

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88971-813-9
DOI 10.3389/978-2-88971-813-9

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





METABOLIC REGULATION IN THE DEVELOPMENT OF CARDIOVASCULAR DISEASES

Topic Editors: 

Xiaoqiang Tang, Sichuan University, China

Md. Shenuarin Bhuiyan, Louisiana State University Health Shreveport, United States

InKyeom Kim, Kyungpook National University, South Korea

Citation: Tang, X., Bhuiyan, S., Kim, I., eds. (2021). Metabolic Regulation in the Development of Cardiovascular Diseases. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88971-813-9





Table of Contents




Editorial: Metabolic Regulation in the Development of Cardiovascular Diseases

Yimei Ma, Md. Shenuarin Bhuiyan, InKyeom Kim and Xiaoqiang Tang

Inhibition of PFKFB3 Hampers the Progression of Atherosclerosis and Promotes Plaque Stability

Kikkie Poels, Johan G. Schnitzler, Farahnaz Waissi, Johannes H. M. Levels, Erik S. G. Stroes, Mat J. A. P. Daemen, Esther Lutgens, Anne-Marije Pennekamp, Dominique P. V. De Kleijn, Tom T. P. Seijkens and Jeffrey Kroon

Microbiota-Derived Metabolite Trimethylamine N-Oxide Protects Mitochondrial Energy Metabolism and Cardiac Functionality in a Rat Model of Right Ventricle Heart Failure

Melita Videja, Reinis Vilskersts, Stanislava Korzh, Helena Cirule, Eduards Sevostjanovs, Maija Dambrova and Marina Makrecka-Kuka

Mst1 Knockout Alleviates Mitochondrial Fission and Mitigates Left Ventricular Remodeling in the Development of Diabetic Cardiomyopathy

Xinyu Feng, Shanjie Wang, Xingjun Yang, Jie Lin, Wanrong Man, Yuan Dong, Yan Zhang, Zhijing Zhao, Haichang Wang and Dongdong Sun

Mechanotranduction Pathways in the Regulation of Mitochondrial Homeostasis in Cardiomyocytes

Hongyu Liao, Yan Qi, Yida Ye, Peng Yue, Donghui Zhang and Yifei Li

Effect of Metformin on Cardiac Metabolism and Longevity in Aged Female Mice

Xudong Zhu, Weiyan Shen, Zhu Liu, Shihao Sheng, Wei Xiong, Ruikun He, Xuguang Zhang, Likun Ma and Zhenyu Ju

Adaptive Cardiac Metabolism Under Chronic Hypoxia: Mechanism and Clinical Implications

Zhanhao Su, Yiwei Liu and Hao Zhang

Combined Administration of Metformin and Atorvastatin Attenuates Diabetic Cardiomyopathy by Inhibiting Inflammation, Apoptosis, and Oxidative Stress in Type 2 Diabetic Mice

Weikun Jia, Tao Bai, Jiang Zeng, Zijing Niu, Daogui Fan, Xin Xu, Meiling Luo, Peijian Wang, Qingliang Zou and Xiaozhen Dai

Metabolic Reprogramming of Vascular Endothelial Cells: Basic Research and Clinical Applications

Hanlin Peng, Xiuli Wang, Junbao Du, Qinghua Cui, Yaqian Huang and Hongfang Jin

TFEB Gene Promoter Variants Effect on Gene Expression in Acute Myocardial Infarction

Jie Zhang, Yexin Zhang, Xiaohui He, Shuai Wang, Shuchao Pang and Bo Yan

Hyperphosphatemia and Cardiovascular Disease

Chao Zhou, Zhengyu Shi, Nan Ouyang and Xiongzhong Ruan

Senescent T Cell Induces Brown Adipose Tissue “Whitening” Via Secreting IFN-γ

Xiao-Xi Pan, Kang-Li Yao, Yong-Feng Yang, Qian Ge, Run Zhang, Ping-Jin Gao, Cheng-Chao Ruan and Fang Wu

Soluble Epoxide Hydrolase Inhibition Prevents Experimental Type 4 Cardiorenal Syndrome

Mouad Hamzaoui, Clothilde Roche, David Coquerel, Thomas Duflot, Valery Brunel, Paul Mulder, Vincent Richard, Jérémy Bellien and Dominique Guerrot

A Closure Look at the Pregnancy-Associated Arterial Dissection

Cechuan Deng, Han Wang, Xiangqi Chen and Xiaoqiang Tang

Mitofusin-2: A New Mediator of Pathological Cell Proliferation

Yanguo Xin, Junli Li, Wenchao Wu and Xiaojing Liu

Whole-Body Prolyl Hydroxylase Domain (PHD) 3 Deficiency Increased Plasma Lipids and Hematocrit Without Impacting Plaque Size in Low-Density Lipoprotein Receptor Knockout Mice

Jasper A. F. Demandt, Kim van Kuijk, Thomas L. Theelen, Elke Marsch, Sean P. Heffron, Edward A. Fisher, Peter Carmeliet, Erik A. L. Biessen and Judith C. Sluimer

Hypoxia-Induced Mitogenic Factor: A Multifunctional Protein Involved in Health and Disease

Moyang Lv and Wenjuan Liu

A GSK3-SRF Axis Mediates Angiotensin II Induced Endothelin Transcription in Vascular Endothelial Cells

Yuyu Yang, Huidi Wang, Hongwei Zhao, Xiulian Miao, Yan Guo, Lili Zhuo and Yong Xu

Partial Inhibition of the 6-Phosphofructo-2-Kinase/Fructose-2, 6-Bisphosphatase-3 (PFKFB3) Enzyme in Myeloid Cells Does Not Affect Atherosclerosis

Renée J. H. A. Tillie, Jenny De Bruijn, Javier Perales-Patón, Lieve Temmerman, Yanal Ghosheh, Kim Van Kuijk, Marion J. Gijbels, Peter Carmeliet, Klaus Ley, Julio Saez-Rodriguez and Judith C. Sluimer

Endothelial Cell: Lactate Metabolic Player in Organ Regeneration

Lanlan Zhang, Xuezhen Gui, Xin Zhang, Yujing Dai, Xiangjun Wang, Xia Tong and Shasha Li

The Roles of CCR9/CCL25 in Inflammation and Inflammation-Associated Diseases

Xue Wu, Meng Sun, Zhi Yang, Chenxi Lu, Qiang Wang, Haiying Wang, Chao Deng, Yonglin Liu and Yang Yang












	
	EDITORIAL
published: 13 October 2021
doi: 10.3389/fcell.2021.768689






[image: image2]

Editorial: Metabolic Regulation in the Development of Cardiovascular Diseases

Yimei Ma1, Md. Shenuarin Bhuiyan2, InKyeom Kim3 and Xiaoqiang Tang1*


1Key Laboratory of Birth Defects and Related Diseases of Women and Children of Ministry of Education, State Key Laboratory of Biotherapy, Department of Pediatrics, West China Second University Hospital, Sichuan University, Chengdu, China

2Department of Pathology and Translational Pathobiology, Louisiana State University Health Sciences Center, Shreveport, LA, United States

3Department of Pharmacology, Cardiovascular Research Institute, BK21 Plus KNU Biomedical Convergence Program, Department of Biomedical Science, School of Medicine, Kyungpook National University, Daegu, South Korea

Edited and reviewed by:
Cecilia Giulivi, University of California, Davis, United States

*Correspondence: Xiaoqiang Tang, tangxiaoqiang@scu.edu.cn; txiaoqiang@yeah.netorcid.org/0000-0003-1314-3417

Specialty section: This article was submitted to Cellular Biochemistry, a section of the journal Frontiers in Cell and Developmental Biology

Received: 01 September 2021
 Accepted: 21 September 2021
 Published: 13 October 2021

Citation: Ma Y, Bhuiyan MS, Kim I and Tang X (2021) Editorial: Metabolic Regulation in the Development of Cardiovascular Diseases. Front. Cell Dev. Biol. 9:768689. doi: 10.3389/fcell.2021.768689



Keywords: metabolism, cardiac disease, heart failure, post-translational modification, mitochondria


Editorial on the Research Topic
 Metabolic Regulation in the Development of Cardiovascular Diseases



Metabolic syndromes increase the risk of cardiovascular diseases (CVDs) (North and Sinclair, 2012), and metabolic reprogramming can either reverse or rescue the molecular events that lead to CVDs (Chen et al., 2020a). However, the metabolic mechanisms underlying CVDs are not fully understood. We have prepared a special Research Topic. This Research Topic entitled “Metabolic Regulation in the Development of Cardiovascular Diseases” received 11 original articles, 7 review articles, and 2 opinion articles. This special issue highlights recent research findings to clarify the relationship between metabolism and CVD.

Metabolic dysregulation and metabolic syndromes are independent risk factors for CVDs (Zhou et al., 2018). Genetic mutations in metabolic enzymes, as well as transcription factors, can cause CVDs (Austin et al., 2019). In this issue, Zhang et al. identify the occurrence of mutations in transcription factor EB (TFEB), which controls lysosomal biogenesis and metabolism (Settembre et al., 2013), as a potential risk factor for acute myocardial infarction. This study detected novel variants of the metabolic regulator, TFEB, that might contribute to the development of acute myocardial infarction. Furthermore, pregnancy-related CVDs, such as arterial dissection, are also affected by metabolic conditions (Wang et al., 2021). Deng et al. emphasized the importance of glycemic control in pregnant women, which could improve the understanding, prevention, and treatment of pregnancy-related arterial dissection.

Genetic mutations, or dysregulation of metabolic enzymes and their regulators, directly alter cell metabolism, intracellular metabolites, and physiological functions of vascular cells such as endothelial cells (ECs) (Tang et al., 2014). Endothelial metabolic homeostasis and reprogramming can regulate endothelial functions, including angiogenesis, inflammation, and barrier maintenance (Tang et al., 2014; Subramanian et al., 2021). Peng et al. provided an overview of the metabolic pathways in ECs under normal and pathological conditions. Their review highlighted the metabolic reprogramming of endothelium as a potential therapeutic approach for controlling CVDs.

Glucose metabolism in ECs is critical for cardiovascular homeostasis and diseases (Dumas et al., 2021). Glucose catabolism is regulated by enzymes such as 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), whose dysfunction drives endothelial injury and vascular inflammation (Bartrons et al., 2018). The role of PFKFB3 in non-EC vascular cells remains unclear. In this regard, Poels et al. show that PFKFB3 expression in monocytes is positively correlated with the occurrence of coronary arteries with unstable plaque phenotypes. Inhibition of PFKFB3 reduced the number of late plaques in vulnerable phenotypes and resulted in stable plaque phenotypes. This phenomenon was coupled with a decrease in glycolytic flux in mononuclear cells within the circulating peripheral blood. The study by Tillie et al. also examined the role of myeloid PFKFB3 in atherosclerosis development. Partial knockout of Pfkfb3 in myeloid cells did not affect the development of atherosclerosis. Thus, further studies are required to dissect the contribution of PFKFB3 in other non-EC vascular cells, such as vascular smooth muscle cells, fibroblasts, and other immune cells, in atherosclerosis.

In addition to metabolic enzymes, their products (metabolites) are critical for organ homeostasis and injury repair (Chen et al., 2021b; Dumas et al., 2021). Zhang et al. discussed the role of endothelium-derived lactate in regulating the metabolic microenvironment in tissue regeneration and CVD. Endothelium-lactate interactions affect the microenvironment via multiple routes. Lactate can be produced by ECs during glycolysis and exported via its transporters to the extracellular milieu to regulate cells in the microenvironment. Furthermore, lactate can be imported from extracellular blood compartments by ECs to regulate angiogenesis, or transferred transendothelially to the microenvironment to regulate stromal and immune cells. These interactions regulate the cell microenvironment, tissue regeneration, and CVDs. The biochemical mechanisms underlying lactate function remain unknown, although some findings revealed the potential involvement of histone lactylation (Eming et al., 2021).

In addition to pyruvate and lactate, other metabolites also contribute to cardiovascular homeostasis (Li et al., 2019). One such metabolite is epoxyeicosatrienoic acids (EETs), a derivative of arachidonic acid synthesized by cytochrome P450 (Duflot et al., 2014). EETs are rapidly hydrolyzed into less bioactive dihydroxyeicosatrienoic acid (DHET) by soluble epoxide hydrolase (sEH) (Wang et al., 2013). Hamzaoui et al. show that inhibition of sEH inhibits cardiac remodeling, as well as diastolic and systolic dysfunction associated with chronic kidney disease (CKD). Therefore, inhibition of sEH has therapeutic potential for preventing cardiorenal syndrome, which may be regulated by intracellular DHET. Furthermore, metabolites from the gut microbiota are critical regulators of mammalian metabolism and CVDs (Tang et al., 2019). Trimethylamine N-oxide (TMAO) is an intestinal microbiome-derived metabolite synthesized from specific food components, such as red meat (Tang et al., 2019). It acts as a risk factor for vascular diseases, such as atherosclerosis (Tang et al., 2019). However, the role of TMAO in cardiac diseases remains unclear. Videja et al. demonstrated that high TMAO levels preserve the production of mitochondrial energy and cardiac function in an experimental model of right ventricular heart failure, thereby suggesting that TMAO promotes effects similar to metabolic preconditioning under specific conditions. This finding is opposite to all other studies published so far on TMAO in CVD (Witkowski et al., 2020).

Mitochondria are essential for maintaining normal cardiomyocyte homeostasis and ensuring healthy heart function (Bonora et al., 2019). Two review papers in this special issue discussed the recent advances regarding mitochondrial biology in CVDs. Xin et al. addressed the function of the mitochondrial fusion protein, mitofusin-2 (MFN2), in regulating mitochondrial morphology, metabolism, calcium homeostasis, and mitochondrial DNA stability in CVDs, and highlighted MFN2 as a therapeutic target for treating CVDs. In addition, Liao et al. discussed the pathways that regulate mitochondrial function in response to mechanical stress during the development of cardiomyopathy and heart failure. One of the central regulators is the Hippo pathway, which plays a pivotal role in heart failure (Wang et al., 2018). The Hippo pathway targets not only mitochondria but also other organelles and pathways (Zhao et al., 2021). Mammalian sterile 20-like kinase 1 (MST1) is a crucial component in the Hippo pathway (Zhao et al., 2021). Feng et al. observed that knockout of Mst1 inhibited mitochondrial division and reduced left ventricular remodeling in diabetic cardiomyopathy, thereby highlighting the critical role of the Hippo pathway in the regulation of mitochondria and CVDs.

Dysregulation of metabolism can lead to systemic and vascular inflammation, and vice versa (Tang et al., 2014). Aging-related chronic inflammation is a hallmark of chronic metabolic disorders, including obesity and type 2 diabetes, contributing to CVDs (Nafisa et al., 2018). Immune cells, especially T cells, accumulate in adipose tissue during aging (Villarroya et al., 2018), and pre-adipose T cells promote aging-related remodeling of adipose tissues (Chen et al., 2021a). Pan et al. compared the differences in adipose tissue morphology and function between young and aged mice, and reported the “whitening” effect of brown adipose tissue (BAT) in old mice. The proportion of T cells in the BAT of old mice was higher, with more aging markers than in those of young mice. Senescent T cells release high levels of interferon-gamma, which inhibits preadipocyte-to-brown adipocyte differentiation. Because BAT is a beneficial factor against CVD (Ruan et al., 2018), further studies are needed to test how T cells in BAT participate in CVD, including cardiac remodeling.

Wu et al. discussed the recent advances regarding the role of CC chemokine receptor-9 (CCR9)/CC motif chemokine 25 (CCL25) in inflammation and CVD. Targeting the CCR9/CCL25 axis pharmacologically can decrease or modulate inflammation. High serum phosphate concentrations are associated with cardiovascular risk in both the general population and patients with CKD (Vervloet et al., 2017). Another review paper, contributed by Zhou et al., discussed the advances in the understanding of phosphate homeostasis in healthy and CKD conditions. The authors highlighted that fibroblast growth factor 23 plays an important role in controlling serum phosphate levels to mitigate phosphate-induced CVD.

The upregulation of endothelin 1 (ET1), a vasoconstrictor factor, contributes to hypertension and organ fibrosis (Tang et al., 2020); however, the mechanism underlying ET1 regulation remains unclear. Xu et al. reported that glycogen synthase kinase 3 (GSK3) and serum response factor (SRF) contributed to angiotensin II-induced ET1 overexpression in ECs. This study highlighted a previously unrecognized mechanism that contributes to the transcriptional regulation of endothelin and could lead to new approaches for CVD interventions targeting the GSK3-SRF axis.

In addition to local inflammation, systemic and local accessibility and bioavailability of gas molecules also regulate cell metabolism (Das et al., 2018). For instance, chronic hypoxia is an essential factor in many CVDs. The main energy fuels of heart are fatty acids. However, under chronic hypoxia, glucose oxidation is downregulated and glycolysis is upregulated (Tang et al., 2017). The mechanisms underlying adaptive cardiac metabolism remain unclear. Su et al. provided a thorough discussion on this topic. They concluded that the heart initiated transcriptional programs to increase the utilization of carbohydrates, rather than fatty acids, to produce ATP. This involves altered mitochondrial structure and function, improved metabolic efficiency, and reduced reactive oxygen species production in hypoxic cardiac tissues. The core participants in hypoxia are hypoxia inducible factors (HIFs) and their modulators, including the HIF-prolyl hydroxylase (PHD) isotypes PDH1, PDH2, and PDH3 (DeBerge et al., 2021). PHD pan-inhibitors have been used to treat anemia in patients with CKD. Similarly, systemic Phd1 or Phd2 knockout was found to improve atherosclerosis (Marsch et al., 2016; Rahtu-Korpela et al., 2016). In this issue, Demandt et al. analyzed the roles of PHD3 in hypercholesterolemia using low-density lipoprotein receptor (Ldlr) and Phd3 double knockout mice. The authors found that systemic Phd3-deficiency induced adverse lipid profiles and increased hepatocellular volume without altering the development of atherosclerotic plaques, compared to other PHD isotypes. Interestingly, the effect of PHD3 on hypercholesterolemia is opposite to that of PHD1 and 2 (Marsch et al., 2016; Rahtu-Korpela et al., 2016), and to the detrimental effect of PDH3 overexpression on the progression of atherosclerosis in ApoE−/− mice (Liu et al., 2016). Further studies are needed to systematically investigate the multi-dimensional roles of PHDs in hypercholesterolemia and related CVDs such as atherosclerosis.

