically significant. Statistical analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC, USA) and R version 3.6 with “RPSFTM” and “survival” packages (The R Foundation, www.R-project.org).




RESULTS

Baseline demographics and medical history of the cohort population before and after stabilized IPTW are presented in Table 1. After weighting, 78,380 DES-treated patients were included: 45,746 with and 32,634 without beta-blocker treatment. After stabilized IPTW, there was no evidence of inequality in baseline demographic characteristics or medical history between the two groups (all standardized mean difference <0.1, Supplementary Figures 1, 2). The incidence and relative hazards of primary and secondary outcomes are presented in Table 2, Figure 2, and Supplementary Figure 3. At 5 years after PCI with 6 months of quarantine, the adjusted incidence rate of MACE was significantly higher in patients treated with beta-blockers (10.0 vs. 9.1% in those without beta-blocker treatment; HR 1.11, 95% CI 1.06–1.16, p < 0.001, Figure 2) in an intention-to-treat analysis (Table 2 and Supplementary Table 5). There was no significant difference in all-cause death between patients treated with and without beta-blocker (8.1 vs. 8.2%; HR 0.99, 95% CI 0.94–1.04, p = 0.62, Supplementary Figure 3), As for the individual components of MACE, there was no significant association between beta-blocker treatment and risk of cardiovascular death (5.9 vs. 5.9% in those without beta-blocker treatment; HR 1.00, 95% CI 0.94–1.06, p = 0.88) or MI (3.8 vs. 3.6% in those without beta-blocker treatment; HR 1.03, 95% CI 0.96–1.11, p = 0.42), while the adjusted hospitalization rate due to heart failure was significantly higher in patients treated with beta-blockers (4.1 vs. 3.1% in those without beta-blocker treatment; HR 1.32, 95% CI 1.23–1.43, p < 0.001) (Table 2). Consistent findings were observed regardless of DAPT duration (Supplementary Table 6). In a subgroup analysis, there was no significant interaction between the baseline comorbidities and beta-blocker treatment for a 5-year occurrence of MACE (Figure 3) or all-cause mortality (Supplementary Figure 4). There was no significant difference in treatment effect according to the generation of beta-blockers (Supplementary Table 7). During a 5-year follow-up period, there were frequent changes in the prescribed beta-blocker status during follow-up (Figure 4). Among 45,326 patients initially treated with beta-blocker before stabilized IPTW weighting, administration of beta-blocker was discontinued in 6,162 (13.6%) without adverse cardiovascular events such as death, MI, or heart failure. Of the 32,813 patients initially treated without beta-blocker, 3,622 (11.0%) started taking beta-blocker during the 5-year follow-up period and showed no MI or heart failure. To take into account frequent cross-over between the treatment groups, we performed additional statistical analyses with time-varying Cox regression (Figure 5A) and RPSFT models (Figure 5B), which demonstrated no statistically significant impact of beta-blocker treatment on the occurrence of all-cause death, cardiovascular death, or MI, whereas beta-blocker treatment was associated with a higher incidence rate of MACE or hospitalization for heart failure. Consistent findings were obtained when patients treated with beta-blocker for more than 1 day during 180 days of quarantine were considered as a treatment group (Figure 5C) or when the prescription status of beta-blocker within a 30-day period, instead of a 180-day quarantine period, after index PCI was applied (Figure 5D).


Table 1. Baseline characteristics and medications in all patients.
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Table 2. Risks of primary and secondary outcomes at 5 years after percutaneous coronary intervention between patients prescribed with or without β-blocker after stabilized inverse probability of treatment weighting.
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FIGURE 2. Time-to-event curves for major adverse cardiovascular events for 5 years after PCI. The cumulative incidence of major adverse cardiovascular events for 5 years after PCI. HR, hazard ratio; MI, myocardial infarction; PCI, percutaneous coronary intervention.



[image: Figure 3]
FIGURE 3. Subgroup analysis for major adverse cardiovascular events. Numbers and percentages show the number of patients at risk, number of events, and the incidence rate of major adverse cardiac events 5 years after drug-eluting stent implantation. CI, confidence interval; CVA, cerebrovascular accidents; MACE, major adverse cardiovascular events.



[image: Figure 4]
FIGURE 4. Temporal trends in change of beta-blocker prescription. AF, atrial fibrillation; CABG, coronary artery bypass graft surgery; HF, heart failure; MI, myocardial infarction; PCI, percutaneous coronary intervention.



[image: Figure 5]
FIGURE 5. Sensitivity analysis for primary and secondary outcomes. Risk of primary and secondary outcomes according to beta-blocker treatment analyzed by (A) Time varying Cox regression, (B) Rank-preserving structural failure model, and (C,D) Intention-to-Treat method. CI, confidence interval; HR, hazard ratio. Exp (ψ) indicates an increase/decrease in survival in the non-treatment group.




DISCUSSION

This nationwide cohort analysis evaluated the association between long-term beta-blocker treatment and clinical outcomes including mortality in patients with stable CAD after DES implantation. Taking advantage of the unique feature of the Korean NHIS database that accurately tracks all medication information over the entire study period, we could analyze the clinical impact of long-term beta-blocker administration in real-world practice by emulating the intention-to-treat manner of a randomized controlled trial. Furthermore, we applied time-varying Cox regression analysis and the RPSFT model to account for switching between treatment strategies, which is typical in real-world practice. The major findings of our study are as follows: (1) in patients with stable CAD after DES implantation, long-term maintenance treatment with beta-blockers was not associated with improvement of clinical outcomes, and (2) sensitivity analyses that considered switching between treatment strategies revealed consistent findings of a negligible impact of beta-blocker on clinical outcomes.

Long-term maintenance beta-blocker treatment after PCI in patients with MI or heart failure is recommended highly based on a large body of evidence that the treatment reduces mortality and morbidity (4, 16). This benefit mainly relies on the heart rate lowering property that decreases oxygen requirements, and negative inotropic effects that mitigate adverse cardiac remodeling and ventricular arrhythmia (17). Furthermore, in a COURAGE (Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation) trial, which demonstrated comparable effects of optimal medical therapy to PCI in stable CAD patients, beta-blockers were a mainstay drug treatment prescribed in 87% of patients enrolled in the trial (18).

There are two published studies that evaluated the association between beta-blocker treatment at discharge and clinical outcomes in stable CAD patients undergoing PCI without prior history of MI or heart failure. One registry study (n = 5,288) reported that beta-blocker treatment at discharge was associated with a significantly increased risk of cardiac death/MI during a 3-year follow-up after index PCI (HR 1.48, 95% CI 1.05–2.10, p =0.02) (19). Another registry study with a larger number of patients (n = 122,734) reported no significant association between beta-blocker treatment at discharge and mortality or MI at 3-year follow-up (8). In addition, discharge with beta-blocker treatment was associated with more frequent readmission due to heart failure (8). However, these two studies did not provide detailed information on the prescribed beta-blocker status during the 3-year follow-up (8, 19). Because continuous beta-blocker prescription status after discharge during long-term follow-up was not evaluated clearly, the impact of drug switch during the follow-up period was not addressed (8, 19).

To minimize potential sources for bias, we excluded patients with concomitant indications for beta-blocker treatment such as MI, heart failure, or atrial fibrillation. Next, we emulated randomized controlled trials using intention-to-treat analysis with a 180-day quarantine period to assign treatment groups and the stabilized IPTW model to adjust for baseline differences. Furthermore, taking advantage of the unique strength of the NHIS database of Korea, which enables tracking and tracing of complete medication information during an entire follow-up period, we compared the main results with those of sensitivity analyses using the time-varying Cox regression and RPSFT model, which consider switches between treatment groups during follow-up. Finally, to compensate for the possible immortal time bias caused by 6 months of quarantine without clinical events, we set a quarantine period of 1 month as a sensitivity analysis. Results from observational studies cannot be used to establish causality, and residual perturbations can persist after propensity score weighting. However, despite the heterogeneity of treatment groups, various sensitivity analyses confirmed consistency compared with the main analysis.

In our analysis, 14% of patients initially treated with beta-blocker after DES implantation eventually discontinued the drug without the occurrence of significant clinical events. In fact, patients who are prescribed beta-blocker can complain of numerous side effects such as fatigue, bradycardia, depression, hypotension, bronchospasm, peripheral vasoconstriction, or postural hypotension, which usually leads to discontinuation of beta-blocker treatment. Furthermore, chronic beta-blocker use has been associated with lipid profile deterioration and new-onset diabetes (20–22). One study reported that beta-blocker treatment increased serum triglyceride level, decreased HDL cholesterol level, and increased plasma small dense LDL, resulting in an atherogenic lipoprotein phenotype (23). A meta-analysis that included 94,492 hypertensive patients treated with beta-blocker has suggested a positive association between beta-blocker treatment and new-onset diabetes (21). Furthermore, non-selective beta-blockers can cause coronary artery spasms by inhibiting β-adrenergic mediated vasodilation (24). Concerns for possible side effects of long-term beta-blocker administration weaken the rationale for routine use of beta-blocker in specific patients with stable CAD after PCI with DES.



LIMITATIONS

This study has several limitations. First, in this nationwide cohort based on claims data, the systolic function of the left ventricle before PCI and during the follow-up period are not included; thus, patients with borderline left ventricular systolic function or reduced left ventricular systolic function without heart failure diagnosis could be included. Furthermore, in the administrative database, heart failure with preserved ejection fraction could have been underdiagnosed (25). Second, considering the nature of retrospective data based on claims, the findings presented in this study cannot be used to establish causal associations, and residual confounding variables could persist even after stabilized IPTW. Third, we adopted the RPSFT model to correct for frequent changes in beta-blocker prescription. Since the RPSFT is a statistical model typically applied to the analysis of randomized controlled trials, caution is needed in interpreting the findings obtained through this analysis despite the 1:1 propensity score matching for the establishment of RPSFT.



CONCLUSIONS

Among patients with stable CAD undergoing DES implantation, long-term maintenance with beta-blocker treatment was associated with an increased occurrence of MACE. Beta-blocker treatment may not be recommended as a maintenance drug therapy in specific patients with stable CAD after index PCI.
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Introduction: Intermittent fasting, including alternate day fasting (ADF), has grown in popularity as it can produce clinically significant metabolic benefits and is often considered to be easier to adhere to than other types of diets such as chronic calorie restriction. However, the effects of ADF on diabetes-associated vascular dysfunction, and the role of adipose-derived hormones, i.e., adipokines, in mediating its effects, remain largely unknown.

Objective: We aimed to test the hypothesis that ADF protects against diabetes-associated endothelial dysfunction, at least partly through modulating adipokine profiles.

Methods: Control mice (m Leprdb) and diabetic mice (Leprdb) were treated with 12-weeks of ADF. Glucose metabolism, endothelial function, and adipokine profile were assessed.

Results: ADF reduced fasting blood glucose level and homeostatic model assessment for insulin resistance (HOMA-IR), and improved insulin sensitivity. ADF improved endothelium-dependent vasorelaxation of small mesenteric arteries (SMA) of Leprdb mice. The improvement in endothelial function was largely attenuated by incubation with the nitric oxide synthase inhibitor, L-NAME. These ADF-induced metabolic and vascular benefits were accompanied by increased circulating adiponectin. Adenovirus-mediated adiponectin supplementation improved endothelial function in Leprdb mice, supporting endothelial protective roles in diabetes-associated endothelial dysfunction. Protein tyrosine nitration is a post-translational modification that serves as a marker of oxidative stress. Nitrotyrosine protein levels in SMA and mesenteric adipose tissue (MAT) were elevated in Leprdb mice. ADF reduced nitrotyrosine protein in SMA, but not in MAT, of Leprdb mice.

Conclusion: ADF exerts metabolic and endothelial protective benefits. The improvement of endothelial function was partly mediated by increased adiponectin, representing an important mechanism for the beneficial vascular effects resulting from ADF.

Keywords: adipose, adipokines, diabetes, diet, endothelial function, alternate day fasting, adiponectin


INTRODUCTION

Obesity and diabetes are associated with an increased risk of cardiovascular diseases, which remain the leading cause of death globally (1). Lifestyle modification improves metabolic syndrome and associated systemic inflammation and cardiovascular dysfunction (1). Dietary intervention represents an effective lifestyle modification strategy in the management of obesity and type 2 diabetes (2, 3). Calorie restriction, a form of dietary intervention that involves a reduced daily caloric intake, exerts physiological benefits with extended longevity and decreased risks for many age-related diseases in model organisms and humans (3). Despite the well-known benefits, long-term energy restriction is unlikely to be a feasible lifestyle modification strategy in humans due to poor sustained adherence (3).

Intermittent fasting has grown in popularity in the past few years (4–7). Multiple clinical trials support that short-term intermittent fasting can produce clinically significant metabolic benefits in obese subjects (5). Compared with traditional forms of dietary intervention such as chronic calorie restriction that generally require individuals to vigilantly monitor energy intake, intermittent fasting is often considered to be easier in regard to adherence (8). An intermittent fasting regimen can be defined as periods of fasting alternating with periods of eating. Some of the most studied intermittent fasting methods include alternate day fasting (ADF) (0–500 kcal per fast day alternating with ad libitum intake on feast days), the 5:2 fasting (two fast days and five feast days per week), and time-restricted fasting (eating only within a prescribed window of time each day) (5).

Despite the recent surge in popularity, there are limited clinical studies on the effects of long-term intermittent energy restriction in patients with type 2 diabetes (5). Encouragingly, a recent randomized clinical trial in subjects with type 2 diabetes compared an intermittent energy restriction diet (the participants followed 500–600 kcal per day for 2 non-consecutive days per week while following their usual diet for the other 5 days) or a continuous energy restriction diet (1200–1500 kcal per day followed for 7 days per week) for 12 months. The results supported that intermittent energy restriction is an effective alternative strategy for the reduction of hemoglobin A1c (HbA1c) and is comparable to continuous energy restriction in these patients (9).

With the promising results, further clinical and experimental studies are required to explore the benefits and mechanisms of intermittent fasting in type 2 diabetes and associated cardiovascular complications. Mice that are homozygous for the diabetes spontaneous mutation (Leprdb) have been widely used to model type 2 diabetes (10, 11). Indeed, experimental studies in Leprdb mice support that intermittent fasting improved glycemic control, lipid dysregulation (12, 13), hepatic steatosis (14), retinopathy (15), and cognitive impairment (16). However, if and how intermittent fasting may rescue vascular dysfunction in type 2 diabetes has not been studied. Furthermore, adipose-derived hormones, i.e., adipokines, have been implicated to be altered in type 2 diabetes and contribute to impaired endothelial function (17–19). Adiponectin is an adipocyte-derived hormone that increases with weight loss and protects the endothelium by decreasing oxidative stress and inflammation (20–23). Leptin and resistin, in contrast, are adipokines that are positively correlated to body weight and fat mass (24), and weight loss decreased their levels (25). Leptin and resistin have been implicated to cause endothelial dysfunction by promoting oxidative stress (17, 19). In view of this, it is plausible to speculate that weight loss strategies, such as ADF, would increase adiponectin and decrease leptin and resistin concentrations. In turn, the improvements in adipokine profiles may have a protective effect on the vasculature resulting in improved endothelial function.

Here we aimed to determine the effects of ADF on glucose metabolism and endothelial function, and the involvement of adipokines, in type 2 diabetic mice and their respective non-diabetic controls. We hypothesized that ADF regulates the adipokine profile, particularly adiponectin, which exerts vascular protective effects in type 2 diabetic mice with ADF. To test this hypothesis, heterozygote control mice (m Leprdb) and homozygote type 2 diabetic mice (Leprdb) were treated with ADF for 12 weeks. We determined: (1) if and how ADF affects weight loss, glucose metabolism, and insulin sensitivity in type 2 diabetic mice; (2) if and how ADF affects circulating adipokines and their expression in adipose tissue; (3) how ADF rescues endothelial dysfunction, and if and how adipokines, including adiponectin, resistin, and leptin, modulated by ADF may contribute to the vascular benefits of ADF; and (4) whether and to what extent ADF influences glucose metabolism and vascular function in non-diabetic control mice.



MATERIALS AND METHODS


Animal Models and Treatment

The procedures followed were in accordance with approved guidelines set by the Animal Care Committee at the University of Missouri (Columbia, MO, United States). Mice were purchased from the Jackson Laboratory (Bar Harbor, ME, United States). Homozygote type 2 diabetic mice (Leprdb; BKS.Cg-Dock7m + / + LeprdbJ, JAX 000642, black and obese) are wildtype for Dock7 and homozygous for Leprdb (10, 11). The heterozygote control mice (m Leprdb, black and lean) from the colony are heterozygous for Dock7m and heterozygous for Leprdb. Because of the sterility of Leprdb homozygotes, the misty (Dock7m) mutation has been incorporated into stocks for maintenance of the diabetes mutation (10, 11). The repulsion double heterozygote facilitates the identification of heterozygotes for breeding (10, 11). Mice that are homozygous for Dock7m and wildtype for Lepr from the colony (gray and lean) are discarded (10, 11). The Leprdb mice demonstrate morbid obesity, chronic hyperglycemia, and are polyphagic, polydipsic, and polyuric (10, 11). Heterozygotes control mice (m Leprdb) are normal in body weight, blood glucose, and plasma insulin (10, 11).

Mice were maintained on a standard rodent diet. Twelve to sixteen week-old, male, 20–35 g m Leprdb, and 40–60 g Leprdb mice were used in this study. Mice were fed ad libitum on alternate days and then moved to a separate cage without food (starting at 9 a.m.) for 24 h to prevent food from being stored in the bedding. Mice were maintained on a 12-hour light/dark cycle and between 18–23°C according to animal protocols and NIH guidelines. To determine the effects of recombinant resistin treatment, Leprdb mice were treated with murine recombinant resistin (Biovision, Cat# 4560-100, 15 μg/per mouse/day, i.p. injection, for 4 days) as previously described (26).



Measurement of Body Weight and Abdominal Girth

Body weight was determined using an electronic balance. Abdominal girth was measured with the use of a soft ruler (27).



Measurement of Blood Parameters

After animals were anesthetized with pentobarbital sodium (50 mg/kg i.p.), whole blood samples were obtained from the vena cava. A whole blood sample was held for 30 min at room temperature to allow clotting. The sample was centrifuged at 2,000–3,000 g for 10 min at 4°C; the serum was transferred to separate tubes without disturbing blood clots and stored at −80°C until analysis. Commercial ELISA kits were used to measure serum levels of adiponectin (Millipore, EZMADP-60K), resistin (R&D, MRSN00), and leptin (Millipore, EZML-82K) (28). Similarly, total cholesterol levels were assessed using spectrophotometric assays (Biovision, K603-100) according to the manufacturer’s instructions (28).



Measurement of Homeostatic Model Assessment for Insulin Resistance

Fasting blood glucose levels were measured by OneTouch Ultramini glucometer (LifeScan). Fasting serum insulin level was measured with the use of a commercial kit (ALPCO, 80-INSMSU-E01). Insulin resistance was determined by the homeostatic model assessment for insulin resistance; homeostatic model assessment for insulin resistance (HOMA-IR) using the following formula: HOMA-IR = (glucose [mmol/L]) × (insulin [mU/L])/22.5 (21).



Insulin Tolerance Test

Mice were fasted overnight and weighed. The tail was nicked with a fresh razor blade by horizontal cut of the tip and a OneTouch Ultramini glucometer was used to measure baseline blood glucose after overnight fasting. 1.0 unit per kg body weight of diluted porcine insulin (Sigma-Aldrich, St. Louis, MO, United States, I5523) was subsequently injected into the intraperitoneal cavity. Blood glucose was sampled from the tail of each mouse by gently massaging a small drop of blood onto the glucometer strip at 0 (baseline), 15, 30, 60, and 90 min following insulin injection (29).



Adenovirus-Mediated Gene Transfer

Adenovirus vector containing the gene for full-length mouse adiponectin (Ad-APN) was generously gifted by Dr. Shinji Kihara (Department of Internal Medicine and Molecular Science, University of Osaka, Osaka, Japan) (30). HEK-293 AD cells were passaged two to three times before infection and cultured until the floating monolayer was 90–100% confluent. Cells were replenished with 15 ml new growth media containing 10% FBS per 75-cm2 flask with either Ad-APN or adenovirus containing β-galactosidase (Ad-βgal) added to the culture. After 24 h, 10 ml growth media was added to the culture flask, and the viruses were allowed to produce for another 24 h. When all cells were floating, the culture flask was gently shaken, and all media, including the cells, were transferred to a 50-ml sterile tube, which was centrifuged at 1,000 g for 5 min. The cell pellet was then resuspended in 0.8 ml culture medium. The adenoviruses were released from the cells by repeated freeze-thaw cycles using liquid nitrogen. After centrifugation at 10,000 g for 10 min, the supernatant was collected for immediate purification of adenoviruses using a commercial purification kit (Cell Biolabs, San Diego, CA, United States). The concentration of purified adenovirus was measured using the commercial QuickTiter Adenovirus Titer Immunoassay Kit (Cell Biolabs, San Diego, CA, United States) according to the manufacturer’s instructions. Either Ad-APN or Ad-βgal at 1 × 109 plaque-forming units was injected intravenously via the tail vein of m Leprdb and Leprdb mice. All mice were euthanized 7 days after virus injection. Mice that did not show an increase in serum adiponectin levels (as measured by ELISA) were excluded from the functional assessment (20).



Functional Assessment of Small Mesenteric Arteries

Mesenteric arteries (first order of main branches) with internal diameter of 200–250 μm were cut into 2 mm long rings and mounted in a Myograph 610M (ADInstruments, Colorado Springs, CO, United States) (31). The passive tension-internal circumference was determined by stretching to achieve an internal circumference equivalent to 60–70% of that of the blood vessel under a transmural pressure of 100 mmHg. Vessels were maintained in Physiological Saline Solution (PSS) bubbled with 95% O2–5% CO2 at 37°C for the remainder of the experiment. PSS contained 118.99 mM NaCl, 4.69 mM KCl, 1.18 mM KH2PO4, 1.17 mM MgSO4•7H2O, 2.50 mM CaCl2•2H2O, 14.9 mM NaHCO3, 5.5 mM D-Glucose, and 0.03 mM EDTA. After an equilibration period of 45 min, vessels were precontracted with 1 μmol/L phenylephrine (PE). A cumulative dose–response curve was obtained by adding acetylcholine (ACh, 1 nmol/L–10 μmol/L) and sodium nitroprusside (SNP, 1 nmol/L–10 μmol/L). Relaxation at each concentration was measured and expressed as the percentage of force generated in response to 1 μmol/L PE. NO availability was evaluated by ACh concentration-response curve repeated after incubation with the NO synthase inhibitor N-Nitro-L-arginine methyl ester (L-NAME, 100 μM, 20 min). PE-induced vasoconstriction was evaluated by cumulative addition of PE (1 nmol/L to 10 μmol/L). The contraction induced by PE was normalized to the maximal force of contraction induced by 120 mM of KCl (27, 32).



Determination of mRNA Expression by Real-Time Polymerase Chain Reaction

Total RNA was extracted from 10 mg of mesenteric adipose tissue (MAT) using RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia, CA, United States) (27, 32). The quality and quantity of total RNA were determined using a Nanodrop ND-1000 Spectrophotometer (Nano Drop Technologies, Wilmington, DE). Total RNA (1.0 μg) was processed directly to cDNA synthesis using SuperScript™ III Reverse Transcriptase (Invitrogen, Grand Island, NY, United States). Quantitative real-time PCR analyses were performed using an i-Cycler (I-Q5, Bio-Rad Laboratories, Hercules, CA, United States). Reactions were carried out in triplicate in a total volume of 25 μl using SYBR green qPCR Master Mix (Invitrogen, Grand Island, NY, United States). The 2–ΔΔCT method (–ΔΔCT = CT,target gene – CT,Actb, where CT is threshold cycle) was used to analyze the change of target gene expression. The housekeeping gene Actb was used for internal normalization. Mean CT values for both the target and internal control genes were determined. Results are presented as fold change of transcripts for target normalized to internal reference (Actb), compared with m Leprdb (defined as 1.0 fold) (27, 32). The primer sets were designed by Primer3 (33): mouse Adipoq (forward primer: 5′-AGGTTGGATGGCAGGC-3′ and reverse primer: 5′-GTCTCACCCTTAGGACCAAGAA-3′), Retn (forward primer: 5′- TTCCTTGTCCCTGAACTGCT-3′ and reverse primer: 5′-CAAGACTGCTGTGCCTTCTG-3′), Lep (forward primer: 5′- TGTCCAGGGTTGATCTCACA-3′and reverse primer: 5′- TCCCACTGGAACAAAACTCC-3′), and Actb (forward primer: 5′-GCTCTTTTCCAGCCTTCCTT-3′ and reverse primer: 5′-CTTCTGCATCCTGTCAGCAA-3′) (20). The efficiency of the PCR reaction was determined using a dilution series of a standard MAT sample.



Protein Expression by Western Blot Analyses

In total, 10 mg of MAT, or 4-6 branches of small mesenteric arteries (SMA) were homogenized in lysis buffer (Cellytic™ MT Mammalian Tissue Lysis/Extraction Reagent, Sigma-Aldrich, St. Louis, MO, United States). Protein concentration was assessed using BCA™ Protein Assay Kit (ThermoScientific, Rockford, IL, United States), and equal amounts of protein were separated by SDS-PAGE and transferred to PVDF membranes (Bio-Rad, Hercules, CA, United States). Protein expression was detected using anti-nitrotyrosine primary antibody (Abcam, Cat#ab7048, 1:500) anti-tubulin primary antibody (Abcam, Cat#ab6160, 1:5,000), Horseradish peroxidase-conjugated secondary antibodies were used. Signals were visualized by enhanced chemiluminescence (Santa Cruz Biotechnology, Santa Cruz, CA, United States), scanned densitometrically using Fuji LAS3000 and quantified with Multigauge software (Fujifilm). The relative amounts of protein expression were quantified to those of the corresponding m Leprdb control, which was set to a value of 1.0 (27, 32).



Data Analysis

All data were presented as mean ± SEM except as specifically stated. For insulin tolerance tests and vasomotor responses under various dosages, two-way repeated ANOVA was used to determine how the responses were affected by two factors (ADF × Time as the repeated measure for insulin tolerance tests, and ADF × dosage as the repeated measure for vasomotor responses), followed by the post hoc Tukey’s test for multiple comparisons. For other data obtained from the four groups (m Leprdb, m Leprdb + ADF, Leprdb, Leprdb + ADF), one-way ANOVA was used to compare the groups defined by one factor, followed by the post hoc Fisher’s Least Significant Difference test for multiple comparisons. Statistical analyses were performed using SPSS11.5. Significance was accepted at P < 0.05. The sample size was empirically determined based on our previous studies examining the metabolic and endothelial function of Leprdb mice and their respective m Leprdb control mice (20, 27, 28, 32, 34, 35). Mice were grouped by genotype and weight-matched thus not randomized. Blinded analysis was not performed because of feasibility.




RESULTS


The Effects of Alternate Day Fasting on Body Weight, Abdominal Girth, Fasting Total Cholesterol, Fasting Glucose, Fasting Insulin, and Homeostatic Model Assessment for Insulin Resistance in Control and Diabetic Mice

Mice on the ADF diet were allowed to eat ad libitum for one day, and then given no food the next day. This regimen was maintained for 12 weeks. Meanwhile, mice without ADF were continually allowed to feed ad libitum. Food intake was measured on the feast day for mice with or without ADF once per week. ADF led to a net reduction of food intake at 41.8 ± 4.1% in m Leprdb mice and 40.2 ± 4.7% in Leprdb mice. As expected, the Leprdb diabetic mice showed higher body weight, abdominal girth, total cholesterol, blood glucose, insulin, and HOMA-IR than the m Leprdb control mice. In m Leprdb control mice, 12-week ADF reduced body weight, abdominal girth, and insulin. Although ADF modestly reduced total cholesterol, glucose, and HOMA-IR in m Leprdb control mice, the P-values were greater than 0.05, we thus cannot conclude that significant differences exist. In Leprdb mice, ADF did not significantly reduce body weight, abdominal girth, and total cholesterol. ADF, however, remarkably reduced blood glucose and HOMA-IR without affecting insulin levels (Table 1), supporting the profound effects of ADF on improving glucose metabolism despite the lack of effects on weight loss in diabetic mice.


TABLE 1. Basic characteristics.

[image: Table 1]


Alternate Day Fasting Improved Insulin Sensitivity in Both Control and Diabetic Mice

We further determined how ADF affects insulin sensitivity by performing an insulin tolerance test. As expected, the Leprdb diabetic mice showed impaired insulin sensitivity. ADF improved insulin sensitivity in both m Leprdb control mice and Leprdb diabetic mice (Figure 1).


[image: image]

FIGURE 1. Alternate day fasting (ADF) improved insulin sensitivity in both m Leprdb and Leprdb mice. Insulin tolerance tests revealed that diabetic mice (Leprdb) had impaired glucose metabolism compared with control mice (m Leprdb). Twelve weeks of alternate-day fasting (ADF) improved insulin sensitivity in both Leprdb and m Leprdb mice. Data represent mean ± SEM. n = 6 m Leprdb, 6 m Leprdb + ADF, 6 Leprdb, and 5 Leprdb + ADF. *P < 0.05 vs. m Leprdb control mice, # p < 0.05 vs. Leprdb diabetic mice.




Alternate Day Fasting Rescued Endothelial Dysfunction of Small Mesenteric Arteries in Diabetic Mice

SMA represent resistance arteries contributing to vascular resistance and regulation of blood flow. Acetylcholine (ACh)-induced endothelium-dependent vasorelaxation was impaired in SMA of Leprdb diabetic mice vs. m Leprdb control mice. ADF remarkably improved the endothelial function of diabetic mice (Figure 2A). Sodium nitroprusside (SNP)-induced endothelium-independent vasorelaxation (Figure 2C) and phenylephrine (PE)-induced vasoconstriction (Figure 2D) were comparable among groups. Incubation with the nitric oxide synthase inhibitor (L-NAME) largely attenuated the ADF-induced improvement of endothelial function in diabetic mice (Figure 2B). In m Leprdb mice, ADF also showed a trend toward increasing the % of maximal relaxation at an ACh concentration of 10–7 mol/L. ADF did not affect endothelium-independent vasorelaxation or PE-induced vasoconstriction in m Leprdb control mice (Figure 2).
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FIGURE 2. ADF improved endothelium-dependent vasorelaxation without affecting endothelium-independent vasorelaxation or phenylephrine-induced vasoconstriction of small mesenteric arteries (SMA) in type 2 diabetic mice. (A) Acetylcholine (ACh)-induced endothelium-dependent vasorelaxation of SMA was impaired in Leprdb mice. Twelve weeks of ADF in Leprdb (Leprdb + ADF) restored endothelium-dependent vasorelaxation back to the level of m Leprdb control mice. (B) Incubation with the nitric oxide synthase inhibitor (L-NAME) largely attenuated ADF-induced improvement of endothelial function in diabetic mice. (C) Sodium Nitroprusside (SNP)-induced endothelium-independent vasorelaxation of SMA was comparable among groups. (D) Phenylephrine (PE)-induced vasoconstriction of SMA was comparable among groups. Data represent mean ± SEM. n = 5 mice per group with 1–2 rings per mouse. *P < 0.05 vs. m Leprdb control mice, # p < 0.05 vs. Leprdb diabetic mice.




Alternate Day Fasting Modulates Circulating Adipokine Profile and Their Expression by Adipose Tissue

Adiponectin levels were lower in the serum of Leprdb mice, and ADF increased serum adiponectin back to the level of m Leprdb control mice (Figure 3A). Serum resistin was lower in Leprdb mice than in m Leprdb control mice. ADF increased resistin in both m Leprdb control mice and Leprdb diabetic mice (Figure 3B). As expected, Leprdb mice showed dramatically increased serum leptin, i.e., hyperleptinemia due to the lack of leptin receptor. ADF reduced serum leptin in m Leprdb control mice, yet further increased serum leptin in Leprdb mice (Figure 3C).
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FIGURE 3. ADF modulated circulating levels and adipose expression of key adipokines, including adiponectin, resistin, and leptin in mesenteric adipose tissue (MAT) of both m Leprdb and Leprdb mice. Circulating levels of adiponectin (A), resistin (B), and leptin (C) were determined by ELISA. mRNA expression of Adipoq (D), Retn (E), and Lep (F) were determined by qRT-PCR in mesenteric adipose tissue (MAT). Data represent mean ± SEM. n = 6 m Leprdb, 6 m Leprdb + ADF, 6 Leprdb, and 5 Leprdb + ADF. *P < 0.05 vs. m Leprdb control mice, # p < 0.05 vs. Leprdb diabetic mice.