In addition to HIFs and PHDs, there are other types of hypoxia regulators, such as hypoxia-induced mitogenic factor (HIMF), a member of the resistin-like molecule protein family expressed in mammals (Lin and Johns, 2020). HIMF is involved in numerous physiological processes including mitosis, angiogenesis, inflammation, and vasoconstriction (Lin and Johns, 2020). In addition, HIMF responds to several pathological conditions involving the lungs and the cardiovascular system. In this issue, Lv and Liu discuss the molecular characteristics and pathophysiological effects of HIMF, and highlight the potential clinical implications in CVDs and other diseases. Taken together, there has been remarkable progress in understanding the biology of hypoxia in CVDs. However, currently available drug strategies are still limited and have not been tested in patients with chronic hypoxia-related CVDs.

Considering that CVDs are critically controlled by metabolism and their regulators, metabolism-targeted drugs/interventions are promising strategies for the treatment of CVDs (Tang et al., 2017; Chen et al., 2020b). One drug with such potential is metformin (Kulkarni et al., 2020), a clinical anti-diabetic drug that targets mitochondria and regulates cell metabolism (Foretz et al., 2014). Metformin has the potential to repress cardiovascular aging and diseases (Nafisa et al., 2018); however, the sex-related effects of metformin remain unknown. Zhu et al. investigated the protective effects of metformin on cardiac metabolism and longevity in female mice; however, they found that metformin did not improve cardiac function or longevity in elderly female mice. Although multiple beneficial effects of metformin have been reported in age-related diseases, further systematic evaluation of the sex-related roles of metformin in heart conditions and longevity of older patients should be considered. Additional study of the synergistic effects of metformin with other drugs would also be interesting. Jia et al. investigated the synergistic effects of metformin and atorvastatin on diabetic cardiomyopathy and found the combination to provide better protection against diabetic cardiomyopathy than monotherapy, indicating that drug combinations may achieve greater clinical benefits than the use of a single drug.

In conclusion, the papers published on this Research Topic can potentially improve our understanding of genetic risk factors, metabolic enzymes and metabolites, metabolic inflammation, mitochondrial dynamics, the biology of hypoxia in CVD, and the treatment of cardiovascular diseases.
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Inhibition of PFKFB3 Hampers the Progression of Atherosclerosis and Promotes Plaque Stability
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Aims: 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFKFB)3-mediated glycolysis is pivotal in driving macrophage- and endothelial cell activation and thereby inflammation. Once activated, these cells play a crucial role in the progression of atherosclerosis. Here, we analyzed the expression of PFKFB3 in human atherosclerotic lesions and investigated the therapeutic potential of pharmacological inhibition of PFKFB3 in experimental atherosclerosis by using the glycolytic inhibitor PFK158.

Methods and Results: PFKFB3 expression was higher in vulnerable human atheromatous carotid plaques when compared to stable fibrous plaques and predominantly expressed in plaque macrophages and endothelial cells. Analysis of advanced plaques of human coronary arteries revealed a positive correlation of PFKFB3 expression with necrotic core area. To further investigate the role of PFKFB3 in atherosclerotic disease progression, we treated 6–8 weeks old male Ldlr–/– mice. These mice were fed a high cholesterol diet for 13 weeks, of which they were treated for 5 weeks with the glycolytic inhibitor PFK158 to block PFKFB3 activity. The incidence of fibrous cap atheroma (advanced plaques) was reduced in PFK158-treated mice. Plaque phenotype altered markedly as both necrotic core area and intraplaque apoptosis decreased. This coincided with thickening of the fibrous cap and increased plaque stability after PFK158 treatment. Concomitantly, we observed a decrease in glycolysis in peripheral blood mononuclear cells compared to the untreated group, which alludes that changes in the intracellular metabolism of monocyte and macrophages is advantageous for plaque stabilization.

Conclusion: High PFKFB3 expression is associated with vulnerable atheromatous human carotid and coronary plaques. In mice, high PFKFB3 expression is also associated with a vulnerable plaque phenotype, whereas inhibition of PFKFB3 activity leads to plaque stabilization. This data implies that inhibition of inducible glycolysis may reduce inflammation, which has the ability to subsequently attenuate atherogenesis.

Keywords: atherosclerosis, glycolysis, glycolytic inhibition, inflammation, plaque stability


INTRODUCTION

In recent years it has become clear that the development of atherosclerosis coincides with marked metabolic cellular alterations (Ali et al., 2018; Riksen and Stienstra, 2018). Particularly, inflammatory stimuli modify the intracellular metabolism of multiple cell types involved in atherogenesis, such as macrophages and endothelial cells. These cells are highly dependent on glycolysis for their energy metabolism to regulate cellular function (Bekkering et al., 2018; Riksen and Stienstra, 2018; Schnitzler et al., 2020). This induction in glycolysis could already be observed at regions where the endothelium is subjected to disturbed shear stress, making these early lesions susceptible for endothelial activation by lipoproteins, such as low-density lipoprotein (LDL) and lipoprotein(a) [Lp(a)] (Libby, 2012; Schnitzler et al., 2020). Lipid-lowering strategies markedly reduce cardiovascular event rates; however, a residual inflammatory risk remains even after potent lipid-lowering therapy in patients (Ridker, 2016; Stiekema et al., 2019).

Atherogenic stimuli such as Lp(a) have been shown to induce endothelial cell activation through upregulation of key-glycolytic players comprising glucose transporter (GLUT) 1 and hexokinase (Hk) II (Schnitzler et al., 2020). This glycolytic switch relies predominantly on the enzyme 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFKFB3), which serves as a potent source for inducible glycolysis (De Bock et al., 2013; Cantelmo et al., 2016). Conversely, inhibition of PFKFB3 leads to a marked reduction in the lipoprotein-induced inflammatory signature of endothelial cells and immune cells in vitro, pointing to a key role for PFKFB3 in the link between glycolysis and inflammation (Tawakol et al., 2015; Schnitzler et al., 2020). In addition, partial glycolytic inhibition in Apoe–/– mice via silencing of PFKFB3 results in decreased glycolysis in the arterial wall (Tawakol et al., 2015). However, it is currently not known how glycolytic inhibition affects the progression of atherosclerosis.

In the present study, we analyzed the expression of PFKFB3 in human atherosclerotic lesions and explored the therapeutic potential of pharmacological inhibition of PFKFB3 in experimental atherosclerosis.



MATERIALS AND METHODS


Immunohistochemical Analysis of Human Coronary Plaques

Human coronary artery specimens were obtained after informed written consent of the subjects during autopsies at the Department of Pathology of the Amsterdam University Medical Center (Amsterdam, Netherlands) and immediately fixed in 10% formalin and processed for paraffin embedding. The use of tissue was in agreement with the “Code for Proper Secondary Use of Human Tissue in Netherlands” and was in accordance with the principles as outlined in the Declaration of Helsinki. Based on fibrous cap formation and necrotic core size, specimens were classified as initial or advanced lesion, as described previously (Seijkens et al., 2019). PFKFB3 expression was analyzed by immunohistochemistry. After deparaffinization, slides were blocked for endogenous peroxidase activity in methanol, after which heat induced antigen retrieval was performed. Slides were then covered with 1:100 dilution of rabbit anti-human PFKFB3 antibody (Abcam, AB2617178) for an hour at room temperature. After washing with Tris-Hcl buffered saline (TBS), a secondary goat anti-rabbit biotin labeled antibody (Dako, E0432) was introduced 1:200 to the slides for 30 min, followed by 30 min of incubation with 1:200 ABC-HRP (for DAB) or ABC-AP kit (for Vector blue) (Vector, PK-6100, AK-5000). PFKFB3 was visualized with DAB (Vector SK-4105). For the double stainings, PFKFB3 was visualized with Vector blue (Vector, SK-5300), which was followed by 4% FCS block for 30 min and additional heat induced epitope retrieval. CD68 (mouse anti-human, Abcam, ab201340, 1:100), CD3 (rat anti-human, AbD Serotec, MCA1477, 1:100), αSMA (mouse anti-human, Sigma-Aldrich, F3777, 1:5,000) and CD31 (mouse anti-human, Novus Biologicals, NBP2-15202, 1:100) were used, all for 1 h at RT. Secondary goat anti-mouse biotinylated antibody (Dako, E0433) and rabbit anti-rat biotinylated antibody (Vector, BA-4001) were used at 1:300 for 30 min. Slides were covered in 1:200 ABC-HRP kit (Vector laboratories) for 30 min. Epitopes were visualized with ImmPACT AMEC red (Vector, SK-4285). Analyses of the slides was performed on a Leica DM3000 microscope with a DFC295 camera and further analysis was done with Adobe Photoshop CS6, Image J, and Las 4.1 software (Leica).



Carotid Endarterectomy Specimens From the Athero-Express Biobank

The Athero-Express Biobank study design and plaque processing has been reported previously (Verhoeven et al., 2004,2005). In short, the plaques were randomly selected from patients undergoing a carotid endarterectomy. Percentage of atheroma was estimated by means of visual estimation using Picrosirius red with polarized light in combination with hematoxylin stains. Three groups were considered (n = 10 per group), based on the percentage of atheroma in the plaque being present: fibrous plaques containing < 10% fat; fibro-atheromatous, 10–40%; or atheromatous, > 40% fat. Next, the cumulative score for plaque vulnerability was determined by scoring macrophage-, collagen-, smooth muscle cell content and intraplaque hemorrhage. This plaque vulnerability index is scored as follows: macrophages: no/minor (0 points), moderate/heavy (1 point); collagen: moderate/heavy (0 points), no/minor (1 point); smooth muscle cells: moderate/heavy (0 points), no/minor (1 point). Intraplaque hemorrhage was scored as absent (0 points) or present (1 point), as previously described (Hellings et al., 2010). Sections were subsequently stained as described previously (Schnitzler et al., 2020). Briefly, plaque sections were dewaxed in xylene and dehydrated in graduated concentration of ethanol (100–70% ethanol). Heat-induced epitope retrieval was performed before blocking the sections for 20 min with 5% BSA in tris-buffered saline (TBS). Next, the sections were incubated for 2 h at room temperature with the following primary antibodies: PFKFB3 rabbit anti-human (Abcam, AB2617178), CD68 (Invitrogen, MA1-80133) and von Willebrand Factor mouse anti-human (Agilent, AB2216702). Next, sections were incubated in the dark at RT with biotinylated secondary antibody: goat anti-rabbit Alexa 488 (Thermo Fisher Scientific, AB 143165), goat anti-mouse Alexa 564 (Thermo Fisher Scientific, AB2536161) and goat anti-mouse Alexa 647 (Thermo Fisher Scientific, AB 2535804). After 1 h incubation, the sections were mounted with DAKO mounting medium containing DAPI (Agilent). A Leica TCS SP8 Confocal laser scanning microscope was used to image the sections and quantification was performed using Leica LAS-X software (Leica Camera, Wetzlar, Germany). All patients provided written informed consent. The Athero-Express study protocol conforms to the Declaration of Helsinki and has been approved by the Institution’s ethics committee on research on humans.



Animal Experiments

Male Ldlr–/– mice were bred and housed at the local animal facility with normal light/dark cycle and were fed 0.15% cholesterol diet ad libitum. At 16 weeks of age mice were injected in the morning 3x/week for 5 weeks with PFK158 (2 mg/kg ip) or vehicle control (0.1% DMSO). Mice were euthanized by a single intraperitoneal injection of a cocktail of 30 mg/kg Sedamun (xylazine 20 mg/ml) and 100 mg/kg Anesketin (ketamine, 100 mg/ml) and death was confirmed by heart puncture. All experiments were approved by the Committee for Animal Welfare of the University of Amsterdam, Netherlands (protocol 265-AW-1), and comply to the European Regulations as identified in Directive 2010/63/EU on the protection of laboratory animals.



Lipoprotein Separation by Fast Protein Liquid Chromatography

Blood was obtained by venous or cardiac puncture and collected into ethylenediaminetetraacetic acid (EDTA)-containing tubes. Individual lipoprotein levels were determined by fast-performance liquid chromatography (FPLC) as described previously (Fedoseienko et al., 2018). In short, total cholesterol (TC) and triglyceride (TG) content in the main lipoprotein classes (VLDL, LDL, and HDL) was determined using FPLC. The main system consisted of a PU-980 ternary pump with an LG-980-02 linear degasser and an UV-975 UV/VIS detector (Jasco, Tokyo, Japan). After injection of 30 μl plasma (1:1 diluted with TBS) the lipoproteins were separated using a Superose 6 increase 10/30 column (GE Healthcare Hoevelaken, Netherlands). As eluent TBS pH 7.4 was used at a flow rate of 0.31 ml/min. A second pump (PU-2080i Plus, Jasco, Tokyo Japan) was used for either in-line cholesterol PAP or Triglyceride enzymatic substrate reagent (Sopachem, Ochten, Netherlands) addition at a flowrate of 0.1 ml/min facilitating TC or TC detection. Commercially available lipid plasma standards (low, medium and high) were used for generation of TC or TG calibration curves for the quantitative analysis (SKZL, Nijmegen, Netherlands) of the separated lipoprotein fractions. All calculations performed on the chromatograms were carried out with ChromNav chromatographic software, version 1.0 (Jasco, Tokyo, Japan).



Histology

At the age of 21 weeks, mice were sacrificed and the arterial tree was perfused with PBS and 1% paraformaldehyde. The aortic arch and organs were isolated and fixed in paraformaldehyde. Longitudinal sections of the aortic arch (4 μm) (n = 10/group) and sections of the three valve area in the aortic root (n = 14/group) were stained with hematoxylin and eosin and analyzed for plaque extent and phenotype as previously described (Seijkens et al., 2018). One mouse was excluded from aortic arch analysis due to situs inversus. Necrotic core measurements were only performed in advanced plaques. Intimal xanthoma (IX) was defined by a small lesion consisting of foam cells in which no extracellular lipid accumulation can be detected, pathological intimal thickening (PIT) was defined as a larger lesion that mainly consists of macrophage foam cells, but contains small extracellular lipid pools and the first matrix depositions, a fibrous cap atheroma (FCA) was defined as an advanced atherosclerotic lesion with a clear fibrous cap and necrotic cores (extracellular lipid accumulation, cholesterol crystals and/or calcification; Virmani et al., 2000). Fibrous cap thickness was measured at the thinnest part of each fibrous cap. Immunohistochemistry was performed for MAC3 (BD Pharmingen), alpha smooth muscle actin (Sigma-Aldrich), CD3 (AbD Serotec), CD8 (eBioscience), Ki67 (Abcam) and TUNEL (in situ apoptosis detection kit, Roche). The stability index was defined as (% α smooth muscle actin/% necrotic core; Poels et al., 2020). Double immunohistochemical stainings were performed with rabbit anti-mouse PFKFB3 antibody (Abcam, AB2617178) in combination with CD31 (Dianova, Hamburg, Germany), and the previously mentioned MAC3, CD3 and alpha smooth muscle actin. Morphometric analyses were performed on a Leica DM3000 microscope with a DFC 295 camera and Adobe Photoshop CS6, Image J or Las4.0 software (Leica).



Flow Cytometry

Spleen and lymph nodes were homogenized, and blood and spleen samples were subjected to red blood cell lysis. The cells were stained with fluorescently labeled surface antibodies (CD45, CD3, CD4, CD8, F4/80, Ly6C, Ly6G, MHCI, MHCII, CD44, CD62L, CD19, CD11C, NK1.1; all from BD Biosciences). For intracellular staining, cells were fixed and permeabilized with fixation/permeabilization buffer (eBioscience) and stained with fluorescent antibodies against Foxp3 (BioLegend). Flow cytometric analysis was performed on a BD Canto II (BD Biosciences).



Immunofluorescent Staining of Murine Aortas Using Confocal Microscopy

Abdominal aortas remained intact for en face staining with ICAM-1 (Abcam) and VCAM-1 (Abcam) or aortas were dissected until 3–5 mm before the iliac bifurcation to obtain transverse sections. For the latter, aortas were embedded in paraffin for subsequent cutting sections into 10 μm slices for immunofluorescent staining. Next, the transverse sections were stained as described previously (Schnitzler et al., 2020). In summary, the following antibodies were used: ICAM-1 (Abcam), GLUT-1 (Thermo Fisher) and secondary antibody Alexa Fluor 568 for PFKFB3 and Alexa 633 for GLUT1-1 (both Thermo Fisher). HIF1α (R&D systems, MAB1536), GLUT3 (Invitrogen, MA5-32697), and secondary Alexa Fluor 647 for HIF1a and Alexa Fluor 488 for GLUT3 (both Thermo Fisher Scientific). The transverse sections aortas were fixed with DAKO mounting medium containing DAPI (Agilent, Santa Clara, United States). All samples were visualized on a Leica TCS SP8 Confocal laser scanning microscope and quantified using ImageJ.



RNA Isolation, cDNA Synthesis and Real Time Quantitative Polymerase Chain Reaction

Tissues were homogenized and lysed with TriPure (Roche, Basel, Switzerland). RNA was isolated according to the manufacturer’s instructions. Briefly, 1 μg of RNA was used for cDNA synthesis with iScript (BioRad, Veenendaal, Netherlands). qPCR was performed using Sybr Green Fast (Bioline Meridian Bioscience, Cincinnati, OH, United States) on a ViiA7 PCR machine (Applied Biosystems, Bleiswijk, Netherlands). Gene expression was normalized to the housekeeping gene H36B4. Primer sequences are shown in Supplementary Table 1. All gene expression graphs indicate fold change of relative gene expression of which values were normalized to the mean of the control group.



Murine PBMC Isolation and Seahorse Flux Analysis

Murine peripheral blood mononuclear cells (PBMCs) were obtained from whole blood samples through density centrifugation using Lymphoprep (Stemcell Technologies, Koln, Germany; D = 1.077 g/mL) as described in detail previously (Schnitzler et al., 2017). In short, blood was diluted in a 1:1 ratio with PBS enriched with 2 mM EDTA and subsequently added to a layer of Lymphoprep. Next, cells were centrifuged for 20 min at 600× g at RT with slow acceleration and no brake. The PBMC fraction was collected and washed twice with PBS/2 mM EDTA. Next, cells were counted using a Casy Counter (Roche Innovatis Casy TT, Bielefeld, Germany). Next, PBMCs were seeded in 80 μL EGM-2 medium at a density of 50,000 cells per well on XFe96 microplates (Seahorse Bioscience). The cells were incubated in unbuffered DMEM assay medium (Merck) for 1.5 h in a non-CO2 incubator at 37°C. A Seahorse XFe 96 analyzer (Seahorse Bioscience, Billerica, United States) was used to analyze cellular respiration. Extracellular acidification rates (ECAR) were measured after injecting glucose (10 mM), the mitochondrial/ATP synthase inhibitor oligomycin (1.5 μM), and the glycolysis inhibitor 2-Deoxy-D-glucose (2-DG; 100 mM), to determine glycolysis, glycolytic capacity and glycolytic reserve, respectively. Values were corrected for cell count.



Quantification and Statistical Analysis

Data are presented as the mean ± SEM, unless stated otherwise. To avoid observer bias, the murine and human plaque analysis were blinded. Experiments were assessed with two-tailed Student’s t-tests, two-tailed Mann Whitney or One-way ANOVA as indicated in the figure legends. Clinical characteristics of patients from the Athero-Express Biobank were compared between the three plaque phenotypically different groups (fibrous, fibro-atheromatous, and atheromatous plaques). Statistical testing for differences between the three group was done by using a One-way ANOVA test for normally distributed data and a Kruskal–Wallis Rank Sum Test for non-normally distributed data [i.e., triglycerides and lipoprotein(a)]. Representative images were selected based on the value closest to the mean value per group. Statistics were performed using Graphpad Prism (v8.0h; La Jolla, CA). The analysis found in the baseline table was performed in R version 3.6.1 (R Foundation, Vienna, Austria). A P-value of < 0.05 was considered statistically significant.




RESULTS


PFKFB3 Expression in Macrophages and Endothelial Cells Correlates With Plaque Instability in Human Atherosclerosis

Carotid plaques were obtained from patients undergoing endarterectomy enrolled in the Athero-Express biobank. Plaques were classified as fibrous plaques (containing < 10% intraplaque fat), fibro-atheromatous (10–40% intraplaque fat) or atheromatous (>40% intraplaque fat; Verhoeven et al., 2004, 2005). Both fibro-atheromatous and atheromatous plaques had an increased plaque vulnerability index (Table 1; Verhoeven et al., 2005). Further carotid plaque analysis revealed a marked higher PFKFB3 expression when plaque vulnerability is higher (Figures 1A,B). Higher PFKFB3 expression coincides with high number of CD68+ macrophage in atheromatous plaques (Figures 1A,C) that positively correlates with PFKFB3 expression (Figure 1D). These data imply that mainly macrophages show enhanced PFKFB3 expression in atherosclerotic plaques. In line, human coronary atherosclerotic plaques, histologically classified as fibrous cap atheromata (advanced atherosclerosis) express higher levels of PFKFB3+ cells when compared with intimal xanthomas or pathological intimal thickenings (initial/intermediate atherosclerosis) (Figures 1E,F). PFKFB3 expression positively correlates with necrotic core area (Figure 1G), indicating that PFKFB3 expression increases during the progression of atherosclerosis. The majority of PFKFB3+ cells are CD68+ macrophages and PECAM+ endothelial cells (Figures 1H,I). Only few CD3+ T cells and α smooth muscle actin (αSMA)+ vascular smooth muscle cells express PFKFB3 (Figures 1J,K). A similar expression is observed in murine plaques, where PFKFB3 was also predominantly observed in macrophages (MAC3+) and the endothelium (PECAM+) and to a lesser extend in T-cells (CD3+) and smooth muscle cells (αSMA+) (Supplementary Figures 1A–D). Together, these data suggest that PFKFB3 expression increases as plaques become more vulnerable.


TABLE 1. Clinical characteristics of included patients of Athero-Express Biobank.
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FIGURE 1. PFKFB3 expression is increased in advanced atherosclerotic plaques and correlates with CD68+ macrophages and necrotic core area. (A,B) Increased expression of PFKFB3 (green) in atheromatous plaques compared with fibrous carotid plaques. n = 10 for fibrous and fibroatheromatous plaques, n = 8 for atheromatous plaques; one-way ANOVA, P = 0.0078 for fibrous vs. atheromatous plaques. Scale bar 50 μm. (A,C) CD68+ macrophages (red) increased in atheromatous carotid plaques. n = 10 for fibrous and fibroatheromatous plaques, n = 8 for atheromatous plaques; one-way ANOVA, P = 0.0008 for fibrous vs. atheromatous plaques. Scale bar 50 μm (D) PFKFB3 expression and CD68 expression correlated significantly. n = 28; linear regression analysis, R2 = 0.7456, P < 0.0001. (E) Human coronary atherosclerotic advanced plaques showed increased PFKFB3 expression compared to initial plaques. n = 4 for initial vs. n = 5 for advanced plaques; two-tailed unpaired Mann-Whitney, P = 0.0317. Scale bar 200 μm. (F) PFKFB3 expression positively correlated with necrotic core area. n = 9; Linear regression analysis R2 = 0.4861, P = 0.0368. (G) Immunohistochemistry of PFKFB3+ co-staining with CD68+ macrophages; Scale bar 100 μm, (H) PECAM+ endothelial cells; Scale bar 100 μm, (I) CD3+ T cells; Scale bar 100 μm, and (J) and α smooth muscle actin (αSMA)+ vascular smooth muscle cells (K); Scale bar 100 μm. Data are shown as mean ± standard error of the mean. *P < 0.05, **P ≤ 0.005, ***P < 0.0005. PFKFB3, 6-phophofructo-2-kinase/fructose-2,6-biphosphatase 3; PECAM, platelet endothelial cell adhesion molecule; αSMA.




PFKFB3 Inhibition Hampers the Progression of Atherosclerosis and Promotes Plaque Stability

To investigate the therapeutic potential of PFKFB3 inhibition on atherosclerosis, 6–8 weeks-old Ldlr–/– mice received a high fat diet for 8 weeks and were subsequently treated with the PFKFB3 inhibitor PFK158 for 5 weeks (intraperitoneal administration, 3 times per week, 2 mg/kg) (Figure 2A). PFK158 treatment had no effect on bodyweight (Figure 2B). To assess the efficacy of PFK158, we examined the metabolic signature of peripheral blood mononuclear cells (PBMCs) of PFK158-treated mice which displayed a significant decrease in glycolysis and their glycolytic capacity (Figure 2C). PFK158-treatment had no effect on total plasma cholesterol levels, plasma VLDL-, LDL- and HDL-levels (Figure 2D). Immune cell distribution in peripheral blood and lymphoid organs was unaffected by PFK158 treatment (Supplementary Figures 1E–H).
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FIGURE 2. PFK158 hampers the progression of atherosclerosis and increases plaque stability. (A) Experimental design: after 8 weeks of 0.15% high cholesterol diet male Ldlr–/– mice (n = 14/group) were injected 3 times per week with either PFK158 or vehicle for 5 weeks (13 weeks of high fat diet in total). (B) PFK158 treatment did not significantly affect bodyweight. (C) Analysis of circulating peripheral blood mononuclear cells revealed an increased extracellular acidification rate in vehicle cells (n = 13) compared to their PFK158-treated counterparts (n = 8) indicating the effectiveness of glycolytic inhibition. Two-tailed unpaired Student’s t-test P = 0.0007. n = 10/group. (D) Plasma cholesterol levels remained similar between groups. n = 14/group (E,F) Atherosclerotic lesion area in the aortic arch did not change; scale bar = 50 μm. n = 10/group. (G) Morphological analysis (Virmani classification) revealed a reduced incidence of FCA in the aortic arch of PFK158 treated mice. The incidence of intimal xanthomas was increased in PFK158-treated mice. Chi-square, P = 0.0417. (H) Necrotic core area per advanced plaque was reduced in PFK158 treated mice (n = 8) vs. vehicle (n = 9). Unpaired Student’s t-test P = 0.0205. (I) PFK158 treatment (n = 9) reduced the number of apoptotic (TUNEL+) cells compared to vehicle (n = 7). Two-tailed unpaired Mann-Whitney, P = 0.0012. (J) A trend toward increased macrophage content was observed in PFK158 treated mice. Two-tailed unpaired Student’s t-test P = 0.0628. (K,L) PFK158 increased αSMA content in PFK158 treated mice (n = 10) vs. vehicle treated mice (n = 9; Two-tailed unpaired Student’s t-test P = 0.0033; scale bar = 50 μm) and (M) increased fibrous cap thickness (n = 10/group; Two-tailed unpaired Mann-Whitney, P = 0.0410). (N) which increased the plaque stability index (n = 8 for vehicle and n = 9 for PFK158 group; Two-tailed unpaired Mann-Whitney, P = 0.0464). Data are shown as mean ± standard error of the mean. *P < 0.05, **P < 0.005, ***P < 0.0005. TC, total cholesterol; VLDL, Very low-density lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein; H&E, hematoxylin and eosin; IX, initial xanthoma; PIT, pathologic intimal thickening; FCA, fibrous cap atheroma; αSMA, α smooth muscle actin; PBMC, peripheral blood mononuclear cell; ECAR, extracellular acidification rate.


While atherosclerotic lesion size in the aortic arch was not affected by PFK158 treatment (Figures 2E,F), morphological analysis demonstrated that the aortic arch of PFK158-treated mice contained relatively less FCA (advanced atherosclerotic lesions; Figure 2G). This is accompanied by an increase in the incidence of intimal xanthomas (initial atherosclerotic lesions) upon PFK158 treatment (Figure 2G), indicating that inhibition of PFKFB3 mitigates progression of atherosclerosis. Interestingly, both the necrotic core area per plaque (Figure 2H) and intraplaque apoptosis (Figure 2I) were reduced in PFK158-treated mice, whilst the number of CD4+ and CD8+ T cells and proliferating Ki67+ cells remained unaffected (Supplementary Figures 2A–C, respectively). In addition, a trend toward increased plaque macrophage content (Mac3+ area) was observed in PFK158 treated mice (Figure 2J). Interestingly, PFK158 treatment induced a marked increase in vascular smooth muscle content (αSMA+) (Figures 2K,L) and thickening of the fibrous cap (Figure 2M). Together this led to a significant rise in stable plaques as shown by an increased plaque stability index (Figure 2N). A similar atherosclerotic phenotype was observed in the aortic roots of PFK158 treated mice (Supplementary Figures 3A–F). These data indicate that therapeutic inhibition of PFKFB3 inhibits the progression of atherosclerosis and promotes plaque stability.



PFK158 Does Not Affect the Atherosclerotic Phenotype of Endothelium

No differences in ICAM-1 and VCAM-1 expression were observed after PFK158 treatment (Figure 3A). Previously, we have shown that GLUT1 protein expression decreases in arterial ECs after PFK158 treatment (Schnitzler et al., 2020); however GLUT1 expression remained unaffected in cross-sections of aortas between groups (Figure 3B). Interestingly, after PFK158 treatment we observed a significant downregulation of both GLUT3 (Figure 3C) and HIF1α (Figure 3D) in the plaques. We furthermore observed a significant positive correlation between HIF1α and Glut3 expression levels (Figure 3E), suggesting that HIF1α and GLUT3 levels are regulated via PFKFB3-mediated glycolysis and that increased levels of HIF1α and GLUT3 are associated with increased plaque stability. Next, homogenates of murine plaque-containing aortic arches indicated that PFK158 treatment did result in a decrease in the gene expression of inflammatory markers Il1β and a trend in Cd36. Conversely, macrophage marker F4/80 decreased in the PFK158 group, with a concomitant significant reduction in Cd11c and Cd206, suggesting a lower content of alternatively activated macrophages (Figure 3F). Interestingly, we also observed reduced G6pd transcript levels, the first and rate-limiting enzyme in the Pentose Phosphate Pathway (PPP), after PFK158 treatment, whereas Slc2a1, Slc2a3 and the glycolytic mediator Pfkfb3 were not altered by PFK158 treatment (Figure 3G). Similarly, Cs, Fh1 involved in the TCA cycle, as well as Cpt1a, involved in fatty acid oxidation were not altered by the treatment (Figure 3H). In conclusion, these data are indicative of an altered inflammatory profile in the plaques of aortic arches on the level of gene expression after PFK158 treatment.


[image: image]

FIGURE 3. PFK158 alters phenotype of highly vascularized lung tissue but does not affect arterial endothelial phenotype. (A) ICAM-1 and VCAM-1 expression per image (n = 50 per group) and (B) GLUT1 expression in ECs did not significantly alter between groups (n = 13 for vehicle and n = 12 for PFK158 group). (C) GLUT3 expression was significantly decreased after PFK158-treatment (n = 4 for both groups) which coincided with decreased. (D) HIF1α levels as well (n = 5 for vehicle and n = 6 for PFK158 group). (E) A positive correlation (R2: 0.6714, P: 0.0241) was observed between HIF1α and GLUT3 expression levels. Homogenates of plaque-containing aortic arches indicated several significantly differentially expressed genes. (F–H) Two-tailed unpaired Student’s t-test, P = 0.0497 for Il1β, P = 0.0239 for G6pd, P = 0.0347 for F4/80, and P = 0.0348 for Cd11c (n = 3–4 per group). Data are shown as mean ± standard error of the mean. *P < 0.05. ICAM-1, intercellular adhesion molecule 1; GLUT1, glucose transporter 1, CTCF, corrected total cell fluorescence.





DISCUSSION

In this study, we reveal for the first time that PFKFB3 expression positively correlates with an unstable plaque phenotype in both carotid and coronary plaques in humans. Targeting PFKFB3 with a low-dose glycolytic inhibitor leads a reduction in advanced plaques with a vulnerable phenotype and an increase in stable plaque phenotype in Ldlr–/– mice, with a concomitant decrease in glycolytic flux in circulating PBMCs. This data may imply an atheroprotective role for glycolytic inhibition.

In humans, increased plaque vulnerability is characterized by a profound inflammatory and glycolytic phenotype (Tomas et al., 2018) as shown by metabolomic analysis on 156 human carotid endarterectomy plaques. They reported that atherosclerotic plaques with a high risk to rupture are recognized by increased glycophorin A (indicative of intraplaque hemorrhage) and a profound glycolytic phenotype (Tomas et al., 2018). Here, we find a positive correlation between PFKFB3 expression and necrotic core area in human coronary plaques and a positive correlation between PFBFB3 and high-risk plaques, mainly attributable to high expression of PFKFB3 in macrophages in both human carotid and coronary plaques (Bekkering et al., 2016). In addition, the increasing vulnerability of carotid plaques is positively associated with an increased prevalence of transient ischemic attack and stroke (Verhoeven et al., 2005). We also substantiate a marked increase in CD68+ macrophage content in advanced carotid plaques (Moore et al., 2013; Tomas et al., 2018). Once macrophages are activated, they increase PFKFB3 activity, indicating that inflammation and glycolytic activation are closely intertwined (Tawakol et al., 2015). Conversely, glycolytic inhibition of macrophages using siRNA against PFKFB3 or using 3-[3-pyridinyl]-1-[4-pyridinyl]-2-propen-1-one, a selective inhibitor of PFKFB3, leads to a blockade in macrophage activation (Tawakol et al., 2015). In vivo, this translated into decreased 18F-fluorodexyglucose (18F-FDG) uptake in the arterial vessel wall in Apoe–/– mice measured with positron emission tomography/computed tomography (Singh et al., 2016), underscoring attenuated arterial wall inflammation following attenuation of inducible glycolysis in macrophages (Tarkin et al., 2014). In our Ldlr knockout mice, we show that the progression of atherosclerosis is attenuated upon PFKFB3 inhibition. Plaques from mice treated with PFK158 displayed less fibrous cap atheromas and increased initial- and intermediate plaques, indicative of reduced formation of advanced plaques (Libby, 2012; Tomas et al., 2018). Thus, PFK158-treated mice displayed an increase in plaque stability index and thickening of the fibrous cap, which can be attributed to enhanced SMC proliferation and/or migration toward the fibrous cap (Allahverdian et al., 2018).

In mice, we showed that targeting PFKFB3, mainly expressed by macrophages and endothelial cell, in vivo led to decreased necrotic core area, a phenomenon that could be attributed to the significant loss of apoptotic cells in the PFK158-treated mice compared to the control group. In advanced stages of atherosclerotic plaques, macrophage apoptosis contributes to necrotic core formation, furthermore implying that glycolytic inhibition leads to plaque stabilization (Tabas, 2010; Libby, 2012; Tabas and Bornfeldt, 2016; Gonzalez and Trigatti, 2017).

As plaque progression is dependent on the influx of immune cells, we have investigated the metabolic state of PBMCs. The PBMC fraction comprises monocytes, which are key orchestrators in the development of atherosclerosis (Sotiriou et al., 2006; van der Laan et al., 2014; Nahrendorf and Swirski, 2016; Schnitzler et al., 2019). In patients with severe symptomatic coronary atherosclerosis, monocytes display a distinct glycolytic phenotype by overexpressing hexokinase 2 and PFKFB3 (Bekkering et al., 2016). We corroborated these findings as partial inhibition of PFKFB3 decreased glycolytic flux in PBMCs indicating that these cells were metabolically inhibited which in turn alleviated atherosclerotic burden in mice. However, as PBMCs include a variety of cells, such as monocytes and lymphocytes, it would be interesting to investigate which cell subset plays a predominant role in our model (Kleiveland, 2015).

The other pivotal cell type, the endothelial cells covering the atherosclerotic plaques, did not seem to be affected by glycolytic inhibition as ICAM-1, VCAM-1, and GLUT1 expression did not alter after treatment. This might be a result of treating the mice in this study with a low dose of PFK158, whereas in vitro studies used increased concentrations (Schnitzler et al., 2020). Concomitantly, we found increased plaque stability and thickening of the fibrous cap which may be consequences of either a decrease in SMC apoptosis or increased SMC proliferation. Loss of these cells contributes to plaque destabilization once exposed to increased endoplasmic reticulum stress which facilitates apoptosis of SMCs (Myoishi et al., 2007).

In summary, this study demonstrates that intraplaque PFKFB3 levels are associated with plaque stability and glycolytic inhibition leads to a decrease in vulnerable plaque characteristics and increases plaque stabilization. The present study identifies PFKFB3 inhibition as a novel target potentially suitable to further attenuate atherosclerotic development.
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Aim: Trimethylamine N-oxide (TMAO) is a gut microbiota-derived metabolite synthesized in host organisms from specific food constituents, such as choline, carnitine and betaine. During the last decade, elevated TMAO levels have been proposed as biomarkers to estimate the risk of cardiometabolic diseases. However, there is still no consensus about the role of TMAO in the pathogenesis of cardiovascular disease since regular consumption of TMAO-rich seafood (i.e., a Mediterranean diet) is considered to be beneficial for the primary prevention of cardiovascular events. Therefore, the aim of this study was to investigate the effects of long-term TMAO administration on mitochondrial energy metabolism in an experimental model of right ventricle heart failure.

Methods: TMAO was administered to rats at a dose of 120 mg/kg in their drinking water for 10 weeks. Then, a single subcutaneous injection of monocrotaline (MCT) (60 mg/kg) was administered to induce right ventricular dysfunction, and treatment with TMAO was continued (experimental groups: Control; TMAO; MCT; TMAO+MCT). After 4 weeks, right ventricle functionality was assessed by echocardiography, mitochondrial function and heart failure-related gene and protein expression was determined.