Adipose tissue is the primary source of adipokines released into circulation (36). We further determined mRNA expression of these adipokines in MAT. Consistent with the trend of circulating adipokine levels, Leprdb mice showed increased Lep mRNA (encoding leptin) in MAT (Figure 3F), while reduced Retn mRNA (encoding resistin) (Figure 3E) compared with m Leprdb control mice. Adipoq mRNA (encoding adiponectin) in MAT was not statistically different between m Leprdb and Leprdb mice (Figure 3D). ADF increased Adipoq mRNA in MAT of m Leprdb control mice, though circulating adiponectin in m Leprdb control mice was not altered by ADF (Figure 3D), likely suggesting post-transcriptional regulatory mechanisms limiting a further increase in circulating levels. ADF further increased Lep mRNA in the MAT of m Leprdb control mice, though serum leptin was reduced by ADF (Figure 3E).

Overall, in Leprdb mice, adipokine levels in the serum and MAT showed consistent directionality following ADF. In m Leprdb control mice, however, the increase in MAT mRNA expression of Adipoq and Lep did not correlate with change in the circulation, likely suggesting possible feedback mechanisms to maintain homeostasis in non-diabetic control mice.



The Endothelial Protective Effects of Alternate Day Fasting Were Partly Mediated Through Enhanced Adiponectin

To determine if ADF improved endothelium-dependent vasorelaxation through modulating adipose-derived hormones, we treated control and diabetic mice with adenovirus expressing adiponectin (Ad-APN) or β-galactosidase (Ad-βgal) as the control. As we have previously described (20), mice were euthanized one week after adenovirus treatment and increased circulating adiponectin levels were confirmed by ELISA. Indeed, adiponectin supplementation partly improved endothelium-dependent vasorelaxation in Leprdb mice (Figure 4A), without affecting endothelium-independent vasorelaxation (Figure 4B). To dissect if other adipokines were also involved in ADF-mediated endothelial protective effects, Leprdb mice were treated with recombinant murine resistin (15 μg/mouse/day for 4 days, i.p.) according to a previously published protocol (26). The short-term treatment of resistin did not impair or improve endothelium-dependent or -independent vasorelaxation (Figures 4C,D), suggesting that short-term resistin administration may not affect vascular function. Similarly, Leprdb mice showed increased circulating leptin due to leptin receptor deficiency. Circulating leptin was further enhanced by ADF, suggesting that an increase in circulating leptin itself was unlikely to prevent the vascular benefits of ADF. Thus, our study provided some mechanistic insights into the contribution of adipokines to ADF-mediated vascular effects in type 2 diabetes.
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FIGURE 4. The effects of adipokines on endothelium-dependent vasorelaxation of SMA. (A) Adenovirus-mediated adiponectin supplementation improved ACh-induced endothelium-dependent vasorelaxation of SMA in Leprdb mice, without affecting SNP-induced endothelium-independent vasorelaxation (B). Data represent mean ± SEM. n = 5 mice per group with 1–2 rings per mouse. (C,D) Treatment with recombinant resistin did not affect endothelium-dependent or endothelium-independent vasorelaxation of SMA. Data represent mean ± SEM. n = 6 m Leprdb, 6 Leprdb, 4 Leprdb + resistin with 1–2 rings per mouse. *P < 0.05 vs. m Leprdb control mice, # p < 0.05 vs. Leprdb diabetic mice.




The Effects of Alternate Day Fasting on the Expression of Nitrotyrosine Protein, a Marker of Oxidative Stress, in Small Mesenteric Arteries and Mesenteric Adipose Tissue

Nitrotyrosine protein levels were elevated in both SMA and MAT of Leprdb diabetic mice compared with m Leprdb control mice. ADF reduced SMA nitrotyrosine protein levels in Leprdb diabetic mice without affecting that in the m Leprdb control mice (Figure 5A). ADF, however, did not significantly decrease MAT nitrotyrosine protein levels (Figure 5B).
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FIGURE 5. ADF reduced nitrotyrosine protein levels in SMA, but not MAT, of Leprdb mice. (A) Nitrotyrosine protein levels were higher in SMA of Leprdb mice. ADF reduced nitrotyrosince protein in SMA of Leprdb mice. n = 4 mice per group. (B) Nitrotyrosine protein levels were higher in MAT of Leprdb mice. ADF did not alter nitrotyrosince protein in MAT of Leprdb mice. n = 6 mice per group. *P < 0.05 vs. m Leprdb control mice, # p < 0.05 vs. Leprdb diabetic mice.





DISCUSSION

Studies demonstrate that intermittent fasting improves cardiometabolic risk factors such as blood pressure, levels of low-density lipoprotein cholesterol and triglycerides, insulin resistance, and HbA1c (5). A better understanding of how intermittent fasting affects cardiovascular function and the underlying mechanisms will facilitate its clinical application in obesity and diabetes-associated cardiovascular complications. Our study revealed the profound benefits of ADF in rescuing endothelial dysfunction. The benefits are at least partly mediated through enhanced adiponectin, while resistin and leptin were unlikely to be involved. Adiponectin thus provides a mechanistic link between the role of ADF in regulating adipokine profile and endothelial function in type 2 diabetes. ADF reduced the marker of oxidative stress in resistance arteries but not adipose tissue, suggesting tissue-specific regulatory roles by ADF. ADF may also exert metabolic and vascular benefits in non-obese control mice. Overall, our data support that ADF presents as promising lifestyle intervention for treating diabetes-associated endothelial dysfunction.

Intermittent fasting is emerging as a popular alternative dietary intervention strategy. Despite limited numbers of clinical trials directly comparing the long-term effects of intermittent fasting and daily calorie restriction, current evidence supports equivalent or superior metabolic benefits of intermittent fasting (5). Comparative studies in a 12-month study of insulin-resistant participants support that ADF may produce greater reductions in fasting insulin and insulin resistance compared with calorie restriction despite similar decreases in body weight (37). Experimental studies in C57BL/6J mice suggested that ADF produces similar beneficial modulation of body fat distribution and adiponectin levels as does daily calorie restriction (38). In Leprdb type 2 diabetic mice and streptozotocin-treated type 1 diabetic mice treated with a fasting-mimicking diet, both intermittent fasting and continuous calorie restriction significantly reduced fasting blood glucose levels and improved insulin sensitivity. Yet, intermittent fasting performed significantly better than continuous calorie restriction in improving glycemic control and insulin sensitivity in Leprdb type 2 diabetic mice (39). Clinical studies, conducted over multiple years, that directly compare different regimens will provide important insights into the long-term cardiometabolic benefits of these diets.

There are currently no clinical studies determining the vascular benefits of long-term ADF in patients with diabetes. Clinical trials of short-term ADF, e.g., 8–12 weeks, have, however, provided promising evidence. In obese subjects (n = 32), ADF with a low-fat diet, but not a high-fat diet, for 8-weeks showed improved brachial artery flow-mediated vasodilation (40). Increases in adiponectin were positively associated with augmented flow-mediated vasodilation post-ADF in those subjected to ADF with the low-fat diet (40). ADF also reduced plasma resistin and leptin, which were not correlated with changes in flow-mediated vasodilation (40). In a study involving 54 obese non-diabetic subjects with an 8-week ADF protocol, brachial artery flow-mediated vasodilation was positively correlated to adiponectin concentrations (41). Another study involving 64 obese subjects supported that a 12-week period of ADF improved brachial artery flow-mediated vasodilation (42). Our experimental data strongly support the profound endothelial protective effects of ADF in mice modeling severe type 2 diabetes. To our knowledge, this is the first experimental study determining the role of ADF in diabetes-associated vascular dysfunction. The above clinical studies in obese subjects and our experimental study in type 2 diabetic mice provide premises to further explore the clinical benefits of long-term ADF in diabetes-associated cardiovascular complications.

Our study has shed light on the mechanisms of the endothelial protective effects of ADF partly through enhanced circulating adiponectin. Adiponectin is well known for its anti-inflammatory and anti-oxidative roles in endothelial cells (43) and its protective effects against neointimal formation in response to vascular injury (44) and atherosclerosis (45). Our previous work has also supported that adiponectin abates diabetes-induced endothelial dysfunction by suppressing oxidative stress, adhesion molecules, and inflammation in type 2 diabetic mice (20). Specifically, adenovirus-mediated adiponectin supplementation improved endothelium-dependent vasorelaxation of aortas in Leprdb mice (20). Adiponectin supplementation reduced aortic nitrotyrosine protein levels, via suppressing protein expression of gp91phox, an NADPH oxidase subunit, and increasing protein expression of SOD3, an antioxidant enzyme (20). Aortic expression of inflammatory genes, Tnf, Il6, and Icam1, was also suppressed by adiponectin supplementation (20). These pathways are likely responsible for the endothelial protective and anti-oxidative effects of adiponectin in mesenteric arteries of Leprdb mice undergoing ADF. The adiponectin-independent endothelial protective and anti-oxidative effects of ADF remain to be further dissected, and we speculate that the metabolic benefits of ADF may play important roles.

Alternate day fasting exerts profound metabolic benefits in both control and diabetic mice with remarkably improved glycemic control and insulin sensitivity. The effects of ADF on weight loss and visceral adiposity were, however, modest. In particular, ADF led to ∼4% weight loss in Leprdb mice that did not reach statistical significance (Table 1). Consistent with our observation, an independent study also suggested that a 13-week period of intermittent fasting, using a fasting mimicking diet protocol, improved glucose homeostasis in Leprdb mice without causing weight loss (39). Our previous study examining the effects of bariatric surgery in Leprdb mice demonstrated a ∼15–18% weight reduction following gastric bypass surgery that was accompanied by significantly improved glycemic control and insulin sensitivity (27). Thus, the metabolic benefits of ADF in Leprdb diabetic mice are likely not entirely dependent on weight loss effects. Since the Leprdb mice resemble severe type 2 diabetes, whether ADF may also exert limited benefits in weight management in patients with type 2 diabetes, despite profound metabolic effects, should be studied clinically. In m Leprdb control mice, ADF led to statistically significant weight loss (∼11%, Table 1), and further improved glucose metabolism with a trend toward improved endothelial function. Further, the benefits of ADF in non-obese, healthy humans thus may also warrant further investigation.

There are many questions that remain to be explored. Future studies may further elucidate if the knockout of adiponectin abolishes the vascular protective effects of ADF, the involvement of other adipokines, and the molecular mechanisms by which ADF modulates adipokine expression and secretion. Comparative studies are required to tackle how different intermittent fasting regimens affect metabolic, vascular, and hormonal parameters. Findings generated from such studies could inform whether one regimen is superior to the others and elucidate the mechanisms that underlie the cardiometabolic benefits. The discovery of pharmacological agents mimicking fasting can potentially provide novel therapeutic strategies. A potential limitation of the present studies is that they were performed only in male mice and mesenteric resistance arteries. Given possible sexual dimorphism in regard to obesity/diabetes-related macrovascular and microvascular disease, it will be important to extend our observations to females and in multiple vascular beds, such as aorta and coronary arteries, as well as the microvasculature.



CONCLUSION

In summary, our study examined the role and mechanisms of ADF in diabetes-associated endothelial dysfunction using murine models of type 2 diabetes. We have revealed that ADF in type 2 diabetic mice exerts profound endothelial protective effects, partly through modulating the adipose-derived hormone, adiponectin. Thus, this study improves our understanding of how ADF affords significant protection against endothelial dysfunction partly by regulating adipose-derived hormones. Our work also elaborated on the metabolic benefits and potential cardiovascular protective actions of ADF in the management of type 2 diabetes.
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For patients with chronic limb-threatening ischemia and limited revascularization options, alternate means for therapeutic angiogenesis and limb salvage are needed. E-selectin is a cell adhesion molecule that is critical for inflammation and neovascularization in areas of wound healing and ischemia. Here, we tested the efficacy of modifying ischemic limb tissue by intramuscular administration of E-selectin/AAV2/2 (adeno-associated virus serotype 2/2) to modulate angiogenic and inflammatory responses in a murine hindlimb gangrene model. Limb appearance, reperfusion, and functional recovery were assessed for 3 weeks after induction of ischemia. Mice receiving E-selectin/AAV2/2 gene therapy had reduced gangrene severity, increased limb and footpad perfusion, enhanced recruitment of endothelial progenitor cells, and improved performance on treadmill testing compared to control group. Histologically, E-selectin/AAV2/2 gene therapy was associated with increased vascularity and preserved myofiber integrity. E-selectin/AAV2/2 gene therapy also upregulated a panel of pro-angiogenic genes yet downregulated another group of genes associated with the inflammatory response. This novel gene therapy did not induce adverse effects on coagulability, or hematologic, hepatic, and renal function. Our findings highlight the potential of E-selectin/AAV2/2 gene therapy for improving limb perfusion and function in patients with chronic limb-threatening ischemia.

Keywords: E-selectin (CD62E), gene therapy, angiogenesis, chronic limb-threatening ischemia, peripheral artery disease, gangrene


INTRODUCTION

Peripheral artery disease (PAD) affects 200 million people globally, up to 10% of whom suffer from its most severe form, chronic limb-threatening ischemia (CLTI) (1). CLTI is characterized by hemodynamic compromise to the lower extremities leading to ischemic rest pain, gangrene, or non-healing wounds (2). It is a condition associated with decreased quality of life, increased risk for amputation, and increased 5-year mortality (2). Beyond risk factor optimization (i.e., smoking cessation, lipid-lowering therapy, glycemic control), surgical revascularization with open bypass or endovascular intervention remains the cornerstone of therapy (3). However, these therapies often require repeated procedures, and many patients still suffer limb loss to amputation. For the 30% of CLTI patients who are not candidates for or have failed prior revascularization attempts, alternate methods are needed to improve perfusion to the extremities (1). In addition, it is postulated that adding pro-angiogenic regenerative approaches could improve overall long-term limb salvage over standard of care only. To this end, several gene- and cell-based products have been tested for therapeutic angiogenesis in preclinical animal models and clinical trials. Among gene therapies, previously studied constructs have largely been formulated as naked DNA plasmids encoding soluble angiogenic factors, notably vascular endothelial growth factor (VEGF) (4–6), hepatocyte growth factor (HGF) (7, 8), and fibroblast growth factor (FGF) (9–11). These therapies have shown promise for improving hemodynamic parameters and ulcer healing in CLTI, but without clear benefit on major amputation rates, amputation-free survival, or overall survival in randomized controlled studies (12).

To address the treatment gap in CLTI, we have previously studied the cell adhesion molecule (CAM), E-selectin, as a novel target for therapeutic angiogenesis (13, 14). E-selectin is a multifunctional CAM expressed by activated endothelium that mediates rolling and extravasation of neutrophils and monocytes, thereby playing an important role in inflammatory, immunologic, and thrombotic processes. More recently, the pro-angiogenic actions of E-selectin signaling have also been elucidated. In response to tissue injury, release of cytokines/chemokines, including stromal cell-derived factor 1α (SDF-1α), induces local endothelial expression of membrane-bound E-selectin and systemic reciprocal E-selectin ligand expression on endothelial progenitor cells (EPCs) in the bone marrow via C-X-C motif chemokine receptor 4 (CXCR4) (15). Thus, SDF-1α initiates an E-selectin/E-selectin ligand signaling cascade that mobilizes bone marrow-derived EPCs to areas of wound healing and ischemia where these cells can then contribute to vasculogenesis and neovascularization (16). Our previous work in murine hindlimb ischemia models showed that local overexpression of E-selectin by intramuscular gene transfer can be used to make the tissue microenvironment more receptive to EPCs, potentiating the endogenous angiogenic response with corresponding benefits on wound healing (13) and footpad tissue loss (14). This focus on modification of cell-bound adhesion via E-selectin is the major novelty introduced by our work. In contrast to most clinical trials of gene-based therapeutic angiogenesis, our prior studies of E-selectin gene therapy used an adeno-associated virus (AAV) delivery vector to provide higher transduction efficiency than naked plasmids with lower immunogenicity than adenoviral vectors (17). Several AAV serotypes exist with diverse tissue tropisms based on capsid- and tissue-specific differences in cellular uptake and intracellular trafficking (18). In our previous work, we employed serotype AAV2/9 due to its known tropism for muscle, both cardiac and skeletal (19). On the other hand, serotype AAV2/2 has been the most widely studied with broad tissue tropism toward skeletal muscle, neurons, vascular smooth muscle cells, and hepatocytes, as well as favorable in vitro transduction efficiency (20). Intramuscular AAV2/2 therapies have been used in Phase I studies to treat hemophilia B and α1-antitrypsin deficiency (21, 22), and both AAV2/2 and AAV2/9-based gene therapies are currently approved by the United States Food and Drug Administration.

As such, the goals of this study were to evaluate the efficacy of E-selectin/AAV2/2 (E-sel/AAV2/2), a novel gene construct for therapeutic angiogenesis, for improving limb salvage, reperfusion, and function in a clinically relevant murine gangrene model. Additionally, we sought to characterize the temporal expression of E-selectin in response to ischemia, both in treated and untreated muscle, as well as the downstream angiogenic and inflammatory responses induced by E-sel/AAV2/2 gene therapy.



MATERIALS AND METHODS


Production of Adeno-Associated Vectors

Murine E-selectin and LacZ genes were inserted into multiple cloning sites in the pZac vector (13). After confirmation by gene sequencing, E-selectin/pZac and LacZ/pZac plasmids were sent to the University of North Carolina Gene Therapy Vector Core where AAV serotype 2/2 was prepared by three-plasmid transfection into HEK293 cells (23). Quality assurance and control testing was performed by PCR quantification of genomes and infectivity titer.



Administration of E-sel/AAV2/2 Gene Therapy

All animal experiments described were approved by the University of Miami Institutional Animal Care and Use Committee under protocol 19-163. To account for the lag time between injections and tissue transgene expression, gene therapy was administered 4 and 2 days prior to surgery, as well as on the day of left femoral artery and vein coagulation. Total dose was 1 × 1011 viral genome divided across the 3 days and diluted in 100 μL phosphate-buffered saline (PBS) per dose per mouse. While anesthetized with inhaled isoflurane 1.5–2% and oxygen at 2 L/min, E-sel/AAV2/2 (N = 31, 17 female) and LacZ/AAV2/2 (N = 23, 12 female) were administered with a 31-gauge needle via intramuscular (IM) injections of 20 μL each into the left adductor group (2), lateral thigh (1), and medial (1) and lateral (1) gastrocnemius.



Induction of Hindlimb Gangrene

FVB/NJ male and female mice (001800, Jackson Laboratory, Bar Harbor, ME) aged 10–12 weeks were anesthetized by intraperitoneal (IP) injection of 80 mg/kg ketamine and 5 mg/kg xylazine diluted in PBS. Hair was removed from bilateral groins and hindlimbs and the left groin was prepped with chlorohexidine. A 1 cm incision was made in the left groin and the subcutaneous fat dissected laterally off the inguinal ligament. The femoral sheath was pierced with fine forceps and the femoral nerve gently dissected from the femoral vessels. After identifying the lateral circumflex femoral artery (LCFA), an electrocautery device was used to coagulate and transect both the femoral artery and vein just proximal to the LCFA. In similar fashion, the femoral vessels were divided more distally between the superficial caudal epigastric artery and the saphenopopliteal bifurcation, taking care not to injure the femoral nerve. After ensuring hemostasis, the wound was closed with 5-0 absorbable suture. To further increase tissue oxidative stress, Nω-Nitro-L-arginine methyl ester hydrochloride (L-NAME) (N5751, Sigma-Aldrich, St. Louis, MO), a competitive inhibitor of nitric oxide synthase, was dissolved in PBS and administered 2 h preoperatively and on postoperative days (POD) 1–3 via IP injection (40 mg/kg per injection).



Laser Doppler Perfusion Imaging

Hindlimb perfusion was assessed using a moorLDI laser Doppler perfusion imaging (LDPI) device running version 5 software (Moor Instruments, Wilmington, DE). Mice were anesthetized with inhaled isoflurane 1.5–2% and oxygen at 2 L/min and placed in prone position with the extremities taped in place on a black foam mat with a temperature-controlled heating pad. Perfusion index was calculated as the ratio of mean flux values from the left/ischemic relative to right/non-ischemic hindlimb.



Faber Hindlimb Ischemia Scoring

Footpad tissue loss was evaluated by Faber hindlimb ischemia scoring on POD 1–3, 7, 14, and 21. Faber scores range from 0 to 12 with 0 to 5 corresponding to the number of ischemic nails, 6–10 corresponding to 1–5 ischemic digits, and 11–12 reflecting partial or complete foot atrophy (24). Functionally, there is an important distinction between ischemia of nails compared to digits, so we defined severe gangrene as Faber score >5 and evaluated presence or absence of severe gangrene as a separate outcome.



Treadmill Exhaustion Testing

Mice (N = 9 per group) were trained to run on an Exer 3/6 treadmill (Columbus Instruments, Columbus, OH) during four separate sessions spanning over 2 weeks preoperatively. For training sessions, mice walked on the treadmill with a 10° incline at a speed of 10 m/min for 10 min and then 15 m/min for 5 min with shocks enabled at 1 Hz. After the training period, mice were randomly separated into two groups. For treadmill exhaustion testing, mice were placed on the treadmill and allowed to acclimate with the belt off and shocks on for 5 min. The treadmill was then started at a speed of 5 m/min at a 10° incline and speed was ramped up by 1 m/min2. Distance recording started when speed reached 10 m/min, after which speed was further increased to 15 m/min after 5 min, and then incrementally increased by 3 m/min every 5 min thereafter until maximum speed of 30 m/min. Exhaustion was defined as 40 shocks, at which point shocks were disabled and total walking distance was recorded. Treadmill exhaustion testing was performed on POD 7, 10, 14, and 21.



DiI Perfusion and Confocal Laser Scanning Microscopy

To assess neovascularization in calf muscle, intracardiac perfusion of the lipophilic carbocyanine dye 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI) was performed on POD 22 (N = 6 per group). DiI solution (D282, Invitrogen/Thermo Fisher Scientific, Waltham, MA), diluent, and fixative were prepared, and the perfusion apparatus was assembled according to previously published protocols (25–27). After euthanasia by CO2 overdose, the thoracic cavity was exposed, and the right atrial appendage incised while inserting the 25-gauge butterfly needle of the perfusion apparatus into the left ventricle. Sequentially, 4 mL of PBS, 10 mL of DiI, and 10 mL of 10% neutral-buffered formalin were injected after which the left and right calf muscles were harvested. Tissues were kept in fixative overnight before proceeding to imaging. To mount tissues, the entire calf muscle was sandwiched between two glass microscope slides and compressed using small binder clips. A Leica TCS SP5 (Leica Microsystems, Wetzlar, Germany) inverted confocal microscope was used to image tissues under 5X magnification. To control for technical errors during perfusion, we imaged bilateral gastrocnemius muscles and calculated the ratio of vessel density between left/ischemic and right/non-ischemic hindlimbs. Quantification of tissue vascularity was performed in Fiji (National Institutes of Health, Bethesda, MD).



Histological Examination

On POD 21, mice underwent euthanasia and intracardiac perfusion with 10% neutral-buffered formalin prior to harvesting the left and right adductor and calf muscles. Tissue samples were embedded in paraffin and sectioned. Slides were deparaffinized, hydrated, washed, and stained with hematoxylin (95057-844, VWR, Radnor, PA) and eosin (95057-848, VWR). Slides were imaged with a Leica DFC295 (Leica Microsystems) under 20X and 40X magnification. To measure myofiber cross-sectional area, 2 sections per animal (N = 5 per group) were imaged under 20X magnification with a Zeiss Axio Observer inverted microscope (ZEISS, Oberkochen, Germany). Four muscle fiber perimeters were traced per image and the cross-sectional area was calculated in ZEN software (version 3.3, ZEISS). Results are expressed both in terms of absolute myofiber cross-sectional area and relative to that of non-ischemic muscle.



Immunofluorescence Assays

Immunofluorescence studies were performed in calf muscle harvested on POD 21 to evaluate for expression of E-selectin and presence of EPCs and inflammatory cells. Slides were deparaffinized per standard protocol and antigen retrieval was performed in EDTA buffer (pH 9.0) at 120°C for 10 min. Slides were then washed in distilled water and permeabilized with 0.25% Triton-X100 TBS for 15 min. Tissue was incubated with Protein Block (ab64226, Abcam, Cambridge, United Kingdom) for 1 h. Slides were then incubated overnight at 4°C with conjugated primary antibodies, including E-selectin/CD62E Alexa Fluor 488 (5 μg/mL) (NB110-85473AF488, Novus Biologicals, Littleton, CO), CD31/PECAM-1 Alexa Fluor 647 (5 μg/mL) (NB600-1475AF647, Novus Biologicals), KDR/VEGFR-2 Alexa Fluor 647 (5 μg/mL) (NBP1-43300AF647, Novus Biologicals), CD34 AF488 (5 μg/mL) (SC-18917AF488, Santa Cruz Biotechnology, Dallas, TX) CD3 FITC (5 μg/mL) (11-0032-82, eBioscience/Thermo Fisher Scientific), and unconjugated Mac-2/Galectin-3 (5 μg/mL) (125401, BioLegend, San Diego, CA) followed by Alexa Fluor 594 goat anti-rat IgG (2 μg/mL) (A11007, Invitrogen). To confirm antibody specificity, isotype-matched negative controls were performed using rat IgG2a, kappa monoclonal antibody (ab18450, Abcam) (5 μg/mL) with Alexa Fluor 594 goat anti-rat IgG (2 μg/mL) as secondary antibody (Supplementary Figure 1). Slides were imaged with an Axio Observer inverted microscope (ZEISS). For each stain, 4 images were acquired at 20X magnification from 4 sections per animal (N = 5 per group) and cell counting or quantification of mean fluorescence intensity was performed in Fiji.



RT-qPCR, PCR Arrays, and Bioinformatics Analysis

Thigh and calf muscles were harvested at specified time points postoperatively and total RNA was isolated after tissue homogenization in TRIzol reagent (15596018, Invitrogen/Thermo Fisher Scientific) according to manufacturer instructions. Total RNA was reverse transcribed using RT2 First Strand Kit (Qiagen, Venlo, Netherlands). Real-time reverse transcription quantitative polymerase chain reaction (RT-qPCR) was performed using RT2 SYBR Green qPCR Mastermix (330500, Qiagen) and primers for E-sel (Sele, NM_0113435, assay ID Mm.PT.58.11296882) and Rplp0 (NM_007475, assay ID Mm.PT.58.43894205) as housekeeping gene (Integrated DNA Technologies, Coralville, IA). PCR arrays assessing 84 genes related to angiogenesis (RT2 Profiler PCR Array Mouse Angiogenesis, GeneGlobe ID PAMM-024Z, Qiagen) and inflammation (RT2 Profiler PCR Array Mouse Inflammatory Cytokines & Receptors, GeneGlobe ID PAMM-011Z, Qiagen) were performed according to manufacturer instructions using a Bio-Rad CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA). Data were analyzed using the ΔCt method (2−ΔΔCt) method and RT-qPCR and PCR arrays were performed in duplicate using samples from 3 to 6 mice per group. For bioinformatics analysis, raw expression (Ct) values were normalized to housekeeping genes (Actb, B2m, Gapdh, Gusb, Hsp90ab1) using R Statistical Software (R Core Team 2021) “NormqPCR” (28). Then, -ΔCt values were analyzed for differential expression using R “limma” (29), and raw P-values based on empirical Bayes moderated t-statistics were adjusted for multiple testing with Benjamini & Hochberg false discovery rate correction (30).



Evaluation of Coagulation and Hematologic, Hepatic, and Renal Function

Intracardiac blood samples collected on POD 21 were sent for complete blood count and comprehensive metabolic panel. To evaluate for prothrombotic effect of E-selectin/AAV2/2, blood samples were collected on POD 7 in tubes containing 3.2% sodium bicarbonate in 9:1 ratio and centrifuged at 3,000 rpm for 10 min. The supernatant plasma was collected and used for enzyme-linked immunosorbent assay (ELISA) quantification of D-dimer levels per the kit protocol (LS-F6179-1, LifeSpan BioSciences, Seattle, WA) using a previously determined optimal sample dilution of 1:1,000.



Statistics

Statistical analyses were performed using GraphPad Prism (version 9.0.1, GraphPad Software, San Diego, CA). All continuous data were normally distributed according to Shapiro-Wilk test and compared using Student's t-test for two variables and ANOVA for greater than two variables. Categorical outcomes between two groups were compared using Chi-square test. Data are presented as mean ± standard error (SEM) and results with P < 0.05 considered statistically significant.




RESULTS


E-sel/AAV2/2 Gene Therapy Provides High-Level and Durable Tissue Transgene Expression

To account for the lag time between AAV injection and tissue transgene expression, our protocol called for gene therapy administration 4 and 2 days preoperatively, and immediately prior to induction of hindlimb ischemia. A total of 1 × 1011 viral genome divided across 3 doses of either E-sel/AAV2/2 or LacZ/AAV2/2 serving as control was administered to 5 sites in the left thigh adductor and calf muscles. Expression of transgene, E-selectin mRNA (E-sel), in hindlimb tissues was measured by RT-qPCR. Relative to non-ischemic hindlimb, endogenous E-sel levels in untreated ischemic muscle at various time points after femoral artery and vein coagulation were 2.10 ± 1.97 on POD 7, 0.84 ± 1.08 on POD 14, 1.54 ± 1.40 on POD 21, and 1.09 ± 1.22 on POD 35 (Figure 1A). While there was a trend toward increased E-sel levels above baseline on POD 7, this result was not statistically significant (P = 0.085). Moreover, any endogenous elevation in tissue E-sel was transient with a rapid decline to baseline levels by POD 14 which persisted through POD 35.
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FIGURE 1. High-level E-selectin expression by E-sel/AAV2/2 treatment in ischemic limb tissues. (A) Endogenous E-sel mRNA measured by RT-qPCR is transiently upregulated in untreated ischemic muscle normalized to untreated non-ischemic muscle. (B) Relative E-sel mRNA in E-sel/AAV2/2-treated ischemic muscle normalized to LacZ/AAV2/2-treated ischemic muscle (red) demonstrates high-level E-sel expression compared to endogenous levels in untreated ischemic muscle (black). (C) E-sel mRNA levels are stable from 1 to 3 weeks after treatment with E-sel/AAV2/2. (D) Comparison of E-sel mRNA expression by AAV2/2 and AAV2/9 vectors demonstrating no significant difference on POD 7. (E) Quantification and (F) representative images of immunofluorescence staining for CD31 (red) and E-selectin (green) showing enhanced colocalization (yellow) of these markers in muscle treated with E-sel/AAV2/2 (pointed arrowheads) compared to CD31 staining in absence of E-selectin positivity in muscle treated with LacZ/AAV2/2 (diamond arrowheads). Scale bars represent 50 μm. Data are presented as mean ± SEM where *P < 0.05, **P < 0.01, ***P < 0.001, and ns, not significant (P > 0.05).


On the other hand, quantification of E-sel levels by RT-qPCR in muscle harvested from ischemic limbs treated with E-sel/AAV2/2 revealed high-level E-sel transgene expression by POD 7 compared to endogenous E-sel levels (Figure 1B). Additionally, E-sel levels following treatment with AAV2/2 serotype further increased from POD 7 (17.86 ± 2.331) to POD 21 (21.66 ± 1.53) although this difference was not statistically significant (P = 0.613) (Figure 1C). We also found comparable transduction efficiency of E-sel transgene expression between AAV2/2 (17.86 ± 2.33) and AAV2/9 serotypes (26.35 ± 2.14) on POD 7 (P = 0.299) (Figure 1D). Immunofluorescence analysis (IFA) confirmed significantly greater E-sel expression as measured by mean fluorescence intensity (MFI) in muscle treated with E-sel/AAV2/2 compared to LacZ/AAV2/2 (1.031 ± 0.249 vs. 0.144 ± 0.025, P = 0.008; Figures 1E,F). Thus, both assays used to detect E-sel gene expression and protein levels demonstrated that intramuscularly administered E-sel/AAV2/2 provides high-level and durable tissue transgene expression in ischemic limb muscle. Additionally, on IFA, E-sel/AAV2/2 gene therapy was associated with increased capillary density as measured by CD31 MFI (1.884 ± 0.486 vs. 0.605 ± 0.144, P = 0.036) and an elevated E-selectin to CD31 MFI ratio (0.569 ± 0.121 vs. 0.229 ± 0.021, P = 0.024; Figure 1E), suggesting a pro-angiogenic effect of E-sel/AAV2/2 gene therapy that is consistent with further observations in this study.