Results: Compared to the control treatment, the administration of TMAO (120 mg/kg) for 14 weeks increased the TMAO concentration in cardiac tissues up to 14 times. MCT treatment led to impaired mitochondrial function and decreased right ventricular functional parameters. Although TMAO treatment itself decreased mitochondrial fatty acid oxidation-dependent respiration, no effect on cardiac functionality was observed. Long-term TMAO administration prevented MCT-impaired mitochondrial energy metabolism by preserving fatty acid oxidation and subsequently decreasing pyruvate metabolism. In the experimental model of right ventricle heart failure, the impact of TMAO on energy metabolism resulted in a tendency to restore right ventricular function, as indicated by echocardiographic parameters and normalized organ-to-body weight indexes. Similarly, the expression of a marker of heart failure severity, brain natriuretic peptide, was substantially increased in the MCT group but tended to be restored to control levels in the TMAO+MCT group.

Conclusion: Elevated TMAO levels preserve mitochondrial energy metabolism and cardiac functionality in an experimental model of right ventricular heart failure, suggesting that under specific conditions TMAO promotes metabolic preconditioning-like effects.

Keywords: trimethylamine N-oxide, right ventricular dysfunction, monocrotaline, mitochondrial function, cardiovascular diseases


INTRODUCTION

Impaired energy metabolism is one of the cornerstones of heart failure pathophysiology (Rosca and Hoppel, 2013). Normally, 60–90% of energy is generated through fatty acid oxidation (FAO) (Lopaschuk et al., 2010; Liepinsh et al., 2014); however, in the early stages of heart failure, a shift from fatty acid oxidation toward glucose utilization is observed and is a mechanism of metabolic adaptation (Ventura-Clapier et al., 2011). Compared to healthy patients, heart failure patients exhibit decreased FAO (Dávila-Román et al., 2002), which correlates with cardiac hypertrophy and reduced ejection fraction (Neglia et al., 2007; Byrne et al., 2016). During the progression of heart failure, overall cardiac oxidative metabolism decreases, resulting in energy starvation (Sabbah, 2020). One of the risk factors that lead to disturbances in energy metabolism and further progression of cardiovascular diseases is unhealthy dietary patterns. For instance, high intake of fat, red meat and processed food, as in Western diet, is shown to damage myocardial oxidative capacity, leading to impaired mitochondrial energy metabolism (Neves et al., 2014). Moreover, dietary choices determine the composition of intestinal microbiota, which further unambiguously affects the host metabolism (Lindsay et al., 2020). It has been shown that chronic heart failure is characterized by substantial alterations in gut microbiome composition and reduced microbial variety (Kummen et al., 2018; Mayerhofer et al., 2020). Previous studies suggest a link between the human gut microbiome and the homeostasis of energy metabolism, however, a clear causal relationship between them remains elusive.

In 2011, in a targeted metabolomics study, trimethylamine N-oxide (TMAO) was identified as a metabolite, which is both microbiota- and diet-derived, and associated with the incidence of adverse cardiovascular outcomes (Wang et al., 2011). TMAO is produced in organisms by gut microbiota during the metabolism of common food constituents, such as carnitine, choline and betaine; this process first leads to the production of trimethylamine (TMA), which is subsequently oxidized by the host liver enzyme group called flavin-containing monooxygenases (Janeiro et al., 2018). High intake of TMAO and its precursor has been shown to promote atherosclerosis and exacerbate cardiovascular risks (Wang et al., 2011; Koeth et al., 2013; Ding et al., 2018). A positive correlation between the circulating levels of TMAO and the severity of metabolic syndrome has been observed (Barrea et al., 2018), and elevated TMAO plasma levels were observed in patients with diabetes (Lever et al., 2014; Dambrova et al., 2016). Moreover, in heart failure patients, increased TMAO concentrations correlate with heart failure severity, as shown by NYHA class (Tang et al., 2014, 2015; Trøseid et al., 2015) and heart failure-associated mortality (Suzuki et al., 2016). Although extensive studies of TMAO in various patient populations clearly demonstrate that TMAO can serve as a biomarker, it remains uncertain whether TMAO is directly involved in the pathogenesis of cardiometabolic diseases (Nowiński and Ufnal, 2018).

Diet supplementation with TMAO or its precursors has been shown to exacerbate cardiac dilation, leading to reduced ejection fraction and increased cardiac fibrosis, in an experimental model of heart failure (Organ et al., 2016). In addition, a reduction of circulating TMAO levels by 3,3-dimethyl-1-butanol or iodomethylcholine resulted in attenuated cardiac remodeling after aortic banding (Organ et al., 2020; Wang et al., 2020). On the other hand, the Mediterranean diet, which is focused on regular consumption of TMAO-rich fish and seafoods (Cho et al., 2017), is inversely correlated with fatal coronary heart disease (He et al., 2004) and is proposed to be a strategy for preventing and reducing the risk of cardiovascular and metabolic diseases (Tørris et al., 2014; Widmer et al., 2015; Estruch et al., 2018). Moreover, it was recently shown that chronic treatment with low-dose TMAO was associated with preserved cardiac hemodynamic parameters in Spontaneously Hypertensive rats and Spontaneously Hypertensive Heart Failure rats (Huc et al., 2018; Gawrys-Kopczynska et al., 2020). Such controversial results raise the question of whether increased availability of TMAO plays detrimental or protective roles in the progression of cardiovascular diseases.

It has been shown that both acute and chronic TMAO treatment can cause disruptions in energy metabolism in the heart by impairing pyruvate and fatty acid metabolism (Makrecka-Kuka et al., 2017). However, there is no evidence that TMAO-induced metabolic alterations result in impaired cardiac functionality. It could be hypothesized that long-term TMAO administration could exert preconditioning-like effects, thus improving cardiovascular outcomes after stress conditions, such as hypoxia, pressure overload and altered energy substrate availability. Thus, the aim of the present study was to investigate the effects of long-term TMAO administration in an experimental rat model of monocrotaline-induced right ventricle heart failure. To mimic the chronic increase in TMAO in plasma and tissues, as observed in cases of regular consumption of seafood, TMAO pretreatment for 10 weeks prior to monocrotaline injection was chosen. The effects of the administration of TMAO on indicators of heart failure severity (cardiac functional parameters, heart failure and hypertrophy-related gene and protein expression) and cardiac mitochondrial energy metabolism were studied.



MATERIALS AND METHODS


Experimental Animals

Wistar rats (n = 40) weighing 280–380 grams (6–8 weeks old) were obtained from the Laboratory Animal Centre, University of Tartu (Tartu, Estonia) and housed under standard conditions (21–23°C, 12-h light/dark cycle, relative humidity 45–65%) for 2 weeks prior to the start of the experiment. The animals were fed a standard R70 diet (Lantmännen, Stockholm, Sweden) with unlimited access to food and drinking water. All the experimental procedures were performed in accordance with the guidelines reported in the EU Directive 2010/63/EU and in accordance with local laws and policies, and all of the procedures were approved by the Latvian Animal Protection Ethical Committee of the Food and Veterinary Service, Riga, Latvia (Food and Veterinary Service Ethical approval Nr. 105). These studies are reported in accordance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath et al., 2010). Our previous experiments, in which right ventricular functionality was assessed, indicated that due to interindividual variability, 8–10 animals per group are necessary to obtain significant results; therefore, n = 10 per group was chosen. The data from previous experiments in which mitochondrial energy metabolism was studied were subjected to statistical power analysis, and the calculations indicated that the mitochondrial respiration assay requires at least n = 5 or 6 per group to produce significant results with a power >0.95.



Experimental Design

The schematic representation of the study design is shown in Figure 1. The experimental animals were randomly separated into four groups: control (n = 10), TMAO (n = 10), MCT (monocrotaline) (n = 10) and TMAO+MCT (n = 10). One animal in the control group and 2 animals in the other groups died during the experiment due to reasons not related to the experimental protocol and treatment. The samples from these rats were excluded from further analysis; therefore, the final animal count was nine rats in the control group and eight rats in the other groups. The animals in the TMAO group and TMAO+MCT group received TMAO (Alfa Aeser, Kandel, Germany) at a dose of 120 mg/kg in their drinking water daily for 10 weeks. To induce pulmonary hypertension and right ventricular remodeling and dysfunction, a single subcutaneous injection of monocrotaline (MCT) (Sigma-Aldrich, Schnelldorf, Germany) at a dose of 60 mg/kg was administered to the animals in the MCT and TMAO+MCT groups. TMAO treatment was continued in both groups that previously received TMAO until the end of the experiment. The rats were weighed twice a week to monitor their general health condition. Since the time from MCT injection to right ventricular failure onset differs markedly (Hardziyenka et al., 2006), a 4-week time point after the administration of MCT was chosen for the echocardiographic assessment of right ventricle functionality based on our pilot experiments in this model. In addition, invasive direct right ventricular pressure measurement was performed. After the assessment of cardiac functionality, the animals were sacrificed, and cardiac tissue and plasma samples were immediately frozen and stored at −80°C for further analysis. In addition, a mitochondrial functionality study was performed using permeabilized cardiac fibers of the right ventricle.
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FIGURE 1. Schematic representation of the study design.




Echocardiography Assessment and Direct Right Ventricle Blood Pressure Measurement

The rats were anesthetized using 5% isoflurane dissolved in 100% oxygen. After the onset of anesthesia, the concentration of isoflurane was decreased to 2.5%, the experimental animals were placed in a decubitus position, and the chest and upper part of the abdomen were shaved. The animals were connected to a Philips iE33 ultrasonograph (Philips Healthcare, Andover, USA) to record ECG from the II lead. Then, the rat was placed on the left side, and a four-chamber view was recorded from the apical point of view using a Philips (Philips Healthcare, Andover, USA) S12-4 sector array transducer. Right ventricular (RV) end-diastolic area (RV-EDA) and RV end-systolic area (RV-ESA) were recorded. ECG was used to determine the exact time of RV systole and diastole. Furthermore, RV-EDA and RV-ESA were used to calculate RV fractional area change (RVFAC). The rat was again placed in a decubitus position, and functional parameters of the left ventricle were recorded at the papillary muscle level using a Philips (Philips Healthcare, Andover, USA) linear L15-7io transducer.

After the echocardiographic assessment of ventricular anatomy and functioning, invasive direct right ventricular pressure measurement was performed. The anesthetized rat was intubated using a 16-G intravenous catheter and mechanically ventilated with 2% isoflurane dissolved in 100% oxygen at a tidal volume of 1.5 ml/100 g. The abdominal cavity was opened, and the diaphragm was incised to expose the pleural cavity. The ribs on both sides of the chest were cut to access the heart. An 18-G needle was connected to a pressure transducer (AD Instruments, Sidney, Australia) and inserted into the cavity of the right ventricle through the apex of the heart. The right ventricular pressure was measured until a stable pressure reading was obtained.



Measurement of Organ Mass

To calculate the organ-to-body weight indexes, the heart and lungs were excised and weighed. Then, the right ventricle (excluding the septum) was separated from the heart and weighed.



Measurements of Plasma Biochemical Parameters

To obtain plasma, the blood samples were centrifuged at 1,000 g and 4° for 10 min and then stored at −80°C until further analysis. The levels of triglycerides and total cholesterol in plasma were measured using commercially available kits from Instrumentation Laboratory (Milan, Italy). The level of free fatty acids (NEFA) was measured using a commercially available kit from Wako Chemicals (Neuss, Germany). All measurements were carried out according to the manufacturer's instructions.



Quantification of TMAO in Plasma and Tissue Samples

Determination of the TMAO concentrations in the plasma and heart homogenate samples was performed by ultra-performance liquid chromatography-tandem mass spectrometry (UPLC/MS/MS) using the positive ion electrospray mode as previously described (Dambrova et al., 2013; Grinberga et al., 2015). Briefly, obtained tissues were homogenized with water in OMNI Bead Ruptor 24 (Camlab, Cambridge, United Kingdom) at a w/v ratio of 1:10. The obtained homogenates were centrifuged at 20,000 g for 10 min at 4°C. The supernatants were collected and stored at −80°C until further analysis.

Sample preparation was performed by deproteinization with an acetonitrile–methanol mixture (3:1, v/v). The samples were then vortexed and centrifuged at 15,000 g for 20 min. The supernatant was transferred to UPLC vials and used for UPLC/MS/MS analysis. MassLynx 4.1. software with a QuanLynx 4.1. module (Waters, Milford, USA) was used for data acquisition and processing.



Measurements of Tissue Brain Natriuretic Peptide (BNP)

A Rat BNP 45 ELISA Kit (Abcam, Cambridge, United Kingdom, ab108816) was used to test the levels of makers of congestive heart failure in right ventricular tissue extracts. Extract preparation and analysis were carried out according to the manufacturer's instructions.



Isolation of RNA and qPCR Analysis

Total RNA was isolated from right ventricular tissues using TRI reagent (Sigma, St. Louis, MO, USA) according to the manufacturer's recommended protocol. First-strand cDNA synthesis was performed using the High-Capacity cDNA Reverse Transcription Kit (Applied BiosystemsTM, Foster City, CA, USA) following the manufacturer's instructions. The qPCR mix consisted of SYBR® Green Master Mix (Applied BiosystemsTM, Foster City, CA, USA), synthesized cDNA, and forward and reverse primers specific for VCP, BNP, αMHC, and βMHC. These genes were chosen to characterize heart failure severity and cardiac hypertrophy. The reaction was carried out in an Applied Biosystems Prism 7500 instrument according to the protocol provided by the manufacturer. The relative expression levels of each of the genes of interest were calculated with the ΔΔCt method and were normalized to the expression level of the VCP gene. The primer sequences used for the qPCR analysis are available in Supplementary Table 1.



Measurements of Mitochondrial Respiration in Permeabilized Cardiac Fibers

Mitochondrial function was assessed in permeabilized cardiac fibers from the right ventricle that were prepared as previously described (Kuka et al., 2012). The mitochondrial respiration measurements were performed in MiR05 media (110 mM sucrose, 60 mM K-lactobionate, 0.5 mM EGTA, 3 mM MgCl2, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, pH 7.1, 0.1% BSA essentially free of fatty acids) at 37°C using an Oxygraph-2k (O2k; Oroboros Instruments, Innsbruck, Austria). Mitochondrial functionality measurements were performed using a previously described respirometry protocol (Makrecka-Kuka et al., 2020). Briefly, palmitoylcarnitine (PC) and malate (10 μM and 0.5 mM, respectively) were used to measure FAO-dependent mitochondrial respiration (F(N)-pathway) in a substrate-dependent LEAK (L) state. Then, ADP was added to a concentration of 5 mM to initiate oxidative phosphorylation-dependent respiration (OXPHOS state). Next, pyruvate (5 mM, complex I substrate, N-pathway) was added to reestablish FN-pathway-linked respiration. Succinate (10 mM, complex II substrate, S-pathway) was added to reconstitute convergent FNS-linked respiration. Then, rotenone (0.5 μM, complex I inhibitor) and antimycin A (2.5 μM, complex III inhibitor) were added to determine the S-linked respiration and residual oxygen consumption (ROX), respectively.

To determine the contribution of each substrate to the respiration rate, the flux control factor was calculated as follows:
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To determine the mitochondrial mass in the heart, the citrate synthase activity in tissue homogenates was measured spectrophotometrically as previously described (Srere, 1969).



Statistical Analysis

The statistical analysis of the data was performed using GraphPad Prism (GraphPad, Inc., La Jolla, USA) software. All the data are represented as the mean ± standard error of the mean (SEM). Data distribution was determined using Shapiro-Wilk's normality test. The statistical significance of the experimental results was verified by one-way ANOVA followed by Dunnett's multiple comparison test (to compare each experimental group to the control group) following an unpaired t-test (to compare the MCT group to the TMAO+MCT group). If the data were not normally distributed, the Kruskal-Wallis test followed by Dunn's multiple comparison test was used. The results were considered statistically significant if the p-value was < 0.05.




RESULTS


Effects of Long-Term TMAO Administration on Heart Failure Severity

Administration of TMAO at a dose of 120 mg/kg in the drinking water for 14 weeks resulted in a 6-fold increase in the TMAO plasma concentrations (up to 100 μM) in both the TMAO and TMAO+MCT groups (Figure 2A). The analysis of the TMAO content in the tissues of the right ventricle revealed that treatment with TMAO resulted in a 14-fold increase in the TMAO tissue content (up to 140 nmol/g tissue) in both groups that received TMAO (Figure 2B).
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FIGURE 2. TMAO concentration in plasma (A) and right ventricular tissue (B) after administration of TMAO at a dose of 120 mg/kg in the drinking water for 14 weeks. The results are presented as the mean ± SEM of 8–9 animals. * Indicates a significant difference from the control group (one-way ANOVA followed by Dunnett's post-test), # indicates a significant difference from the MCT group (unpaired t-test), p < 0.05.


The echocardiographic assessment did not reveal any significant differences in cardiac function between the control and TMAO groups. Administration of TMAO at a dose of 120 mg/kg in the drinking water for 14 weeks did not affect direct right ventricular (RV) pressure, RV systolic and diastolic area or RV fractional area change (Table 1) as well as ejection fraction and fractional shortening of the left ventricle (Supplementary Table 2). Compared with the control, administration of monocrotaline induced a significant increase (~50%) in direct right ventricular pressure (Table 1). In addition, dilatation of the right ventricle was observed in the hearts of the animals in the MCT group, as indicated by 34 and 83% increases in the RV diastolic and systolic areas, respectively. Subsequently, the right ventricular fractional area change was significantly decreased in the MCT group compared to the control group. Compared to those in the MCT control group, the direct RV pressure measurement was decreased by 22%, the RV diastolic and systolic areas were decreased by up to 27%, and therefore, the RV fractional area change was increased by 25% in the TMAO+MCT group. None of the measured parameters in the TMAO+MCT group were significantly different from those in the control group. Overall, these results indicate that chronically elevated TMAO levels in plasma and cardiac tissue do not affect cardiac functionality, while long-term TMAO administration preserves myocardial mechanical function in monocrotaline-induced heart failure.


Table 1. Echocardiographic assessment of right ventricle functionality after administration of TMAO at a dose of 120 mg/kg for 14 weeks in a monocrotaline-induced model of right ventricle heart failure.
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To evaluate MCT-induced cardiac and pulmonary remodeling, the organ mass indexes were calculated. There was no difference in the whole heart-to-body weight index or in the left ventricle-to-body weight index between the experimental groups (Supplementary Figure 1). Long-term TMAO administration did not impact either the right ventricle (Figure 3A) or lung-to-body weight (Figure 3B) indexes. Compared to the control group, the MCT group exhibited increased right ventricle hypertrophy and pulmonary remodeling, as indicated by significant increases in the organ-to-body weight indexes by 46 and 76%, respectively (Figures 3A,B). In the TMAO+MCT group, the right ventricle and lung-to-body weight indexes were decreased by 15 and 11%, respectively, compared to those in the MCT group (Figures 3A,B) suggesting that long-term TMAO administration can partially prevent monocrotaline-induced organ remodeling and hypertrophy.


[image: Figure 3]
FIGURE 3. Changes in the right ventricle-to-body weight (A) and lung-to-body weight (B) indexes after monocrotaline injection. The results are presented as the mean ± SEM of 8–9 animals. * Indicates a significant difference from the control group (one-way ANOVA followed by Dunnett's post-test), p < 0.05.


In addition, long-term TMAO administration did not cause any significant changes in the expression of genes related to heart failure and hypertrophy (Figures 4A,B) or in the protein expression of BNP45 (Figure 4C). In the MCT group, a 3-fold decrease in the α/β-MHC expression ratio (Figure 4A) was observed, indicating a shift in favor of the β isoform caused by right ventricle hypertrophy. In addition, the expression of a maker of heart failure severity, BNP, was upregulated by 12-fold in the MCT group (Figure 4B). Consistent with the gene expression results, BNP45 protein expression in cardiac tissue was significantly increased by 10-fold in the MCT group compared to the control group (Figure 4C). In the TMAO+MCT group, the α/β-MHC expression ratio was 2-fold higher, suggesting less pronounced cardiac hypertrophy compared to that in the MCT group (Figure 4A). The gene and protein expression of BNP was lower in the TMAO+MCT group than in the MCT group (Figures 4B,C). Moreover, measurements of total cholesterol, triglycerides and free fatty acids in plasma did not reveal any significant changes between experimental groups (Supplementary Table 3), therefore our observed effects of TMAO on cardiac function are independent of plasma lipid profile. Overall, these findings indicate that long-term TMAO administration partially reduced the severity of heart failure induced by monocrotaline administration.


[image: Figure 4]
FIGURE 4. Effect of administration of TMAO at a dose of 120 mg/kg in the drinking water for 14 weeks on heart failure severity-related gene expression (A,B) and BNP protein expression (C) in right ventricular tissue of a rat model of monocrotaline-induced heart failure. The results are presented as the mean ± SEM of 6–8 animals. * Indicates a significant difference from the control group [one-way ANOVA followed by Dunnett's posttest for (A), Kruskall-Wallis test followed by Dunn's multiple comparison test for (B) and (C)], # indicates a significant difference from the MCT group (unpaired t-test), p < 0.05.




Effects of Long-Term TMAO Administration on Cardiac Mitochondrial Energy Metabolism

To further investigate the effects of long-term TMAO administration on energy metabolism, mitochondrial respiration measurements were performed using permeabilized cardiac fibers prepared from right ventricular tissue samples. Long-term TMAO administration decreased the FAO-dependent respiration rate by 69% in the OXPHOS state (Figure 5A), resulting in an 11% decrease in the FAO-dependent OXPHOS coupling efficiency (Figure 5B). Although pyruvate metabolism input to overall respiration was increased by ~44% in the TMAO group, as indicated by Flux control factor analysis (Figure 5B), it was not sufficient to restore FN and FNS pathway-linked mitochondrial respiration in the OXPHOS state (Figure 5A). In the MCT group, there was a 75% decrease in the FAO-dependent respiration rate in the OXPHOS state (Figure 5A) and a subsequent 13% decrease in the FAO-dependent OXPHOS coupling efficiency (Figure 5B). Similar to the TMAO group, in the MCT group, pyruvate metabolism input to respiration was increased by 50% (Figure 5B), but this increase was not sufficient to restore FN- and FNS-pathway-linked respiration in the OXPHOS state (Figure 5A). In contrast to the TMAO group, in the MCT group, the flux control factor for rotenone was reduced (p = 0.06), indicating partial complex I dysfunction (Figure 5B). Moreover, in the TMAO+MCT group, mitochondrial energy metabolism was preserved, as shown by normalized respiration rates (Figure 5A), preserved FAO-dependent oxidative phosphorylation efficiency and subsequently decreased pyruvate metabolism input (Figure 5B). Moreover, measurements of the citrate synthase activity (Supplementary Figure 2) in right ventricular tissue showed that there were no differences in mitochondrial mass between the experimental groups. Taken together, the obtained results show that long-term TMAO administration itself induces mitochondrial metabolic preconditioning by causing a switch from fatty acid utilization to pyruvate utilization without affecting electron transfer functionality; moreover, in right ventricle heart failure, TMAO treatment can preserve cardiac mitochondrial energy metabolism.
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FIGURE 5. Mitochondrial respiration rate measurements (A) and flux control factors (B) in right ventricular cardiac fibers using different energy substrates after administration of TMAO at a dose of 120 mg/kg for 14 weeks in a model of monocrotaline-induced right ventricle heart failure. The results are presented as the mean ± SEM of 6 animals. * Indicates a significant difference from the control group (one-way ANOVA followed by Dunnett's post-test), # indicates a significant difference from the MCT group (unpaired t-test), p < 0.05. Flux control factor, the contribution of each substrate/pathway to the respiration rate; PC, palmitoylcarnitine; ADP, adenosine diphosphate; P, pyruvate; S, succinate; Rot, rotenone; AmA, antimycin A; F, fatty acid oxidation-dependent pathway; N, NADH pathway; LEAK, substrate-dependent state; OXPHOS, oxidative phosphorylation-dependent state; ROX, residual oxygen consumption.





DISCUSSION

In the present study, we demonstrate the effects of long-term TMAO administration on cardiac mitochondrial energy metabolism and on right ventricular heart failure progression. Although long-term TMAO administration decreases mitochondrial fatty acid oxidation, it has no adverse effects on cardiac mechanical function. However, unexpectedly, long-term TMAO administration results in preserved mitochondrial energy metabolism, leading to reduced heart failure severity and maintained cardiac functionality. Taken together, these results suggest that elevated TMAO concentrations can exert preconditioning-like effects and exhibit cardioprotective properties.

The role of TMAO as a risk factor in the development of cardiovascular diseases is widely debated around the world. It has been shown that even a 100-fold increase in circulating TMAO levels (up to 60 μM) in rats did not affect cardiac functionality (Ufnal et al., 2014). Similarly, no effects on cardiac parameters in mice were observed after 3 weeks of administration of 0.12% TMAO in the chow (Organ et al., 2016). Although the TMAO concentration in target tissues was not determined in previously mentioned studies, it has recently been shown that TMAO at concentrations up to 10 mM does not affect cell viability, mitochondrial membrane potential or ROS production in rat cardiomyocytes (Querio et al., 2019). Our results complement previous findings, reporting the TMAO level reached in cardiac tissue (up to 140 nmol/g tissue) after 14-week administration of TMAO in drinking water and, thus, provide a rationale behind further dose selection strategies in in vitro experiments. In our experimental design, TMAO was administered directly (120 mg/kg in their drinking water) and no further metabolization was needed by gut bacteria. However, the possible interindividual variability caused by alterations in gut microbiota composition should be considered if TMAO precursors (i.e., choline or carnitine) were administered during the experiment, since various bacterial genera are able to metabolize different precursors to synthesize TMA (Jameson et al., 2018). It has also been shown that a retroconversion of TMAO to TMA is possible (Hoyles et al., 2017); however, in our study a low variability of TMAO levels in right ventricular tissue was observed, suggesting that gut microbiota composition and TMA/TMAO production capacity was similar in our experimental animals. Moreover, our results demonstrate that a long-term increase in plasma TMAO levels up to 100 μM and a subsequent increase in TMAO levels in cardiac tissue (up to 140 nmol/g tissue) do not affect cardiac function. In addition, recent studies indicated that TMAO administration does not exacerbate the condition of already present stressors (Querio et al., 2019), such as H2O2, which is a major contributor to oxidative stress (Nita and Grzybowski, 2016), and doxorubicin, which is known to cause disturbances in cardiac energy substrate metabolism similar to those caused by heart failure (Wu et al., 2016). In our experimental setup, long-term TMAO administration shifted mitochondrial energy substrate utilization from FAO to glucose metabolism, but in contrast to the heart failure group, the TMAO treatment group did not exhibit altered mitochondrial electron transfer system functionality. Since the shift from compensated cardiac hypertrophy to heart failure is preceded by respiratory complex I and II dysfunction (Griffiths et al., 2010), unaltered complex I and complex II function could explain our observations of maintained cardiac functionality even after 14 weeks of TMAO administration, notwithstanding altered energy metabolism. Overall, our findings suggest that despite this metabolic shift, long-term elevations in TMAO levels in plasma and cardiac tissue do not exert detrimental effects on cardiac function.

Previously, increased plasma TMAO levels in experimental models of heart failure led to worsening of cardiac parameters, suggesting that TMAO is a detrimental factor in cardiovascular disease pathophysiology. It has been shown that administration of TMAO and its precursor, choline, exacerbates left ventricle remodeling and cardiac function loss (Organ et al., 2016). Moreover, withdrawal of dietary TMAO even 6 weeks after aortic constriction reversed those changes, indicating an ability of the heart to recover from detrimental changes caused by TMAO (Organ et al., 2020). In addition, a reduction in circulating TMAO levels by 3,3-dimethyl-1-butanol or iodomethylcholine alleviated cardiac hypertrophy and remodeling after aortic banding (Organ et al., 2020; Wang et al., 2020). TMAO-induced impairment in cardiomyocyte contractility and calcium handling (Savi et al., 2018) as well as T-tubule formation (Jin et al., 2020) were suggested as possible mechanisms that may link TMAO to heart failure. In contrast, our results demonstrate that an increase in TMAO levels in plasma and tissues partially prevents the remodeling of the right ventricle and the development of right-sided heart failure. Previously, it has been shown that TMAO treatment reduces cardiac fibrosis and improves cardiac functionality in a model of Spontaneously Hypertensive rats (Huc et al., 2018). Consistent with these findings, our study shows that TMAO administration can partially prevent right ventricular hypertrophy as shown by normalized organ-to-body weight indexes and hypertrophy-related gene expression. Moreover, consistent with our results, protective effects of TMAO were also observed in Spontaneously Hypertensive Heart Failure rats, in which long-term TMAO treatment improved survival and cardiac parameters and lowered plasma NT-proBNP levels (Gawrys-Kopczynska et al., 2020). Similarly, in our study, TMAO administration preserved right ventricular function, as indicated by normalized direct RV pressure and RV fractional area change; moreover, TMAO decreased the expression of a marker of heart failure severity, BNP, in right ventricular tissue. In addition, a recent study showed that administration of betaine, a common TMAO precursor, attenuated pulmonary artery hypertension (Yang et al., 2018). Interestingly, monocrotaline injection was used to induce pulmonary artery hypertension in the previous study; this is the same method we used in our study to induce right ventricle heart failure. Although ~100-fold less TMAO is produced from betaine than from choline (Wang et al., 2014), at least to some extent, the observed protective effects of betaine might be explained by increased bioavailability of TMAO. Overall, previous and present observations suggest that long-term TMAO administration can reduce right ventricular remodeling and improve cardiac function in right-sided heart failure. Moreover, our findings also support the hypothesis that a TMAO-rich Mediterranean diet may prevent and reduce the risk of cardiovascular diseases (Estruch et al., 2018).

The protective role of TMAO was previously explained by its ability to reduce endoplasmic reticulum stress (Makhija et al., 2014), oxidative-nitrative stress and the subsequent vascular and diabetic complications (Lupachyk et al., 2013; Fukami et al., 2015). More recently, some protective effects were attributed to the ability of TMAO to increase diuresis and natriuresis (Gawrys-Kopczynska et al., 2020). In addition, our study proposes preserved cardiac energy metabolism as a possible mechanism underlying the observed protective effects of TMAO. The heart is capable of adapting to both physiological and pathological stressors by shifting from FAO as a dominant energy source to more pronounced utilization of glucose (Brown et al., 2017). In physiological states, this shift could be considered a preconditioning strategy, since the heart is thus better prepared for future stress conditions, such as hypoxia, due to higher reliance on more energy-efficient substrates in the case of oxygen deficiency (Karwi et al., 2018). In the present study previously described metabolic shift was observed, when after long-term TMAO administration FAO was decreased, and pyruvate metabolism was subsequently increased without changes in cardiac functionality. It has been previously shown that TMAO decreases FAO with a mechanism not related to inhibition of carnitine palmitoyl transferase 1 (CPT1) (Makrecka-Kuka et al., 2017). Since we did not observe hindered pyruvate metabolism by accumulation of acylcarnitines, which might occur if carnitine/acylcarnitine translocase (CACT) or CPT2 was inhibited (Chegary et al., 2008; Makrecka et al., 2014; Makrecka-Kuka et al., 2020), most likely the decrease in FAO induced by TMAO administration is not related to direct inhibition of CACT or CPT2. Another possible explanation of our observation that TMAO reduces FAO could be that TMAO indirectly inhibits CACT by a nitric oxide (NO)-dependent mechanism (Tonazzi et al., 2017). However, TMAO is not reported to act as NO donor, moreover, it is shown to downregulate NO production in vitro (Sun et al., 2016; Chou et al., 2019) and in vivo (Li et al., 2017). Thus, it is unlikely that TMAO could cause indirect inhibition of CACT via NO pathway. Overall, an increase in TMAO concentration appears to induce a metabolic shift, possibly through direct inhibition of β-oxidation, toward more efficient substrate metabolism under stress conditions, such as hypoxia, thus ensuring preserved energy metabolism and subsequently improving cardiac function recovery after injury. Taken together, our results suggest that TMAO administration exhibits cardioprotective properties during heart failure by maintaining metabolic flexibility and preserving fatty acid oxidation, both of which are vital strategies to restore cardiac bioenergetic balance (Kolwicz et al., 2012; Karwi et al., 2018). Moreover, our findings demonstrate that long-term consumption of TMAO-rich foods (i.e., Mediterranean diet) might induce metabolic preconditioning-like effects.

In conclusion, our study presents evidence that chronic TMAO administration protects cardiac functionality by preserving mitochondrial energy metabolism in an experimental model of monocrotaline-induced right ventricle heart failure, where TMAO acts as a preconditioning factor. In addition, our results provide a novel insight on the theory, that the role of TMAO in the pathogenesis of cardiometabolic diseases is not limited to either detrimental or protective effects, suggesting that it might actually be dual and depend on specific conditions.
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The disruption of mitochondrial dynamics is responsible for the development of diabetic cardiomyopathy (DCM). However, the mechanisms that regulate the balance of mitochondrial fission and fusion are not well-understood. Wild-type, Mst1 transgenic and Mst1 knockout mice were induced with experimental diabetes by streptozotocin injection. In addition, primary neonatal cardiomyocytes were isolated and cultured to simulate diabetes to explore the mechanisms. Echocardiograms and hemodynamic measurements revealed that Mst1 knockout alleviated left ventricular remodeling and cardiac dysfunction in diabetic mice. Mst1 knockdown significantly decreased the number of TUNEL-positive cardiomyocytes subjected to high-glucose (HG) medium culture. Immunofluorescence study indicated that Mst1 overexpression enhanced, while Mst1 knockdown mitigated mitochondrial fission in DCM. Mst1 participated in the regulation of mitochondrial fission by upregulating the expression of Drp1, activating Drp1S616 phosphorylation and Drp1S637 dephosphorylation, as well as promoting Drp1 recruitment to the mitochondria. Furthermore, Drp1 knockdown abolished the effects of Mst1 on mitochondrial fission, mitochondrial membrane potential and mitochondrial dysfunction in cardiomyocytes subjected to HG treatment. These results indicated that Mst1 knockout inhibits mitochondrial fission and alleviates left ventricular remodeling thus prevents the development of DCM.
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INTRODUCTION

The International Diabetes Federation (IDF) highlights that the global prevalence of diabetes has been increasing over recent decades. The prevalence of diabetes was estimated to be 8.8% in 2015 and is predicted to rise to 10.4% in 2040 (Ogurtsova et al., 2017). Diabetes itself is an independent risk factor for cardiovascular disease, and the increased prevalence of diabetes has led to more cases of cardiovascular complications (Adeva-Andany et al., 2019). With the chronic and progressive damage of diabetes, diabetic cardiomyopathy (DCM) which is characterized by early cardiac diastolic dysfunction, decreased or preserved systolic function and a reduced ejection fraction eventually resulting in heart failure, can be caused (Rubler et al., 1972). It is important to elucidate the mechanism of diabetic cardiomyopathy to reduce the cardiac mortality of diabetic patients.

A universal theory exists across science fields that mitochondria are not static, solitary organelles, but that they constantly undergo shape and number changes due to the mitochondrial dynamics (Williams and Caino, 2018). Mitochondrial dynamics are mainly controlled by the two opposing processes of fission and fusion (Mattie et al., 2019). Dynamin-related protein 1 (DRP1), mitochondrial fission 1 (Fis1), mitochondrial fission factor (MFF) and mitochondrial dynamics proteins (MiD49/MiD51) constitute the core machinery promoting mitochondrial fusion. Mitofusin 1/2 (MFN1/2) and optic atrophy protein 1 (OPA1) achieve fusion of the outer and inner mitochondrial membranes, respectively (van der Bliek et al., 2013). Numerous experiments have observed that hyperglycemia induces mitochondrial fragmentation (Yu et al., 2006, 2011). Dysregulation of mitochondrial dynamics has been hypothesized to contribute to the pathogenic progression of metabolic diseases, including the diabetic complication of DCM (Galloway and Yoon, 2015). However, the molecular mechanisms responsible for mitochondrial dynamics in diabetic stress are not well-understood.

Mammalian sterile 20-like kinase 1 (Mst1) is the core component of the Hippo pathway. It is expressed in various organs and tissues of mammals, especially in cardiomyocytes. The Hippo pathway associated with Mst1 regulates the growth and death of myocardial cells (Yang et al., 2018). We have discussed the role of Mst1 in regulating autophagy and apoptosis in the cardiovascular system, as well as the cardiac function of Mst1 in diabetic mice (Zhang et al., 2016; Wang et al., 2018a). Our previous study demonstrated that the expression of Mst1 increased DCM progression, while other studies showed that mitochondrial fission is increased during DCM progression. Therefore, the purpose of this study was to determine the regulatory effect of Mst1 on mitochondrial fission and fusion of the myocardium under hyperglycemic conditions.