E-sel/AAV2/2 Gene Therapy Promotes Pro-angiogenic Response and Increases Footpad Reperfusion and Calf Muscle Vascularity

To measure the angiogenic effect of E-sel/AAV2/2 gene therapy, we quantified ischemic limb reperfusion on LDPI and visualized skeletal muscle vascularity by whole-body DiI perfusion and subsequent confocal microscopy of resected ischemic calf muscles. On LDPI, a significant improvement in footpad perfusion index, expressed as the ratio of blood flow of the ischemic relative to non-ischemic limb, was observed with E-sel/AAV2/2 therapy compared to LacZ/AAV2/2 control starting on POD 7 (0.213 ± 0.014 vs. 0.135 ± 0.016, P < 0.001) with a continued steady increase through the study endpoint on POD 21 (0.425 ± 0.024 vs. 0.222 ± 0.017, P < 0.001; Figures 2A,B). Because LDPI measurements primarily reflect blood flow via larger caliber arteries, we also examined small blood vessel and capillary density in the treated limb tissues by whole-body DiI perfusion and subsequent laser scanning confocal microscopy of resected calf muscles which allows for high-resolution, three-dimensional visualization of tissue vasculature (27). Imaging of ischemic gastrocnemius muscle after DiI perfusion on POD 22 showed that mean vessel density was significantly greater in mice treated with E-sel/AAV2/2 (0.579 ± 0.099) compared to LacZ/AAV2/2 controls (0.317 ± 0.054) (P = 0.042; Figures 2C,D), further providing evidence that E-sel/AAV2/2 gene therapy is pro-angiogenic and can increase footpad reperfusion and vessel density in treated ischemic limb tissues.
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FIGURE 2. Hindlimb reperfusion and angiogenesis gene profile is enhanced by E-sel/AAV2/2. (A) Representative laser Doppler perfusion images and (B) quantification of perfusion indices demonstrating improved recovery of footpad perfusion in mice treated with E-selectin/AAV2/ compared to LacZ/AAV2/2. (C) Quantification and (D) representative confocal microscopy images of calf muscle following whole-body perfusion with DiI to stain the peripheral vasculature on POD 22. Scale bars represent 5 and 1 mm for 5X and 20X images, respectively. (E) PCR array demonstrating upregulation of several angiogenesis genes in muscle treated with E-sel/AAV2/2 compared to LacZ/AAV2/2 control vector. Data are presented as mean ± SEM where *P < 0.05 and ***P < 0.001.


To further investigate the pro-angiogenic effect of E-sel/AAV2/2 gene therapy, we carried out an angiogenesis-focused PCR array analysis to quantitatively assess 84 genes comprising a panel of growth factors, cytokines, cell adhesion molecules, and transcription factors known to play a role in angiogenesis and arteriogenesis (RT2 Profiler PCR Array Mouse Angiogenesis, GeneGlobe ID PAMM-024Z, Qiagen). Bioinformatic analysis was then performed using PCR array data to generate corresponding angiogenesis heatmaps (Figure 2E). The complete list of angiogenesis-related genes analyzed is available in Supplementary Figure 2. PCR array analysis demonstrated a robust angiogenic gene expression profile in ischemic muscle treated with E-sel/AAV2/2 compared to LacZ/AAV2/2 with upregulation of 14/84 genes (16.7%). Genes that were modulated more than two-fold are shown in Table 1. Taken together, these results demonstrated that E-sel/AAV2/2 gene therapy initiates a robust local angiogenic response with upregulation of diverse pro-angiogenesis genes.


Table 1. Name and function of angiogenesis genes modulated by intramuscular E-selectin/AAV2/2 gene therapy.
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E-sel/AAV2/2 Gene Therapy Promotes Recruitment of EPCs to Ischemic Tissue

E-selectin has previously been demonstrated to be involved in recruitment of EPCs (15, 16). To further elucidate the mechanism underlying therapeutic angiogenesis induced by E-sel/AAV2/2 gene therapy in ischemic hindlimb, we therefore assessed recruitment of EPCs into E-sel/AAV2/2-treated vs. LacZ/AAV2/2-treated ischemic calf muscle using IFA. To identify EPCs in ischemic calf muscle, we stained for CD34 (hematopoietic cell marker carried by circulating stem/progenitor cells) and KDR (kinase insert domain receptor, also known as VEGFR-2 or vascular endothelial growth factor receptor 2, an endothelial cell marker; Figure 3A). In limb tissues harvested on POD 7, we found no significant difference in EPC numbers in muscle treated with E-sel/AAV2/2 compared to LacZ/AAV2/2 (14.0 ± 7.2 cells/mm2 vs. 18.5 ± 6.7 cells/mm2, P = 0.670). By POD 21, however, IFA demonstrated significantly more CD34+/KDR+ colocalization in ischemic tissue treated with E-sel/AAV2/2 compared to LacZ/AAV2/2 (63.9 ± 10.9 cells/mm2 vs. 17.3 ± 2.2 cells/mm2, P = 0.003), indicating enhanced EPC recruitment in the treatment group (Figure 3B). Globally, ischemic tissue from LacZ/AAV2/2-treated mice demonstrated sparse foci of EPC recruitment, whereas in E-sel/AAV2/2-treated limb muscle, there were consistently several large foci of EPC enrichment. We found no appreciable numbers of CD34+/KDR+ cells in non-ischemic limb muscle from either group. The data, hence, suggested that E-sel/AAV2/2-induced therapeutic angiogenesis is mediated, at least in part, by increasing recruitment of circulating EPCs to ischemic tissues where these cells can then participate in neovascularization.
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FIGURE 3. Recruitment of endothelial progenitor cells (EPCs) to ischemic muscle is enhanced by E-sel/AAV2/2. (A) Representative immunofluorescence images demonstrating enhanced colocalization (yellow) of EPC markers CD34 (green) and KDR/VEGFR-2 (red) on POD 21 in muscle treated with E-sel/AAV2/2 compared to LacZ/AAV2/2. EPCs indicated by pointed arrowheads. Scale bars represent 50 μm. (B) Counting of cells co-staining for CD34 and KDR/VEGFR-2 revealed similar EPC numbers in the acute phase of ischemia (POD 7) but enhanced recruitment of EPCs by POD 21 in muscle treated with E-sel/AAV2/2 compared to LacZ/AAV2/2. Data are presented as mean ± SEM where **P < 0.01 and ns, not significant (P > 0.05).




E-sel/AAV2/2 Gene Therapy Reduces Severity of Tissue Loss and Incidence of Severe Gangrene

To evaluate the therapeutic effect of E-sel/AAV2/2 gene therapy on severity of tissue loss, we monitored and recorded Faber scores at prespecified time points. The Faber hindlimb ischemia score is an established and popular grading scheme used to assess severity of tissue loss in hindlimb ischemia models (24). Examples of Faber scores 1–12 are shown in Figure 4A. A Faber score of 0 reflects a normal foot without any ischemic nails or digits. Mice treated with E-sel/AAV2/2 or LacZ/AAV2/2 were visually inspected on POD 1–3 and weekly through POD 21. Mean Faber scores were consistently lower for E-sel/AAV2/2-treated mice compared to LacZ/AAV2/2 controls starting on POD 7 (4.45 ± 0.53 vs. 6.35 ± 0.74, P = 0.042) and through POD 21 (3.84 ± 0.55 vs. 6.13 ± 0.71, P = 0.014; Figures 4B,C), indicating overall reduced tissue loss severity in the treatment group. Because of the significant functional difference between ischemic nails (Faber score 1–5) and ischemic/necrotic digits (Faber score 6–12), we further categorized limb outcomes as mild and severe gangrene according to these cutoff values. By POD 21, incidence of severe gangrene, defined as Faber score greater than 5, was 29% (9/31) in the E-sel/AAV2/2 group compared to 61% (14/23) in the LacZ/AAV2/2 group (P = 0.027), corresponding to an absolute risk reduction of 31.8% and relative risk of 0.478 (95% confidence interval 0.248–0.889; Figure 4D). Overall, these data quantifying gross limb appearance showed that E-sel/AAV2/2 gene therapy reduces severity of limb tissue loss and incidence of severe gangrene, demonstrating its efficacy for limb salvage.
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FIGURE 4. Limb tissue loss and incidence of severe gangrene is reduced by E-sel/AAV2/2 gene therapy. (A) Representative photos illustrating range of Faber ischemia scores 1–12. (B) Representative images of footpads obtained on POD 14 in mice treated with E-sel/AAV2/2 and LacZ/AAV2/2. (C) Mean Faber ischemia scores up to POD 21 after induction of hindlimb ischemia are significantly lower in mice treated with E-sel/AAV2/2 compared to LacZ/AAV2/2. (D) Proportion of mice with severe gangrene (Faber score >5) on POD 14. Data are presented as mean ± SEM where *P < 0.05, **P < 0.01, and ns, not significant (P > 0.05).




E-Sel/AAV2/2 Gene Therapy Preserves Histological Integrity and Improves Function of Ischemic Muscle

To test the effect of E-sel/AAV2/2 gene therapy on recovery of ischemic limb function, we conducted mouse treadmill exhaustion testing at prespecified postoperative time points. Preoperatively, mice were trained to run on a treadmill during 4 training sessions spread across 2 weeks. Trained mice were then randomly separated into two groups for E-sel/AAV2/2 and LacZ/AAV2/2 treatment, respectively. Following induction of hindlimb gangrene, both groups suffered significant reduction in exercise capacity. Walking/running distance on treadmill exhaustion testing then progressively improved for both groups but starting on POD 7 (231 ± 4 vs. 179 ± 17 m, P = 0.001) and through POD 21 (675 ± 58 vs. 532 ± 27 m, P = 0.043), performance was significantly better in the E-sel/AAV2/2-treated group compared to LacZ/AAV2/2-treated controls (Figure 5D). To address the pathophysiological basis of improved limb function, we performed histological analysis of calf skeletal muscle harvested on POD 21. On hematoxylin and eosin (H&E) staining, myocyte integrity was better preserved in the E-sel/AAV2/2-treated group compared to LacZ/AAV2/2-treated controls, as demonstrated by increased absolute myofiber size (1,872 ± 119 vs. 1,121 ± 75 μm, P < 0.001) and that relative to non-ischemic calf muscle (0.907 ± 0.029 vs. 0.637 ± 0.040, P < 0.001; Figures 5A–C). Myofiber size in non-ischemic muscle was not significantly different between groups (2,078 ± 162 vs. 1,772 ± 97 μm, P = 0.145; Figure 5B). Our data thus revealed that E-sel/AAV2/2 gene therapy improves functional recovery of ischemia-injured limbs and gangrenous footpads by reducing skeletal muscle atrophy.
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FIGURE 5. E-sel/AAV2/2 gene therapy is associated with preserved myofiber integrity and improved functional recovery in ischemic hindlimb. (A) Representative H&E sections demonstrating better-preserved muscle integrity with larger myofiber size (dashed yellow line) and peripherally located nuclei (pointed arrowhead) in E-sel/AAV2/2-treated muscle compared to shrunken (dashed yellow line), eosinophilic necrotic fibers and centrally located nuclei (diamond arrowheads) observed in muscle treated with LacZ/AAV2/2. Scale bars represent 25 μm. (B) Measurement of myofiber cross-sectional area demonstrating reduced myofiber size in LacZ/AAV2/2-treated compared to E-sel/AAV2/2-treated ischemic muscle. Non-ischemic myofiber size is comparable across groups. (C) Relative myofiber size in ischemic muscle compared to non-ischemic muscle is significantly larger after treatment with E-sel/AAV2/2 compared to LacZ/AAV2/2. (D) Mean distance walked on treadmill exhaustion testing at various timepoints postoperatively. Data are presented as mean ± SEM where *P < 0.05, **P < 0.01, ***P < 0.001, and ns, not significant (P > 0.05).




Effects of E-sel/AAV2/2 Gene Therapy on Inflammation, Coagulation, and Hematologic, Hepatic, and Renal Function

The above data indicate a pro-angiogenic role of E-selectin for therapeutic angiogenesis. Since E-selectin is also known to be involved in inflammation and thrombosis, we addressed potential effects of intramuscularly administered E-sel/AAV2/2 gene therapy on inflammation and thrombosis as well as general toxicity in our mouse hindlimb gangrene model. To assess whether E-sel/AAV2/2 gene therapy induced a pro-inflammatory response in ischemic tissue, we conducted pathway-focused PCR array analysis to specifically test levels of 84 genes related to the inflammatory response. Total RNA samples extracted from ischemic limb tissue on POD 21 were subjected to RT-qPCR array analysis (RT2 Profiler PCR Array Mouse Inflammatory Cytokines & Receptors, GeneGlobe ID PANZ-011Z, Qiagen). Although there was evidence of both upregulation of certain genes (21/84, 25%) and downregulation of others (27/84, 32%), there were overall more genes related with inflammation that were downregulated with E-sel/AAV2/2 therapy compared to LacZ/AAV2/2. As visualized by heatmap analysis (Figure 6A), these results indicated an overall “cooling” or dampening effect of E-sel/AAV2/2 gene therapy on tissue inflammatory gene profile. The complete list of analyzed genes related to inflammation is available in Supplementary Figure 3. Using IFA, inflammation was further assessed by counting the number of T cells (CD3+) and macrophages (Mac-2/Galectin-3+) infiltrated in treated ischemic limb tissues. In both E-sel/AAV2/2-treated and LacZ/AAV2/2-treated ischemic limb muscle, CD3+ cells were sparse (23 ± 4 vs. 27 ± 1 cells/mm2, P = 0.403; Figures 6B,D). Moreover, the number of Mac-2+ macrophages was similar between E-sel/AAV2/2-treated and LacZ/AAV2/2-treated muscle (41 ± 17 vs. 38 ± 14 cells/mm2, P = 0.877; Figures 6C,E), indicating that E-sel/AAV2/2 gene therapy did not exert a pro-inflammatory effect on POD 21.
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FIGURE 6. E-sel/AAV2/2 modulates inflammatory gene profile in ischemic muscle without inducing significant inflammatory cell recruitment. (A) PCR array from muscle harvested on POD 21 demonstrating an overall downregulation of inflammatory genes by E-sel/AAV2/2 gene therapy. (B) Representative immunofluorescence images of ischemic muscle stained for CD3, a marker of T cells (pointed arrowheads), and (C) Mac-2/Galectin-3, a marker of macrophages (pointed arrowheads). (D) Counting of CD3+ and (E) Mac-2+ cells demonstrating no significant difference in T cell or macrophage recruitment to ischemic muscle treated with E-sel/AAV2/2 and LacZ/AAV2/2. Scale bars represent 50 μm. Data are presented as mean ± SEM and ns, not significant (P > 0.05).


Routine blood tests were performed to assess hematologic, hepatic, and renal function. Blood sampling on POD 21 revealed no differences in hematologic, hepatic, or renal function panels between mice treated with E-sel/AAV2/2, LacZ/AAV2/2, or PBS (Table 2), indicating that locally administered E-sel/AAV2/2 gene therapy does not appear to cause systemic toxicity. To test potential effect of E-sel/AAV2/2 gene therapy on thrombosis, we quantified serum D-dimer levels on POD 7. ELISA revealed that D-dimer was elevated above normal levels (250 ng/mL) in E-sel/AAV2/2-treated mice, but also LacZ/AAV2/2 and PBS controls. However, there was no significant difference in D-dimer levels between E-sel/AAV2/2-treated mice and those that received LacZ/AAV2/2 or PBS vehicle (Table 2). Thus, increased D-dimer levels may be related to recent surgical procedure or intramuscular injection but were not uniquely attributable to E-sel/AAV2/2 gene therapy. Collectively, our data showed that locally administered E-sel/AAV2/2 gene therapy alters the inflammatory gene profile of ischemic muscle but does not induce T cell or macrophage infiltration, thrombosis, or systemic toxicity.


Table 2. Serum D-dimer levels on POD 7 and complete blood count and liver and renal function tests obtained on POD 21 in mice treated with E-sel/AAV2/2, LacZ/AAV2/2, and PBS.
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DISCUSSION

Our prior work on E-selectin vascular regenerative approaches indicated a beneficial effect on murine limb revascularization. In this study, we demonstrate for the first time that in vivo direct E-sel/AAV2/2 gene therapy results in dramatic changes of the tissue angiogenesis and inflammatory gene profiles. These major findings are associated with more effective recruitment of EPCs to the compromised ischemic limb. In addition, the phenotype of the treated animals indicates significantly improved recovery in laser Doppler perfusion and capillary density with associated reduction in tissue loss. The absolute risk reduction provided by E-sel/AAV2/2 gene therapy regarding development of severe gangrene, which we defined as digital or foot necrosis (Faber score >5), was 32%. This effect size suggests a number needed to treat on the order of 3–4. While these results are not directly translatable to human subjects, the observed reduction in mean tissue loss severity and overall incidence of severe gangrene in this study demonstrates promise for local E-selectin-based gene therapy as a potential treatment for limb-threatening ischemia.

PAD/CLTI is a chronic disease in which buildup of atherosclerotic plaque typically occurs over many years. This gradual occlusive process allows for adaptation of skeletal muscle to tissue hypoxia, and how well individuals can compensate explains some of the variability in symptoms experienced by patients with PAD/CLTI. In this chronic setting, limb tissue may become more tolerant to tissue hypoxia and respond differently than it does to an acute ischemic insult. While our findings corroborate prior studies indicating that E-selectin is acutely upregulated following induction of ischemia, expression of E-selectin in chronically ischemic tissue is not well-characterized. Like others, we found that endogenous E-selectin levels rapidly return to baseline within 7 days and remain at this level afterwards (31). Such a transient and modest elevation of E-selectin is an acute response to tissue ischemia and likely insufficient to initiate or support an adequate angiogenic response essential for rescuing and repairing chronically ischemia-injured tissue. Therefore, increasing tissue levels of E-selectin and prolonging its expression, particularly in the vasculature, can aid in mounting a therapeutic angiogenic response.

The present construct, E-sel/AAV2/2, achieved stable transgene expression 20-fold higher than LacZ/AAV2/2 control vector up to 3 weeks after therapy. IFA then confirmed endothelial expression of E-selectin and increased capillary density, as measured by CD31 positivity, in ischemic muscle treated with E-sel/AAV2/2. The primary mechanism by which we hypothesize E-selectin overexpression promotes angiogenesis is through recruitment of EPCs and perhaps other tissue repair cells to areas of ischemia and wound healing. In humans, EPCs were first characterized as CD34+/KDR+ cells but are now known to comprise a diverse population of cells expressing a variety of cell surface markers as they differentiate into mature endothelial cells (32–34). Homing of EPCs to areas of wound healing is mediated by SDF-1α-induced E-selectin/E-selectin ligand interactions on activated endothelium and circulating EPCs, respectively (15, 16). By increasing levels of vascular E-selectin in the ischemic tissue microenvironment, E-sel/AAV2/2 may help to potentiate and prolong the innate response to ischemia, thereby increasing post-natal vasculogenesis with subsequent benefit on skeletal muscle vascularity. Consistently, treatment with E-sel/AAV2/2 was associated with histological preservation of myofiber size and integrity which translated to improved exercise capacity on treadmill exhaustion testing.

While our findings demonstrated significantly enhanced EPC recruitment with E-sel/AAV2/2, there may be other mechanisms mediating the pro-angiogenic effects of E-selectin. Beyond homing of EPCs to areas of ischemia, our PCR array data show that local E-selectin overexpression induces a robust angiogenic response with upregulation of several growth factors, cytokines, cell adhesion molecules, and transcription factors. Of these, leptin (Lep) was the most significantly upregulated gene in ischemic muscle treated with E-sel/AAV2/2. Leptin is an adipokine that acts systemically as a satiety signal but has also been implicated in wound healing (35) and post-natal angiogenesis (36). Under physiological conditions, adipocytes in perivascular adipose tissue help to regulate vascular tone by releasing vasoactive molecules, including leptin, and these vasodilatory mechanisms may be impaired due to leptin-resistance associated with obesity (37). Additionally, perivascular cells expressing platelet-derived growth factor receptor α (PDGFRα) and PDGFRβ within skeletal muscle are leptin-producing and have been shown to induce production of VEGF-A by skeletal muscle cells (36). Other notable factors upregulated by E-sel/AAV2/2 included thymidine phosphorylase (platelet-derived endothelial cell growth factor, PD-ECGF) and placental growth factor (PGF) which have been shown to improve perfusion and exercise tolerance in rabbit hindlimb ischemia models (38, 39), as well as monocyte chemoattractant protein 1 (MCP-1) and integrin β3, which are critical for monocyte recruitment and arteriogenesis (40) and endothelial cell adhesion, migration, and endothelial tube formation, respectively (41). Future studies, including validation of angiogenic factor protein levels, are needed to better elucidate the mechanisms underlying therapeutic angiogenesis induced by E-sel/AAV2/2 gene therapy. Moreover, the beneficial effects observed on skeletal muscle histology and function warrant more detailed investigations into the effects of E-selectin on myocyte regeneration and mitochondrial metabolism.

Our preliminary safety data did not demonstrate a difference between mice treated with E-sel/AAV2/2, LacZ/AAV2/2 control vector, or PBS vehicle with regards to hematologic, hepatic, or renal function panels. However, D-dimer levels were elevated on POD 7 in E-selectin/AAV2/2-treated, as well as LacZ/AAV2/2 and PBS controls. These results likely indicate that neither E-selectin nor AAV2/2 vector alone was responsible for this effect. As we did not observe any evidence of microvascular thrombosis on histological examination, the supranormal D-dimer levels likely reflect recent surgical intervention. Of note, coagulation of the femoral vein in conjunction with the femoral artery was performed due to ease of the operation and may be clinically relevant as chronic venous insufficiency is a common comorbidity in patients with PAD (42). Regarding inflammation, PCR array demonstrated that E-sel/AAV2/2 modulated the inflammatory gene profile of ischemic limb tissue with an overall dampening or “cooling” effect on heatmap analysis. Although Mac-2+ macrophage infiltration was similar between E-sel/AAV2/2-treated and control tissue, the observed alteration in inflammatory cytokine and receptor gene expression may reflect improvement in the degree of ischemia in the tissue microenvironment, as well as direct downstream effects of E-selectin signaling and indirect paracrine actions of recruited cells. To account for the lag time between injection and transgene expression, our protocol called for administration of gene therapy at 4 and 2 days preoperatively, as well as on day of surgery. It should be noted that even with 3 separate administrations of gene therapy, these all occurred within a 4-day interval. In this short period, the immune system likely recognizes a single antigenic stimulus and does not have sufficient time to mount an antibody response. To this end, we found minimal recruitment of CD3+ T cells in either E-sel/AAV2/2-treated or LacZ/AAV2/2-treated ischemic muscle, indicating that neither E-selectin nor AAV2/2 vector induces a significant viral lymphocytic response, which is consistent with the well-documented low immunogenicity of AAV vectors (17).

The primary limitation of this study is the acuity of arterial disruption and subsequent ischemic injury. In our model, gangrene is induced in FVB mice by femoral artery and vein coagulation with additional administration of a nitric oxide synthase inhibitor to inhibit the endogenous vasodilatory response and increase tissue oxidative stress. Peak severity of tissue loss generally appears within 7–14 days with greatest therapeutic effect observed between 14 and 21 days. To develop a more chronic model of limb ischemia, other groups have used ameroid constrictors to gradually occlude the femoral artery (43, 44). With this technique, ischemia is less severe and associated with reduced inflammation and muscle necrosis compared to acute femoral artery ligation. However, the timing of ischemia onset in this model can be variable. Peak ischemia severity is reached within 14 days but may occur as soon as 3 days postoperatively with necrotic changes observed in BALB/c mice within 5 days (44). Perhaps more reflective of subacute ischemia, adapting this approach to FVB mice, which have intermediate sensitivity to ischemia, could prolong the duration of ischemia compared to C57BL/6 mice while improving the therapeutic window relative to BALB/c mice.

Importantly, our model does not account for comorbid smoking, hypertension, hyperlipidemia, or diabetes, which are common cardiovascular risk factors that also contribute to limb outcomes in PAD/CLTI. We also could not ascertain an independent effect of exercise therapy which is an essential component of management for PAD. In clinical practice, we envision using scoring systems such as the Wound, Ischemia, and foot Infection (WIfI) score (45), which incorporates tissue loss severity, hemodynamic parameters, and presence of infection, along with individual patient-specific factors such as disease etiology (i.e., diabetes, Buerger's disease) and vascular anatomy on angiography, to identify patients at risk of amputation who have exhausted traditional revascularization options and may benefit from angiogenic gene therapy.

While risk factor modification and revascularization remain central to treatment of PAD and CLTI, there is an unmet need for angiogenic therapies in patients with limited surgical revascularization options. Herein, we demonstrate the potential of E-sel/AAV2/2 gene therapy for reducing severity of tissue loss and improving perfusion and function of ischemic limbs. This preclinical study paves the way for studies in larger animal models and clinical trials in patients with inoperable CLTI.
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Background: Cardiac dysfunction is one of the most common complications of sepsis and is associated with the adverse outcomes and high mortality of sepsis patients. IL-12p40, the common subunit of IL-12 and IL-23, has been shown to be involved in a variety of inflammation-related diseases, such as psoriasis and inflammatory bowel disease. However, the role of IL-12p40 in lipopolysaccharide (LPS)-induced cardiac dysfunction remains obscure. This study aimed to explore the role of IL-12p40 in LPS-induced cardiac dysfunction and its potential mechanisms.

Methods: In this study, mice were treated with LPS and the cardiac expression of IL-12p40 was determined. Then, IL-12p40–/– mice were used to detect the role and mechanisms of IL-12p40 in LPS-induced cardiac injury. In addition, monocytes were adoptively transferred to IL-12p40–/– mice to explore their effects on LPS-induced cardiac dysfunction.

Results: The results showed that cardiac IL-12p40 expression was significantly increased after treated with LPS. In addition, IL-12p40 deletion significantly aggravated LPS-induced cardiac dysfunction, evidenced by the increased serum levels of cardiomyocyte injury markers and heart injury scores, as well as by the deteriorated cardiac function. Moreover, IL-12p40 deletion increased LPS-induced monocyte accumulation and cardiac expression of inflammatory cytokines, as well as enhanced the activation of the NF-κB and MAPK pathways. Furthermore, adoptive transfer WT mouse monocytes to IL-12p40−/− mice alleviated LPS-induced cardiac dysfunction and decreased the phosphorylation of p65.

Conclusion: IL-12p40 deletion significantly aggravated LPS-induced cardiac injury and cardiac dysfunction in mice by regulating the NF-κB and MAPK signaling pathways, and this process was related to monocytes. Therefore, IL-12p40 show a protective role in SIC, and IL-12p40 deficiency or anti-IL-12p40 monoclonal antibodies may be detrimental to patients with SIC.

KEYWORDS
  sepsis, IL-12p40 deletion, cardiac dysfunction, monocytes, LPS


Introduction

Sepsis is a systemic inflammatory response syndrome (SIRS) caused by severe infection, surgery, burns, trauma, etc., characterized by an imbalance between inflammatory and anti-inflammatory responses in the body. It can cause septic shock and multiple organ dysfunction syndrome (MODS). Sepsis-induced cardiac dysfunction (SIC) is the most common complication in clinical sepsis and is associated with adverse outcomes and high mortality in sepsis patients (1, 2). It is mainly characterized by ventricular enlargement, myocardial contraction and/or diastolic dysfunction (3). Although numerous studies have paved the way to understand the underlying pathogenesis of SIC (4), the specific mechanism is still not clear. Some studies have reported that the potential mechanism of SIC is a result of the complex interaction of inflammation, oxidative stress, autophagy and apoptosis (4–6) rather than due to a single factor alone.

Previous studies have shown that cytokines participate in the pathological process of sepsis by regulating the immune–inflammatory response of the body. Feng et al. reported that the patients with severe sepsis and septic shock had significantly high serum levels of IL-6 and IL-18 (7). Furthermore, Huan et al. reported that the expression level of IL-35 was decreased in mouse heart tissue after treatment with LPS (8). Therefore, some researchers have attempted modulate these cytokines to reduce the disadvantages of the sepsis-related host response. Panacek et al. found that the anti-TNF-α antibody afelimomab can significantly decrease the 28-day mortality rate of sepsis patients whose serum IL-6 level is over 1,000 pg/ml (9). Moreover, the anti-IL-6 receptor (IL-6R) antibody tocilizumab can improve the prognosis of critical COVID-19 patients, as it can bind to IL-6R and block downstream signal transduction (10).

IL-12p40 is the common subunit of IL-12 and IL-23, which are the proinflammatory factors of the IL-12 family. It can be produced by activated inflammatory cells including monocytes, macrophages, dendritic cells (DCs) and neutrophils (11, 12). To date, some studies have explored the roles of IL-12p40 in autoimmune disease (13), inflammatory responses (14), fibrosis (15) and allograft rejection (16). However, in different diseases, the biological effects of IL-12p40 are not fixed and depending on the inflammatory microenvironment (17). Eriksson et al. found that IL-12p40 deletion can protect mice from autoimmune myocarditis (18). Yao et al. reported that IL-12p40 deletion can induces cholangitis and fibrosis in interleukin-2Rα(−/−) mice (19). Furthermore, Prando et al. found that patients with IL-12p40 deficiency were susceptibility to mycobacterial disease and salmonellosis disease (20). However, whether IL-12p40 plays a role in sepsis and sepsis-induced cardiac dysfunction is unknown. In this study, we aimed to identify the function of IL-12p40 in sepsis-induced cardiac dysfunction and to explore its underlying mechanisms.



Materials and methods


Animals and experimental model

IL-12p40 knockout (IL-12p40−/−) mice with a C57BL/6J background were purchased from the Institute of Model Zoology, Nanjing University (imported from the Jackson Laboratory), and wild-type (WT) mice in the same brood were used as controls (21, 22). All mice were housed in the specific-pathogen-free mouse room of Renmin Hospital of Wuhan University, in which the temperature (20–22°C) and humidity (50 ± 5%) were relatively constant, and the mice could freely obtain water and food. The study was approved by the Animal Care and Use Committee of Renmin Hospital of Wuhan University, and the Care and Use of Laboratory Animals were performed in accordance with the NIH Guidelines revised in 2011.

In the first experiment, male WT mice aged 8–10 weeks were randomly divided into a Saline group (n = 10) and an LPS group (n = 30). Mice in the LPS group were intraperitoneally injected with 10 mg/kg LPS (055:B5, Sigma-Aldrich, USA) (23), while those in the Saline group were intraperitoneally injected with an isovolumetric dose of saline. Every 10 mice in the LPS group were sacrificed with isoflurane at 3, 6, and 12 h after treatment with LPS. Mice in the Saline group were sacrificed in the same way at 6 h after treatment with saline. The heart tissues of all the mice were harvested, and cardiac IL-12p40 expression levels were detected by qRT–PCR and western blotting. In the second experiment, 8- to 10-week-old WT mice and IL-12p40−/− mice were selected and randomly divided into Saline + WT group (n = 10), Saline + KO group (n = 10), LPS + WT group (n = 10) and LPS + KO group (n = 10). Mice in the LPS + WT and LPS + KO groups were given LPS at a dose of 10 mg/kg, while those in the other two groups were given an isovolumetric dose of saline. Six hours later, all the mice were anesthetized and underwent cardiac ultrasound. After that, all of them were sacrificed, and serum and heart tissue samples were obtained for further measurement. In the third experiment, 8- to 10-week-old IL-12p40−/− mice were subjected to the adoptive transfer of WT monocytes or IL-12p40−/− monocytes (106 cells/mouse) from the tail vein (24). On the second day, all IL-12p40−/− mice that had received WT monocytes or IL-12p40−/− monocytes were divided into KO+WT Mono group (n = 6), KO+WT Mono+LPS group (n = 6), KO+KO Mono group (n = 6) and KO+KO Mono+LPS group (n = 6). Then, mice in the KO+WT Mono+LPS and KO+KO Mono+LPS groups received 10 mg/kg LPS, while those in the other two groups received an isovolumetric dose of saline. Six hours later, all the mice were anesthetized and underwent cardiac ultrasound. Then, all of them were sacrificed, and serum and heart tissue samples were obtained for further measurement.



Echocardiography

The cardiac function of mice was evaluated by echocardiography as described in our previous study (25). In brief, transthoracic echocardiography was performed using a Mylab30CV ultrasound (Biosound Esaote), and data on left ventricular end-diastolic diameter (LVEDd), left ventricular end-systolic diameter (LVESd), left ventricular end-diastolic volume (LVEDd), left ventricular end-systolic volume (LVESd), ejection fraction (LVEF) and fractional shortening (LVFS) were obtained for 10–15 cardiac cycles.



Biochemical determination

The creatine kinase-myocardial band (CK-MB) and lactate dehydrogenase (LDH) were assessed as indices of cardiomyocyte injury. Serum concentrations of CK-MB and LDH were detected according to the manufacturer's instructions, and all kits were purchased from Nanjing Jiancheng Bioengineering Institute, China.