MATERIALS AND METHODS


Animals and Treatment

Mst1 transgenic (Mst1Tg) and Mst1 knockout (Mst1−/−) mice (C57BL/6 background) were purchased from K&D gene technology (Wu Han, China). All animals were identified by Western blot and real-time PCR analysis. The present study was performed according to the NIH guidelines on the use of laboratory animals. All protocols were approved by the Institutional Animal Care in the Xi'an International Medical Center. As previously described (Zhang et al., 2016), 8-week old mice (Male, 20–25 g) were intraperitoneally injected with streptozotocin (STZ, 50 mg/kg, dissolved in 100 mmol/L citrate buffers, pH 4.5) for 5 days and fed a high-fat and high-sugar diet to induce a diabetes model, and only those with random blood glucose levels ≥16.6 mmol/L twice were labeled having diabetes. Four groups were set as follows: (1) Wild type group (WT, n = 8); (2) Diabetes group (DM, n = 10); (3) Diabetes + Mst1−/− group (DM+Mst1−/−, n = 11); (4) Diabetes + Mst1Tg group (DM+Mst1Tg, n = 9).



Isolation of Primary Neonatal Mouse Cardiomyocytes

Isolation of primary neonatal mouse cardiomyocytes was described previously (Ehler et al., 2013). Briefly, neonatal mouse hearts were quickly excised and minced into fragments prior to enzymatic digestion with a collagenase/dispase mixture (Invitrogen, USA). After several rounds of digestion, the digested fragments were placed on a sterilized platform to sediment for several minutes, and digested cells in supernatants were pre-placed for 90 min to remove fibroblasts and endothelial cells because of their earlier attachment. Then the residual supernatant with abundant cardiomyocytes was replanted in collagen-coated dishes at ~1.5 × 105 cells per cm2. After incubation without being moved for 48 h, the culture medium was refreshed with complete medium.



The Culture of Primary Neonatal Mouse Cardiomyocytes

The culture of primary cardiomyocytes was described previously (Ehler et al., 2013). Briefly, cells were cultured in complete Dulbecco's Modified Eagle's Medium (DMEM, HyClone, USA) with 4,500 mg/L glucose,4 mM L-glutamine, 110 mg/L sodium pyruvate, 1% (v/v) penicillin/streptomycin and 10% (v/v) fetal bovine serum (FBS, Biological Industries). Cells were then placed in an incubator containing 95% air and 5% CO2 at 37°C. The culture medium was replaced every 2–3 days. For the in vitro study, primary cardiomyocytes were treated with low glucose (LG, 5.5 mM/L) and high glucose (HG, 30 mM/L) for 48 h.



Cardiac Function Evaluation

After a three-month duration of the diabetic condition, all mice were carefully anesthetized with 2% isoflurane and fixed on a heating pad (37°C) in a supine position. Cardiac function was evaluated across the thoracic region using 2-D Guided M-mode echocardiography (VisualSonics Vevo 2100, Toronto, ON, Canada) equipped with a 15 MHz linear transducer. Left ventricular end-diastolic diameter (LVEDD) and left ventricular end-systolic diameter (LVESD) were measured on the left ventricular short axis. Left ventricular ejection fraction (LVEF) and left ventricular fraction shortening (LVFS) were calculated by computer algorithms, as described previously. A pressure catheter was used to assess the maximal rate of LV contractility and relaxation with a previously described method (Wang et al., 2018b).



Cell Apoptosis Assay

A terminal deoxynucleotidyl transferased UTP nick end labeling (TUNEL) assay kit (Roche Applied Science, Swiss) was employed to determine myocardial apoptosis following the manufacturer's instructions as previously described (Zhang et al., 2016).



Transmission Electron Microscopy (TEM)

Murine heart tissues were fixed in 2% glutaraldehyde for at least 24 h. Tissues were then immersed in 2% osmium tetroxide and 1% aqueous uranyl acetate, each for 1 h. After being washed with a series of ethanol solutions (50, 70, 90, and 100%), tissues were transferred to propylene oxide, incubated in a 1:1 mixture of propylene oxide and EMbed 812 (Electron Microscopy Sciences) for 1 h and then placed in a 70°C oven to polymerize. Sections (75–80 nm) were cut using a Leica ultramicrotome equipped with a Diatome diamond knife and collected on 200-mesh copper grids. After being post-stained in 5% uranyl acetate for 10 min and in Reynold's lead citrate for 5 min, sections were observed using a 40-120 kV transmission electron microscope (FEI TECNAI G2 Spirit Biotwin, Hong Kong, China). For the in vitro study, primary cardiomyocytes were collected by centrifuging at 1,000 rpm for 10 min and fixing them in 100 μL of 2% glutaraldehyde. The subsequent operations were performed as described above (Hu et al., 2017).



Mitochondrial and Cytosolic Protein Extraction

Mitochondrial and cytosolic components were extracted using a Mitochondria Isolation Kit (C3601, C3606, Beyotime). First, cardiomyocytes were well-distributed by Mitochondria Isolation Solution containing PMSF in an ice bath for 15 min. A glass homogenizer was applied to grind the cells followed by centrifugation with 1,000 × g for 10 min at 4°C. The liquid supernatant was shifted to another tube and centrifuged again with 11,000 × g for 10 min. The sediment was blended with Mitochondrial Lysate Solution to obtain mitochondrial proteins. The supernatant was centrifuged with 12,000 × g for 20 min to obtain cytosolic proteins.



Western Blot Analysis

After treatments, murine heart tissues and primary cardiomyocytes were collected, digested and analyzed using a BCA assay (for protein concentration, Thermo Fisher Scientific, USA). Protein samples of each group were separated using SDS-PAGE gels, transferred to the polyvinylidene difluoride membrane (PVDF, Millipore, USA), and then incubated overnight at 4 °C with specific antibodies against Mst1 (1:1,000, Cell Signaling Technology); t-Drp1 (1:1,000, Millipore, USA); p-Drp1S616 (1:500, Cell Signaling Technology, USA); p-Drp1S637 (1:500, Cell Signaling Technology, USA); Mff (1:1,000, Proteintech, USA); Mid49 (1:500, Proteintech, USA); Mid51 (1:1,000, Proteintech, USA); Fis1 (1:1,000, Proteintech, USA); Mfn1 (1:500, Proteintech, USA); Mfn2 (1:5,000, Abcam, USA); Opa1 (1:2,000, Abcam, USA); caspase-3 (1:1,000, Cell Signaling Technology, USA); cleaved caspase-3 (1:1,000, Cell Signaling Technology, USA) and β-actin (loading control, 1:1,000, Cell Signaling Technology). Then, blots were incubated with horseradish peroxidase (HSP)-conjugated secondary antibody (1:5,000, Proteintech, USA) for 1 h. Finally, blots were scanned and detected by the luminescence method. Band intensity was analyzed using the Image J software (Version 1.45).



Real Time PCR

RNA was extracted with RNeasy mini kit (Qiagen, USA), cDNA was synthesized with a high-capacity cDNA reverse transcription kit (Applied Biosystems, Lithuania). Quantitative real-time PCR was performed using a Power SYBR Green PCR Master Mix (Applied Biosystems, UK). All procedures were performed strictly following the manufacturers' protocols. The primer sequences are as follows: Complex-IV forward CAGGATTCTTCTGAGCGTTCTATCA, Complex-IV reverse AATTCCTGTTGGAGGTCAGCA, NADH dehydrogenase subunit 1 forward ATGGTCAGTCTGTCATGGTGGAAC, NADH dehydrogenase subunit 1 reverse GCATAGCACAAGCAGCGACAAC, GAPDH forward ACGGCAAATTCAACGGCACAGTCA, GAPDH reverse TGGGGGCATCGGCAGAAGG.



Immunofluorescence

For immunostaining, antibodies to Drp1 (1:500, Millipore, USA) and MitoTracker® Red CMXRos (40741ES50,) were used. Cells were grown in a particular vessel for fixed-cell imaging. After treatments, cells were washed twice with PBS and incubated with MitoTracker Red CMXRos for 20 min at 37°C. Cells were fixed in pre-warmed 4% paraformaldehyde for 10 min at 37°C, permeabilized in 0.1% Triton X-100, and all were washed after each step by phosphate-buffered saline. The primary antibodies were incubated for 48 h at 4°C and then conjugated for detection with Alexa fluor 488 anti-goat. The nuclei were dyed with DIPA. Scoring of mitochondrial morphology was performed blind to genotype in triplicates of 100 cells. Imaging was performed with a Plan-Apochromat 63×/1.4 oil objective on a Zeiss LSM 710 confocal microscope driven by Zen 2009 software (Carl Zeiss, Jena, Germany). Images were cropped, globally adjusted for contrast and brightness, and median filtered using ImageJ (National Institutes of Health, Bethesda, MD).



Adenovirus Construction and Transfection

The adenoviruses harboring Drp1 shRNA (Ad-sh-Drp1; MOI: 100); Mst1 shRNA (Ad-sh-Mst1; MOI: 100); Mst1 (Ad-Mst1; MOI: 100); and control vectors (Ad-sh-LacZ and Ad-LacZ; MOI: 100) were purchased from Hanbio Technology, Ltd. (Shanghai, China) and were transduced 4 h after the cardiomyocytes were treated with low (5.5 mM) or high (33 mM) glucose for 48 h.



Determination of Mitochondrial Membrane Potential (MMP)

Primary cardiomyocytes were cultured in disposable confocal dishes. After their corresponding treatments, cells were rinsed with PBS and incubated with 5 μM JC-1 dye (C2006, Beyotime) at 37°C for 20 min. Fluorescent cells were visualized using an Olympus confocal microscope. Cellular mitochondria with normal MMP emitted red fluorescence (J-aggregate), while those with abnormal MMP showed green fluorescence (J-monomer). The mitochondrial membrane potential (MMP) was calculated using Image-Pro-Plus (Version 6.0) as red /green fluorescence.



Mitochondria Biological Function

To assess the functional status of the mitochondria, an ATP bioluminescent assay kit (S0026, Beyotime) was used to detect the ATP level. The tissues were fully homogenized and centrifuged at 12,000 g for 15 min at 4°C. The supernatant was mixed with the corresponding reagent and assessed using a multimode microplate reader equipped with a luminescence luminometer (FLUOstar Omega, BMG Labtech, Germany). Citrate synthase and electron transport chain complex activities (complexes I/II/V) was measured using commercially available kits (Sigma, USA; Cayman, USA) according to the manufacturer's instructions. Data were representative of 4 biological repeats (Wang et al., 2018a).



Statistical Analysis

All data were presented as the mean ± SEM. Differences between specific groups were determined by one-way analysis of variance (ANOVA) followed by Tukey's post hoc test (Graph-Pad 4.0, Graph Pad Software, La Jolla, CA, USA). Values with a P < 0.05 were considered statistically significant.




RESULTS


Mst1 Inhibition Mitigates Cardiac Dysfunction and Cardiomyocyte Apoptosis in Diabetic Mice

M-mode echocardiograms were used to quantify cardiac function. Representative M-mode echocardiograms were shown in Figure 1A. In diabetic mice, decreased LVEF and LVFS and increased LVESD and LVEDD were observed as compared with the WT mice. Mst1 overexpression inhibited, while Mst1 knockout enhanced LVEF and LVFS in mice underwent diabetes insult (Figures 1B,C). Mst1 knockout significantly inhibited left ventricular remodeling in diabetic mice, as evidenced by decreased LVESD and LVEDD (Figures 1D,E). Hemodynamic measurements also revealed that Mst1 knockout decreased ± LV dp/dt max and alleviated cardiac dysfunction in diabetic mice (Figures 1F,G).


[image: Figure 1]
FIGURE 1. Mst1 inhibition alleviates cardiac dysfunction and cardiomyocyte apoptosis in diabetic mice. (A) Representative images of echocardiography. (B) Measurements of LVEF (%). (C) Measurements of LVFS (%). (D) Measurements of LVEDD (mm). (E) Measurements of LVESD (mm). (F) Hemodynamic evaluation of +LV dp/dt max. (G) Hemodynamic evaluation of -LV dp/dt max. The columns and error bars represent the means and SEM. *P < 0.05 vs. WT; #P < 0.05 vs. DM; $P < 0.05 vs. DM + Mst1−/−. (H) Representative images of TUNEL staining in primary cardiomyocytes (scale bar: 40 mm). (I) Quantitative analysis of the apoptotic index (percentage of TUNEL-positive nuclei, %). (J) Representative western blots showing expression of cleaved-caspase 3, caspase 3 and β-actin (loading control) proteins. (K) Quantitative analysis of the ratio of cleaved-caspase 3/caspase 3. The columns and error bars represent the means and SEM. *P < 0.05 vs. Con; #P < 0.05 vs. HG; $P < 0.05 vs. HG + Ad-sh-Mst1; and P < 0.05 vs. HG + Ad-sh-LacZ; and +P < 0.05 vs. HG + Ad-Mst1.


Mst1 knockdown significantly decreased the number of TUNEL-positive cardiomyocytes subjected to high-glucose medium culture (Figures 1H,I). Furthermore, the ratio of cleaved caspase-3/caspase-3 was also reduced by Mst1 knockdown in cardiomyocytes cultured in high-glucose medium (Figures 1J,K). These data indicated that Mst1 deficiency ameliorated the cardiac pathological phenotype of diabetic mice.



Mst1 Knockdown Ameliorates Mitochondrial Fission in the Experimental Diabetic Cardiomyopathy

The dynamic changes in mitochondrial fission and fusion were observed by transmission electron microscopy and confocal imaging. Transmission electron microscopy demonstrated that the mean mitochondrial size was lager, the number of mitochondria was decreased and mitochondrial crista damage was also ameliorated in the Mst1 knockout diabetic mice hearts, as compared with the diabetic mice (Figures 2A–C). Mst1 overexpression increased the prevalence of fragmented mitochondria, while Mst1 knockout induced a display of elongated mitochondria in the diabetic mice heart (Figures 2A–C). The Mitochondrial Network Analysis (MiNA) toolset, a simple ImageJ macro tool, classified mitochondrial structures as individuals and networks (Valente et al., 2017). MiNA could measure the average lengths of all rods/branches, evaluate the extent of mitochondrial branching and determine the total area in the image (Figures 2D–G). Mst1 overexpression decreased the length of rods/branches, the number of branches and the mitochondrial footprint, whereas Mst1 knockdown increased these parameters in cardiomyocytes subjected to high-glucose culture (Figures 2D–G). In addition, Mst1 knockout resulted in decreased mtDNA copy number as compared with the DM group. However, the transcript level of mtDNA was not significantly changed in Mst1 overexpression or knockout group (Figures 2H,I). Taken together, the above data indicated that Mst1 exacerbates mitochondrial fission and Mst1 knockdown ameliorates mitochondrial fission during DCM.


[image: Figure 2]
FIGURE 2. Mst1 participates in the regulation of mitochondrial dynamics. (A) Representative images of typical damaged and different sized mitochondria (Scale bars: upper panel 2 μm, lower panel 500 nm). (B) Quantitative analysis of the mean mitochondrial size. (C) Quantitative analysis of the number of mitochondria per μm2. The columns and error bars represent the means and SEM. *P < 0.05 vs. WT; #P < 0.05 vs. DM; $P < 0.05 vs. DM +Mst1−/−. (D) Representative images of mitochondria (MitoTracker Red) (Scale bars: upper panel 20 μm, lower panel 5 μm). (E) Quantitative analysis of the mean length of mitochondria rods/branches. (F) Quantitative analysis of the number of branches. (G) Quantitative analysis of the mitochondrial footprint. The columns and error bars represent the means and SEM. *P < 0.05 vs. Con; #P < 0.05 vs. HG; $P < 0.05 vs. HG + Ad-sh-Mst1; and P < 0.05 vs. HG + Ad-sh-LacZ; and +P < 0.05 vs. HG + Ad-Mst1. (H) mtDNA copy number was assessed by complex IV segment. (I) The transcript level of mtDNA was assessed by NADH dehydrogenase subunit 1 (ND1). The columns and error bars represent the means and SEM. *P < 0.05 vs. WT; #P < 0.05 vs. DM; $P < 0.05 vs. DM +Mst1−/−.




Mst1 Knockout Decreases Drp1 Expression, Inhibits Drp1S616 Phosphorylation and Promotes Drp1S637 Phosphorylation in Diabetic Cardiomyopathy

Proteins of the mitochondrial fission machinery include Drp1, Mff, Mid49/51 and Fis1. MfnFN1, Mfn2 and Opa1 are involved consistently in mitochondrial fusion (Otera et al., 2013). Western blot analysis demonstrated that mitochondrial fission related proteins increased and mitochondrial fusion related proteins decreased in DM group compared with WT group (Figures 3A–L). Mst1 knockout decreased Drp1 expression, inhibited the phosphorylation of Drp1S616 and promoted the phosphorylation of Drp1S637. In contrast, Mst1Tg diabetic mice exhibited increased Drp1 expression, up-regulated phosphorylation of Drp1S616 and decreased phosphorylation of Drp1S637 (Figures 3A–D). Mst1 knockout did not significantly change the expression of MFF, Mid49/51 and FIS1 (Figures 3E–H). Furthermore, Mst1 knockout increased Mfn2 levels, while had no role on Mfn1 and Opa1 levels in DCM (Figures 3I–L).


[image: Figure 3]
FIGURE 3. Mst1 knockout decreases Drp1 expression, inhibits Drp1S616 phosphorylation and promotes Drp1S637 phosphorylation in DCM. (A) Protein expression with representative gel blots of t-Drp1, p-Drp1S616, p-Drp1S637, Mff, Mid51, Mid49, Fis1, and β-actin (loading control for Drp1, Mff, Mid51, Mid49 and Fis1). (B) Relative level of t-Drp1. (C) Relative level of p-Drp1S616. (D) Relative level of p-Drp1S637. (E) Relative level of Mff. (F) Relative level of Mid51. (G) Relative level of Mid49. (H) Relative level of Fis1. (I) Protein expression with representative gel blots of Mfn2, Mfn1, Opa1, and β-actin (loading control for Mfn2, Mfn1, Opa1). (J) Relative level of Mfn2. (K) Relative level of Mfn1. (L) Relative level of Opa1. The columns and error bars represent the means and SEM. *P < 0.05 vs. WT; #P < 0.05 vs. DM; and $P < 0.05 vs. HG +Mst1−/−.