Quantitative real-time PCR

Total RNA was extracted from heart tissues using TRIzol reagent and reverse transcribed to cDNA according to a previous protocol (26). Subsequently, quantitative real-time PCR (qRT–PCR) was performed using a LightCycler 480 (Roche, Switzerland) according to the manufacturer's recommendation. The expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was quantified as an internal control. All the primer sequences used in our study are shown in Table 1.


TABLE 1 All the primer sequences in this study.
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Western blot analysis

The extraction of protein from heart tissues and western blotting were performed according to methods described previously (27). In brief, the heart tissues were lysed by RIPA buffer and ultrasound successively. Total protein was collected from each heart sample and quantified with a BCA Protein Assay Kit (Thermo Fisher Scientific). Then, the proteins (50 μg per sample) were separated by SDS-PAGE and transferred to PVDF membranes (Millipore, Beijing, China). The PVDF membranes were then blocked for 1.5 h with specific 5% non-fat dried milk and incubated with primary antibodies overnight at 4°C. The primary antibodies included anti-IL-12p40, anti-Bcl-2, anti-Bax, anti-c-caspase3, anti-STAT1, anti-p-STAT1, anti-p-p65, anti-p65, anti-CD14, anti-CD16, anti-ERK, anti-p-ERK, anti-p38, anti-p-p38, anti-JNK, anti-p-JNK and anti-GAPDH. Finally, the membranes were incubated with secondary antibodies and scanned with an Odyssey infrared imaging system (LI-COR, USA). The protein expression level of GAPDH was used as an internal control to analyse the expression levels of the target proteins.



Histological analysis

Hearts were arrested in 10% KCl solution immediately after being obtained. After fixation with 10% formalin for 48 h, the heart specimens were embedded in paraffin and then sliced into 5-μm sections. The heart injury score and myocardial collagen volume were analyzed by hematoxylin and eosin (HE) staining and masson's trichrome staining, respectively. Moreover, these sections were also subjected to immunofluorescence staining. In brief, the sections were incubated with primary antibodies against CD14 (R&D Systems, USA), against CD16 (R&D Systems, USA) and against p-p65 (Abcam, United Kingdom) overnight at 4°C. Then, the sections were incubated with secondary antibodies [anti-rabbit HRP reagent (Gene Tech, Shanghai, China)] and 40,6-diamidino-2-phenylindole [DAPI (Gene Tech, Shanghai, China)]. All the figures were captured with fluorescence microscope, and Image Pro Plus 6.0 (Media Cybernetics, Bethesda, MD, United States) was used for relative quantification.



TdT-mediated dUTP nick-end labeling (TUNEL) assay

The heart specimens described above were deparaffinized with toluene and dehydrated with ethanol according to the procedures previously described in our previous study (28). Then, a TUNEL kit (Millipore, United States) was used to assess the apoptosis of myocardial tissue.



Flow cytometry

Flow cytometry of mouse spleen tissue was performed as described previously (29). In brief, isolated cell suspensions from spleens were filtered, centrifuged, resuspended and blocked with a CD16/32 antibody. Then, the cell suspensions were stained with primary antibodies for 30 min at 4°C in the dark. Flow cytometry analysis was performed on a BD FACS Calibur flow cytometer (BD Biosciences, San Jose, CA, USA).



Monocyte transduction

Monocytes were obtained according to previous reports (30, 31). Briefly, tibias and femurs were collected from WT and IL-12p40−/− mice. Serum-free α-MEM was injected with a syringe into the bone marrow cavities of tibias and femurs to flush out the cells in the cavities. This process was repeated several times until all the cells in the marrow cavities were flushed out. All bone marrow cell suspensions from IL-12p40−/− mice were collected in a petri dish, while those from WT mice were collected in a separate petri dish. After filtration and centrifugation, bone marrow cell suspensions were lysed with sterile cell lysate. Then, the bone marrow cell suspensions were mixed with FBS, PS and α-MEM and seeded in each well of 6-well culture plates. After overnight incubation in a humid incubator with 5% CO2, the supernatants were discarded from the 6-well culture plates, and the adherent cells were treated for 3 days with monocyte colony-stimulating factor (MC-SF), FBS, PS and α-MEM. All cytokines were purchased from R&D Systems. Monocytes were then cultured in fresh serum-free α-MEM medium at a density of 5 × 106 cells/ml. These monocytes from WT or IL-12p40−/− mice were transferred into each IL-12p40−/− recipient mouse through the tail vein at a dose of 106 cells per mouse (24).



Statistics

All the results are presented as the mean ± SD. One-way analysis of variance (ANOVA) or multiactor analysis of variance was used for comparison of the mean between the groups. A p < 0.05 was considered significant.




Results


LPS treatment increases cardiac IL-12p40 expression in mice

The results of qRT-PCR and Western blot showed that within 6 h after treated with LPS, the mRNA and protein levels of IL-12p40 in the mouse myocardium increased gradually. However, after 12 h, both the mRNA and protein levels of IL-12p40 showed downwards trends. Moreover, the mRNA and protein levels of IL-12p40 in mice treated with LPS at 3, 6, and 12 h were significantly different from those in mice in the Saline group (Figure 1).


[image: Figure 1]
FIGURE 1
 LPS treatment increases cardiac IL-12p40 expression in mice. (A) Western blot analysis of IL-12p40 protein levels in the hearts of each group (n = 5). (B) qRT-PCR analysis of IL-12p40 mRNA expression levels in the hearts of each group (n = 6). *P < 0.05 compared with the Saline group.




IL-12p40 deletion aggravates LPS-induced cardiac injury and cardiac dysfunction in mice

The results of biochemical determination showed that treatment with LPS dramatically increased the LDH and CK-MB levels in the serum of mice, and IL-12p40 deletion further increased their levels in mice treated with LPS (Figures 2A,B). The results of qRT-PCR also showed that the levels of ANP and BNP in the cardiac tissue of mice were obviously increased after treatment with LPS and were further increased after IL-12p40 deletion (Figures 2C,D). In addition, the echocardiography results showed that treatment with LPS significantly reduced the LVEF and LVFS of mice; however, IL-12p40 deletion further reduced the LVEF and LVFS of mice (Figures 2E,F). Furthermore, the histological examination revealed that the heart injury scores of mice treated with LPS were significant higher than those of mice treated with saline, and IL-12p40 deletion could further increase the heart injury scores of mice treated with LPS (Figure 2G). However, there was no significant difference in myocardial collagen volume among all the groups (Figure 2G).


[image: Figure 2]
FIGURE 2
 IL-12p40 deletion aggravates LPS-induced cardiac injury and cardiac dysfunction in mice. (A,B) The levels of LDH and CK-MB in serum of mice in each group (n = 6). (C,D) qRT-PCR analysis of ANP and BNP mRNA expression levels in the hearts of mice in each group (n = 6). (E,F) Echocardiography analysis of LVEF and LVFS of mice in each group (n = 6). (G) HE and masson's trichrome stainings and the quantitative results of heart tissues in each group (n =6; scale bar, 100 μm). *P < 0.05 compared with the Saline group. #P < 0.05 compared with the LPS+WT group.




IL-12p40 deletion increases the activation of NF-κB and MAPK signaling pathways and aggravates cardiac inflammation in mice treated with LPS

JAK/STAT1 and NF-κB are the signaling pathways of inflammatory responses, while the MAPK signaling pathway is involved in the pathogenesis of LPS-induced cardiac injury. The results showed that LPS stimulation could significantly increase the phosphorylation of p65, p38, ERK and JNK, which were further increased by IL-12p40 deletion (Figure 3A). However, neither LPS stimulation nor IL-12p40 deletion had significant effect on the phosphorylation of STAT1 (Figure 3A). Furthermore, the qRT–PCR results showed that the mRNA levels of the proinflammatory cytokines IL-1β, IL-6, IL-17, TNF-α, and INF-γ were markedly increased after treatment with LPS (Figure 3B). And IL-12p40 deletion could further increase the mRNA levels of these inflammatory cytokines (Figure 3B).
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FIGURE 3
 IL-12p40 deletion increases the phosphorylation of NF-κB and MAPK signaling pathways and aggravates cardiac inflammation in mice treated with LPS. (A) Western blot analysis of T-ERK, p-ERK, T-p38, p-p38, T-JNK, p-JNK, T-STAT1, p-STAT1, T-P65, and p-P65 protein levels in the hearts of mice and the ratios of p-ERK/T-ERK, p-p38/ T-p38, p-JNK/T-JNK, p-P65/T-P65, and p-STAT1/T-STAT1 in each group (n = 5). (B) qRT-PCR analysis of IL-1β, IL-6, IL-17, TNF-α and INF-γ mRNA expression levels in the hearts of mice in each group (n =6). *P < 0.05 compared with the Saline group. #P < 0.05 compared with the LPS+WT group.




IL-12p40 deletion increases monocyte infiltration

Monocytes are natural inflammatory cells and are involved in the inflammatory response of sepsis (32, 33). Thus, we also evaluated the infiltration of monocytes in mice. CD14 and CD16 are the surface molecules of monocytes. The immunofluorescence results showed that the infiltration of monocytes in the hearts of mice was significantly increased after treatment with LPS. Interestingly, these changes were obviously exacerbated by IL-12p40 deletion (Figure 4A). Furthermore, the results of flow cytometry also showed that LPS stimulation increased the infiltration of monocytes in the spleen, which was further exacerbated by IL-12p40 deletion (Figure 4B).


[image: Figure 4]
FIGURE 4
 IL-12p40 deletion increases monocytes infiltration. (A) The immunofluorescence analysis of CD14 and CD16 in heart sections of each group (n = 6; scale bar, 50 μm). (B) Flow cytometry analysis of CD14++CD16+monocyte percents in spleen tissues of mice in each group (n = 6). *P < 0.05 compared with the Saline group. #P < 0.05 compared with the LPS+WT group.




IL-12p40 deletion aggravates LPS-induced myocardial apoptosis

Western blot results showed that LPS stimulation increased the protein expression of Bax and C-caspase3 and decreased the protein expression of Bcl-2 in hearts. These changes were obviously aggravated by IL-12p40 deletion (Figure 5A). Moreover, compared with the saline group, the number of TUNEL-positive cells in the hearts of the LPS group was significantly increased and was further increased by IL-12p40 deletion (Figure 5B).
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FIGURE 5
 IL-12p40 deletion aggravates LPS-induced myocardial apoptosis. (A) Western blot analysis of Bax, Bcl-2 and C-caspase-3 protein levels in heart tissues of each group (n = 5). (B) TUNEL staining and the quantitative results of heart tissues in each group (n = 6; scale bar, 50 μm). *P < 0.05 compared with the Saline group. #P < 0.05 compared with the LPS+WT group.




WT monocyte adoptive transfer alleviates cardiac injury in LPS-treated IL-12p40–/- mice

To explore the effects of exogenous monocytes on LPS-treated IL-12p40−/− mice, WT or IL-12p40−/− mouse monocytes were injected via the tail vein prior to LPS or saline treatment. Our results showed that lower levels of LDH and CK-MB in serum and lower mRNA levels of ANP and BNP in the hearts were observed in LPS-treated IL-12p40−/− mice with adoptive transfer of WT monocytes than those in LPS-treated IL-12p40−/− mice with adoptive transfer of IL-12p40−/− monocytes (Figures 6A–D); however, these significant differences were not observed in saline-treated IL-12p40−/− mice (Figures 6A–D). In addition, the echocardiography results also showed that adoptive transfer of WT monocytes could improve cardiac function of LPS-treated IL-12p40−/− mice (Figures 6E,F). Moreover, the results of histological examination indicated that adoptive transfer of WT monocytes can decrease heart injury scores of LPS-treated IL-12p40−/− mice but have no effect on the myocardial collagen volume (Figure 6G).
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FIGURE 6
 WT monocyte adoptive transfer alleviates cardiac injury in LPS-treated IL-12p40−/− mice. (A,B) The levels of LDH and CK-MB in serum of mice in each group (n = 6). (C,D) qRT-PCR analysis of ANP and BNP mRNA expression levels in the hearts of mice in each group (n = 6). (E,F) Echocardiography analysis of LVEF and LVFS of mice in each group (n = 6). (G) HE and masson's trichrome stainings and the quantitative results of heart tissues in each group (n =6; scale bar, 100 μm). *P < 0.05 compared with the KO+WT Mono group. #P < 0.05 compared with the KO+WT Mono+LPS group.




WT monocyte adoptive transfer alleviates myocardial apoptosis in LPS-treated IL-12p40–/– mice

Adoptive transfer of WT monocytes into LPS-treated IL-12p40−/− mice decreased the protein expression of Bax and C-caspase-3 and increased the protein expression of Bcl-2; however, these significant differences were not observed in saline-treated IL-12P40−/− mice (Figure 7A). In addition, LPS-treated IL-12p40−/− mice with adoptive transfer of WT monocytes exhibited fewer TUNEL-positive cells than those with adoptive transfer of IL-12p40−/− monocytes (Figure 7B).
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FIGURE 7
 WT monocyte adoptive transfer alleviates myocardial apoptosis in LPS-treated IL-12p40−/− mice. (A) Western blot analysis of Bax, Bcl-2 and C-caspase-3 protein levels in heart tissues of each group (n = 5). (B) TUNEL staining and the quantitative results of heart tissues in each group (n =6; scale bar, 50 μm). *P < 0.05 compared with the KO+WT Mono group. #P < 0.05 compared with the KO+WT Mono+LPS group.




WT monocyte adoptive transfer inhibits cardiac inflammation in LPS-treated IL-12p40–/– mice

Compared to the LPS-treated IL-12p40−/− mice with adoptive transfer of IL-12p40−/− monocytes, the levels of p-p65 were significant lower in the hearts of LPS-treated IL-12p40−/− mice with adoptive transfer of WT monocytes (Figure 8A). Moreover, the inhibitory effect of WT monocyte adoptive transfer on inflammation was further confirmed by the results of qRT-PCR, which showed that the mRNA expression of proinflammatory cytokines, including IL-1β, IL-6, IL-17, TNF-α, and INF-γ were significantly down-regulated in LPS-treated IL-12p40−/− mice with adoptive transfer of WT monocytes (Figure 8B).
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FIGURE 8
 WT monocyte adoptive transfer reduces cardiac inflammation in LPS-treated IL-12p40−/− mice. (A) The immunofluorescence analysis of p-p65 in heart sections of each group (n = 6; scale bar, 50 μm). (B) qRT-PCR analysis of IL-1β, IL-6, IL-17, TNF-α, and INF-γ mRNA expression levels in the hearts of mice in each group (n =6). *P < 0.05 compared with the KO+WT Mono group. #P < 0.05 compared with the KO+WT Mono+LPS group.





Discussion

In this study, we explored the effects of IL-12p40 deletion on LPS-induced cardiac dysfunction and elucidated the underlying mechanisms. We found that the expression of IL-12p40 was upregulated in mice after treatment with LPS. In addition, our findings indicated that IL-12p40 deletion aggravated cardiac injury and cardiac dysfunction and increased monocyte infiltration in mice treated with LPS. Moreover, IL-12p40 deletion enhanced the phosphorylation of NF-κB and MAPK signaling pathways, and up-regulated the expression of inflammatory factors. In subsequent experiments, we found that the levels of cardiac inflammation and cardiac injury in LPS-treated IL-12p40−/− mice with adoptive transfer of WT monocytes were lower than those in LPS-treated IL-12p40−/− mice with adoptive transfer of IL-12p40−/− monocytes.

The results of epidemiological statistics showed that ~40% of patients with sepsis have cardiac dysfunction (34). This type of cardiac dysfunction is caused by sepsis alone and is called SIC. Previous studies have demonstrated that the mortality rate of septic patients with SIC is obviously higher than that of septic patients without SIC (1, 35). Although the underlying mechanisms of SIC have been explored by many studies, these processes are not completely understood. Accumulating evidence indicates that inflammatory reactions are key factors for the initiation and progression of SIC (6). Interleukins (ILs) play an important role in regulating the immune system of human beings. There are more than 40 ILs which can be divided into six families according to their biological functions. IL-12 and IL-23 are the two proinflammatory factors of the IL-12 family and share a common subunit of IL-12p40. Thus, knocking out or neutralizing the IL-12p40 subunit can counteract the biological effects of both IL-12 and IL-23. To date, there is growing evidence that neutralizing the IL-12p40 subunit can improve the prognosis of many patients with autoimmune diseases by regulating the immune/inflammatory response (36–38). In this study, we detected that IL-12p40 expression in the hearts of mice was upregulated within 6 h after treatment with LPS; however, after 12 h, the expression of IL-12p40 showed a downwards trend. The mechanism of this phenomenon is unclear and may be attributed to the inflammatory overreaction in the early stage of sepsis, followed by immunoparalysis or immunosuppression. Moreover, we also detected that IL-12p40 deletion upregulated the expression of inflammatory factors and aggravated cardiac injury and cardiac dysfunction in mice treated with LPS. Therefore, we speculated that IL-12p40 deletion could aggravate LPS-induced SIC in mice.

The NF-κB pathway is considered an important proinflammatory signaling pathway and can mediate the synthesis of cytokines, including TNF-α, IL-1β, IL-6, IL-8, etc. NF-κB is a heterodimer and p65 is one subunit of it. Sakurai et al. reported that IL-2 deletion leads to the development of inflammatory colitis accompanied by enhanced NF-κB activation (39). In addition, Wang et al. found that sevoflurane can ameliorate LPS-induced inflammatory injury of HK-2 cells by down-regulating the expression of p-p65 (40). MAPK signaling pathway is one of TLR4-related immune signalings and has three major subfamilies, including ERK, JNK and p38 (41). TLR4 is responsible for the recognition of LPS and MAPK signaling pathway is involved in regulating cardiac inflammatory responses triggered by LPS (28). STAT1 is an important mediator of biological responses induced by inflammatory activators (42), and the JAK-STAT signaling pathway is known as a mechanism involved in immune regulation (43). In our study, the results indicated that the phosphorylation of p65, p38, ERK, and JNK were significantly increased in mice treated with LPS, and IL-12p40 deletion further exacerbated these changes. However, neither LPS stimulation nor IL-12p40 deletion had significant effect on the phosphorylation of STAT1 in mice. Therefore, IL-12p40 deletion aggravates LPS-induced cardiac dysfunction in mice by activating NF-κB and MAPK signaling pathways but not the JAK-STAT1 signaling pathway.

Monocytes are natural immune cells that can participate in the activation of the innate immune system and release inflammatory cytokines and chemokines after recognized pathogens. The cytokines include TNF-α, IL-1β, IL-6, IL-12, IL-18, and IL-23 (44, 45), while the chemokines include CCL2/MCP-1, CXCL8, CXCL10, CCL18, and CCL20 (46–48). Then, these cytokines and chemokines further activate and recruit other immune cells to the inflammation sites and trigger a series of inflammatory responses (49). In recent years, many studies have reported the role of monocytes in sepsis. Gainaru et al. found that the circulating monocyte count was greatly increased in gram-negative sepsis (32). Raffray et al. observed that zoledronate could rescue immunosuppressed monocytes during acute sepsis and thus may help improve clinical outcomes during severe infection (50). Furthermore, Sáenz et al. reported that we could diagnose severe sepsis in the early stage by analyzing the monocyte immunophenotype (51). In this study, we found that the infiltration of monocytes in mice was significantly increased after treatment with LPS. Moreover, IL-12p40 deletion further increased the infiltration of monocytes in mice treated with LPS.

However, the role of monocytes in LPS-induced cardiac dysfunction in IL-12p40−/− mice still needs to be further verified. In subsequent experiments, we transferred WT and IL-12p40−/− monocytes into different IL-12p40−/− mice treated with LPS. The results indicated that transfer of WT monocytes can significantly alleviate cardiac inflammation and cardiac injury compared with transfer of IL-12p40−/− monocytes. One possible explanation is that WT monocytes can secrete more IL-12 and IL-23 than IL-12p40−/− monocytes, and transfer of WT monocytes can partially offset the loss of the biological effects of IL-12 and IL-23 caused by IL-12p40 deletion. Thus, monocytes can regulate LPS-induced inflammatory responses, cardiac injury and cardiac dysfunction by secreting IL-12 and IL-23, and their functions are different in different environments.

In conclusion, our research indicated that IL-12p40 deletion significantly aggravated LPS-induced cardiac injury and cardiac dysfunction in mice by regulating the NF-κB and MAPK signaling pathways, and this process may be related to monocytes. Therefore, IL-12p40 show a protective role in SIC, and IL-12p40 deficiency or anti-IL-12p40 monoclonal antibodies may be detrimental to patients with SIC.
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Background: The efficacy of spot stenting using drug-eluting stents (DES) for the treatment of long femoropopliteal (FP) lesion is unknown. This study aimed to compare clinical outcomes of long full coverage vs. spot coverage with DES for long FP artery disease.

Methods: This multicenter randomized trial compared long DES vs. spot DES for FP lesions longer than 150 mm. All lesions were treated with paclitaxel-eluting stents (Zilver PTX). The primary endpoint was primary patency at 12 months.

Results: The study was terminated early after an interim analysis. A total of 103 patients (55 in the long DES group; 48 in the spot DES group) were eligible for analysis. There were no significant differences in baseline and lesion characteristics between groups. Total stent length was longer in the long DES group than in the spot DES group (225.6 ± 67.2 vs. 131.3 ± 48.7 mm, p < 0.001). Technical success was achieved in all patients. There was a trend toward a higher primary patency rate at 12 months in the long DES group than in the spot DES group (87.5% vs. 67.5%, p = 0.120). The rate of survival free from target lesion revascularization was significantly higher in the long DES group than in the spot DES group (91.7% vs. 72.0%, p = 0.044). In multivariate Cox regression analysis, spot DES [hazard ratio (HR) 2.42, 95% confidence interval (CI) 1.14–5.12, p = 0.021] and postdilation (HR 0.27, 95% CI 0.09–0.79, p = 0.018) were identified as independent predictors for loss of patency at 12 months post-procedure.

Conclusions: Long DES were more effective than spot DES for treating long FP lesions.

Clinical trial registration: Clinicaltrials.gov, identifier: NCT02701881.
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 peripheral artery disease, femoropopliteal artery, drug-eluting stent, patency, restenosis


Introduction

Self-expandable nitinol stents have higher patency rates than balloon angioplasty in femoropopliteal (FP) artery lesions (1, 2). However, restenosis after stenting occurs in 16 to 37% of patients by 1 year as the stent length increases, and this remains a major limitation of bare nitinol stents (3, 4). To reduce restenosis after stenting, drug-eluting stents (DES) were developed and adopted for the treatment of FP lesions. The Zilver PTX Drug-Eluting Stent (Cook Medical, Bloomington, IN, USA) is a self-expanding nitinol stent with a polymer-free paclitaxel coating designed to deliver paclitaxel locally to the vessel wall (5). Almost all of the paclitaxel is released within 72 h and remains in the vascular tissue for up to 56 days (5).

A randomized controlled clinical trial and various registry studies have reported superior efficacy of Zilver PTX, compared with balloon angioplasty or bare nitinol stents (6, 7). However, in FP lesions longer than 150 mm, the rate of restenosis after Zilver PTX implantation is as high as 37% by 1 year (8). The 1-year restenosis rate after full metal jacket stenting using Zilver PTX in lesions longer than 200 mm has been reported as 40%.

In previous studies using bare nitinol stents, spot stenting resulted in more favorable outcomes than long stenting (9, 10). However, the efficacy of spot stenting using DES in long FP lesions is unknown. Thus, the present study was designed to investigate clinical outcomes of long stenting vs. spot stenting using Zilver PTX for the treatment of long FP artery disease.



Materials and methods


Study design

The PARADE II (Comparison of the Primary Long vs. Short Coverage with Drug-Eluting Stents for Long Femoropopliteal Artery Disease II) study was a multicenter randomized controlled clinical trial comparing long DES implantation with full lesion coverage vs. spot DES implantation in patients with symptomatic FP artery disease. The major inclusion criteria were intermittent claudication or symptoms of critical limb-threatening ischemia (CLTI, Rutherford categories 2–5), FP artery lesions with stenosis > 50% and/or lesion length > 150 mm, and at least 1 patent runoff vessel. The major exclusion criteria were age > 85 years, severe CLTI (Rutherford category 6), acute limb ischemia, previous bypass surgery or stenting of the target FP artery, untreated inflow disease of the ipsilateral pelvic arteries (> 50% stenosis or occlusion), diseased distal popliteal artery (P2 or P3 segment) with stenosis > 50%, or a major bleeding event within the previous 2 months.

Based on the sample size calculation, the study was designed to enroll a total of 220 participants, randomized in a 1:1 manner. However, we decided to discontinue study enrollment in August 2019 because interim analysis showed a clinically relevant difference in outcomes between the study groups; the data and safety monitoring board for this study suggested early termination at that time. The trial protocol was approved by the local institutional review board of each participating center and was registered at www.clinicaltrials.gov (NCT02701881).



Interventions

For all procedures, the patients received local anesthesia, which was supplemented with intravenous sedation and analgesia when required. Either ipsilateral or contralateral femoral puncture was performed, depending on the location of the target lesion. A 6F or 7F short introducer sheath (Terumo, Tokyo, Japan) was used for the ipsilateral approach, and a 6F to 7F long sheath (Balkin or Ansel; Cook Inc., Bloomington, IN, USA) was employed for the crossover approach. After the guidewire was passed through the target lesion, web-based randomization was performed. Patients were stratified according to the enrolling site and severity of ischemic symptoms (claudication vs. CTLI) and randomized to either the long stenting or spot stenting group. In cases of total occlusion, both intraluminal and subintimal approaches for recanalization were permitted. In both groups, predilation of the target lesion was performed prior to stent implantation. In the long DES group, stents were implanted to extend 10 mm proximally and distally from the margins of the target lesion with a luminal narrowing of > 50%. When multiple stents were required, margins of the stents overlapped by at least 10 mm. In the spot DES group, stents were implanted only in those segments with residual stenosis > 30% or a flow-limiting dissection after repeated predilation. In cases of an optimal result after predilation (without significant residual stenosis or flow-limiting dissection), a single stent was implanted to cover the most stenotic segment or the proximal stump of the occlusion before predilation. In both groups, Zilver PTX with a diameter of 5–7 mm was used for stenting at the FP target lesions. Postdilation with an up to 10% oversized balloon was performed when the residual stenosis was > 30%. After the procedure, aspirin (100 mg/day) was maintained indefinitely, and clopidogrel (75 mg/day) was prescribed for at least 6 months.



Follow-up

We followed the patients clinically at 1, 3, 6, 9, 12, and 24 months after the procedure, according to the study schedule. Ankle-brachial index (ABI) was obtained at hospital discharge and at 6, 12, and 24 months post-procedure. An imaging study, such as intra-arterial angiography, computed tomography angiography (CTA), or duplex ultrasound, was performed at 12 months or if there was a > 0.15 decrement in ABI or worsening symptoms, as reflected by a change in Rutherford category.



Study endpoints and definitions

Technical success was defined as recanalization of the target lesion, with residual stenosis of 30% or less and no flow-limiting dissection. The primary endpoint was the primary patency at 12 months after the procedure, according to the stenting strategy. Primary patency was defined as treated FP lesions without > 50% restenosis, as assessed by an imaging study (intra-arterial angiography, CTA, or duplex ultrasound). A lesion/adjacent segment velocity ratio > 2.4 by duplex was considered indicative of > 50% restenosis (11). The secondary endpoint was freedom from clinically driven target lesion revascularization (TLR). Clinically driven TLR was performed for restenotic lesions with both worsening symptoms and a > 0.15 decrement in ABI. Major complications were defined as any event that was either fatal or required surgical treatment or re-hospitalization within 30 days after the procedure.



Statistical analysis

Continuous data are presented as mean ± standard deviation, and categorical data are presented as count (percentage). Patient, lesion, and procedural data were compared between the 2 groups using the Fisher exact test or χ2 test for categorical data or the Student's t-test for continuous data. We estimated the primary and secondary endpoints using Kaplan-Meier survival analysis and compared the results of the two groups using the log-rank test. We performed univariate analysis using Cox proportional hazards regression to identify potential risk factors (clinical and procedural variables) for restenosis at 12 months post-procedure. Variables achieving a p-value < 0.15 in univariate analysis were entered into the multivariate analysis. P-values < 0.05 were considered statistically significant. All statistical analyses were performed using SPSS (version 25.0; IBM, Chicago, IL, USA).




Results


Baseline clinical data

From January 2016 through May 2019, a total of 112 patients were enrolled in this study and randomized to either the long DES group or spot DES group. After excluding 9 patients because of inclusion and exclusion criteria violations, 103 patients (55 in the long DES group and 48 in the spot DES group) were included in the final analysis, as shown in Figure 1.


[image: Figure 1]
FIGURE 1
 Patient flow diagram. CLTI, chronic limb-threatening ischemia; DES, drug-eluting stents.


Baseline clinical characteristics are summarized in Table 1. When considering all 103 patients, the mean patient age was 70.9 ± 8.6 years, and the majority (82.5%) of study participants were male. Diabetes mellitus and chronic kidney disease were present in 61.2 and 34.0% of patients, respectively. CLTI was present in 27.2% of participants. Baseline clinical characteristics did not differ significantly between groups. Medications at discharge also did not differ between groups, except for anticoagulants (warfarin or direct oral anticoagulants), which were prescribed more frequently in the spot DES group (0% vs. 8.3%, p = 0.044).


TABLE 1 Baseline clinical characteristics.
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Lesion and procedural data

Lesion and procedural characteristics are presented in Table 2. When considering all 103 patients, the mean lesion length was 242.7 ± 64.5 mm. Total occlusion and severely calcified lesions were present in 78.6 and 17.5% of participants, respectively. Lesion length and rates of total occlusion, severely calcified lesions, and Trans-Atlantic Inter-Society Consensus (TASC) II lesion types did not differ significantly between groups.


TABLE 2 Lesion and procedural data.

[image: Table 2]

Procedural success was achieved in all patients. However, 7 patients (14.6%) in the spot DES group underwent unplanned full-lesion stent coverage because of severe dissection. The number of implanted stents was significantly higher (2.5 ± 0.8 vs. 1.5 ± 0.6, p = 0.024) and the total stented length was significantly longer (225.6 ± 67.2 mm vs. 131.3 ± 48.7 mm, p < 0.001) in the long DES group than in the spot DES group. In addition, there was a trend toward more frequent postdilation performed in the short DES group than in the long DES group (34% vs. 18.2%, p = 0.067). Atherectomy using Turbohawk (Medtronic, Santa Rosa, CA, USA) was performed in two patients of the long DES group. Embolic protection device was not utilized in this study.

ABI was not significantly different between the two groups before or after the procedure. There were 2 cases of access site bleeding in the spot DES group, 1 of which required surgical repair and was thus considered a major complication. There was 1 case of distal embolization in the long DES group, which was managed with endovascular embolectomy.



Clinical outcomes

The mean duration of clinical follow-up was 535.8 ± 251.2 days. A total of 84 patients completed 1 year of follow-up: 46 in the long DES group and 38 in the spot DES group (Figure 1). In the long DES group, there were 4 deaths (2 from a cardiovascular cause; 2 from an unknown cause) and 5 cases of loss to follow-up. In the spot DES group, there were 3 deaths (1 from a non-cardiovascular cause; 2 from an unknown cause) and 9 cases of loss to follow-up.

There was a trend toward higher primary patency in the long DES group than in the spot DES group (Figure 2A). Specifically, the primary patency rates were 87.5% at 12 months and 77.3% at 24 months in the long DES group and 67.5% at 12 months and 59.4% at 24 months in the spot DES group (p = 0.120). Survival free from TLR was significantly higher in the long DES group than in the spot DES group (Figure 2B). Specifically, the TLR-free survival rates were 91.7% at 12 months and 86.0% at 24 months in the long DES group and 72.0% at 12 months and 69.2% at 24 months in the spot DES group (p = 0.044). In multivariate Cox regression analysis, spot DES [hazard ratio (HR) 2.42, 95% confidence interval (CI) 1.14–5.12, p = 0.021] and postdilation (HR 0.27, 95% CI 0.09–0.79, p = 0.018) were identified as independent predictors for loss of patency at 12 months post-procedure (Table 3).
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FIGURE 2
 Kaplan-Meier survival curves comparing the long drug-eluting stent (DES) group vs. the spot DES group. (A) Primary patency. (B) Target lesion revascularization (TLR)-free survival. Cum, cumulative.



TABLE 3 Predictors of loss of patency at 12 months in Cox proportional hazards regression analysis.
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Discussion

The main findings of this study were that the long DES strategy was more effective than the spot DES approach for endovascular treatment of long FP lesions in terms of primary patency and freedom from TLR.

Zilver PTX, a paclitaxel-eluting stent, has shown excellent 12-month primary patency rates ranging from 86.4 to 90.4% in clinical trials with mean FP lesion lengths < 150 mm. However, there have been only a few studies investigating the efficacy of Zliver PTX in very long FP lesions (> 200 mm). A substudy of the Zilver PTX single-arm study involving lesions with a mean length of 226 mm demonstrated a primary patency rate of 77.6% and TLR-free survival rate of 88% at 12 months (12). Other studies reported 12-month primary patency rates ranging from 60 to 74.5% and TLR-free survival rates of 79% and 85.4% for very long lesions (13, 14). Thus, primary patency rates of DES appear to decrease with increasing lesion length.

In the current study, the mean lesion length of the study population was 242 mm, and the primary patency rates for the entire population were 78.0% at 12 months and 68.8% at 24 months. These rates are generally comparable to those of previous studies. However, we found that the primary patency rate at 12 months was well maintained at 87.5% in the long stent group but fell to 67.5% in the spot stent group. There have been only a few studies that reported on the outcomes of spot stenting. In a retrospective study, Tomoi et al. showed a lower 3-year patency rate with spot stenting compared with full coverage stenting for FP lesions (15). However, this study used not only DES but also bare-metal nitinol stent. The study concluded that spot stenting was non-inferior to full coverage stenting for primary patency at lesion length ≥138 mm. By contrast, Iida et al. found in a prospective single-arm study using fluoropolymer-based DES study (Eluvia, Boston Scientific) that spot stenting was associated with an increased risk of 12-month restenosis with odds ratio of 2.44 (16). Whether full jacket stenting was performed in the previous studies is unknown, except for the small retrospective study by Phillips et al. (14). In their study, the 12-month primary patency of full jacket Zilver PTX stenting for lesions > 200 mm was only 60%. Differences in various factors (e.g., baseline clinical and lesion characteristics, medications) may have contributed to discrepancies in results between the present study and previous studies. In particular, differences in the inclusion of distal popliteal artery lesions and in-stent restenosis might have led to varying reported outcomes for Zilver PTX. Stenting in the distal popliteal artery is known to be associated with an increased risk of restenosis (13, 17), and in the present study, we excluded patients with FP lesions involving P2 or P3 popliteal artery segments. By contrast, in the study of Phillips et al., all lesions > 200 mm were TASC II D lesions; thus, it is likely that a large proportion of their study subjects had distal popliteal artery involvement. Additionally, in-stent restenosis accounted for 14.4%−29% of lesions in previous studies, whereas we excluded all patients with in-stent restenosis. Repeated endovascular treatment of in-stent restenosis lesions is associated with generally poorer outcomes than treatment of de-novo lesions (18). Our group previously reported that using bare nitinol stents, spot stenting achieved better outcomes than long stenting in the treatment of long FP lesions (9, 10). Therefore, our current results appear to contradict our prior findings. However, there are two principal differences between the present and previous studies. First, DES were used in all patients in the current study. Second, lesions with distal popliteal artery involvement were excluded in the present study but were included in our previous studies. Compared to bare metal stents, DES have been shown to more effectively inhibit neointimal proliferation in coronary and peripheral arteries and were able to reduce the restenosis rate, even when long “full jacket” stents were implanted (7, 19, 20). However, when DES were implanted in a segment shorter than the total lesion length, there was a higher possibility of restenosis in the non-stented segment treated with balloon angioplasty alone. Furthermore, the stent border zones that were injured by balloon angioplasty but not covered by DES exhibited more active neointimal proliferation and an increased risk of restenosis (21, 22). This phenomenon, known as a geographic miss, has been described as an important factor leading to stent failure in coronary artery interventions and likely accounts for the poorer results with spot stenting in this study. Based on the present study results, spot stenting using DES after plain balloon angioplasty appears to be inappropriate. However, provisional spot stenting after drug-coated balloon (DCB) has shown to be effective according to clinical trials on DCBs for FP artery lesions (23, 24). Thus, it would be interesting to compare DCB with spot stenting vs. full metal jacket stenting using DES in the future studies.

This study has several limitations. First, it was underpowered because of insufficient subject enrollment. This was the consequence of the early termination of the study, which was recommended by the data and safety monitoring board because interim analysis revealed a clinically relevant difference in outcomes between study groups. Second, spot stenting was defined arbitrarily. We did not set a limit on the stented length or stent-to-lesion length ratio. Third, we did not routinely perform intravascular ultrasound during the procedure to verify subintimal passage of the wires. Fourth, the quality of life before and after the intervention was not investigated because there were many elderly patients who could not give an appropriate answer to the questionnaire due to their comorbidities.



Conclusions

Long DES was more effective for treating diffuse long FP lesions than spot DES in terms of primary patency and freedom from TLR. These results suggest that when treating FP disease with DES, lesions should be fully covered by these stents to achieve better outcomes.
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Background: Animal studies have shown that midazolam can increase vulnerability to cardiac ischemia, potentially via circadian-mediated mechanisms. We hypothesized that perioperative midazolam administration is associated with an increased incidence of myocardial injury in patients undergoing non-cardiac surgery (MINS) and that circadian biology may underlie this relationship.

Methods: We analyzed intraoperative data from the Multicenter Perioperative Outcomes Group for the occurrence of MINS across 50 institutions from 2014 to 2019. The primary outcome was the occurrence of MINS. MINS was defined as having at least one troponin-I lab value ≥0.03 ng/ml from anesthesia start to 72 h after anesthesia end. To account for bias, propensity scores and inverse probability of treatment weighting were applied.

Results: A total of 1,773,118 cases were available for analysis. Of these subjects, 951,345 (53.7%) received midazolam perioperatively, and 16,404 (0.93%) met criteria for perioperative MINS. There was no association between perioperative midazolam administration and risk of MINS in the study population as a whole (odds ratio (OR) 0.98, confidence interval (CI) [0.94, 1.01]). However, we found a strong association between midazolam administration and risk of MINS when surgery occurred overnight (OR 3.52, CI [3.10, 4.00]) or when surgery occurred in ASA 1 or 2 patients (OR 1.25, CI [1.13, 1.39]).

Conclusion: Perioperative midazolam administration may not pose a significant risk for MINS occurrence. However, midazolam administration at night and in healthier patients could increase MINS, which warrants further clinical investigation with an emphasis on circadian biology.

KEYWORDS
circadian rhythms, midazolam, chronobiology, MINS, perioperative outcome, general anesthesia, MPOG, large dataset


Introduction

In the perioperative setting for non-cardiac surgery, the incidence of myocardial injury in patients undergoing non-cardiac surgery (MINS) has been reported to be as high as 16% (1). Considering that >300 million surgeries are performed annually, and that changing demographics and evolving medical practices have resulted in an increasing number of surgical patients with elevated cardiovascular risk (2), these estimates are of paramount clinical significance (3). In fact, MINS is associated with substantial mortality. A recent single-center 10-year retrospective analysis reported 30-day mortality of 31% and 1-year mortality of 42% in patients who experienced a perioperative myocardial ischemia (MI) and underwent percutaneous revascularization after non-cardiac surgery (4). Strategies to reduce the incidence of perioperative myocardial ischemia and reperfusion injury are urgently needed (5).

Midazolam, a benzodiazepine which binds to receptor sites in the gamma-aminobutyric acid (GABA) system, first came into use in 1976 and is on the World Health Organization’s List of Essential Medicines. It is the most commonly used pre-procedural sedative-hypnotic worldwide (6), but it is also associated with significant clinical complications, which are most clearly described in the critical care literature. A growing body of evidence shows that benzodiazepines are associated with poor patient outcomes including delirium, duration of mechanical ventilation, and ICU length of stay (7). Benzodiazepine infusions, as compared to propofol, are also linked to an increased likelihood of death among patients who receive mechanical ventilation (8). Because of its adverse associations, midazolam is no longer recommended as a first-line sedative on critical care units (9–12). Whether midazolam use prior to surgical procedures is similarly associated with adverse outcomes is unknown.

Recently, our group determined that the circadian rhythm protein Period 2 (PER2) provides robust cardio-protection from myocardial ischemia (MI) in an animal model (13, 14). We also demonstrated that midazolam increases vulnerability to cardiac ischemia by downregulating PER2 (15). Because perioperative MI is the most common perioperative cardiovascular complication and sedative-hypnotics can alter the expression of PER2, a sedative-mediated downregulation of PER2 could be detrimental if myocardial ischemia and reperfusion occurs (16–18). As a first effort in studying this association in humans, we hypothesized that midazolam administration during the perioperative period would be associated with an increased incidence of MINS and that this relationship depends on the 24-h cycle of human circadian physiology.



Materials and methods


Approvals

Approval was obtained, and waiver of written informed consent was granted from the Institutional Review Board [Colorado Multiple Institutional Review Board (COMIRB)] at the University of Colorado Denver, USA (#09-0674). In keeping with the Multicenter Perioperative Outcomes Group Bylaws at the University of Michigan, this study protocol was presented to the Multicenter Perioperative Outcomes Group Perioperative Clinical Research Committee and was approved on August 12, 2019. We followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) checklist in developing this manuscript.



Data source and study inclusion and exclusion criteria

The Multicenter Perioperative Outcomes Group (MPOG) database, as well as methods for data entry, validation, and quality assurance, have been previously described (19) and have been used for multiple published observational studies (20, 21). MPOG data are drawn from cases documented in the Electronic Health Record at participating sites. These data are extracted, standardized, joined to additional laboratory, billing, and diagnosis coding data, and de-identified except for date of service, producing a limited dataset.

Data for 2,740,183 subjects undergoing non-cardiac surgical procedures between 1 January 2014, and 31 December 2019, were obtained from MPOG. Various preoperative demographic and comorbidity variables were available, as were data on the timing and dosage of midazolam administrations and the timing and magnitude of troponin-I lab values. From this sample of 2,740,183 subjects, we excluded all subjects who met one or more of the following exclusion criteria: emergent cases, outpatient procedures, patients admitted for less than 24 h, patients with ASA value 5 or 6, preoperatively intubated patients, patients with preoperative troponin elevation (defined as a recorded troponin I value ≥0.01 ng/ml within 42 days of the start of anesthesia), pre-induction vasopressor or inotrope infusion, intraoperative transfusion >4 units of blood, estimated blood loss >2000 ml, lung-transplant surgery (CPT code between 32850 and 32856), liver-transplant surgery (CPT code between 47133 and 47147), cardiac procedures (CPT code between 33016 and 33999), and individuals under 18 years of age. 2,264,900 subjects remained after applying these exclusion criteria.

Perioperative MINS was defined as having at least one troponin-I lab value ≥0.03 ng/ml in the period from anesthesia start to 72 h after anesthesia end. Perioperative midazolam administration was defined as having at least one documented midazolam administration in the period from 2 h before anesthesia start to anesthesia end. The mean dose of midazolam was 2.3 mg.

As typical for large observational data extracted from electronic health records, there was some amount of missingness in our data. Of those 2,264,900 subjects who met the inclusion criteria, 9.76% had missing information regarding BMI and 0.05% regarding sex. We opted to only include those subjects without missingness in our analytic dataset. Given that our sample size was substantial, we were not concerned with efficiency loss due to a complete case analysis as opposed to an imputation approach. Recommendations from literature indicate that, as long as there is no missingness in an effect modifier variable (midazolam administration, time of day, or ASA class), complete case analysis will be unbiased regardless of the missingness pattern of the covariate (i.e., missing completely at random, missing at random, or not missing at random) (22). In this case, as BMI was not an effect modifier in our analysis, a complete case analysis will not bias our inference. Our final analytic dataset consisted of 1,773,118 subjects. Of these subjects, 16,404 (0.93%) experienced perioperative MINS, and 951,345 (53.7%) had a perioperative administration of midazolam (mean dose 2.3 mg).



Patient variables

Complete data from the Multicenter Perioperative Outcomes Group database included age, sex, body mass, institution, American Society of Anesthesiologists (ASA; Schaumburg, Illinois) physical status and various comorbidities (Figure 1).
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FIGURE 1
Distribution of the propensity score stratified by whether subjects had perioperative myocardial injury in non-cardiac surgery (MINS). Standardized mean difference (SMD) column represents the standardized mean difference.




Outcomes of interest

The primary outcome of our study was perioperative MINS in relation to human circadian physiology.



Statistical analysis

Data are presented as coefficient estimates (adjusted odds ratios) with confidence intervals. To account for possible bias and confounders in the observational data, propensity scores were used to balance the distribution of baseline covariates between the population with and without perioperative midazolam administration (23, 24). Specifically, the method of inverse probability of treatment weighting was used. The propensity score and the associated inverse probability of treatment weights were estimated in R via the “WeightIt” package (version 0.12.0). The propensity score was estimated via logistic regression using all baseline covariates as predictors, with no higher-order or interaction effects. A recounting of the baseline covariates and their stratified distribution in the analytic dataset is presented in Figure 1. All covariates listed in Figure 1 were included as predictors in the propensity-score model. Whether or not those covariates listed in Figure 1 are technically considered confounders or not, however, is immaterial (25). Nevertheless, we note here that their inclusion in the propensity score model and the subsequent reweighting procedure precludes any potential confounding effect of these variables on our inferences of interest. Comorbidities with <5% prevalence were excluded from Figure 1 and the ensuing propensity-score model. Only covariates that were measured before the administration of midazolam were included in the propensity score model, following established practice (26). This precluded the inclusion of perioperative variables such as intraoperative blood pressure. Balance diagnostics were assessed via the “WeightIt” package, and balance was assessed as standardized mean difference <0.1 (25).

For assessing the effect of (binary) midazolam administration on perioperative MINS, we used a weighted logistic regression model with robust variance estimation, implemented in R via the “survey” package (version 4.1-1). For this analysis, stabilized inverse probability of treatment weights were used. Circadian physiology analyses, including assessment of potential effect modification of time of day or ASA class on the effect of midazolam administration on perioperative MINS, were conducted using marginal structural models with an interaction effect. The time of day was divided into daytime (between 6:00 and 18:00) and a nighttime period (between 18:00 and 06:00) based on anesthesia start. Marginal structural models were also estimated via weighted logistic regression with robust variance estimation via the R package “survey.” For theses analyses via marginal structural models, weights were stabilized as per Section 12.5 of Hernán and Robins (27). This stabilization entails using the ratio of the probability of midazolam administration predicted by the modifier (e.g., time of day or ASA class) to the probability of midazolam administration predicted by all baseline covariates as weights in the marginal structural model. The form of the inverse probability of treatment weights was different for the analysis of the effect of midazolam administration on perioperative MINS and each of the analyses assessing the potential effect modification of time of day or ASA class on the effect of midazolam administration on perioperative MINS.

Per Hernán and Robins, whether the effect of exposure α on the outcome is modified by the particular covariate V while adjusting for the set of baseline covariates L, the following model is used: E[Y|α,V] β0β1αβ2Vαβ3V [1]. In order to isolate the causal effect of α (in our context, midazolam administration) on a binary outcome (in our context, MINS) while assessing potential effect modification by V (in our context, either time of day or ASA class), we estimated the above model in a weighted logistic regression framework via the R package survey (version 4.1-1), where weights are generated via propensity scoring. Weights are estimated as follows, per the recommendation of Hernán and Robins:
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We estimated two models in this framework: one to assess whether ASA class modifies the effect of midazolam administration on MINS, and one to assess whether time of day modifies the effect of midazolam administration on MINS. For the ASA model, V is the ASA class (either high: ASA 3 or 4, or ASA low: 1 or 2). For the time-of-day model, V is the time of day (either overnight or day). Thus, for each of these two paradigms, we estimated model [1] via weighted logistic regression using weights as described in [2]. For the ASA model, weights as described in [2] are equal to the ratio of the probability of midazolam administration (α) as predicted by ASA class (V) to the probability of midazolam administration as predicted by all baseline covariates including ASA class (L). For the time-of-day model, weights as described in [2] are equal to the ratio of the probability of midazolam administration (α) as predicted by time of day (V) to the probability of midazolam administration as predicted by all baseline covariates including time of day (L).



Power analysis

The large sample size (>1,400,000 non-cardiac patients) and an estimated incidence of 0.4% for MINS provided a >99% power at an alpha of 0.05 to detect any differences between the groups receiving midazolam or not receiving midazolam.




Results


Study populations and outcomes

Of 2,264,900 cases that were eligible for analysis, 491,782 were excluded for missing data. A total of 1,773,118 cases from 50 institutions were available. Figures 1, 2 describe the distribution of all baseline covariates in the study stratified by whether perioperative MINS occurred, or weather Midazolam was administered, respectively. The unadjusted rate of perioperative MINS in subjects with perioperative midazolam was 7,315 [0.77%], and the rate of MINS in subjects without perioperative midazolam was 9,089 [1.1%]. However, midazolam administration was associated with baseline covariates which indicated that these variables could be confounders. This association is displayed in Figure 3, which shows propensity scores stratified by whether subjects received perioperative midazolam. Therefore, propensity scores were used to balance the distribution of baseline covariates between the population with and without perioperative midazolam administration. Weighting the samples by the inverse probability of treatments successfully accounted for imbalances in the baseline covariates as illustrated in Figure 4. Following propensity score correction, on average, no association between perioperative midazolam administration and the rate of MINS was observed (OR 0.98, CI [0.94, 1.01]).
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FIGURE 2
Distribution of the propensity score stratified by whether subjects had perioperative midazolam. “SMD” column represents the standardized mean difference. The percentage of patients with a neuromuscular block only were 0.4% in the midazolam group and 1.6% in the non-midazolam group. The lab cTnI (ng/mL), used to define our myocardial injury in non-cardiac surgery (MINS) endpoint, was present in 4.7% of subjects in both the group with and without midazolam.
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FIGURE 3
Distribution of the propensity score stratified by whether subjects received perioperative midazolam.
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FIGURE 4
Love plot showing baseline imbalances for the covariates of interest and the effectiveness of balancing via the inverse probability of treatment weights.


Based on observations that midazolam alters the risk for myocardial ischemia in a circadian-rhythm-dependent manner, we performed two circadian physiology related analyses: (1) time-of-day dependent effects of midazolam administration on MINS risk, as circadian mechanisms are expected to cause variations in MINS risk throughout a full circadian cycle (24 h); and (2) ASA classification dependent effects of midazolam administration on MINS risk, as higher ASA classification (3+4) include an older population with more comorbidities in whom circadian rhythms are known to fade and become dysfunctional (28, 29).

As shown in Table 1A the baseline MINS risks significantly varied throughout the day. There was a significantly decreased baseline risk of MINS during overnight when compared to daytime surgeries (OR: 0.52, 95% CI [0.48, 0.56]).


TABLE 1    Effect of circadian physiology on MINS.
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The time-of-day dependent effect of midazolam administration on MINS occurrence is shown in Table 1B. The interaction between time-of-day and midazolam administration was significant (p 2 10−16), demonstrating that the effect of midazolam on MINS occurrence was modified by the time-of-day. While midazolam administration during the daytime decreased the risk for MINS (OR 0.84, 95% CI [0.80, 0.87], the administration of midazolam to individuals who underwent overnight surgery significantly increased the risk for MINS (odds ratio of 3.52 for MINS, 95% CI [3.10, 4.00]), when compared to no midazolam administration. Our nighttime analysis included 161,250 individuals (Figure 1).

Next, we evaluated the effect of the ASA classification on the MINS baseline risk without any midazolam administration. As expected, patients in the ASA 3+4 class had a significantly higher MINS risk than patients in the ASA class 1+2 (OR 7.42, 95% CI [6.84, 8.04], Table 1C).

Finally, we analyzed the relationship between midazolam administration and MINS risk in ASA 1+2 and ASA 3+4 patients (Table 1D). We found a significant interaction between the ASA class and midazolam administration (p 2.8 10−7), demonstrating that the effect of midazolam on MINS occurrence was modified by the ASA class. Indeed, midazolam was associated with a moderately increased rate of MINS in the low ASA (1+2) class group (OR: 1.25, 95% CI [1.13, 1.39]) who had a total MINS rate of 0.23%. However, the association between midazolam and MINS was substantially attenuated, and in fact changed directions, when a subject was in the high ASA group (3+4), who had a total MINS rate of 1.44%. For a subject in the high ASA group, the administration of midazolam was associated with an odds ratio of 0.94 for MINS (95% CI [0.91, 0.98]).

However, as shown in Table 1E,F, the administration of midazolam during overnight surgeries significantly increased the risk for MINS in ASA 1+2 as well as in ASA 3+4 patients (odds ratio of 3.59 for MINS, 95% CI [2.4, 45.38] for ASA 1+2 and odds ratio of 1.67 for MINS, 95% CI [1.46, 1.91] for ASA 3+4), when compared to no midazolam administration.




Discussion

In this study, we examined the relationship between perioperative midazolam administration and MINS. Overall, we did not find an association between midazolam administration and the rate of MINS. However, midazolam administration was associated with an increased risk of MINS when surgeries occurred at night or in healthier patients in the ASA 1+2 class. Interestingly, we found a MINS risk reduction when midazolam was given to higher risk patients (ASA 3+4 class). When assessing the time of day, however, the increased risk of MINS at night was present in both ASA 1+2 and ASA 3+4.

The endogenous circadian clock mechanism involves a cell autonomous transcription–translation feedback loop. During the day, the transcription factor CLOCK interacts with BMAL1 to activate transcription of the Per and Cryptochrome (Cry) genes, resulting in high levels of these transcripts. The resulting PER and CRY proteins translocate to the nucleus to inhibit their own transcription (30). The entire cycle takes approximately 24 h. This process is also active without external cues and takes approximately 25 h in humans (31). Besides autonomous mechanisms, resetting of the circadian clock by photic induction of Per1 and Per2 genes is mediated by the binding of phosphorylated CREB (cyclic AMP responsive element-binding protein) to a cAMP-responsive element (CRE) in the respective promoters (32). Since the circadian rhythm in humans is dominantly regulated by sunlight (33), circadian proteins cycle over a 24-h period, reaching their peak expression at night. The incidence of myocardial injury has been found to be lower at night in both mice and humans with an abrupt increase in the early morning hours (6 a.m.) (14). Mouse studies have revealed a reciprocal relationship between myocardial injury and PER2 protein expression (13). In-depth genetic studies in mice have recently identified endothelial PER2 as an endogenous cardioprotective mechanism (14). In keeping with these findings, we found a lower baseline risk for MINS during the night when compared to the day. We also found a correlation between the time of midazolam administration and the risk of MINS. This would support data from animal studies showing a link between midazolam, circadian protein expression, and ischemia, and suggests that midazolam also interferes with the circadian system in humans. Midazolam increases GABAA signaling, an important component of circadian rhythm protein regulation (34). In fact, GABAA activation can inhibit the expression of circadian Per2 mRNA (35). As midazolam could lower the naturally occurring higher nighttime-PER2 levels, it is plausible that the heart could be more susceptible to injury when midazolam is given at night compared to the day. Further, as we also found that midazolam decreased the risk of MINS during the daytime, midazolam might also cause a reduction of the amplitude not only at the peak but also at the trough (Figure 5).
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FIGURE 5
Proposed model of midazolam modifying myocardial injury in non-cardiac surgery (MINS) risk during a 24 h period. (A) At the peak of PER2 in the evening (p.m.), MINS occurs less frequent than during the PER2 trough in the morning (a.m.). (B) Midazolam administration at night might lower the PER2 peak which results in a higher occurrence of MINS. Midazolam administration during the daytime might have opposite effects and lower the PER2 trough resulting in less MINS occurrence. Dotted line indicates MINS risk in patients with midazolam.


The relationship between ASA class and risk of MINS after midazolam exposure may have a similar physiologic basis. Because most medical comorbidities increase in prevalence with age, ASA classes 3 and 4 presumably include an older patient population. Indeed, our ASA 1+2 had a mean age of 45.7 and our ASA 3+4 group had a mean age of 59.9 years. In older adults, the amplitude and peak expression of circadian rhythms decreases by 20 to 40% (36). In addition, animal studies have shown that aging results in the diurnal rhythm amplitude of PER2 (37). Exposures that interfere with circadian protein expression might therefore be more harmful in younger patients who are accustomed to a higher circadian amplitude and baseline expression of circadian proteins. Indeed, we identified a significant increase of MINS in the ASA 1+2 group when midazolam was given perioperatively. Surprisingly, we found a possible protective effect of midazolam in the ASA 3+4 group. Although small, this reduction in risk is harder to explain via circadian mechanisms. One possibility is that administration in patients with many comorbidities resulted in lower cumulative anesthetic doses, reduced stress responses, and more hemodynamic stability during surgery which ultimately could have resulted in fewer cardiac complications. Analyzing ASA 5 and 6 patients could potentially have given more insight into this phenomenon. However, since we excluded ASA 5 and ASA 6 patients due to their emergent and complex status, this will require future evaluation. Regardless, when we considered the time of day, an increased risk of MINS at night was present in both ASA 1+2 and ASA 3+4, suggesting that the time of day had a higher impact on the occurrence of MINS.


Limitations

A limitation of our current study is the retrospective analysis of administrative data which shows associations among variables but not necessarily causal relationships, a common problem of unmeasured confounding. However, propensity scores were used to balance the distribution of baseline covariates between the population with and without perioperative midazolam administration which has been shown to contribute to a more precise estimation of the treatment response (38).

Further, perioperative midazolam could have been administered for a variety of indications other than anxiolysis, including in hemodynamically unstable patients to minimize the use of inhaled agents or more vasodilatory or cardioactive sedative-hypnotics. However, this is likely a small subset of our population and would not explain our finding that midazolam has a time-of-day dependent effect on the rate of MINS.

In addition, other causes of MINS (occurring in the 72-h period after surgery) such as from postoperative ischemia, sepsis, neurogenic cardiomyopathy, etc., might have been missed and could therefore be possible confounders. Again, this would not fully account for the findings of our analyses regarding time-of-day or ASA-class effects.

Finally, MINS was most likely underestimated in our sample as most institutions do not measure postoperative troponin routinely. As a result, our analysis treated any subject without a perioperative troponin-I as negative for perioperative MINS resulting in a MINS rate of 0.93%. However, previous studies have reported a MINS rate of 8.0% among patients that are 45 years or older (39). Given this data, undetected MINS almost certainly occurred in our cohort, but it seems reasonable to assume that undetected MINS was proportionate in individuals with and without midazolam administration.




Conclusion

This large retrospective observational study suggests that perioperative administration of midazolam during nighttime surgeries as well as administration in healthier patients may increase the risk of MINS. The fact that we did not find an overall relationship between perioperative midazolam and MINS but found differences in risk at certain times of day suggests that chronobiology may play an important role in MINS and other perioperative outcomes. Future studies are needed that assess these time-of-day dependent effects.
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Background: Chronic kidney disease (CKD) is a highly comorbid condition with significant effects on vascular health and remodeling. Upper extremity veins are important in end-stage kidney disease (ESKD) due to their potential use to create vascular accesses. However, unlike arteries, the contribution of CKD-associated factors to the chronic remodeling of veins has been barely studied.

Methods: We measured morphometric parameters in 315 upper extremity veins, 131 (85% basilic) from stage 5 CKD/ESKD patients and 184 (89% basilic) from non-CKD organ donors. Associations of demographic and clinical characteristics with intimal hyperplasia (IH) and medial fibrosis were evaluated using multivariate regression models.

Results: The study cohort included 33% females, 30% blacks, 32% Hispanics, and 37% whites. Over 60% had hypertension, and 25% had diabetes independent of CKD status. Among kidney disease participants, 26% had stage 5 CKD, while 22 and 52% had ESKD with and without history of a previous arteriovenous fistula/graft (AVF/AVG), respectively. Intimal hyperplasia was associated with older age (β = 0.13 per year, confidence interval [CI] = 0.002–0.26), dialysis vintage > 12 months (β = 0.22, CI = 0.09–0.35), and previous AVF/AVG creation (β = 0.19, CI = 0.06–0.32). Upper quartile values of IH were significantly associated with diabetes (odds ratio [OR] = 2.02, CI = 1.08–3.80), which demonstrated an additive effect with previous AVF/AVG history and longer vintage in exacerbating IH. Medial fibrosis also increased as a function of age (β = 0.17, CI = 0.04–0.30) and among patients with diabetes (β = 0.15, CI = 0.03–0.28). Age was the predominant factor predicting upper quartile values of fibrosis (OR = 1.03 per year, CI = 1.01–1.05) independent of other comorbidities.

Conclusion: Age and diabetes are the most important risk factors for chronic development of venous IH and fibrosis independent of CKD status. Among kidney disease patients, longer dialysis vintage, and history of a previous AVF/AVG are strong predictors of IH.
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intimal hyperplasia (IH), fibrosis, chronic kidney disease, diabetes, vascular aging


Introduction

Upper extremity vessels are the preferred sites for creation of hemodialysis accesses. Traditional and non-traditional risk factors in chronic kidney disease (CKD) are thought to induce structural changes that lead to wall stiffness and impair vasoactivity, affecting the capacity of vessels to remodel and mature after vascular access creation (1). Unfortunately, most of the mechanisms behind those changes are extrapolated from the arterial system (2–4), despite differences in hemodynamics and structure between arteries and veins. The impact of CKD on chronic remodeling of upper extremity veins remains understudied.

Intimal hyperplasia (IH) and imbalanced extracellular matrix (ECM) remodeling are implicated in the origin and progression of vascular diseases, and in postoperative complications after vascular surgeries (2, 5–10). Concentric development of IH and moderate degree of wall fibrosis are frequently found in veins of CKD patients at the time of hemodialysis access creation (8, 11, 12). Despite mild or no associations of pre-access vein morphometry with arteriovenous fistula (AVF) or graft (AVG) outcomes (8, 11, 13, 14), IH and excessive fibrosis may negatively influence the selection of vessels for vascular access surgeries (15).

In the acute or postoperative scenarios, IH is the main pathophysiological feature in arterial restenosis and vein graft disease (9, 16). Vascular fibrosis underlies post-thrombotic syndrome after deep vein thrombosis (7). Excessive postoperative fibrosis also plays a significant role in maturation failure of newly created AVFs, which is further exacerbated by concurrent IH (8, 17). The chronic and acute/postoperative distinctions are particularly important to the study of vascular remodeling. On one hand, both processes differ in the presence or absence of wall injury, sources of inflammation, and the type of regulatory or healing response. On the other hand, acute remodeling occurs on the fabric of chronically adapted tissues, which may influence the acute response. Importantly, most of our understanding of venous IH and fibrosis applies to the acute and postoperative settings, with limited information about factors contributing to chronic wall changes due to the scarcity of systematic histopathology studies.

In this work, we embarked on a comparative analysis of upper vein morphometry in 131 veins from stage 5 CKD and end-stage kidney disease (ESKD) patients and 184 from non-CKD organ donors with moderate prevalence of other chronic comorbidities. We studied the associations of clinical characteristics with venous morphometry, and the specific roles of CKD and hemodialysis on these vascular changes. To our knowledge, this is the first systematic study of upper extremity veins in more than 300 CKD and non-CKD patients. This information may be valuable for the understanding of mechanisms driving postoperative remodeling of veins after access creation and for the design of preventive treatments and lifestyle interventions to improve vascular health in CKD patients.



Materials and methods


Study subjects and sample collection

The CKD cohort consisted of 131 patients, who were undergoing surgery for AVF creation and enrolled in prospective studies previously reported by us (8, 18). Of these, 34 were classified as stage 5 CKD (CKD5; defined as estimated glomerular filtration rate [eGFR] < 15, not on dialysis) while 97 were hemodialysis-dependent (ESKD). Dialysis vintage was defined as the time between the first day of dialysis and the day of vein collection, minus the time with a functioning kidney transplant. The patients provided written informed consent during their preoperative visit, under a protocol approved by the University of Miami Institutional Review Board and adherent to the Declaration of Helsinki. We obtained a 1–5 mm cross-section of the pre-access vein (111 basilic, 11 cephalic, 5 brachial, and 4 median cubital) that would have been otherwise discarded after AVF creation.

The non-CKD cohort included 184 organ donors whose tissues were donated for research purposes through a collaboration with the Life Alliance Recovery Agency. Cross-sectional samples of upper extremity veins (164 basilic and 20 cephalic veins), approximately 2 cm in length, were obtained post mortem following organ procurement procedures. All veins were collected in RNAlater (QIAGEN, Germantown, MD) and stored at –80°C. A 1–5 mm cross-section was fixed in 10% neutral formalin (Sigma-Aldrich, St. Louis, MO) before paraffin embedding and sectioning.