Drp1 Knockdown Abolishes the Effects of Mst1 on Mitochondrial Fission in Cardiomyocytes Subjected to High-Glucose Treatment

In cardiomyocytes subjected to high-glucose culture, Mst1 knockdown significantly increased the length of mitochondrial rods/ branches, the number of branches and the mitochondrial footprint. Interestingly, Drp1 knockdown abolished the effects of Mst1 knockdown on the above parameters (Figures 4A–D). Consistently, Drp1 knockdown eliminated the role of Mst1 knockdown on the mean size of mitochondria and the number of mitochondria as evaluated by transmission electron microscopy (Figures 4E–G). These data indicated that Drp1 may serve as a downstream regulator of Mst1.
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FIGURE 4. Drp1 knockdown abolishes the effects of Mst1 on mitochondrial fission. (A) Representative images of mitochondria (MitoTracker Red) (Scale bars: upper panel 20 μm, lower panel 5 μm). (B) Quantitative analysis of the mean length of mitochondria rods/branches. (C) Quantitative analysis of the number of branches. (D) Quantitative analysis of the mitochondrial footprint. (E) Representative images of typical damaged and different sized mitochondria (Scale bars: upper panel 1 μm, lower panel 500 nm). (F) Quantitative analysis of the mean mitochondrial size. (G) Quantitative analysis of the number of mitochondria per μm2. The columns and error bars represent the means and SEM. *P < 0.05 vs. Con; #P < 0.05 vs. HG; $P < 0.05 vs. HG + Ad-Mst1; and P < 0.05 vs. HG + Ad-LacZ; +P < 0.05 vs. HG + Ad-sh- Mst1; and %P < 0.05 vs. HG + Ad-sh- LacZ.




Mst1 Knockdown Inhibits Drp1 Recruitment to the Mitochondria in Cardiomyocytes Under High-Glucose Treatment

Drp1 is largely cytosolic with only 3% of the protein being associated with mitochondria (Smirnova et al., 2001). Drp1 transfer from the cytosol to the mitochondrion was essential for mitochondrial fission (Smirnova et al., 2001; van der Bliek et al., 2013). Immunofluorescence analysis was performed to observe the mitochondrial localization of Drp1. In cardiomyocyts subjected to high-glucose treatment, Drp1 was located increasingly on the mitochondria. Mst1 overexpression increased, while Mst1 knockdown decreased mitochondrial localization of Drp1 (Figures 5A–D). By isolating mitochondrial and cytosolic protein, Mst1 overexpression increased, while Mst1 knockdown reduced both the mitochondrial and cytosolic expression of Drp1 (Figures 5E–H). These results indicated that Mst1 triggers mitochondrial fission by promoting Drp1 expression and translocation to the mitochondria under HG treatment.


[image: Figure 5]
FIGURE 5. Mst1 knockdown inhibits Drp1 recruitment to the mitochondria. (A) Representative colocalization images of Drp1 (Green) and mitochondria (MitoTracker Red) (Scale bars: upper four panels 20 μm, lower panel 5 μm). (B) Quantitative analysis of Drp1 puncta per cell. (C) Quantitative analysis of Drp1/ MitoTracker Red colocalization. (D) Quantitative analysis of colocalized Drp1 Puncta per cell. (E) Protein expression with representative gel blots of total Drp1, mitochondrial Drp1 and cytoplasmic Drp1. (F) Relative level of total Drp1 (G) Relative level of Drp1 in mitochondria. (H) Relative level of Drp1 in cytoplasm. The columns and error bars represent the means and SEM. *P < 0.05 vs. Con; #P < 0.05 vs. HG; $P < 0.05 vs. HG + Ad-sh-Mst1; and P < 0.05 vs. HG + Ad-sh-LacZ; and +P < 0.05 vs. HG + Ad-Mst1.




Drp1 Knockdown Abolishes the Effects of Mst1 on Mitochondrial Membrane Potential and Mitochondrial Dysfunction

Mst1 knockdown increased the mitochondrial membrane potential (ΔΨm) in HG treated cardiomyocytes as evidenced by JC-1 fluorescence imaging (Figures 6A,B). As expected, Drp1 knockdown abolished the effects of Mst1 knockdown on mitochondrial membrane potential (Figures 6A,B). Mst1 knockdown significantly enhanced mitochondrial ATP content and CS activity in cardiomyocytes underwent HG treatment. Interestingly, Mst1 knockdown did not further increase ATP content or CS activity in cardiomyocytes subjected to Drp1 knockdown (Figures 6C,D). Similar results were observed on mitochondrial complex I (Cox I), complex II (Cox II) and complex V (Cox V) enzyme activity (Figures 6E–G). These results indicated that Mst1 aggravates mitochondrial functional injury in diabetic hearts via Drp1.


[image: Figure 6]
FIGURE 6. Drp1 knockdown abolishes the effects of Mst1 on mitochondrial membrane potential and mitochondrial dysfunction. (A) Representative images of JC-1 fluorescence imaging (Scale bar: 20 μm). (B) The ratio of aggregated (Red)/monomeric (Green) JC-1. (C) Cellular ATP content. (D) Citrate synthase (CS) activity. (E) Analysis of Complex I activity (ELISA assay) in primary cardiomyocytes. (F) Analysis of Complex II activity (ELISA assay) in primary cardiomyocytes. (G) Analysis of Complex V activity (ELISA assay) in primary cardiomyocytes. The columns and error bars represent the means and SEM. *P < 0.05 vs. Con; #P < 0.05 vs. HG; $P < 0.05 vs. HG + Ad- Mst1; and P < 0.05 vs. HG + Ad-LacZ; +P < 0.05 vs. HG + Ad-sh- Mst1; and %P < 0.05 vs. HG + Ad-sh- LacZ.





DISCUSSION

Diabetes mellitus describes a group of metabolic disorders characterized by hyperglycemia due to the absolute or relative insufficiency of insulin production or actions caused by a combination of genetic and environmental factors (Alam et al., 2014; Harreiter and Roden, 2019). Diabetic patients have a higher risk of morbidity and mortality and more documented cases of cardiovascular complications than the general population (Henning, 2018). Diabetic cardiomyopathy (DCM) is manifested as abnormal cardiac structure and function in the absence of ischemic or hypertensive heart disease with diabetes that is due to cardiomyocytes being in a hyperglycemic environment for a long time (Vasquez-Trincado et al., 2016). However, the underlying molecular mechanism of diabetic cardiomyopathy remains unclear. Consistent with our previous study, the present project revealed that Mst1 aggravated the development of DCM (Zhang et al., 2016). Mst1 knockout significantly inhibited left ventricular remodeling, enhanced cardiac function, as well as decreased cardiomyocyte apoptosis in the diabetic heart.

Mitochondrial quality control includes post-translational modification (PTM) of mitochondrial proteins, mitochondrial dynamics (biogenesis, fission, and fusion) and mitochondrial autophagy (mitophagy) (Wu and Ren, 2006; Suliman and Piantadosi, 2016; Klimova et al., 2018; Pei et al., 2018). Our previous study demonstrated that Mst1 inhibits Sirt3 expression thus participates in the development of DCM by inhibiting cardiomyocyte mitophagy through inhibiting Parkin-dependent mitophagy (Wang et al., 2018a). Additionally, Mst1 has no effect on mitochondrial biogenesis, which was assessed by PGC-1α, NRF-1 and TFAM expression (Vega et al., 2015; Wang et al., 2018a). There is a large amount of evidence indicating that mitochondrial fission participates in cardiac metabolic disease (Mishra and Chan, 2016). Here, our work mainly demonstrates that Mst1 is involved in the regulation of mitochondrial fission, which is a crucial factor for exacerbating the mitochondrial dysfunction and cardiac remodeling of DCM mice.

Mitochondrial fission begins with the recruitment of cytoplasmic Drp1 by the adaptor on the mitochondrial membrane protein (MFF, Fis1, and Mid49/51) (Pagliuso et al., 2018). Accumulating evidence indicates that exposure of neonatal cardiomyocytes to sustained, high levels of glucose (35 mm) increased mitochondrial fission, reduced mitochondrial membrane potential (ΔΨm) and electron transport chain activity (Yu et al., 2011). Increased mitochondrial Drp1 translocation is a main mediator of mitochondrial fission and may serve as a therapeutic target against high glucose toxicity in DCM (Gawlowski et al., 2012). However, whether mitochondrial fission directly contributes to the cardiac dysfunction associated with diabetic cardiomyopathy is unknown. In the present study, we observed that Mst1 increased the expression and mitochondrial localization of Drp1. This finding indicates that Mst1 triggers mitochondrial fission by promoting Drp1 translocation to the mitochondria.

The effects of Drp1 on mitochondrial fission is regulated by the phosphorylation of two serine residues at the c-terminal guanosine triphosphatase (GTPase) effector domain of Drp1 (Fan et al., 2020). The phosphorylation of Drp1 at S616 activates mitochondrial fission. On the contrary, phosphorylation of Drp1 at S637 inhibits mitochondrial fission. Since Mst1 is a type of serine-threonine kinase comprising 487 amino acids. The present study thus investigated whether Mst1 regulated mitochondrial fission through Drp1 phosphorylation. Interestingly, Mst1 upregulated Drp1S616 phosphorylation, inhibited Drp1S637 phosphorylation, as well as promoting Drp1 recruitment to the mitochondria. Consistently, Drp1 knockdown eliminated the role of Mst1 knockdown on the mean size of mitochondria and the number of mitochondria as evaluated by transmission electron microscopy. There results further demonstrated that Mst1 is a crucial factor for exacerbating mitochondrial fission and dysfunction by coordinately mediates the phosphorylation of Drp1.

Mfn1 and Mfn2 are well-known mediators of the mitochondrial outer membrane fusion, while Opa1 mediates the fusion of the inner mitochondria membrane (Yang, 2015). It is possible to exchange the contents of two mitochondria so that the defective mitochondrion can regain the necessary components of the respiratory chain and mitochondrial DNA (Wai and Langer, 2016). The crossing and complementation of mitochondrial DNA molecules can also prevent the accumulation of mitochondrial DNA mutations (Chen et al., 2005). In the circumstances of emergency and hunger, mitochondria fuse to meet energy requirements, and the sharing of matrix metabolites maximizes the metabolic efficiency (Mishra and Chan, 2016). Mfn2 is a key protein in mitochondrial morphology (Chandhok et al., 2018; Yu et al., 2018). In the present study, Mst1 also decreased the expression of Mfn2. However, the concrete mechanism of Mfn2 regulation exerted by Mst1 still needs further investigation.

With the progression of diabetic cardiomyopathy, high glucose eventually induces cardiac hypertrophy, fibrosis, increased stiffness and cardiomyocyte loss (Tan et al., 2020). Our previous study indicated that downregulation of Mst1 alleviates cardiac fibrosis but has no effect on cardiac hypertrophy in db/db mice (Xiong et al., 2020). Mst1 serves as an important regulator of the cardiovascular system, playing a unique role in cardiomyocytes, cardiac stem cells/progenitor cells, macrophages, endothelial cells and fibroblasts (Wang et al., 2016; Cheng et al., 2018; Xiong et al., 2020). Mst1 signal pathways are involved in many cardiovascular diseases, including atherosclerosis, myocardial ischemic injury and cardiomyopathy (Yang et al., 2018). Interestingly, the new finding that Mst1 is involved in the regulation of mitochondrial dynamics suggests a possible mechanism in the pathological progression of DCM. Identifying such molecular pathways that control Drp1 alterations in DCM might recover the net balance of continual fission and fusion and provide a new direction for the diagnosis and treatment of DCM.



CONCLUSION

We can conclude from this study that Mst1 aggravates mitochondrial fission, impairs mitochondrial energy metabolism and function, and aggravates cardiac dysfunction in DCM. Whether intervention in mitochondrial dynamics can reverse this damage might warrant further research efforts.
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Mitochondria are one of the most important organelles in cardiomyocytes. Mitochondrial homeostasis is necessary for the maintenance of normal heart function. Mitochondria perform four major biological processes in cardiomyocytes: mitochondrial dynamics, metabolic regulation, Ca2+ handling, and redox generation. Additionally, the cardiovascular system is quite sensitive in responding to changes in mechanical stress from internal and external environments. Several mechanotransduction pathways are involved in regulating the physiological and pathophysiological status of cardiomyocytes. Typically, the extracellular matrix generates a stress-loading gradient, which can be sensed by sensors located in cellular membranes, including biophysical and biochemical sensors. In subsequent stages, stress stimulation would regulate the transcription of mitochondrial related genes through intracellular transduction pathways. Emerging evidence reveals that mechanotransduction pathways have greatly impacted the regulation of mitochondrial homeostasis. Excessive mechanical stress loading contributes to impairing mitochondrial function, leading to cardiac disorder. Therefore, the concept of restoring mitochondrial function by shutting down the excessive mechanotransduction pathways is a promising therapeutic strategy for cardiovascular diseases. Recently, viral and non-viral protocols have shown potentials in application of gene therapy. This review examines the biological process of mechanotransduction pathways in regulating mitochondrial function in response to mechanical stress during the development of cardiomyopathy and heart failure. We also summarize gene therapy delivery protocols to explore treatments based on mechanical stress–induced mitochondrial dysfunction, to provide new integrative insights into cardiovascular diseases.
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INTRODUCTION

The heart is an electromechanical organ that needs to beat thousands of times a day to provide enough blood supplement to the body (Saucerman et al., 2019). Cardiomyocytes (CMs) are subjected to chronic physiological hemodynamics, chamber pressure, tissue shape, and contractile stretch alterations (Barki-Harrington and Rockman, 2003; Linari et al., 2015; Lorenz et al., 2018). The Frank–Starling law and the Anrep effect describe the exquisite intrinsic mechanisms used by the heart to autoregulate contractile forces to maintain cardiac output under pre-load and afterload (Bluhm et al., 1998; Ait-Mou et al., 2016; Ruan et al., 2016). Throughout heart development, mechanical stress is essential for normal CM proliferation and differentiation during specification and morphogenesis (Miller et al., 2000; Clause et al., 2009; Banerjee et al., 2015). The heart follows a specific course of maturation, which begins from the very first heartbeat after birth, under hyperoxygenated conditions, and leads to the establishment of adult myocardial morphology (Guo and Pu, 2020). During heart development, there are dramatic adaptation switches involving gene expressions and the environment, including rapidly elevated circulating pressure. These changes require the maturation of CMs, which encode the physiological hypertrophy phenomenon (Gholipour and Tabrizi, 2020; Wang L. et al., 2020; Xiang et al., 2020). Following this, optimal levels of mechanical stress are involved in maintaining biological hemostasis and pathological maladaptation occurring in intracellular and extracellular matrix (ECM) remodeling (Kresh and Chopra, 2011; Collins et al., 2014; Dogan et al., 2016; Sessions et al., 2017).

In eukaryotic cells, mitochondria are involved in a large array of metabolic and bioenergetic processes that are vital for cell survival (Kaasik et al., 2004; Brown et al., 2010; Caffarra Malvezzi et al., 2020; Lyra-Leite et al., 2020). Within CMs, mitochondria are one of the most important organelles. Mitochondria are involved in almost all the major biological process of CMs, including supporting cellular morphology, ATP production through the electron transport chain (ETC), regulation of intracellular calcium ion signaling, and balance of reactive oxygen species (ROS) levels (Huss and Kelly, 2005; Koo and Guan, 2018; Fernandez-Caggiano et al., 2020). The mitochondria occupy a large fraction of CM cell volume (35–40%) and supply more than 90% energy of the cells' energy requirements. Over the last decade, we have seen an explosion in our knowledge of the role of mitochondrial dysfunction in human pathologies. This has led to the realization that mitochondria are important for all cell types and are especially important in energy-intensive cells including those of the skeletal and muscle, heart muscle, and neuronal cells. Emerging evidence indicates that mechanotransduction pathways greatly impact the regulation of mitochondrial homeostasis (Iribe et al., 2017). Excessive mechanical stress loading contributes to alterations in mitochondrial homeostasis, leading to cardiac dysfunction (Koo and Guan, 2018). The concept of restoring mitochondrial function by shutting down mechanotransduction pathways presents a potential therapeutic strategy for cardiovascular diseases. Recently, viral and non-viral protocols have shown great promise in regulating gene expression in CMs, highlighting the potential of these cells for gene therapy (Chen et al., 2016; Bezzerides et al., 2019; Wang S. et al., 2020). Herein, this review will highlight the biological processes of mechanotransduction pathways that respond to mechanical stress in CM dysfunction by regulating mitochondrial function.



BIOLOGICAL FUNCTION OF MECHANICAL STRESS IN CMs

Heart development involves (1) specification of cardiac progenitor cells, (2) formation of the linear heart tube, (3) cardiac looping, and (4) formation of the cardiac valve to form a mature beating heart. Normal mechanical stimulation is essential to maintain the normal physiological processes of CMs, including proliferation, differentiation, and maturation. Generally, there are three types of mechanical loading approaches to CMs, including shear stress, cyclic strain, and static stretching. Shear stress is generated by friction at the interface between the blood and the endocardium in the same direction as the blood flow (Lee J. M. et al., 2016). Cyclic strain is referred to the complex tensile and compressive strains with every heartbeat according to systolic and diastolic rhythm (Salameh et al., 2010). Static stretching should be considered as the compressive mechanical loading due to the blood pressure (Saucerman et al., 2019).

The physiological processes of CMs start at the beginning of mesoderm progenitor cell movements. These movements are initiated by a variety of morphogenic signals, including bone morphogenic protein (BMP), through the Wnt/activin/nodal pathway (Pandur, 2005; Murry and Keller, 2008; Ye et al., 2011), Gata-4 (Pu et al., 2004; Zeisberg et al., 2005; He et al., 2014; Akerberg et al., 2019), and the Hedgehog family (Mammoto and Ingber, 2010). Optimal stress force contributes to the maintenance of pluripotency through Oct-4 expression (Fok and Zandstra, 2005; Earls et al., 2013). More recently, human induced pluripotent stem cells (iPSCs) have been successfully maintained at 6.4 dyn/cm2 for up to 32 days, with high levels of Oct4, Nanog, and alkaline phosphatase activity (Shafa et al., 2012). The two dominant types of stress during cardiogenesis are fluid shear stress and cyclic strain (Majkut et al., 2014). Even in the early stage of heart development during embryogenesis, influx and efflux of sodium and calcium trigger contractions while tube formation, indicating cyclic strain properties, is occurring (Sylva et al., 2014; Tyser et al., 2016). These are then followed by blood flow–induced pressure and shear stress. The functions of shear stress have been well-documented in endothelial cells. However, the role of shear stress during large parts of cardiomyogenesis remains unknown. In the embryonic stem cell model, Mef2c expression was induced under 10 dyn/cm2 shear stress (Kudo et al., 2000). Other studies indicate that the contributions of CMs, beyond endothelial cellular function, are very limited. Cyclic strain also maintains pluripotency in human embryonic stem cells and initiates the expression of key genes including NOS-3, ET-1, and KLF-2 (Groenendijk et al., 2004). These genes regulate the differentiation of cardiac progenitors and illustrate the association between regions of increased differentiation and higher expression levels. Subjecting mouse embryonic CMs to cyclic stretch using an in vitro platform revealed that transforming growth factor β (TGF-β) plays a repressive role under these conditions (Banerjee et al., 2015). TGF-β is involved in the formation of hypoplasia of left heart syndrome via SMAD3 (Zeigler et al., 2016). Day 6 mouse embryoid bodies, exposed to 5–10% mechanical strain, have significantly increased levels of connexin 43 (Cx43) and Nkx2.5 expression (Schmelter et al., 2006; Gwak et al., 2008). Therefore, shear stress has important consequences in vascular network building and might be essential for the developing vasculature, whereas cyclic strain is critical for cardiomyogenesis.