Histology and morphometry measurements

Vein sections were stained with Masson’s trichrome for gross histomorphometric analysis. Medial fibrosis (% area of collagen), intimal area, and medial area were quantified using ImageJ (National Institutes of Health) and color thresholding methods. Intimal hyperplasia (IH) was calculated as the intima/media area ratio to normalize for vein size differences due to anatomy or tissue shrinkage during formalin fixation and dehydration. Images were acquired using a VisionTek DM01 digital microscope (Sakura Finetek, Torrance, CA). Operators blinded to the clinical data performed image digital processing and morphometric measurements.



Statistical analyses

Statistical analyses were performed using XLSTAT 2020.1.1 (Addinsoft Inc., New York, NY) and GraphPad Prism 8.4.0 (San Diego, CA). Normally distributed data were expressed as mean ± standard deviation (SD) and compared using the Student’s t-test. When normality criteria were not met, data were expressed as median and interquartile range (IQR) and compared using the Mann-Whitney test or Kruskal-Wallis tests with post hoc comparisons. Categorical values were compared using the Fisher’s exact test. Associations between binary clinical covariates (positive or negative diagnosis of CKD/ESKD, diabetes, and hypertension) and continuous morphometry data (intima/media area ratio, and medial fibrosis) were evaluated using multivariate general linear regression models adjusted for age, sex, ethnicity/race, comorbidities, and type of vein. In addition, we evaluated associations between clinical covariates and upper quartile morphometry values (Q3-maximum). Continuous data were converted to binary status (1 if ≥ Q3, 0 if < Q3) based on the upper quartile values of the overall study population and analyzed using multivariate logistic regression models adjusted for the above characteristics. To examine the additive effects of CKD/ESKD and diabetes on upper quartile morphometry status, we used logistic regression models controlling for age. Results were considered significant when p < 0.05.




Results


Characteristics of the study cohort

The overall cohort had a mean age of 49 years (± 15) and was composed of 33% females, 30% non-Hispanic blacks, 32% Hispanics, and 36% whites (Table 1). Over 60% of participants were positive for hypertension and 25% had diabetes independent of CKD status. Most of the vessels were basilic veins (275/315, 87%), with minor proportions of cephalic (10%) and brachial or median cubital veins (3%). Because of its deep anatomical location, the predominance of basilic veins ensured that morphometric measurements reflected chronic remodeling as a result of physiological stimuli and not likely due to venipuncture or other vascular injuries.


TABLE 1    Baseline characteristics of the study cohorts.
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As expected, the CKD/ESKD subgroup was significantly older than non-CKD participants (56 vs. 45 years, respectively) and had higher prevalence of hypertension (98 vs. 36%) and diabetes (47 vs. 10%). There was also a different ratio of black to white individuals between the CKD/ESKD and non-CKD groups (Table 1). Among kidney disease participants, 34/131 (26%) were CKD5, while 29 (22%) and 68 (52%) had ESKD with and without history of a previous AVF/AVG, respectively (Table 1). Dialysis vintage ranged from 0.7 to 43.6 (median 4.5, IQR 3.0–11.1) months in ESKD patients without a previous AVF or AVG, and 0.2 to 163 (median 17.3, IQR 9.1–41.6) months in participants with a prior AVF/AVG access. Eighteen patients in the latter group had the previous access in the same arm, 9 in the contralateral arm, and 2 bilaterally. Only 4/97 ESKD participants had history of peritoneal dialysis.



Clinical factors associated with chronic intimal hyperplasia

Intimal hyperplasia defined as intima/media area ratio was quantified in venous cross-sections as a surrogate marker of adaptive cell accumulation and/or survival. This parameter illustrates intimal expansion compared to the media while correcting for the size of the vessel. Intima/media area ratio ranged from 0.00 to 1.50 in the overall cohort (Figure 1A). Intimal hyperplasia was significantly higher in CKD/ESKD patients than in non-CKD donors (median 0.32 vs. 0.21, p < 0.0001), including patients with CKD5 status, ESKD with and without a previous AVF/AVG, and ESKD with dialysis vintage > 12 months (Table 2). After adjusting for additional demographic and clinical characteristics, IH was significantly associated with increasing age (β = 0.13, p = 0.046) and CKD/ESKD (β = 0.18, p = 0.025), specifically with history of a previous AVF/AVG and vintage > 12 months (Table 3). An analysis controlling for both AVF/AVG history and vintage was not possible due to collinearity between these variables. Nonetheless, while the association with a previous AVF/AVG could be partly due to hemodynamic effects, longer dialysis vintage by itself was a predictor of IH in ESKD patients without a prior AVF or AVG access (β = 0.36, p = 0.003; Supplementary Table 1).
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FIGURE 1
Predictors of high intimal hyperplasia (IH) in CKD and non-CKD veins. (A) Histogram of IH expressed as intima/media area ratio in CKD/ESKD and non-CKD veins. The minimum, first quartile (Q1), median (Q2), third quartile (Q3), and maximum values are indicated for the overall study cohort. (B) Prevalence of age ≥ 50 years, diabetes, and CKD/ESKD per quartile of IH in the overall study cohort. (C) Distribution of CKD and ESKD subgroups per quartile of IH according to disease stage and vascular access history (Top) or dialysis vintage (Bottom). (D) Probability of IH falling in the upper quartile values (≥0.42) as predicted by age and combined status of diabetes and CKD/ESKD stages. CKD subgroups are separated according to disease stage and vascular access history (Top) or dialysis vintage (Bottom). DM, diabetes; CKD5, stage 5 CKD; ESKD_noAVF, ESKD without previous AVF or AVG; ESKD_w/AVF, ESKD and previous AVF/AVG history. *p < 0.05 vs. all individual models, ‡p < 0.05 vs. (–) DM/(–)CKD5/ESKD and (–) DM/ < 12 months.



TABLE 2    Morphometric comparisons between the CKD/ESKD and non-CKD cohorts.
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TABLE 3    Clinical predictors of venous morphometry using multivariate general linear regression models.
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In addition to the associations of age and ESKD subgroups with gradual increases in IH (Figures 1B,C), we tested for the relationship of clinical characteristics with upper quartile values (Q3-maximum; IH ≥ 0.042). These represent conditions that exacerbate intimal growth or imbalanced intimal/medial remodeling. Only diabetes was significantly associated with upper quartile IH values in the main logistic regression model (Table 4 and Figure 1B), and further demonstrated a strong additive effect with ESKD plus a prior AVF/AVG (Table 4 and Figure 1D top). Dialysis vintage > 12 months also predicted upper quartile IH values regardless of diabetes status, and diabetes combined with vintage < 12 months (Table 4 and Figure 1D bottom).


TABLE 4    Clinical predictors of upper quartile (≥ Q3) morphometry values using multivariate logistic regression models.
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Clinical factors associated with chronic medial fibrosis

The percentage of medial fibrosis in venous cross-sections is a surrogate marker of adaptive ECM remodeling. Medial fibrosis ranged from 14.92 to 66.52% in the overall study cohort (Figure 2A). Higher medial fibrosis was associated with increasing age (β = 0.17, p = 0.012) and diabetes (β = 0.15, p = 0.018) in multivariate general linear regression models (Table 3). In contrast with the increase of venous IH in subgroups of ESKD, the percent of medial fibrosis was similar between CKD/ESKD and non-CKD individuals (Tables 2, 3 and Figure 2A).
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FIGURE 2
Predictors of high medial fibrosis in CKD and non-CKD veins. (A) Histogram of percent medial fibrosis in CKD/ESKD and non-CKD veins. The minimum, first quartile (Q1), median (Q2), third quartile (Q3), and maximum values are indicated for the overall study cohort. (B) Prevalence of age ≥ 50 years, diabetes, and CKD/ESKD per quartile of medial fibrosis in the overall study cohort. (C,D) Probability of medial fibrosis falling in the upper quartile values (≥46.85%) as predicted by age and combined status of diabetes and CKD/ESKD stages. CKD subgroups are separated according to disease stage and vascular access history (C) or dialysis vintage (D). DM, diabetes; CKD5, stage 5 CKD; ESKD_noAVF, ESKD without previous AVF or AVG; ESKD_w/AVF, ESKD and previous AVF/AVG history. *p < 0.05 vs. (–) DM/(+) CKD5 and (–) DM/(+) ESKD_noAVF, ‡p < 0.05 vs. (–) DM/(+)CKD5 and (–) DM/ < 12 months.


Increasing age was the main predictor of upper quartile values of fibrosis (≥ 46.85%; OR = 1.03 per year, p = 0.013) (Table 4 and Figure 2B). Combined logistic regression models of (+) diabetes/(+) CKD5 were only significantly different with respect to a couple of (–) diabetes models but not with the rest (Figures 2C,D), suggesting differential effects of CKD/ESKD stages in ECM remodeling. These analyses demonstrated that age is the primary factor predicting high values of venous fibrosis independent of CKD or diabetes status. Figure 3 portrays representative pictures of vein morphometry in non-CKD and CKD/ESKD individuals.
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FIGURE 3
Representative vein morphometry in CKD/ESKD and non-CKD patients. Representative cross-sections of non-CKD (A–C) and CKD/ESKD veins (D–F) exemplifying mild (A,D), moderate (B,E), and high intimal hyperplasia (C,F). Pictures in (A,D,F) also show cases of low medial fibrosis, whereas (B,C,E) present cross-sections with moderate-high fibrosis. I, intima; M, media. Scale bars = 400 μm.





Discussion

Intimal hyperplasia and imbalanced ECM remodeling are histopathological changes associated with poor venous health (7, 8, 10, 19, 20). Kidney disease is considered a major contributing factor in the development of these vascular changes (2, 3, 5, 21). However, as various risk factors coexist in CKD patients, it is important to understand the independent contribution of each characteristic to detrimental vascular changes. In this study we evaluated the associations of clinical and demographic characteristics with the morphometry of upper extremity veins. Our findings clarify the role of age, CKD stage, dialysis vintage, vascular access history, hypertension, and diabetes in the chronic remodeling of vessels, and may be applicable to the improvement of vein health in CKD patients.

Our analysis of > 300 CKD and non-CKD veins indicates that IH and medial fibrosis are not unique to CKD/ESKD, and that both groups present overlapping ranges of these morphometric parameters. Both IH and medial fibrosis increase over time as a function of age. The positive association of age with both cellular and ECM changes agrees with the concept of vascular aging that is thought to affect arteries and veins (22–24). Age-related alterations in endothelial cells (ECs) and smooth muscle cells (SMCs) induce intimal expansion and wall stiffness in arteries in response to local mechanical, hemodynamic, and neurohumoral stimulations (25, 26). The nature of the stimuli is likely different in veins since they are not subjected to the same hemodynamic conditions and pressure changes as arteries. Nonetheless, there is evidence of endothelial dysfunction and a pro-inflammatory and pro-oxidant phenotype in ECs of aged veins (27–29) that may contribute to maladaptive vascular changes. Dysregulation of the contractile SMC phenotype with age has also been associated with vascular fibrosis and stiffness (26). Specifically in aged veins, higher TGFβ signaling and tissue inhibitors of metalloproteinases (TIMPs), along with lower metalloproteinase-2 (MMP-2) expression, could explain an age-related imbalance in ECM deposition (30, 31).

The association of ESKD with increased IH is not at all surprising, but finally puts to rest a presumed notion based on comparisons with small numbers of non-CKD veins (three to 15 individuals) (3, 32–35). Our work further clarifies that this association is only evident when dialysis vintage is > 12 months or in patients with a prior history of an AVF or AVG, who also tend to have longer dialysis vintage. The independent effect of vintage IH was confirmed in ESKD patients without a previous AVF. However, a hemodynamic effect of a previous access in the arm is also likely. It is possible that the increase in IH is a cumulative response to volume overload, oxidative stress, or dialysis-related inflammation. The relationship between dialysis vintage and history of a previous AVF/AVG with increased IH underscores the importance of addressing poor access maturation and patency outcomes, as the suitability of vessels may be lower for secondary vascular accesses.

Despite the significant effects of dialysis vintage in IH, we failed to find a consistent association between CKD/ESKD stages and chronic venous fibrosis. The risk of high medial fibrosis was significantly higher in patients with diabetes and CKD5 only with respect to non-diabetic CKD5 or shorter vintage ESKD patients, but not compared to the rest of the models, suggesting differential effects of ESKD stages on the venous ECM. These results contrast the widely known association of kidney disease with increased fibrosis of kidneys, heart, arteries, and other organ systems (36, 37). However, recent studies in humans and mice have demonstrated that the profibrotic effect of CKD is not so clear-cut, and that different ECM deposition and degradation phenotypes exist depending on disease activity and progression (38–40). Creation of an AVF causes a profound increase in venous fibrosis in the juxta-anastomotic segment of the access (8). Our results indicate that this is a local effect that does not seem to affect ECM remodeling in more proximal veins of patients with previous AVF history.

Importantly, our study demonstrated a broad influence of diabetes in the detrimental chronic remodeling of veins by exacerbating IH and increasing medial fibrosis. This finding is of interest given the treatable nature of hyperglycemia and the potential benefits in improving vein health. A relationship between diabetes and arterial IH and fibrosis has been previously reported (2, 41–43), which has been mostly blamed on the effects of advanced glycation end-products (AGEs) on the vascular wall (44). The latter are known to increase endothelial dysfunction, oxidative stress, vascular inflammation, and angiotensin II signaling, among others (44, 45). The association of diabetes with upper quartile levels of IH and not with gradual increases mimics previous observations in carotid IH (42), and suggests an exacerbating role or independent mechanism superimposing the cellular responses to dialysis conditions. The level of AGEs in tissues is determined by glycemic control, turnover of proteins, and kidney function (46–48). Therefore, an additive vasculopathic effect of AGEs in CKD patients is highly conceivable (49). Current guidelines by the Kidney Disease Outcomes Quality Initiative for vessel preservation in pre-dialysis patients mainly refer to avoidance of vessel injury (50). However, improving vein suitability may be an additional reason for life-long glycemic control. Interestingly, unlike arteries (26, 42), hypertension was not associated with chronic venous IH or fibrosis, likely reflecting the low-pressure conditions of venous circulation.

The limitations of the study include the retrospective nature of the analyses, the lack of information on the onset of comorbidities for the CKD cohort, and the limited clinical records for organ donors which prevented us from analyzing the effects of other clinical factors. While statistical models accounted for both clinical and demographics factors, differences in the latter between the CKD and non-CKD groups may be a confounding factor to consider in future studies. Despite these limitations, to our knowledge, this is the first systematic analysis of vein morphometry in CKD and non-CKD individuals. This work improves our understanding of vascular aging and dialysis effects in upper extremity veins and identifies diabetes as a critical and manageable factor in the development of venous IH and medial fibrosis.
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Background: The Cocoon patent foramen ovale (PFO) Occluder is a new generation nitinol alloy double-disk device coated with nanoplatinum, likely useful in patients with nickel hypersensitivity. Early results and mid-term outcomes of this device in percutaneous PFO closure are missing.

Aims: To assess the preliminary efficacy and safety profile of PFO closure with Cocoon device in an Italian multi-center registry.

Methods: This is a prospective registry of 189 consecutive adult patients treated with the Cocoon PFO Occluder at 15 Italian centers from May 2017 till May 2020. Patients were followed up for 2 years.

Results: Closure of the PFO with Cocoon Occluder was carried out successfully in all patients, with complete closure without residual shunt in 94.7% of the patients and minimal shunt in 5.3%. Except from a case of paroxysmal supraventricular tachycardia and a major vascular bleeding, no procedural and in-hospital device-related complications occurred. No patient developed cardiac erosions, allergic reactions to nickel, or any other major complications during the follow-up. During the follow-up period, 2 cases of new-onset atrial fibrillation occurred within thirty-day.

Conclusions: Percutaneous closure of PFO with Cocoon Occluder provided satisfactory procedural and mid-term clinical follow-up results in a real-world registry.

KEYWORDS
 patent foramen ovale (PFO), embolism, translational, nanoparticle, platinum


Introduction

The presence of patent foramen ovale (PFO) can be detected in about 25% of the adult population, with implication in the pathogenesis of different medical conditions as cryptogenic stroke, decompression illness, platypnea-orthodeoxia syndrome and, although still controversial, migraine with aura (1–3). When PFO closure is indicated, percutaneous closure is recommended as the method of choice (4–6). In this regards, multiple observational studies, meta-analyses and trials have shown a benefit of percutaneous PFO closure, demonstrating favorable long-term results in terms of efficacy in preventing recurrence of stroke, improvement in quality of life and cost-effectiveness of this procedure when compared to medical therapy, thus increasing the popularity of this procedure (7–12).

Nowadays, different systems are available for percutaneous PFO closure, including a suture-based system (13, 14). Percutaneous PFO closure is considered a relatively simple procedure but, although very rarely, it has a potential risk of cardiac erosion, and nickel allergic reactions in predisposed subjects (15, 16).

The Cocoon PFO Occluder (Vascular Innovations Co. Nonthaburi, Thailand) was recently released as a novel nitinol alloy double-disk device, with a similar design to Amplatzer Occluder device (Abbott, Abbott Park, Illinois, USA). The Cocoon PFO Occluder features a specific nanoplatinum coating that should abolish the issue of nickel hypersensitivity (Ni-Hy) and smooth the microscopic geometry of the disks to minimize the risk of erosion. Initial evaluation of Cocoon septal Occluder for closure of atrial septal defects in adults and pediatric patients was recently presented, whereas procedural and follow-up data of the Cocoon PFO Occluder are missing (17).

We herein feature a nation-wide registry concerning the acute procedural data and the mid-term clinical follow-up of adult patients with PFO treated with the Cocoon Occluder.



Methods


Patient population and study design

In this multi-center, observational registry, adult patients ≥18 years old, with a clinical indication for PFO closure according to the current guidelines, treated with the Cocoon PFO Occluder were consecutively included (4–6). All the patients treated with Cocoon PFO Occluder at the participating centers were sequentially included in the registry in a prospective way and data where then analyzed retrospectively.

Patients were eligible for the procedure if they presented a documented history of cryptogenic stroke (radiologically verified) or transient ischemic attack (TIA) in the previous 12 months, intractable migraine or need for PFO closure for professional reasons. Exclusion criteria were subjects with previous stroke or TIA with known etiology or with congenital or pre-existing neurological disorders (i.e., multiple sclerosis, epilepsy) or intra-cranial disease; subjects with atrial fibrillation/flutter or other known emboligenic heart diseases; subjects with carotid, vertebral or basilar artery stenosis >50%; subjects with previous endocarditis or at risk for endocarditis; subjects with contraindications to aspirin, clopidogrel or anticoagulant therapy; subjects under tutorship, curatorship or unable to take the prescribed medical therapy.

Baseline and procedural variables were collected from medical records through a web-based electronic case report form from each participating center. Follow-up data were then obtained by means of telephone calls and/or outpatients clinical visits.

For the purpose of our analysis, we considered as efficacy outcome the occurrence of effective PFO closure with a residual minimal RLS or lower in acute and at the follow-up. As regards safety outcome, we considered the occurrence of peri-procedural major adverse events (MAEs) including death, acute neurological disorders, new-onset arrhythmia, major bleeding, cardiac tamponade or complications related to the vascular access, device malposition and embolization. The secondary safety outcome was a composite of MAEs detected during the follow-up including arrhythmia, late neurological disorders, endocarditis and device-related adverse events (malposition, embolization, thrombosis, and systemic nickel allergy syndrome (SNAS).

Before the procedure, all the patients underwent contrast-enhanced transcranial Doppler ultrasound or transesophageal echocardiography with bubble test, in order to confirm the presence of the PFO and the severity of RLS. The grading of RLS through the PFO was semi-quantitative in accordance to the number of micro-bubbles detected in left atrium at rest and after Valsalva maneuver and defined as severe (≥20 bubbles or opacification), moderate (6–19 bubbles), minimal (1–5 bubbles) or no-shunt (0 bubbles) (18).

All the patients signed an informed written consent.

The registry was approved by the local ethical committees of each participating hospital and the study complied with the Declaration of Helsinki.



Device

The Cocoon PFO Occluder is an implantable self-expandable double-disk device, structurally similar to the Amplatzer Occluder device (13, 19). The two disks are linked together by a short connecting waist allowing free motion of each disc. The disc diameter range is 18 to 30 mm for the left atrium disc and 18 to 35 mm for the right atrium disc, set up in different combinations (Figure 1). Similarly to other devices for PFO closure, the Cocoon PFO Occluder presents a nitinol core structure, but the main difference lies in the nanoplatinum coating of its wire mesh, with platinum atoms up to 25 microns using nanofusion technology. According to its manufacturer's instructions for use, the nanoplatinum coating may prevent nickel leaching into the bloodstream and increase device-surface smoothing.


[image: Figure 1]
FIGURE 1
 Study design flow chart.




Procedure

All patients underwent the procedure under general anesthesia or conscious sedation, and were simultaneously studied by transesophageal echocardiography or intra-cardiac echocardiography, at discretion of each participating center. The procedure was performed as for standard for percutaneous PFO closure, with wire crossing through the PFO into the left upper pulmonary vein and delivery sheath advancing over the stiff wire, with final release of the intended device; an illustrative case is displayed in Figure 2. The patients were heparinized to achieve an activated clotting time of more than 250 s during the whole procedure. The size of the device has been selected according to the echocardiographic septum and tunnel characteristics or according to the balloon sizing and rim adequacy. When device position was optimal, the device was released by a counterclockwise rotation of the delivery cable. Also in this case, residual RLS were graded as severe (≥20 bubbles or opacification), moderate (6–19 bubbles), minimal (1–5 bubbles) or no-shunt (0 bubbles).


[image: Figure 2]
FIGURE 2
 Cocoon PFO Occluder implantation. (A) Baseline transesophageal echocardiography showing atrial septum aneurysm and Chiari network. (B) Baseline interatrial shunt. (C) Cocoon PFO Occluder positioning at fluoroscopy. (D) Intraprocedural transesophageal echocardiography, showing minimal intra-device shunt. (E) Device assessment with 3D-echocardiography imaging. (F) Final device release at fluoroscopy.


The patients were discharged with aspirin and/or clopidogrel and/or oral anticoagulant in accordance to their clinical history and at discretion of the physicians. In order to evaluate residual RLS, contrast-enhanced transthoracic echocardiography and transcranial Doppler follow-up were done within 3 months post procedure.

Clinical FU was evaluated and recorded up to 2 years.



Statistical analysis

Categorical and dichotomous variables were expressed as absolute numbers and percentages whereas continuous variables were expressed as mean±standard deviation (SD) or median (25th to 75th interquartile range–IQR), as appropriate according to their distribution. Continuous variables were analyzed for normal distribution using the Shapiro-Wilk test. The data were analyzed with SPSS statistics software (version 25, IBM Corp., Armonk, N.Y., USA).




Results


Baseline characteristics

Between May 2018 and May 2020, at 15 Italian centers, 189 patients with clinical indications for percutaneous PFO closure were treated with Cocoon PFO Occluder. Complete patient characteristics are listed in Table 1.


TABLE 1 Baseline demographic and clinical characteristics of the study population.
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The mean age was 5 ± 13 years and there was a slight prevalence of female gender (50.8%). Coagulation disorders were present in just 7.4% of patients. The main indications for PFO closure were cryptogenic stroke (42.3%) and TIA (32.3%). The basal shunt was severe in 65 patients (34.4%) and almost half of the patients presented atrial septum aneurysm (48.1%).



Procedural characteristics

The procedure was performed in conscious sedation in 67.2% of patients (Table 2). Transesophageal echocardiography was the main imaging modality (80.4%). The size of the device was selected according to the echocardiographic septum characteristics (88.9%) or according to the balloon sizing (11.1%). Mean procedural time was 34 ± 20 min. The most used device was Cocoon PFO Occluder 25*18 mm (73.0%). During the procedure, except a single case of paroxysmal supraventricular tachycardia and a major vascular bleeding (patient was on clopidogrel), no other significant adverse events occurred. Device embolization and recapturing or procedural cardiac erosions neither occurred. Post-procedural residual RLS was absent in most of the patients (94.7%), whereas a minimal RLS was documented in 5.3%.


TABLE 2 Procedural characteristics.
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Post-procedural outcome

No adverse events occurred during the hospital stay. Most of the patients were discharged with indication to dual antiplatelet therapy with aspirin and clopidogrel (97.9%), for 1–12 months (Table 3). Four patients received a short- single antiplatelet therapy with aspirin and 5 patients received an oral anticoagulant therapy in association with antiplatelet: the history of a coagulation disorder was the reason to combine the anticoagulant with the antiplatelet therapy. This therapy was kept for a month and then followed by the anticoagulant therapy alone.


TABLE 3 Discharge medical therapy.

[image: Table 3]

Life-long aspirin was prescribed in 27.0% of the cases, whereas life-long clopidogrel in 2.1%. Patients that were in treatment with anticoagulants before the procedure continued their standard treatment with vitamin K antagonists or direct oral anticoagulants.

The choice of the antiplatelet/anticoagulant regimen was left to the attending physician in order to mimic the real world, in the absence of clear-cut evidence on the most appropriate therapy after PFO closure.

Within 2 years post procedure, 2 cases (1.1%) of new-onset paroxysmal atrial fibrillation occurred, both within 3 weeks from the index procedure. No other major adverse events were reported. In all cases, contrast-enhanced echocardiographic and/or transcranial Doppler follow-up within 3 months after the index procedure showed absence of any severe RLS in all patients.




Discussion

Percutaneous PFO closure is a well-established therapy for paradoxical left thromboembolism (5, 20). Multiple trials and meta-analyses showed the benefit of the double-disk technology PFO closure devices (13, 14). In this context, the Cocoon PFO Occluder has been introduced with the aim of surpassing the limitations of available devices but scarce data are available and the benefit of its technical features needs to be confirmed.

The main findings of this prospective nation-wide registry can be summarized as follows:

- The novel Cocoon PFO Occluder showed good results in terms of efficacy (with absence of severe residual RLS in 100% of the cases) and safety.

- The effective closure of the PFO was confirmed in all cases by means of appropriate imaging.

- No cardiac erosion, allergic reactions or thrombotic events occurred both in the early phase and during the 2 year FU.

- 2 cases (1.1%) of early new-onset paroxysmal atrial fibrillation occurred.


Efficacy profile

The effectiveness of the Cocoon PFO Occluder in permanently closing the PFO seems to be consistent with those observed with the large RCTs concerning the Amplatzer Occluder and Gore Occluder (W. L. Gore and Associates, Inc, Newark, Delaware, USA) (6–9). Indeed, the Cocoon PFO Occluder obtained a complete resolution of the RLS in 94.7% of the cases and no ischemic events occurred up to 2 years post procedure. Previous literature concerning a limited number of cases consistently reported no recurrent events and no residual shunt over a 6-months follow-up (19, 20).



Safety profile

The nanoplatinum coating of the Cocoon PFO Occluder is supposed to soften the structure of the device, and thus minimize the risk of cardiac erosion, that is a rare but dramatic complication, more often observed with devices for the treatment of ASD (16, 21). Whether the technical features of the device actually translate in a safer tool has to be demonstrated in a head to head comparison, however, we hereby report no cases of cardiac erosion or cardiac tamponade, which is in line with previous reports with this device (17).


Potential risk reduction of Ni-Hy

The specific design of Cocoon device may supposedly address the demands for device PFO closure in patients with Ni-Hy: the nanoplatinum coating theoretically prevent nickel ions release into the bloodstream. The Ni-Hy represents the classic presentation of a T cell-mediated, delayed-type hypersensitivity response to exogenous agents. The initial step is hapten binding to a skin carrier protein. The complex ultimately produces the sensitization of T cells. Sensitized T cells encountering the antigen at any time later will then lead to the release of cytokines, which in turn leads to macrophage activation and produces the immune response (22).

In literature, the incidence and real magnitude of the device-related Ni-Hy “syndrome” is still a matter of debate, and skin reactions must be distinguished from the systemic reactions which, in extreme situations, may lead to surgical explant: this critical situation always occur weeks to months after the device implant. Preliminary studies have shown that, during the first period of endothelization after Cocoon device implantation, there was no nickel release into the bloodstream (22–26).

A way to evaluate the presence of Ni-Hy might be the use of patches before the PFO closure, although it still unclear their role on top of clinical and physical examination (27).

Contact allergy secondary to the Amplatzer (St. Jude Medical, Inc., St. Paul, Minnesota), PFO-Star (Cardia Inc., Burnsville, Minnesota), and Gore Helex devices have been described previously (28–32).

In the 3 pivotal randomized trials on https://www.sciencedirect.com/topics/medicine-and-dentistry/patent-foramen-ovale PFO closure published in 2017, which included more than 2,000 patients, only 1 device-related allergic reaction was reported among the adverse events (7–9). No device explant was reported in any of the trials. Of note, patch testing to nickel was not required in the studies and patient reported history of nickel allergy was not an exclusion criterion for any of the trials.

In a retrospective analysis of explanation rates for PFO/ASD occluder devices, 38 of 13,736 (0.28%) of patients undergoing percutaneous closure had device removal (25). Allergy was not listed as the primary cause of explanation in any cases, but among the 14 patients who required device explanation for chest pain, 7 were found to have a positive patch test for nickel.

For people who present Ni-Hy, the use of suture-mediated system may be proposed, but this technology has an 18–20% risk of significant residual RLS (33, 34), thus its use has a weak rationale.

On the other hand, whether the use of a Cocoon is the appropriate solution has to be confirmed beyond the theoretical basis.



Potential risk reduction of device thrombosis

The polypropylene filling of the Coccon occluder may be associated with a reduced device-related thrombotic risk that, according to the literature, has been estimated with other devices between 1 and 2% (6, 17, 19).

Of note, despite 7.4% of patients in our registry presented coagulation disorders, no device-related thrombotic events were recorded in the peri-procedural setting, and up to 2 years.

In a recent publication, thrombus formation on the device was the justification for surgical excision in 4 (0.03%) of the 13,736 device implants. Of the 4 devices explanted with thrombus: 3 were CardioSEAL devices (0.15% of such devices) and 1 was an Amplatzer device (0.01%) (25).

A clear understanding of the risk of thrombosis related to different PFO closure devices is quite challenging as only a large scale direct comparison with other devices, with a comparable thrombotic risk and medical therapy might be reliable.



Arrhythmic complications

Major arrhythmic events have been previously reported in patients treated with occluder devices, with variable rates of 0.5–15%: apparently, there is a direct correlation with the size of the defect and, subsequently, with the size of the device selected that may cause a mechanical irritation and inflammatory reaction (6, 35, 36). In our registry, 1 case (0.5%) of paroxysmal supraventricular tachycardia occurred in the peri-procedural phase, whereas paroxysmal atrial fibrillation occurred after discharge within thirty-day in 2 patients (1.1%), both treated with a Cocoon PFO Occluder 25*18 mm. Due to the paroxysmal course of the arrhythmia, both cases were treated with antiarrhythmic drugs and life-long anticoagulant therapy. The incidence of AF after procedure seems to be lower than previous reports, likewise the incidence of supraventricular arrhythmias (37): overall, the lack of systematic ECG monitoring after the procedure may have led to an underestimation of the true incidence of arrhythmias.




Post-implantation antiplatelet therapy

The type and duration of antiplatelet therapy was left to physician discretion to mirror the real world setting: most patients (97.9%) received dual antiplatelet therapy for a period varying from 1 to 12 months, although the vast majority of them were on dual antiplatelet therapy for 1 to 3 months, and only 4 patients received a short-term single antiplatelet therapy, whereas 5 patients received anticoagulant therapy in association. This variability confirms the lack of a consensus about the pharmacological post-implantation approach, and highlights the need for more evidences (38–40).




Limitations

This is a prospective single arm registry and the endpoints were reported by the participating centers. The sample size of this study is relatively small, but, to the best of our knowledge, this is the largest experience so far concerning the real-world preliminary efficacy and safety profile of this new technology. The latter seems at least comparable with available and more extensively evaluated devices; the theoretical benefit in terms of increased safety has to be demonstrated.



Conclusion

The Cocoon Occluder device showed a good performance in terms of shunt resolution and recurrence of neurological ischemic events. The low rate of peri-procedural complications supports the use of the Cocoon PFO Occluder in patients with indication to PFO closure. Larger scale and comparative studies with long-term follow-up are needed in order to confirm whether the technical features of this new technology actually translate into an improved safety/efficacy profile.
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Introduction: Vascular calcification (VC) is an independent risk factor for cardiovascular diseases. VC increases mortality of all-causes. VC is one of most common cardiovascular complications in type II diabetes. So far, no therapy has been proven to be effective in treatment of clinical VC. The present study investigated the therapeutic effects of MR409, an agonistic analog of growth hormone-releasing hormone (GHRH-A), on VC in diabetic db/db mice.

Method and result: Diabetic mice were injected with MR409 subcutaneously every day for 8 weeks. Long-term treatment with MR409 improved serum lipid profile and endothelium-dependent relaxation to acetylcholine, and reduced vascular structural injury in diabetic mice without affecting serum growth hormone level. Echocardiography showed that calcium plaques present in heart valve of diabetic mice disappeared in diabetic mice after treatment with MR409. MR409 inhibited vascular calcium deposition associated with a marked reduction in the expressions of osteogenic-regulated alkaline phosphatase (ALP) and transcription osteogenic marker gene Runx2 in diabetic mice. MR409 also inhibited vascular reactive oxygen species (ROS) generation and upregulated the expressions of anti-calcifying protein Klotho in diabetic mice.

Discussion: Our results demonstrate that GHRH-A MR409 can effectively attenuate VC and heart valve calcification, and protect against endothelial dysfunction and vascular injury in diabetic mice without significantly affecting pituitary-growth hormone axis. The mechanisms may involve upregulation of anti-calcifying protein Klotho and reduction in vascular ROS and the expression of redox sensitive osteogenic genes Runx2 and ALP. GHRH-A may represent a new pharmacological strategy for treatment of VC and diabetics associated cardiovascular complications.
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Introduction

Vascular calcification (VC) is a pathological condition, which is characterized by an abnormal deposition of calcium-phosphate in the vascular system (1). The arterial medial calcification is the most common type of VC, which is frequently found in the patients with type II diabetes, atherosclerosis and end-stage of renal diseases (ESRDs) (2). It has been reported that the prevalence of VC is as high as 41.5% in patients with type II diabetes, and 27% in the patients with ESRDs (3). The calcification in the arteries increases arterial stiffness and reduces the elasticity and compliance of the artery wall, which may increase pulse pressure, heart afterload, deteriorate peripheral tissue perfusion and thrombus formation (4). As the consequence, VC increases the incidence of thrombosis, stroke, coronary ischemic disease, and plaque rupture. VC is considered an independent risk factor for cardiovascular morbidity and mortality (5, 6).

The mechanisms of VCs are not fully understood. Like the bone remodeling, VC is an active cellular process that is regulated by various bone-related proteins, such as alkaline phosphatase (ALP), osteocalcin, osteopontin, Run-related transcription factor 2 (Runx2), and matrix vesicles (7). Some agents, such as bisphosphonate, pyrophosphate analogs, have been tested to be effective in the prevention or regression of VC in the experimental animal models. However, to date, no effective agents have been found for the treatment or regression of VC associated with human diseases (8). Therefore, there is an urgent need to develop new strategies to prevent or treat VC.

Growth hormone-releasing hormone (GHRH) is a hypothalamic neuropeptide, which binds to the G-protein coupled GHRH receptor and stimulates the secretion and synthesis of growth hormone (GH) in the pituitary gland (9). In addition to its neuroendocrine action, GHRH and its receptors are expressed in different peripheral tissues and cell types, such as cardiomyocytes, vascular smooth muscle cells, neural cells, ocular tissue and pancreas (10–13). The extrahypothalamic GHRH can regulate many cellular functions, such as cell proliferation, differentiation and survival, in various peripheral cells and organs (14, 15). In past few decades, many potent GHRH agonists has been synthesized in our laboratory. These synthetic analogs of GHRH are more stable and potent when compared with native GHRH (14). It has been shown that GHRH analog MR409 can exert therapeutic effects on experimental acute myocardial infarction, heart failure and diabetic retinopathy (11, 16, 17). More recently, Shen et al. (18) reported that MR409 can suppress vascular smooth muscle calcification in vitro and VC in osteoprotegerin KO mice in vivo by blocking reactive oxygen species (ROS)/nuclear transcription factor (NF)kB pathway. However, osteoprotegerin KO mice is not an animal model that mimics VC in human diseases. In the present study, we investigated the therapeutic effects of MR409 on VC in diabetic db/db mice.



Materials and methods


Animal protocols

Ten-week-old male homozygous db/db mice on a C57BL/6 background were purchased from Model Animal Research Center of Nanjing University (MARC, Nanjing, China) and housed in an animal facility at 23 ± 2°C with a 12-h light/dark cycle, C57BL/6 mice were used as a wild type (WT) control. We used 10-week-old male mice in this study, because it has been reported that sex hormones, especially estrogen, may affect VC (19), and db/db mice can develop VC about 20-week-old (the age of mice at sacrifice) (20). All animal procedures were approved by the Institute Animal Use and Care Committee of Shenyang Medical College and complies with the Guideline of the Institute Care and Use of Laboratory Animals of Shenyang Medical College. After 2 weeks of adaptation, the mice were randomly divided into 3 groups and fed a regular mouse diet, and received one of the following treatments for 8 weeks: Control group (WT): C57BL/6 mice were injected subcutaneously with vehicle solution [10% (vol/vol) propylene glycol] every day; diabetic db/db group (db/db): db/db mice received a subcutaneous injection of vehicle solution every day; db/db mice in MR409 treatment group (MR409) were administrated subcutaneously with MR409 at a dose of 15 μg/day/mouse (dissolved in 10% propylene glycol). We have shown that MR409 at a dose of 10 μg/day/mouse has therapeutic effects on experimental stroke and STZ-induced diabetic mouse models (10, 12), we used MR409 at a dose of 15 μg/day/mouse, because db/db mice have more body weight than regular mice. The number of experimental animals was based on the statistical power analysis. MR409 was synthesized by our laboratory (12, 14). At the end of the study, the mice were fasted overnight, blood was taken from the tail arteries to determine fasting blood level of glucose with an automatic blood glucose meter (Roche Accu-CHEK Active, Mannheim, Germany). After insulin tolerance test was performed, the mice were euthanized with 100 mg/kg ketamine and 20 mg/kg xylazine cocktail, and blood was withdraw through left ventricular puncture. The heart and aorta were harvested.



Insulin tolerance test

The mice were fasted for 4 h, insulin tolerance test was performed 2 days before the animals were sacrificed. Briefly, the mice were injected intraperitoneally with insulin solution (1 U insulin/kg body weight). Blood glucose levels were measured at 0 (before insulin administration), 20, 40, 60, 120, and 180 min after insulin injection using an automatic blood glucose meter (Roche Accu-CHEK Active, Mannheim, Germany).



Histological analysis

Thoracic aorta was isolated and cut into 3 mm aortic ring, which was fixed in 4% paraformaldehyde buffered solution and routinely processed for paraffin sections. The slices of 4 μm thickness was cut and mounted in the slides. The slides were stained with hematoxylin eosin (HE, Sigma Aldrich, St. Louis, MO) to evaluate the thickness of aortic wall and morphological alteration. At least four images per stained sections were examined and photographed using a Leica DM4B fluorescence microscope (Leica Microsystems Inc., Mannheim, Germany). The thickness of aortic wall (from intima to media) was measured by ImageJ software (NIH Bethesda, MD), the average thickness of aortic wall was calculated. The separated sections were stained with Masson trichrome to evaluate vascular fibrosis, the positive stained area of collagen was quantified with ImageJ software, the percentage of positive stained collagen area with total stained area was calculated. The examination of histological samples was conducted in a blinded manner, the reviewers were not aware of the groups to which mice belonged.



Vascular reactivity

Endothelium-dependent relaxation to acetylcholine was determined by an organ chamber bath as described previously (21). Briefly, isolated thoracic aorta was cut into 3 mm aortic rings. The aortic rings were mounted on the wires connected to pressure transducer in organ chamber bath system (DMT Inc., Denmark). The rings were equilibrated under resting tension of 1 g for 1 h, then contracted twice with PSS solution containing 60 mmol/L KCL. The rings were precontracted with about 30 nmol/L of norepinephrine to reach 70% of the maximum contractile force, then cumulative concentration of acetylcholine (10–9∼10–5 molar/L) was added to the organ bath. Maximal relaxation to acetylcholine (Emax) and the concentration of acetylcholine required for a half-maximal relaxation (ED50) were calculated using a best fit of a logistic sigmoid concentration-response curve.



Assessment of heart valve and aortic calcification with echocardiography

At the end of an 8-week treatment, the mice were subjected to ultrasound examination for determination of aortic calcification and heart valve calcification, using a high-resolution Doppler image system for small animal (Esote Medical Equipment Inco., Shenzhen, China). The mice were anesthetized with the inhalation of 1% isoflurane, and placed on a platform and heated warm to maintain body temperature. The heart valves and aortic arches were examined and imaged with B-Mode or 2D mode cursor (30 MHz) in the parasternal short-axis view with a depth setting of 2 cm. The sample volume cursor was placed at the aortic root with angle correction (37°–60°). The heart valves and aortic calcification were determined by a significant change in ultrasound density. The areas of calcification spots or plaques were quantified by using ImageJ software.



Alizarin red and Von Kossa calcium staining in mouse aortas

Alizarin red (AR) and Von Kossa (VK) were used for calcium staining of the mouse aortas. A segment of aortic arch was fixed in 10% formalin for 24 h, then dehydrated and embedded in paraffin. The section of 5-μm-thickness was cut and deparaffined. For AR staining, the slides were incubated with AR solution for 2 min (Solarbio Life Science, Beijing, China). After a quick wash in distilled water, the slides were placed under ultraviolet light until calcium phosphate turned black, followed by a counterstaining with eosin. For VK staining, deparaffined sections were stained with Von Kossa silver kits (Solarbio Life Science, Beijing, China) for 2 min. After washing with distilled water, the sections were rapidly differentiated and the nuclei stained with hematoxylin solution. Images were taken using microscope (Leica, Germany) and analyzed with ImageJ Software.



Oil red O staining and ALP staining

Fresh aortic root was frozen and embedded in OCT compound and sliced into the section of 10 μm thickness by a microtome-cryostat (Leica, Germany). The sections were briefly rinsed with distilled water and immersed in 60% isopropanol for 30 s, then incubated in oil red O working solution (Solarbio Life Science, Beijing, China) for 15 min. The sections were then de-stained with 60% isopropanol, and counterstained with hematoxylin solution. Images were captured using Leica light microscope, and the percentage of positive staining area was quantified using ImageJ software. ALP staining in aortic section was performed with ALP staining kit following manufacturer’s instructions. Ten μm sections were cut, matrix solution was added to slices, and the tissue section incubated for 15 min at 37°C in dark environment. Excessive matrix solution was removed and cobalt nitrate dye added immediately and dyed for 5 min. Vulcanized solution was added and tissue sections incubated for 30 s. The slices were redyed with nuclear solid red dye for 30 s. The slices were shaken to dryness and examined by microscope.



Immunohistochemistry

Paraffin-embedded aorta was cut into 4 μm thick sections. The slides were incubated with sodium citrate buffer for 10 min in a pressure cooker for antigen retrieval. After the incubation with blocking solution of 5% goat serum in TBST at room temperature for 10 min, the sections were incubated with primary antibodies against Runx2 (1:50 diluted with TBST buffer, SC-101145, Satan Cruz Biotech., USA) or Klotho (1:50 diluted with TBST buffer, ab181373, Abcam, UK) overnight at 4°C followed by the incubation with appropriate secondary antibodies conjugated with biotin for 15 min at room temperature. The sections were then incubated with HRP labeled streptavidin for 15 min at room temperature and stained with DAB solution. The nuclei were counterstained with hematoxylin solution. The images were acquired by a Leica DM4B fluorescence microscope and analyzed with ImageJ software. The results were expressed as a percentage of positive stained areas with total selected areas.



Western blot

The whole aortas (from aortic arch to the bifurcation of abdominal aorta at femoral arteries) were lysed with RIPA lysis buffer containing a complete protease inhibitor cocktail. Protein concentrations were determined using a BCA protein assay kit (Beyotime Biotechnology, Shanghai, China). Protein samples (30 μg) were fractionated with SDS-PAGE. After electrophoretic transfer to a PVDF membrane (0.45 μm, IPVH00010, Millipore), the membranes were incubated with primary antibody against Klotho (1:1000 dilution, ab181373, Abcam) at 4°C overnight followed by the incubation with horseradish peroxidase-conjugated secondary antibody (1:5,000 dilution using blocking solution) for 2 h at room temperature, an antibody against β-actin (WH121414, ABclonal) as an internal control. The luminal chemiluminescence signals were detected with an Aplegen Omega Lum G Gel Documentation System (Aplegen Inc., Pleasanton). The band density was measured and quantified using ImageJ software.



Determination of serum alkaline phosphatase (ALP) activity and growth hormone (GH)

Blood was centrifuged at 5000 rpm for 10 min at 4°C. Serum ALP activity was measured using ALP assay kit following the manufacturer’s instructions (Solebo Technology Co., Ltd). ALP assay kit is a p-nitrophenyl phosphate (pNPP) assay, ALP catalyzes pNPP (a phosphatase substrate) to pNP, which turns yellow at absorbance of 405 nm, which was measured using Microplate Absorbance Reader (Molecular Devices) for 15 min. One ALP unit is defined as hydrolyzation of 1 μmole of pNPP per minute at pH 9.8 at 37°C. QuantiChrom cholesterol assay kit (Coibo Bio. Inco., Shanghai, China). QuantiChrome triglyceride assay kit (Coibo Bio Inco., Shanghai, China) was used to determine serum concentration of total cholesterol, total triglyceride, respectively. Serum GH concentration was determined by mouse growth hormone enzyme-linked immunosorbent assay (ELISA) kit according to manufacturer’s instructions (Cusa Bio. Inco., Wuhan, China).



Determination of superoxide (O2–) anion formation in aorta in situ

Aortic O2– formation was determined by oxidative fluorescent dye hydroethidine (DHE, Sigma-Aldrich, St. Louis, MO) as described (21). In brief, thoracic aorta were embedded in OCT compound and snap-frozen in the liquid nitrogen. Sections of 5 μm thickness were cut and incubated with 2 μmol/L DHE in HEPES buffer for 30 min at 37°C in a humidified chamber. The images were acquired within 30 min of DHE staining, using a fluorescence microscope (Leica Microsystems Inc., Mannheim, Germany), and the average fluorescent intensities were quantitated and expressed as percentage of control.



Statistical analysis

Statistical analysis was performed by SPSS statistical software (SPSS Inc, Chicago, IL). Data were presented as mean ± standard derivation (SD). Statistical analysis was performed by one-way or two-way ANOVA followed by the Student-Newman-Keuls test. P < 0.05 was considered statistically significant.




Results


Long-term treatment with GHRH-A MR409 reduced plasma lipid profile and vascular injury in diabetic db/db mice

Db/db mice at 20-week-old exhibited significant increases in fasting plasma level of total cholesterol, triglyceride and fasting blood level of glucose, impaired insulin tolerance and body weight, treatment with MR409 for 8 weeks lowered plasma lipid profile but did not significantly affect fasting blood glucose, insulin tolerance and body weight in db/db mice (Figures 1A–E). There was no significant difference in plasma level of GH between WT and diabetic db/db mice, and treatment with MR409 did not significantly affect plasma level of GH in diabetic mice (Figure 1F). HE staining showed that the thickness of aortic wall in diabetic mice significantly increased, which was prevented by MR409 treatment (Figures 2A, B). Masson trichrome staining revealed that diabetic mice had more positive staining area of aortic collagen and loosened elastic fiber structure, as compared with WT mice. MR409 treatment reduced aortic fibrosis and protected elastic fiber structure intact in diabetic db/db mice (Figures 2C, D). Lipid deposition was increased in the aorta of db/db mice, as showed by oil O staining, MR409 treatment significantly reduced aortic lipid deposition in db/db mice (Figures 2E, F).
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FIGURE 1
Effects of MR409 on plasma levels of total cholesterol (Ch, A) and total triglyceride (TG, B), fasting blood glucose (C), insulin tolerance (D), body weight (E) and serum level of growth hormone (GH, F) in diabetic db/db mice. Data is expressed mean ± SD, n = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.
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FIGURE 2
Treatment with MR409 improves vascular morphological injury in diabetic db/db mice. The representative images of cross section of aortic wall stained with hematoxylin and eosin for aortic wall thickness with a low magnification in up pane and a high magnification in low pane (A), Masson trichrome for collagen content with a low magnification in up pane and a high magnification in low pane (C) and oil O staining for lipid deposition with high magnification (E). The quantitation of aortic wall thickness (B), positive collagen staining areas (D) and lipid deposition (F) in the aorta. N = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.




MR409 improved endothelium-dependent relaxation and reduced aortic ROS production in diabetic db/db mice

Endothelium-dependent relaxation to acetylcholine was significantly impaired in diabetic mice, MR409 treatment significantly improved acetylcholine-induced relaxation (Figure 3A). We determined aortic ROS production in situ by DHE oxidative fluorescence staining. As shown in Figures 3B, C, oxidative fluorescence intensity significantly increased in diabetic db/db mice, which was prevented by MR409 treatment.
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FIGURE 3
Treatment with MR409 improves endothelium-dependent relaxation to acetylcholine (A) and reduced reactive oxygen species (ROS) production in the aorta of diabetic db/db mice. (B) The representative images of oxidative fluorescence intensities in the aorta, assessed by DHE fluorescence staining, (C) the quantification of average oxidative fluorescence intensities. N = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.




MR409 attenuated vascular calcium deposition and the protein expressions of osteogenic-regulated molecules in diabetic db/db mice

We used a high-resolution Doppler image system for small animal to determine heart valves and vascular calcification in aortic root. The ultrasound images of heart valve or vascular calcification manifests calcified spots or plaques (white) with abnormal increase in ultrasound density. Compared with WT control mice, high brightness calcified plaques with abnormal increased ultrasound density were seen in density of aortic valves (indicated with arrowhead) of diabetic mice, which disappeared in diabetic mice treated with MR409 (Figure 4). Furthermore, we used alizarin red and Von Kossa calcium staining to evaluate vascular calcification in the aortic root. Vascular calcium deposition was brown in Von Kossa staining and dark red in alizarin red staining. Compared with WT mice, diabetic mice had more brown staining areas in the aortic root section with Von Kossa staining (Figures 5A, C) and more dark red areas with alizarin red staining (P < 0.05; Figures 5B, D). MR409 treatment significantly reduced positive vascular staining area in both Von Kossa staining or alizarin red staining (P < 0.05; Figures 5B, D) in diabetic db/db mice. These results suggest that MR409 can inhibit vascular calcification in diabetes. ALP and Runx2 are two important molecules to regulate ectopic calcification (22, 23), ALP accelerates ectopic calcification by catalyzing hydrolysis of inorganic phosphate (23), Runx-2 is a major regulator of osteocyte differentiation to drive VC processes by the regulation of osteogenesis gene expression (22). We detected serum ALP activity and aortic expression of ALP and Runx2 by immunohistochemistry. Comparing with WT group, serum ALP activity significantly increased in diabetic mice, MR409 treatment restored ALP activity in diabetic mice (Figure 6A). Immunohistochemistry revealed that diabetic mice had more ALP and Runx2 expression, which were reduced in diabetic mice with MR409 treatment (Figures 6B–E).
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FIGURE 4
Treatment with MR409 attenuates heart valve calcification (A) in diabetic db/db mice. Heart valve calcification was detected with high-resolution Doppler image system for small animal. Representative images of heart valve (A) calcification, the quantitation of heart valve (B) calcification. N = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.
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FIGURE 5
Treatment with MR409 attenuates calcium deposition in aortic root section of diabetic db/db mice. The representative images of calcium staining in the aorta by Von Kossa with a low magnification in up pane and a high magnification in low pane (brown, A) and alizarin red staining with a low magnification in up pane and a high magnification in low pane (dark red, C), the quantitation of positive calcium staining areas with Von Kossa (B) and alizarin red (D). N = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.



[image: image]

FIGURE 6
Treatment with MR409 reduces serum alkaline phosphatase (ALP) activity (A), the expression of ALP (B,D) and Runx2 (C,E) in the aorta of diabetic db/db mice. The representative images of ALP (B) and Runx2 (C), were determined by immunohistochemistry, the quantitation of positive staining areas of ALP (D) and Runx2 (E). N = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.




MR409 up-regulated Klotho expression in aorta of diabetic db/db mice

Klotho is an anti-aging and anti-calcifying protein, which is reduced in chronic kidney diseases and diabetic mellitus (24, 25). Klotho expression significantly decreased in the aorta of db/db mice, as determined with Western blot and immunohistochemistry. MR409 treatment significantly increased aortic Klotho expression (Figure 7).
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FIGURE 7
Treatment with MR409 upregulates the expression of Klotho in the aorta of diabetic db/de mice. The protein expression of Klotho was determined by Western blot (A), the representative images of Klotho protein expression, determined by immunohistochemistry (C), the quantitation of Klotho protein expression with Western blot (B) and immunohistochemistry (D). N = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.





Discussion

In the present study, we demonstrate that long-term treatment with GHRH-A MR409 significantly attenuated VC and vascular morphological injury, improved endothelial function but did not affect serum level of GH in db/db diabetic mice. The inhibitory effects of MR409 on VC was associated with a reduction in vascular ROS production and the expressions of osteogenic regulated gene Runx2 and ALP and an increase in anti-calcifying protein Klotho. These results confirm that GHRH-A may be a novel therapy for VC and VC associated vasculopathy.

Vascular calcification is a complex process that involves osteogenesis of vascular cells. VC represents a vascular aging phenotype which is commonly observed in the elderly people. Diabetes and chronic renal diseases are most common human disease associated with VC (2, 26), especially arterial medial calcification, because the patients suffer from a disturbed mineral and bone metabolism (27). Arterial medial calcification increases arterial stiffness, blood pressure and heart workload, impairs vascular compliance and vascular reactivity. Arterial medial calcification is an independent risk factor for development of stroke, cardiovascular diseases and mortality in type 2 diabetes mellitus (4, 28). Current anti-calcifying therapies may delay but can not effectively reduce existing arterial calcification and conduit vessel compliance (8). In addition, anti-calcifying therapies may cause detrimental side effects at the level of bone, as the molecular and cellular process for arterial calcification is similar to physiological mineralization (5, 8). We found that diabetic db/db mice at 20-week-old developed aortic medial calcification and aortic valve calcification, which were prevented by MR409 treatment.

MR409 is a synthetic peptide of 29 amino acids with the GHRH activity site of GHRH and adjacent peptide modifications that enhance its activity and stability (14). GHRH is a hypothalamic neuropeptide, the native GHRH stimulates the release of GH by binding to GHRH receptors in pituitary gland (29). It has been reported that in addition to pituitary cells, GHRH receptors are expressed in various extrapituitary cells (10). Consistent with previous findings (18), we found that long-term treatment with MR409 reduced VC but did not affect serum level of GH in diabetic db/db mice. These results suggest that anti-calcification and vasoprotective effects of MR409 may be achieved by directly binding to its receptors in vascular cells, independent of its effects on GH-regulation pathway. As GHRH agonists are not anti-calcifying agents, MR409 may avoid the side effects of activation of GH regulatory pathways and disturbed bone mineral metabolism. Thus GHRH-A may be a safe and novel agent for VC treatment.

The molecular and cellular mechanisms of VC are complex in diabetes (2, 30). Insulin resistance, hyperglycemia and hyperlipidemia are hallmarks of diabetes (2), which could be actively involved in pathological process of VC through the production of ROS and increased proinflammatory cytokines in vascular cells (1, 31). Accumulating evidence has shown that excessive production of ROS induces osteogenic transdifferentiation of VSMCs associated with increased expression of osteogenic markers, such as Runx2, ALP, and OCN (31, 32). Runx2 is an important transcription factor that regulates osteoblast differentiation (33, 34). It has been shown that ROS induces VSMC calcification through the upregulation of Runx2, and specific expression of Runx2 in VSMCs promotes osteogenic differentiation of VSMC and atherosclerotic calcification in the ApoE–/– mice (32). ROS can activate redox sensitive transcription factor NFkB inflammatory pathway (35), which has been shown to increase expressions of osteogenic genes including Runx2 and ALP. Recently, Shen et al. (18) demonstrated that the activation of GHRH receptor signaling inhibits osteogenesis of VSMCs in vitro and VC in vivo by suppression of ROS-mediated NFkB/Runx2 pathway. In the present study, we found that ROS and osteogenic markers Runx2 and ALP increased in the aorta of diabetic db/db mice. MR409 treatment reduced ROS production and the expression of these osteogenic molecules, suggesting that MR409 may reduce VC via the inhibition of ROS/Runx2 in diabetes.

In the present study, MR409 did not affect blood level of glucose but significantly lowered serum levels of total triglyceride and total cholesterol in diabetic mice. The association of dyslipidemia and VC is well established, especially oxidized lipids or lipoprotein, such as oxidized phospholipids, which have shown to upregulate osteogenic-regulating gene expression and promote VC (36). Thus, lowering lipid profile may be another mechanism of MR409 inhibiting VC in diabetic mice.

It has been shown that anti-age protein Klotho has an important protective role against vascular dysfunction and VC (25). Klotho gene deficiency mice exhibit premature aging syndrome, accompanied with significant VC (24), and genetic overexpression of Klotho or administration of soluble Klotho rescues the Klotho-deficient phenotype and VC (37). Klotho is endowed with pleiotropic vasoprotective effects, such as the inhibition of oxidative stress and upregulation of eNOS expression in vascular cells. In addition, Klotho inhibits the osteogenic phenotype conversion of vascular progenitors or VSMCs through regulating Runx2 or mineral homeostasis (24). The patients with aging, diabetes and chronic renal diseases often have low plasma or tissue level of Klotho (38). In the present study, we found that expression of Klotho protein was downregulated in the aorta of diabetic mice, and MR409 treatment restored Klotho expression associated with reduction in vascular ROS, osteogenic protein expression of Runx2 and ALP. Thus, we surmise that attenuation of VC by MR409 may be through upregulation of Klotho, which inhibits ROS and Runx2-mediated osteogenic transdifferentiation of VSMCs in diabetes.

There are several limitations in our study. First, we used C57BL/6 mice as a wild type control group, although db/db mice are created on the background of C57BL/6 mice, C57BL/6 mice display stronger resistance to develop VC, heterozygote litters from some colony of db/db mice may be more suitable to use as the control mice. Next, although we have shown that treatment with MR409 can suppress VC and osteogenic-related genes expression in diabetic db/db mice, we have not yet determined a causal relationship between these osteogenic genes and MR409 attenuation of VC, which should be addressed in future study; Finally, we started to treat db/db mice at 12-week old, at this age, db/db mice may not develop significant VC. Thus, our results may only be applied for MR409 prevention of VC in diabetes, an intervention study that MR409 treatment was initiated after developed VC (for example, starting at 20-weeks old or late) may be required to address whether MR409 can be used to regress VC or clinically to treat VC patients.

In conclusion, the present study demonstrates for first time that treatment with GHRH-A MR409 effectively attenuates VC and heart valve calcification, accompanied by the improvement of endothelial function and vascular injury in diabetic db/db mice, an animal model that mimics type 2 diabetes in human. MR409 also increases protein expression of vascular Klotho and decreases ROS production and osteogenic genes Runx2 and ALP expressions without significant alteration in serum level of GH. These results suggest that GHRH-A MR409 could be a safe and novel approach to prevention and treatment of diabetes-induce VC and its associated vascular complications.
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Disease model
Coronary artery disease after
percutaneous coronary
intervention (PCI)

Therapeutic study
Long term beta-blocker maintenance with stable
CAD after PCI with DES stent

Experimental Outcomes
No Clinic improvement outcomes

Reference
(Lee et al.)

Diabetic mice (Lepr™)

Treated alternate day fasting for 12 weeks

Improve endothelial function and reduce fasting blood glucose
level

(Cui et al)

Murine hind limb gangrene
model

E-selectin/AAV2/2 gene therapy

Reduced gangrene severity

(Ribieras et al)

IL12p40-/- mouse model

LPS-induced cardiac dysfunction

IL12p40 deletion aggravated LPS-induced cardiac injury

(Liu et al)

Patients undergoing non-cardiac
surgery (MINS)

Midazolam administration

Midazolam may not pose a significant risk for MINS

(Prin et al)

Chronic kidney discase patients

‘The contribution of CKD-associated factors to the
chronic remodeling of veins

Age and diabetes are the most important risk factors for chronic
development of venous intimal hyperplasia and fibrosis
independent of CKD status

(Labissiere et al.)

Patients with DES

Compared long DES vs. spot DES for FP lesion
longer than 150mm

Long DES were more effective than spot DES for treating long
EP lesion

(Park et al)

Diabetic mice db/db mice

Agonistic analog of growth hormone releasing
hormone, GHRH-A MR409 injection

GHRH-A MR409 can effectively attenuate vascular calcification
and protect against EC dysfunction

(Ren et al)

Patients with Cocoon patent
foramen ovale occluder

To assess the preliminary efficacy and safety profile
of PFO closure with Cocoon device in an Italian
‘multi-center registry

Percutancous closure of PFO with Cocoon Occluder provided
satisfactory procedural and mid-term clinical follow-up results
in a real world registry.

(Testa et al)
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N =189

Procedural variables

Conscious sedation, 1 (%) 127 (67.2)
General anesthesia, 11 (%) 62 (32.8)
Procedural time, min 34420
Transesophageal echocardiography, 1 (%) 152 (80.4)
Intracardiac Echocardiography, 1 (%) 37 (19.6) 21 (11.1)

Balloon sizing, 1 (%)

Intra-Procedural MAEs

o Death 0(0.0)
o Stroke/TIA 0(0.0)
o Atrial fibrillation 0(0.0)
o Paroxysmal supraventricular tachycardia 1(0.5)
o Ventricular tachycardia/fibrillation 0(0.0)
o Major bleeding 1(05)
o Cardiac tamponade 0(0.0)
o Device malposition 0(0.0)
e Device embolization 0(0.0)

Device employed

o Cocoon 18x18 mm, 1 (%) 12 (6.3)
o Cocoon 25+18 mm, n (%) 138 (73.0)
o Cocoon 25425 mm, (%) 1@
o Cocoon 30430 mm, (%) 28 (14.8)
o Cocoon 35425 mm, (%) 7(7)

Residual shunt

o None (0 bubbles), n (%) 179 (94.7)
e Minimal (1-5 bubbles), 1 (%) 10 (5.3)
o Moderate (6-19 bubbles), 7 (%) 0(0.0)
© Severe (=20 bubbles), n (%) 0(0.0)

Categorical variables are expressed as n (%). Continuous variables are expressed as mean
=+ standard deviation (SD) or median and interquartile range (IQR), as appropriate.
MAEs, Major Adverse Events; TIA, Transient Ischemic Attack.
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Characteristics

Age, years
Female

Comorbidity

Hypertension

Dyslipidernia

Chronic kidney disease with
severe renal impairment*
Diabetes melltus

Chronic liver disease
Chronic pulmonary disease

Peripheral arterial occlusive
disease

Prior malignancy

Prior stroke or TIA

Prior ICH

Prior PCI or CABG

Osteoporosis

Thyroid disorder

Charlson comorbidity index

Medication before PCI

Aspitin

Clopidogrel

p-Blocker

RAAS blockade

Procedural information

Number of stents

Type of DES
First-generation DES'
Next-generation DES

DAPT duration post-PC,

days

Year of PCI

2005

2006

Before stabilized IPTW (N = 78,139)

No -blocker (N = 32,813)

636+ 10.2
10,109 (30.8)

23,651 (72.1)
18,751 (57.1)
1,177 (3.6)

10,490 (32.0)
8567 (26.2)
9,969 (30.4)
2,442 (7.4)

2,384 (7.9)
5350 (16.3)
300 0.9)
639(1.8)
4,917 (15.0)
1,837 (5.6)
26+2.1

18,133 (65.3)
11,657 (35.5)
9,440 (28.8)
16,090 (49.0)

1204

6,779 (20.7)
26,034 (79.3)
907.3+ 5819

1,752 (5.3)
1,918 (5.8)
1,274 39)
1,876 (5.7)
2,305 (7.0)
2,831 (8.6)
2,947 9.0)
2,737 8.3)
3,001 (0.4)
5479 (16.7)
6,603 (20.1)

B-blocker (N = 45,326)

638 10.1
16,460 (36.3)

36,785 (81.2)
23,619 (52.1)
2,510 (5.5)

15,752 (34.8)

10,584 (23.4)

12,215 (26.9)
2,911 (6.4)

3,009 (6.6)
7,447 (16.4)
448 (1.0)
957 (2.1)
6,769 (14.9)
2,249 (5.0)
25422

27,769 (61.3)
16,285 (35.9)
42,527 (93.8)
29,474 (65.0)

12404

15,004 (33.1)
30,322 (66.9)
9348+577.8

4,839 (10.7)
4,327 9.5)
2916(6.4)
3,594 (7.9)
4,421(0.8)
5,003 (11.0)
3,678 (8.1)
2,942 6.5)
3,256 (7.2)
4,993 (11.0)
5,357 (11.8)

SMD

0.021
0.117

0.216
0.101
0.094

0.059
0.065
0.076
0.040

0.025
0.003
0.008
0.007
0.001
0.028
0.047

0.122

0.008

1.794

0.327

0.022

0.283

0.047

0.416

After stabilized IPTW (N =7 8,380)

No -blocker (N = 32,634)

63.8+ 102
11,223 (34.4)

25,319 (77.6)
17,721 (54.3)
1,636 (5.0)

11,010(33.7)
8,029(24.6)
9,445 (28.9)
2,289 (7.0)

2277 (7.0)
5551(17.0)
321(1.0)
624 (1.9)
4,977 (15.3)
1,691 (5.2)
2622

18,876 (57.8)
11,348 (34.8)
21,635 (66.3)
18817 (57.7)

12404

8,797 27.0)
23,837 (73.0)
913.6 4 582.1

2562 (7.8)
2,484 (7.6)
1721(63)
2221 (6.8)
2,787 (8.5)

3,301 (10.1)
2,865(8.8)
2,433 (7.5)
2,734 8.4)
4,443 (13.6)
5078 (15.6)

B-blocker (N = 45,746)

638+ 10.2
15,937 (34.8)

35,385 (77.4)
24,791 (54.2)
2,159 (4.7)

16,517 (33.9)

11,220 (24.5)

13,202 (28.9)
3,259 (7.1)

3,159 (6.9)
7,930 (17.3)
473(1.0)
933 (2.0)
7,042 (15.4)
2,393(5.2)
25+22

26,089 (57.0)
15,574 (34.0)
30,126 (65.9)
26,400 (67.7)

12404

12,254 (26.8)
33,492 (73.2)
9385 +£577.7

3,702(8.1)
3,458 (7.6)
2,367 (5.2)
3,006 (6.6)
3,789 (8.3)
4522 (9.9)
4,027 8.8)
3,445 (7.5)
3,886 (8.5)
6,335 (13.8)
7,192 (15.7)

SMD

0.008
0.009

0.006
0.002
0014

0.004
0.001
0.002
0.004

0.003
0.009
0.005
0.005
0.004
0.002
0011

0.016

0.0156

0.009

0.001

0.002

0.004

0.032

0.019

Values are presented as the mean + SD or n (%).IPTW, inverse probabilty of treatment weighting; SMD, standardized mean difference; TIA, transient ischemic attack;
ICH, intracranial hemorrhage; PCI, percutaneous coronary intervention; CABG, coronary artery bypass graft; DES, drug-eluting stent; DAPT, dual antiplatelet therapy;
RAAS, renin-angiotensin-aldosterone-system.
“Chronic kidney disease with advanced stage requiring intensive medical therapy and financial assistance from health insurance.

First-generation drug-eluting stent indicates Cypher and Taxus.
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Medical therapy

Aspirin and clopidogrel 185(97.9)
o 1 Month 54(28.5)
o 3 Months 120 (64.8)
o >3 Months 11(6.7)
Single aspirin 4(21)
Anticoagulant therapy 5(2.6)

o Vitamin K antagonist 1(0.5)

o Apixaban 1(0.5)

o Dabigatran 0(0.0)

o Edoxaban 2(1.1)

o Rivaroxaban 1(0.5)
Lifelong aspirin 51 (27%)
Lifelong clopidogrel 421)
Lifelong anticoagulant 2(1.1)

Categorical variables are expressed as n (%).
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Baseline characteristics

Age, years 50+ 13
Female, 1 (%) 96 (50.8)
BMI, Kg/m?* 24 (22-27)
Hypertension, n (%) 49 (25.9)
Diabetes, 1 (%) 421
Smoker, 7 (%) 18 (9.5)
Coagulation Disorders, 1 (%) 14 (7.4)
o Hyperhomocysteinemia, n (%) 5(2.6)
o Protein C/S Deficiency, 7 (%) 2(11)
o Leiden V Factor Mutation, (%) 1(0.5)
o Factor II Mutation, n (%) 1(0.5)
o MTHER Mutation, (%) 1(0.5)
o Antiphospholipid Syndrome, 1 (%) 1(0.5)
o Others, 1 (%) 3(16)
Atrial septal aneurysm, 1 (%) 91 (48.1)
Family history for congenital heart disease, 1 (%) 5(26)
Congenital heart disease, 1 (%) 2(L1)
Rope score 1-3 5%
Rope score 4-6 15%
Rope score >6 80%

Shunt at rest

None (0 bubbles), 1 (%) 40 (212)
Minimal (1-5 bubbles), 7 (%) 49 (26.0)
Moderate (6-19 bubbles), (%) 35(18.5)
Severe (20 bubbles), 1 (%) 65 (34.4)

History and clinical presentation

Cryptogenic stroke, 1 (%) 80 (42.3)
Multiple cryptogenic stroke, 7 (%) 7(3.7)
TIA, n(%) 61(32.3)
Multiple TIA, 7 (%) 5(26)
Paradoxical embolism, 7 (%) 7(37)
Deep vein thrombosis, 1 (%) 3(1.6)
Migraine, 1 (%) 52(27.5)
Professional Reasons, 11 (%) 3(1.6)

Categorical variables are expressed as n (%). Continuous variables are expressed as mean
=+ standard deviation (SD) or median and interquartile range (IQR), as appropriate.
BMI, Body Mass Index; TIA, Transient Ischemic Attack.
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No Midazolam

Midazolam

SMD

n
Male Sex (%
Age (mean (SD))
BMI (mean (SD))
ASA.Class (%

0

0)
1
2
3
4

Inpatient Admission
Congestive Heart Failure
Cardiac Arrhythmia (%

(%
(%
(%
Valvular Disease (%
(
(

o

)
)
)
)
Peripheral Vascular Disorders (%)
Hypertension with Complications (%)
Hypertension without Complications (%)
Other Neurological Disorders (%)
Chronic Pulmonary Disease (%)
Diabetes without Complications (%)
Hypothyroidism (%)

Renal Failure (%)

Liver Disease (%)

Metastatic.Cancer (%)

Solid Tumor without Metastasis (%)
Coagulopathy (%)

Obesity (%)
Weight.Loss (%)
)

)

)

o

(
Fluid and Electrolyte Disorders (%
Depression (%
Time of Day (%
Morning
Afternoon
Overnight

821773
288050 (35.1)
53.10 (20.79)
29.71 (7.44)

18270 ( 2.2)
327554 (39.9)
404821 (49.3)
71128 ( 8.7)
644169 (78.4)
69936 ( 8.5)
158632 (19.3)
49968 ( 6.1)
67567 ( 8.2)
99606 (12.1)
279919 (34.1)
69135 ( 8.4)
133125 (16.2)
97123 (11.8
96636 (11.8
90637 (11 0
50626 ( 6.
70148 ( 8. )
129670 (15.8)
62094 ( 7.6)
145085 (17.7)
77836 ( 9.5)
161078 (19.6)
123653 (15.0)

v\_/\_/\_/

386155 (47.0)
323938 (39.4)
111680 (13.6)

051345
438804 (46.1)
54.60 (15.60)
29.94 (7.68)

33189 ( 3.5)
373256 (39.2)
490276 (51.5)
54624 ( 5.7)
634833 (66.7)
50468 ( 5.3)
145235 (15.3)
38947 ((4.1)
63382 ( 6.7)
79069 ( 8.3)
381827 (40.1)
52099 ( 5.5)
154002 (16.2)
116344 (12.2)
107362 (11.3)
78703 ( 8.3)
50189 ( 5.3)
91631 ( 9.6)
185047 (19.5)
47018 ( 4.9)
219731 (23.1)
62820 ( 6.6)
150029 (15.8)
151907 (16.0)

587852 (61.8)
341861 (35.9)
21632 ( 2.3)

0.227
0.082
0.031

0.264
0.127
0.107
0.091
0.059
0.126
0.126
0.116
<0.001
0.013
0.015
0.093
0.038
0.038
0.096
0.108
0.135
0.106
0.101
0.025
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Factor Univariate analysis Multivariate analysis

HR (95% CI) P-value HR (95% CI) P-value
Age 0.98 (094-1.02) 0279
Male 1.11(0.42-2.59) 0.829
Body mass index 104 (093-1.17) 0.448
Hypertension 1.21(0.52-2.84) 0.658
Diabetes mellitus 182 (0.82-4.01) 0.140 176 (0.77-4.03) 0.180
Hypercholesterolemia 120 (0.55-2.62) 0.652
Current smokers 143 (0.67-3.04) 0.361
Chronic kidney disease 127 (0.59-2.74) 0.538
Hemodialysis 270 (1.02-7.18) 0.046 222 (0.80-6.12) 0124
Coronary artery disease 1.06 (0.51-2.19) 0872
Previous stroke 124 (0.43-3.58) 0.694
crr 0.87 (0.35-2.14) 0753
Pre-procedure ABI 0.6 (0.10-4.50) 0.669
Lesion length (per 10mm) 0.97 (0.91-1.04) 0417
Total occlusion 1.10 (0.42-2.90) 0.850
TASCIID lesion 150 (0.64-3.53) 0354
Subintimal approach 1.08 (0.51-2.29) 0.842
Combined iliac intervention 0.59 (0.18-1.97) 0.393
Combined BTK intervention 1.00 (0.35-2.89) 0.997
Spot DES 1.76 (0.85-3.64) 0125 242 (1.14-5.12) 0.021
Postdilation 037 (0.13-1.06) 0.065 027 (0.09-0.79) 0.018
Oral anticoagulants 157 (0.55-4.47) 0397

index; BTK, below-the-knee;

I, confidenc

>, Trans-Atlantic

terval; CLTI, chronic limb-threatening ischem drug-eluting stents; HR, hazard ratio;
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No MINS MINS SMD
1756714 16404
Male Sex (%) 717723 (40.9) 9131 (55.7)  0.300
Age (mean (SD)) 53.78 (18.19) 67.50 (14.31) 0.838
BMI (mean (SD)) 29.84 (7.57) 28.81 (7.22)  0.139
ASA Class (%)
1 51414 (2.9) 45 (0.3)

2 699160 (39.8) 1650 (10.1)

3 885152 (50.4) 9945 (60.6)

4 120988 ( 6.9) 4764 (29.0)
Inpatient Admission (%) 1266131 (72.1) 12871 (78.5)  0.148
Congestive Heart Failure (%) 115278 ( 6.6) 5126 (31.2) 0.664
Cardiac Arrhythmia (%) 295292 (16.8) 8575 (52.3) 0.804
Valvular Disease (%) 85788 ( 4.9) 3127 (19.1) 0.448
Peripheral Vascular Disorders (%) 127121 ( 7.2) 3828 (23.3) 0.459
Hypertension with Complications (%) 173025 ( 9.8) 5650 (34.4) 0.620
Hypertension without Complications (%) 653258 (37.2) 8488 (51.7) 0.296
Other Neurological Disorders (%) 118673 ( 6.8) 2561 (15.6) 0.284
Chronic Pulmonary Disease (%) 282961 (16 1) 4166 (25.4) 0.231
Diabetes Without Complications (%) 210304 (12.0) 3163 (19.3) 0.202
Hypothyroidism (%) 201509 (11.5) 2489 (15.2) 0.109
Renal Failure (%) 164418 (1 9.4) 4922 (30.0) 0.538
Liver Disease (%) 99057 ( 5.6) 1758 (10.7)  0.186
Metastatic Cancer (%) 159952 ( 9.1) 1827 (11.1) 0.067
Solid Tumor without Metastasis (%) 311463 (17.7) 3254 (19.8) 0.054
Coagulopathy (%) 106204 ( 6.0) 2908 (17.7) 0.367
Obesity (%) 361473 (20.6) 3343 (204)  0.005
Weight Loss (%) 137667 ( 7.8) 2989 (18.2) 0.312
Fluid and Electrolyte Disorders (%) 302901 (17 2) 8206 (50.0) 0.740
Depression (%) 272719 (15.5) 2841 (17.3) 0.048
Night Procedure (Versus Baseline of 'Day’) (%) 160071 ( 9.1) 1179 ( 7.2) 0.070
Midazolam Administration (%) 944030 (53.7) 7315 (44 6) 0.184
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Characteristic LongDES  Spot DES  P-value
(n=55) (n=48)

Age(y) 70.8+83 711492 0.861
Male 47(85.5) 38(79.2) 0402
BMI (kg/m?) 233£32 230434 0599
Hypertension 41(745) 37 (77.1) 0764
Diabetes mellitus 32(58.2) 31(64.6) 0.506
Hypercholesterolemia 18 (32.7) 0458
(TC > 200 mg/dL)

Chronic kidney disease 13 (23.6) 10 (20.8) 0917
Hemodialysis 7(12.7) 4(83) 0761
Coronary artery disease 29(52.7) 28(58.3) 0568
Current smoker 16 (29.1) 17 (354) 0635
Previous stroke 6(109) 9(18.8) 0.260
crrl 17 (31.5) 11229 0333
Medication at discharge

Aspirin 50(90.9) 4491.7) 0.892
Clopidogrel 50(90.9) 43 (89.6) 0821
Gilostazol 21(38.2) 15 (313) 0462
Warfarin/DOAC 0(0) 4(83) 0044
Statin 44 (80.0) 38(79.2) 0917

Data are mean = standard deviation or count (percentage

mb-threaten 5 DES, drug-eluting

C, total chol
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Variable

TASC 11 lesion type
B

c

D

Lesion length (mm)
Total occlusion
Severe calcification
Combined treatment
Tliac lesion

BTK lesion
Subintimal approach

Atherectomy

Number of implanted stents
Total stented length (mm)

Full lesion coverage with stents
Postdilation

Technical success
Pre-procedure ABI
Post-procedure ABI
Complications

Major

Access site bleeding

Vascular perforation

Distal embolization

Data are m

Atlantic Inter-Society Ce

Long DES
(n=55)

2(36)
42(764)
11 (20.0)

24514587
46 (85.2)
10 (18.2)

7(127)
7(12.7)
28(509)
2(3.6)
25+08
256%672
55(100.0)
10(18.2)
55 (100.0)
062023
0874017

0(0)
0(0)
0(0)

1(1.8)

n 2 standard deviation or count (percentage).
ABI, ankle-brachial index; BTK, below-the-knee;

Spot DES
(n=48)

5(10.4)
36(75.0)
7(14.6)
2386637
35(72.9)
8(16.7)

9(18.8)
8(167)
26(542)
0(0)
L5£06
13134487
7(14.6)
16 (34.0)
48 (100.0)
0554021
084019

121

2(42)
0
0(0)

drug-eluting stents; TAS

P-value

0.338

0.597
0.126
0.840

0.400
0572
0741
0.497
0.024
<0.001
<0.001
0.067
1.000
0.178
0.507

0.466

0215
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Main model
Age (per year)
Female sex
Hispanic
Black
Hypertension
Diabetes
CKD/ESKD

Basilic vein

CKD subgroup models
By stage and AVF history

Age (per year)
Female sex
Hispanic

Black

Hypertension
Diabetes

CKD subgroup
CKD stage 5

ESKD no prior AVF
ESKD + prior AVF
Basilic vein

By stage and vintage
Age (per year)
Female sex
Hispanic

Black

Hypertension
Diabetes
CKD/ESKD subgroup
CKD stage 5
Vintage < 4 mo.
Vintage 4-12 mo.
Vintage > 12 mo.

Basilic vein

Intima/media area ratio

Medial fibrosis

B (95% CI)

0.13 (0.002, 0.26)
~0.08 (-0.19, 0.03)
~0.02 (-0.15,0.11)
~0.10 (-0.25, 0.04)
~0.01 (-0.16, 0.14)
0.06 (~0.06, 0.18)
0.18 (0.02, 0.34)
~0.03 (-0.13, 0.09)

0.13 (0.004, 0.26)
~0.09 (-0.21, 0.02)
~0.02 (-0.15,0.11)
~0.09 (-0.23, 0.05)
~0.01 (-0.16, 0.14)
0.06 (~0.07, 0.18)

0.12 (-0.01, 0.25)

0.08 (-0.07, 0.23)

0.19 (0.06, 0.32)

~0.04 (-0.15, 0.07)

0.14 (0.005, 0.26)
~0.10 (-0.21, 0.01)
~0.02 (-0.15,0.11)
~0.09 (-0.23, 0.05)
~0.01 (-0.16, 0.14)
0.07 (~0.05, 0.19)

0.12 (-0.01, 0.25)
0.05 (-0.09, 0.18)
0.03 (-0.10, 0.17)
0.22 (0.09, 0.35)
~0.03 (-0.14, 0.08)

P-value

0.046
0.133
0.731
0.154
0.909
0.333
0.025
0.660

0.043
0.095
0.758
0.224
0.909
0.359

0.076
0.276
0.004
0.522

0.042
0.088
0.763
0.210
0.882
0.268

0.079
0.496
0.631
0.001
0.573

B (95% CI)

0.17 (0.04, 0.30)
0.03 (-0.08, 0.14)
~0.06 (~0.19, 0.07)
0.09 (-0.06, 0.23)
~0.04 (~0.19, 0.11)
0.15 (0.03, 0.28)
~0.11 (-0.27, 0.05)
0.03 (-0.08, 0.14)

0.17 (0.04, 0.30)
0.03 (-0.08, 0.14)
~0.06 (~0.19, 0.07)
0.08 (-0.06, 0.23)
~0.04 (~0.19, 0.12)
0.15 (0.03, 0.28)

~0.06 (~0.20, 0.07)
~0.09 (~0.24, 0.06)
~0.08 (~0.21, 0.05)
0.03 (-0.08, 0.14)

0.17 (0.03, 0.30)
0.02 (-0.09, 0.133)
~0.06 (~0.19, 0.07)

0.09 (-0.06, 0.23)
~0.04 (~0.19, 0.12)

0.15 (0.03, 0.28)

~0.06 (~0.20, 0.07)
-0.12 (-0.25, 0.01)
~0.06 (~0.19, 0.08)
~0.04 (~0.17, 0.09)
0.03 (-0.08, 0.14)

P-value

0.012
0.615
0.345
0.246
0.628
0.018
0.170
0.619

0.013
0.624
0.344
0.256
0.638
0.018

0.341
0.254
0.250
0.606

0.015
0.705
0.345
0.225
0.635
0.017

0.344
0.074
0.428
0.538
0.635

Reference levels for binary variables are male sex, white race, non-basilic vein, and negative for hypertension, diabetes, and CKD/ESKD. CI, confidence interval. Bold values indicate

statistical significance.
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Intima/media area ratio > 0.42 Medial fibrosis > 46.85%

OR (95% CI) P-value OR (95% CI) P-value
Main model
Age (per year) 1.01 (0.99, 1.03) 0.348 1.03 (1.01, 1.05) 0.013
Female sex 0.81 (0.46, 1.43) 0.470 1.40 (0.80, 2.44) 0.234
Hispanic 0.73 (0.37, 1.46) 0.372 0.75 (0.38, 1.48) 0.408
Black 0.76 (0.35, 1.61) 0.467 1.02 (0.48, 2.15) 0.960
Hypertension 1.03 (0.47, 2.23) 0.944 0.73 (0.34, 1.54) 0.405
Diabetes 2.02 (1.08, 3.80) 0.029 1.90 (0.99, 3.64) 0.052
CKD/ESKD 1.69 (0.79, 3.63) 0.177 0.92 (0.43, 1.96) 0.824
Basilic vein 1.33 (0.58, 3.04) 0.497 0.57 (0.27, 1.21) 0.146
Additive models
By stage and AVF history
Age (per year) 1.01 (0.99, 1.03) 0.188 1.03 (1.01, 1.05) 0.013
-DM, + CKD5 1.47 (0.46, 4.67) 0.519 0.51(0.13, 1.98) 0.330
-DM, + ESKD_noAVF 1.20 (0.51, 2.86) 0.673 0.65 (0.26, 1.64) 0.360
~DM, + ESKD_w/AVE 1.43 (0.42, 4.86) 0.563 1.09 (0.32,3.71) 0.891
+ DM, ~CKD5/ESKD 1.42 (0.46, 4.39) 0.546 1.33 (0.45, 3.91) 0.605
+ DM, + CKD5 1.95 (0.65, 5.91) 0.236 2.87 (0.9, 8.28) 0.052
+ DM, + ESKD_noAVF 1.81 (0.74, 4.43) 0.197 1.48 (0.62, 3.56) 0.378
+ DM, + ESKD_w/AVE 13.19 (3.38, 51.50) <0.001 0.68 (0.17, 2.66) 0.577
By stage and vintage
Age (per year) 1.02 (0.99, 1.04) 0.156 1.03 (1.01, 1.05) 0.015
-DM, + CKD5 1.44 (0.45, 4.60) 0.537 0.51 (0.13, 1.99) 0.335
_DM, < 12 months 0.53 (0.17, 1.64) 0.267 0.78 (0.30, 1.99) 0.598
_DM, > 12 months 3.25 (1.22, 8.62) 0.018 0.74 (0.23, 2.43) 0.621
+ DM, ~CKD5/ESKD 1.40 (0.45, 4.34) 0.560 1.34(0.45, 3.93) 0.598
+ DM, + CKD5 1.93 (0.64, 5.83) 0.246 2.88(0.999, 8.33) 0.050
+ DM, < 12 months 3.15 (1.34, 7.41) 0.009 1.11 (0.45, 2.75) 0.821
+ DM, > 12 months 3.48 (1.09, 11.09) 0.035 1.37 (0.41, 4.53) 0.609

Reference levels for binary variables are male sex, white race, non-basilic vein, and negative for hypertension, diabetes (DM), and CKD/ESKD. The reference level for the additive model is
negative for both diabetes and CKD/ESKD. CI, confidence interval; OR, odds ratio. ESKD_w/AVF and _noAVF refer to ESKD patients with and without history of a previous AVF/AVG,
respectively. Similarly, < 12 and > 12 months refer to ESKD patients separated by dialysis vintage. Bold values indicate statistical significance.
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All (N =315)

Demographics

Age (y)-mean + SD 49.33 +14.97
Female sex (%) 103 (33)
Hispanic (%) 102 (32)
Black (%) 95 (30)
White (%) 118 (37)
Comorbidities/ CKD stage

Hypertension (%) 195 (62)
Diabetes (%) 79 (25)
CKD/ESKD (%) 131 (42)
Stage 5 CKD 34(11)
ESKD no prior AVF 68 (22)
ESKD + prior AVF 29(9)
Type of vein

Basilic (%) 275 (87)
Cephalic (%) 31(10)
Other (%) * 9(3)

CKD/ESKD (N = 131)

55.79 + 13.57
44 (34)
47 (36)
68 (52)
16 (12)

128 (98)
61(47)
131 (100)
34(26)
68 (52)
29(22)

111 (85)
11(8)
9(7)

Non-CKD (N =184)

4472 +14.22
59 (32)
55 (30)
27 (15)
102 (55)

67 (36)
18 (10)

164 (89)
20 (11)

P-value*

<0.0001
0.81
0.27

0.0001

0.0001

0.0001
0.0001

0.30
0.57
0.0003

*P-values for CKD/ESKD vs. non-CKD comparisons.
FOther types of veins include 4 median cubital and 5 brachial.
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N Intima/media ratio P-value* Medial fibrosis (%) P-value*

Non-CKD 184 0.21 [0.11-0.36] = 41.41 £ 8.04 =
CKD/ESKD 131 0.32 [0.22-0.51] <0.0001 41.75+£9.03 >0.99
CKD stage 5 34 0.34 [0.23-0.47] 0.0091 42.20£9.74 >0.99
ESKD by AVF history

No prior AVF 68 0.31 [0.21-0.47] 0.017 41.71 £ 8.24 >0.99
With prior AVF 29 0.43 [0.25-0.59] 0.0002 41.30 £+ 10.18 >0.99
ESKD by vintage

<4 months 29 0.30 [0.22-0.41] 0.29 39.94 £+ 7.97 >0.99
4-12 months 34 0.29 [0.20-0.51] 0.26 42.36 £ 8.15 >0.99
>12 months 34 0.36 [0.26-0.65] 0.0001 42.23 +£10.11 >0.99

Values presented as mean + SD or median [interquartile range].
*P-values vs. non-CKD. Bold values indicate statistical significance.
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(A) Time of day effect on MINS

No midazolam Odds ratio 95% Confidence

interval
MINS-overnight versus daytime 0.52 [0.48, 0.56]
surgery

(B) Time of day effect of midazolam
on MINS

Midazolam vs. no midazolam

MINS during daytime surgery 0.84 0.80, 0.87
MINS during overnight surgery 3.52 3.10, 4.00
(C) ASA effect only on MINS
No midazolam

MINS in ASA 344 vs. ASA 142 7.42 6.84, 8.04
(D) MINS in different ASA classes
Midazolam vs. no midazolam
MINS in ASA 142 1.25 1.13,1.39
MINS in ASA 3+4 0.94 0.91,0.98

(E) Time of day effect of midazolam
on MINS in ASA 1+2

Midazolam vs. no midazolam

MINS during daytime surgery 1.11 [0.998, 0.123]
MINS during overnight surgery 3.59 [2.4,5.38]
(F) Time of day effect of midazolam

on MINS in ASA 3+4

Midazolam vs. no midazolam

MINS during daytime surgery 0.85 [0.82, 0.88]
MINS during overnight surgery 1.67 [1.46,1.91]

(A,B) Coefficient estimates and confidence intervals for the marginal structural model
assessing the effect modification of time of day on midazolam administration. (C,D)
Coeflicient estimates and confidence intervals for the marginal structural model assessing
the effect modification of the American Society of Anesthesiologists (ASA) class on
midazolam administration. (E,F) Coeflicient estimates and confidence intervals for the
marginal structural model assessing the effect modification of time of day on midazolam
administration in ASA 142 or ASA 344 patients.





OPS/images/fcvm-09-1005030/cross.jpg
@ Check for updates.





OPS/images/fcvm-09-1005030/fcvm-09-1005030-g001.jpg
Count

Prevalence (%)

Prevalence (%)

i CKD/ESKD [ ] No [ Yes
30" Min  0.00
) Q1 0.14
Q2 0.26
. Q3 042
- Max 1.50
10
0. | n ]
0.0 05 1.0 15
I/IM Ratio
2= Bl CKDS
B ESKD_noAVF
mm ESKD_w/AVF -
20- o p b
10-
" |_| ﬂ P e

25+ [ <4 months

Ea 4-12 months

201 mm >12 months

15+

o4 [ q B B

5- H | B B

C 1 1 1 1 - .“ -
o ,\,& s @’b+ o5 &J’

N o &

I/M Ratio

Probability

Probability

|

Prevalence (%)
S
1

80+

(o)}
o
|

3 Age=50
mm DM
mm CKD/ESKD

20+
0 1 1 1 1
o P oo P
Foodyg Fody
I/M Ratio
—— -DM, -CKD5/ESKD ——— +DM, -CKD5/ESKD
—— -DM, +CKD5 — +DM, +CKD5
" ——— -DM, +ESKD_nOAVF =~ =——— +DM, +ESKD_noAVF
17 —— -DM,+ESKD_W/AVF  —se— +DM, +ESKD_w/AVF
0.8 4
0.6 A
0.4 A
0.2
O ] | ] ] L] 1
1 » —— -DM,-CKD5/ESKD ——— +DM, -CKD5/ESKD
—— -DM, +CKD5 — +DM, +CKD5
is J = -DM, <12 months _+_ +DM, <12 months
: —-{=— -DM, >12 months —+— +DM, >12 months
0.6 4 —

o

Age (Years)





OPS/images/fcvm-09-950029/fcvm-09-950029-g001.gif
wizpio
Garon

IL12p40 mRNA
(Fold change)

—ws _ Eg .
sine i o m o E
e e | i";
=== izlz
—_— g
o
Saine

‘Saline 306
T






OPS/images/fcvm-09-950029/fcvm-09-950029-g002.gif
lem

§iji- §EEEC





OPS/images/fcvm-09-929466/fcvm-09-929466-g006.gif





OPS/images/fcvm-09-929466/fcvm-09-929466-t001.jpg
Gene

Lep

Tnf
Tymp
Tofa
stpri

Timp1
Pof

Sphk1
Itgb3
Tox1
Col2

Hifla

Fgir3

Name

Leptin
Interleukin 6

Tumor necrosis factor

Thymidine phosphorylase
Transforming growth factor &
Sphingosine-1-phosphate receptor 1

Tissue inhibitor of metalloproteinase 1
Placental growth factor

Sphingosine kinase 1
Integrin B3

T-box 1

C-C motif chemokine ligand 2
Hypoxia-inducible factor e

Fibroblast growth factor receptor 3

Fold-change in
mRNA level

9.48 + 0.65

4.24+0.39

3.94+£093
3.63+£0.73
3.31£097
2.90 +0.82

2.61+006
2.49+0.73

227 £0.20

223+087

219+ 094

214 £0.69

2.09+081

2.06 £0.93

Function

Adipokine with anti-obesity effect involved in wound healing and
angiogenesis (36, 37)

Cytokine with acute pro-angiogenic and chronic anti-angiogenic
properties (35, 36)

Cytokine involved in inflammatory angiogenesis (46, 47)
PD-ECGF, improves perfusion in rabbit hindlimb ischemia model (38)
Binds EGFR, involved in post-infarct angiogeness in the brain (48)

Receptor for S1P, involved in pericyte and vascular smooth muscle cell
recruitment (49-53)

Involved in remodeling of ECM by regulating MMP activity (54)

Improves perfusion and exercise tolerance in rabbit hindlimb ischemia
model (39)

Phosphorylates sphingosine to S1P, involved in ischernic
preconditioning-induced cardioprotection (55)

Pro-angiogenic adhesion molecule involved in endothelial cell adhesion
and migration (41)

Transcription factor reqired for organization and differentiation of
vascular networks (56, 57)

MCP-1, involved in monocyte recruitment and required for
arteriogenesis (40)

Primary hypoxia response element leading to VEGF gradient
expression (58)
Receptor for FGF, involved in vascular development (59)

Data are presented as mean = SD. PD-ECGF, platelet-derived endothelial cell growth factor; EGFR, epidermal growth factor receptor; S1F sphingosine- 1-phosphate; ECM, extracellular
matrix; MMP, matrix metalloproteinase; MCP-1, monocyte chemoattractant protein 1; VEGE, vascular endothelial growth factor; FGF, fibroblast growth factor.
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Test E-sel/AAV2/2

D-dimer (ng/mL) 587 £ 97
Hematocrit (%) 510£36
Hgb (g/dL) 120+07
WBC (x10%/pL) 35+16
Platelets (x10%/uL) 93964
BUN (mg/dL) 204
Greatinine (mg/dL) 0101
CPK (UNL) 37£6
Protein, total (g/dlL) 51204
Albumin (g/dL) 25403
Bilirubin, total (mg/dL) 03+02
AST (UIL) 64+ 17
ALT (UAL) 391
ALP (UL 9x7

LacZ/AAV2/2

476 £ 61
516+33
119+05
21+07
989 £ 56
16£1
010
32+5
53+06
25+£03
03+0.2
75+ 18
34+7
969

PBS

635 + 101
492410
113+£02
35+4.6
1,000 + 267
213
010
50+9
4802
24£02
05+0.2
583
34+2
8£7

Normal range

<250
34-50
12.8-16.1
4591
100-250
18-29
0.1-0.4
50-114
46-69
2548
0.1-09
50-270
29-77
51-285

PBS, phosphate-buffered saline; Hgb, hemoglobin; WBC, white blood cell count; BUN, blood urea nitrogen; CPK, creatine phosphokinase; AST, aspartate transaminase; ALT, alanine
transaminase; ALP, alkaline phosphatase. Data are presented as mean + SD where ns, not significant (P > 0.05).
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Gene  Forward primer (5-3')  Reverse primer (5'-3')

ANP ACCTGCTAGACCACCTGGAG  CCTTGGCTTATCTTCGGT
ACCGG

BNP GAGGTCACTCCTATCCTC GCCATTTCCTCCGACTTTTC
TGG TC

IL-1B. GGGCCTCAAAGGAAAGAA  TACCAGTTGGGGAACTCTGC
TC

L6 AGTTGCCTTCTTGGGACTGA  TCCACGATTTCCCAGAGAAC

117 TCCAGAAGGCCCTCAGAC — AGCATCTTCTCGACCCTGAA
TA

TNFa  CCCAGGGACCTCTCTCTA ATGGGCTACAGGCTTGTC

ATC ACT
INEy ACTGGCAAAAGGATGGTG  TGAGCTCATTGAATGC]
AC

GAPDH  ACTCCACTCACGGCAAATTC TCTCCATGGTGGTGAAGA
CA
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