Mechanical stimuli are involved in cellular physical structure formation from the membrane to nucleus. The ECM and cell–cell interaction allow intracellular connections to grow between the nuclear membrane and lamina (Jongsma and Wilders, 2000; Boukens et al., 2009; Delmar and McKenna, 2010). This contributes to isoform switching from lamin-B2 to lamin-A and controls the nucleocytoplasmic shunting of MKL1, a critical factor for cardiac functional maturation (Guo and Zheng, 2013, 2015; Ho et al., 2013; Guo et al., 2014). Cell–cell interaction between CMs involves the desmosome and adherens junction (Austin et al., 2019). This interaction includes PKP2 (encoding plakophilin 2), DSG2 (encoding desmoglein 2), DSC2 (encoding desmocollin 2), JUP (junction plakoglobin), and DSP (desmoplakin) for desmosome formation and CDH2 (encoding cadherin 2, also known as N-cadherin) and CTNNA3 (encoding catenin-α3) for adherens junction formation (van Tintelen and Hauer, 2009; Sato et al., 2011; Saguner et al., 2013; Moncayo-Arlandi and Brugada, 2017; Austin et al., 2019; Kim et al., 2019; Xia et al., 2020). Importantly, mitochondria bind to microtubules and are affected by changes in their mechanotransmission. Ca2+ release by mitochondria is the first thing observed under mechanical stress. Iribe et al. demonstrated that stretch caused activation of the respiratory chain to hyperpolarize Δψm, followed by NADPH oxidase (NOX) activation, and increased ROS production (Iribe et al., 2017). Mechanical stress also controls mitochondrial fission and fusion, contributing to the post-natal maturation of mitochondria.

Mechanical stress is generated by circulating pressure and myocardium contraction, but is also related to ECM stiffness (Collins et al., 2014; Chiou et al., 2016; Herum et al., 2017). Moreover, cyclic strain helps to build a normal ECM around CMs by modulating fibroblasts (Saucerman et al., 2019). In vivo, paracrine signaling molecules are stimulated by mechanical stress and by targeting cardiac fibroblasts proliferation rates. The heart gradually grows larger and more functional as the body develops and matures (Guo and Pu, 2020). After the proliferation period, only a limited number of CMs have the ability to regenerate, and heart enlargement primarily occurs through CM hypertrophy. To maintain cardiac function and meet the mechanical demands of adapting to tissue stresses due to pressure or volume overload, CMs grow in size by elongating and making the myocardial wall thicker, which is a part of the maturation phase. In addition to shear stress and cyclic strain, static stretching becomes a dominant factor during the maturation phase (Aragona et al., 2013; Hirt et al., 2014; Karbassi et al., 2020). Hypertrophy is achieved by increasing cell volume and polarity and by the arrangement of contractile protein content and mitochondria. Additionally, mechanical loads affect the cytoskeleton or sarcomere to regulate cell shape and arrangement. Cardiac contractile force regulates the distribution of the vinculin (VCL) cytoskeletal protein and activates slingshot protein phosphatase 1 and the CFL actin depolymerizing factor to promote myofilament maturation via F-actin rearrangement (Guo and Pu, 2020). Recent studies showed that CMs from neonatal rats seeded on a collagen (Col)-coated PA gel matrix had an elastic modulus equal to 10 kPa, showing perfect morphological structure (Jacot et al., 2010). However, the sarcomeres of CMs seeded on matrix with an elastic modulus >10 kPa or smaller than 10 kPa were less defined and unaligned and contained stress fibers. Mechanical loads also regulate Ca2+ maturation in CMs. Ruan et al. used engineered myocardium under a static stretch of 0.63 ± 0.10 mN/mm2 and found increased expression of ryanodine receptor 2 and sarcoplasmic reticulum (SR)/endoplasmic reticulum (ER) calcium ATPase 2 (SERCA2) (Ruan et al., 2016). Cyclic mechanical stress during systole and passive stretch during diastole induce CM maturation in cell culture. In the process of myocardial contraction, the amount and duration of calcium ion release regulate the magnitude of contractile force (Zhang et al., 2020). Several studies have shown that the magnitude of the calcium transient and the amount of SR calcium and SERCA2a correlate with the magnitude of force generated in primary cultured neonatal rat CMs. Metabolic changes, including mitochondrial ETC function, morphology, and ROS production, are guided by mechanical stress. CM hypertrophy is also a key parameter of maturation post-natally (Caffarra Malvezzi et al., 2020). Inert polycaprolactone (PCL) planar layers with different cross-linking densities and Young modulus ranging from 1 to 133 MPa (measured by tensile test) have been prepared (Govoni et al., 2013). These PCL layers indicate that differentiation of the CM hypertrophic phenotype is influenced by substrate stiffness and that a more mature phenotype could be obtained with substrate stiffness of around 0.91 ± 0.08 MPa (Forte et al., 2012). The effect of substrate stiffness on the beating rate of CMs was also studied, and it was found that muscle cells beat fastest on substrates that mimic the stiffness of natural tissue. Additionally, the stretching substrate in mechanical stimulation can also promote the proliferation and maturation of functional CM characteristics. Therefore, CM development and maturation involve the physical cues of mechanical stress (Figure 1).


[image: Figure 1]
FIGURE 1. The role of mechanical stress in guiding cardiomyocytes in differentiation and maturation. The differentiation stage is referring the duration from progenitor stem cells to immature cardiomyocytes within prenatal phase, whereas the maturation stage is mainly referring to the post-natal phase to establish a functional cardiomyocyte. The shear stress would be loaded to cardiovascular system since tube formation, but it mainly impacts the early stage of cardiac development and vascular migrations. Cyclic strain influences cardiomyocytes after the heart starts to beat, while contributing to maintain heart function throughout all lifetime. The static stretch is considered to play a major role after birth as the pressure goes up rapidly and becomes the most dominant one following aging. PSCs, progenitor stem cells.




MOLECULES INVOLVED IN MECHANOTRANSDUCTION IN CMs

CMs are sensitive to mechanical stress, and responses to mechanical stress culminate in downstream gene transcription alterations. Therefore, the fundamental biological role of mechanotransduction is to transduce physical stimuli to molecular signaling. There are two common types of mechanical sensors within the cellular membranes of CMs, which are known as biophysical and biochemical sensor mediating pathways. The sensors are located in membrane to transduce extracellular stress stimulation into intracellular signals. Generally, the role of the physical sensors is to connect the ECM and cytoskeleton, to reshape actin proteins, and finally change chromosome structure to influence gene transcription. Chemical sensors mainly impact the modification of downstream molecules, to transduce signals into transcription regulation (Table 1).


Table 1. Molecules involved in mechanotransduction in CMs.
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Biophysical Sensors

The sensing of mechanical force and the transduction of the resulting signal are a typical physical process. It is important that CMs resist external mechanical force to maintain their normal cellular shape and initiate crosstalk between inner-cellular and outer-cellular forces (Geiger et al., 2009; Oria et al., 2017). The ECM surrounds the CMs to provide an optimal microenvironment for myocardiogenesis and maturation. Typically, the major structural components of cardiac ECMs include fibrillar Col, fibronectin (FN), glycoproteins, proteoglycans, and glycosaminoglycans (Rienks et al., 2014). Fibroblasts critically contribute to the generation of ECM macromolecules. The architectural meshwork of the ECM also works as a reservoir for cytokines including TGF-β, BMP, platelet-derived growth factor, and connective tissue growth factor (Carè et al., 2007; Gordon and Blobe, 2008; Francisco et al., 2020). The proportion of different Cols (Col1a1a, Col1a2, and Col5a1) and cytokine expression levels contribute to the changes in ECM stiffness observed in healthy and damaged myocardium tissues (Horn and Trafford, 2016). Integrins are the major substrates that connect the ECM to the costamere proteins, establishing a bridge from the extracellular environment to the Z-line located in the sarcomere (Wang et al., 1993). Several integrins, consisting of α and β subunits, are expressed in mammalian cells. α1, α5, α7, and β1 are the most highly expressed subunits in CMs and form α1β1, α5β1, and α7β1 heterodimers, which are predominantly Col, FN, and laminin-binding receptors (Israeli-Rosenberg et al., 2014). This kind of structure mediates the connection between CMs and the ECM, while the desmosome (including PKP2, DSG2, DSC2, JUP, and DSP) and adherens junctions (including CHD and CTNNA3, which mainly serve as types of cadherins) maintain cell–cell adhesions, which facilitate the binding of desmin to intermediate filaments. Structural proteins on the cell surface bind to filamentous actin (acto–myosin stress fiber and α-actin) and myosin (myosin II), generating intracellular force to target the nuclear membrane (Maniotis et al., 1997; Geiger and Bershadsky, 2002). Thus, cytoskeletal force generation helps to push against the stress from the ECM, inducing a bidirectional balance that maintains normal cellular shape. Increasing force stretches the structural proteins, and once mechanical force exceeds the threshold, activation domains are exposed, recruiting talin to the β subunits of integrins, VCL, paxillin, and FA kinase (FAK). This produces a wide range of intracellular signals, including those of the Akt, c-Jun N-terminal kinase, and MAPK-ERK-p38 pathways (Sun et al., 2019). This biophysical mechanotransduction pathway has been presented simply in Figure 2.


[image: Figure 2]
FIGURE 2. The biophysical sensors of mechanical stress in cardiomyocytes and the intracellular mechanisms. The integrins are considered as the most major biophysical sensors located in cellular membrane of cardiomyocytes. While the desmosome, gap junction, and tight junction also contribute to maintain a cell–cell junction with a physical mechanical contact. Filamentous actin connects all the molecules with mitochondria, sarcomere, and nuclear membrane, especially lamin A/C. The acto–myosin action and myosin II structure make the dominant unit for actin movement. Once the mechanical stress loaded on cell surface, the integrin would phosphorylate FAK and downstream molecules, which force the myosin protein to move along acto–myosin actin, and then change the shapes of mitochondria, sarcomere, and nuclear membrane, regulating related genes expression and mitochondrial function.




Biochemical Sensors

Biochemical sensors are biomechanical stress–sensitive activators that regulate CMs. Ras-like small GTP-binding proteins are the main components of myocardial biochemical sensors. The Ras superfamily, including Ras, Rho, Ran, and Rab families, is involved in cardiovascular diseases. The transition between the GTP- and GDP-bound forms of Ras proteins is accompanied by conformational changes that significantly affect its affinity for downstream signaling molecules (Meng et al., 2018). The activation of the RAS/RAF/MEK/ERK1/2 cascade is essential for cardiogenesis, and RAS/RAF-dependent MAPK signaling induces hypertrophic cardiomyopathy. RhoA signaling activates SRF and Mef2c to maintain heart development under stress. Moreover, a large number of Ras superfamily proteins are involved in Ca2+-channel regulation, mediating contraction–excitation coupling and heart rhythm. Kluge et al. demonstrated that the Rho-family GTPase1, Rnd1, serves as a biomechanical stress–sensitive activator, influencing cell proliferation, and cellular hypertrophy via activation of RhoA-mediated SRF-dependent and -independent signaling pathways (Kluge et al., 2019).

Recently, Meng et al. (2018) demonstrated that Rap2 is a key intracellular signal transducer that controls mechanosensitive cellular activities through Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ). Mechanistically, matrix stiffness influences the levels of phosphatidylinositol 4,5-bisphosphate and phosphatidic acid through phospholipase Cγ1 (PLCγ1), leading to Rap2 activation through PDZGEF1 and PDZGEF2. Therefore, Rap2 is a pioneer that converts mechanical signals from physical stress to biochemical molecular activation. Deletion of RAP2 increases the nuclear localization of YAP and TAZ. However, the functions of Rap2 have not been confirmed in cardiogenesis and maturation, or in cardiomyopathy. The Hippo-YAP/TAZ pathway functions downstream of Rap2 and has been well-studied throughout heart biogenesis, hemostasis, and regeneration. Under normal mechanical stress, activated Hippo pathway proteins, including MAP4K4, MAP4K7, ARHGAP29, LATS1/2, and MOB1/2, phosphorylate YAP/TAZ, confining them to the cytoplasm (Dupont et al., 2011; Aragona et al., 2013). Under excessive mechanical stress, Hippo is deactivated, and YAP/TAZ translocate into the nucleus as co–transcription factors that interact with TEAD1 family proteins to develop transcription complexes (Mosqueira et al., 2014; Totaro et al., 2018). TEAD1 functions in cardiogenesis during the fetal stage of development and regulates the actin cytoskeleton and metabolism in CMs during the adult stage. VGLL4 binds with TEAD1 to regulate YAP function to control downstream genes. When VGLL4 binds to TEAD1, it induces TEAD1 degradation, inhibiting the response to exceeding mechanical stress (Kim et al., 2015; Narimatsu et al., 2015; Chang et al., 2018). The RAP-Hippo-YAP pathway is illustrated in Figure 3.


[image: Figure 3]
FIGURE 3. The major biochemical pathway of RAP2-Hippo-YAP in mechanical transduction. The RAP2-Hippo-YAP pathway is the most determined one of biochemical sensor pathway. The overloading pressure would inactivate the RAP2 and then turn off Hippo signaling. Then, the YAP would be dephosphorylated and translocated in to nucleus. VGLL4 demonstrated a competition role with YAP in binding to TEAD1. The exceeding mechanical stress would activate YAP and up-regulated hypertrophic genes, leading to mitochondrial dysfunction in adulthood.


Moreover, the biophysical and biochemical sensors demonstrated several instances of crosstalk in their downstream signals. The biophysical transduction pathways have been studied for several years, and functional molecules have been identified. However, we still have very limited knowledge about biochemical sensors and their functional messengers. The key molecules, YAP/TAZ, are involved in both biophysical and chemical regulation pathways. Therefore, we believe there should be more connection between the two sensor types. However, there is still no evidence that shows how one kind of sensor induced pathway changes when another is knocked out. ECM remodeling is important for the maintenance of CM function. Therefore, it is necessary to understand how biochemical sensors influence the ECM, which is always bound by integrins, to regulating biophysical signaling.




THE COMMON UNDERSTANDING OF MITOCHONDRIAL HOMEOSTASIS IN CMs


Mitochondrial Quality Control

Mitochondria maintain their shape and number through biogenesis, fission, fusion, and mitophagy to ensure normal physiological function. This process is called mitochondrial quality control (MQC). MQC is a complex process that includes three main levels. The first level prevents mitochondrial damage and maintains mitochondrial stability through proteasome activation. The second level maintains the number and shape of mitochondria through mitochondrial biogenesis, fission, and fusion. The third level selectively removes damaged mitochondria and is called mitophagy (Pickles et al., 2018).


Biogenesis and Degradation

Mitochondrial biogenesis is the process through which cells increase their mitochondrial mass. Proliferator-activated receptor γ coactivator 1 (PGC1) is a critical factor in this process. PGC1 activates peroxisome proliferator-activated receptor, which leads to the gain of mitochondrial DNA (mtDNA) content, and promotes the transcription of mitochondrial uncoupling protein 1 (UCP1). This helps CMs adapt to the post-natal environment with a mature ETC utilizing fatty acid. PGC-1α expression is regulated by YAP/TAZ, and PGC-1α depletion results in lethal cardiomyopathy. Moreover, PCG-1 interacts with Mfn1/Mfn2 and Drp1. TFAM is another essential factor for mitochondrial biogenesis and is required for mtDNA transcription and mitochondrial self-replication. Zhang and Li demonstrated that the Nkx2.5-driven Tfam knockout leads to total mitochondrial loss in CMs (Zhang et al., 2018).

Mitochondria are divided into four parts by the double-layer membrane structure, the mitochondrial outer membrane, mitochondrial inner membrane, intermembrane space, and matrix. In the mitochondrial outer membrane, the ubiquitin–protease degradation system (UPS) is the main mechanism of maintaining homeostasis. The UPS consists of ubiquitin, ubiquitin initiation enzyme, the 26S proteasome, and deubiquitination enzyme. Ubiquitin initiation enzyme is responsible for activating ubiquitin and target protein binding to form a target protein polyubiquitin chain or to ubiquitinate the degraded protein. Then, ubiquitinated proteins are transported to 26S proteasomes, where they are recognized and degraded (Tsakiri and Trougakos, 2015). The deubiquitination enzyme dissociates ubiquitin from the substrate, allowing ubiquitin recycling (Fang et al., 2010). UPS is involved in abnormal protein degradation and plays an important regulatory role in the cell cycle, signal transduction, DNA damage repair, and cell stress. Impairment of UPS function has been detected in heart tissues of patients with hypertrophic cardiomyopathy and heart failure (Predmore et al., 2010). Conversely, enhancement of cardiac proteasome proteolytic function plays a protective role against the pathophysiology of proteinopathy and ischemia–reperfusion (IR) injury in mice (Li et al., 2011). Furthermore, accumulation of polyubiquitinated substrates has been observed in the heart tissue of patients with cardiac diseases such as cardiomyopathy and heart failure (Nishida and Otsu, 2017).

In the intermembrane space, HTRA2/OMI is thought to function as a protein quality control protease. HTRA2/OMI is an ATP-independent serine protease involved in the regulation of mitochondrial E3 ubiquitin ligase. Lack of HTRA2/OMI leads to mitochondrial dysfunction, mitochondrial morphological changes, and the production of ROS, leading to mtDNA damage. There are two ATPases associated with various cellular activities (AAAs) in the mitochondrial inner membrane. The proteasome complex can recognize misfolded transmembrane protein polypeptide chains and degrade unassembled mitochondrial complex subunits and transmembrane segments (Leonhard et al., 2000). The biochemical and genetic interactions of the RUVBL1 and RUVBL2 AAA family proteins play a novel functional role in symmetry breaking and cardiac development (Hartill et al., 2018). There are two AAA proteins in the mitochondrial matrix, Lon and ClpXP. Lon is mainly responsible for removing oxidized proteins and preventing oxidative stress damage. ClpXP can degrade proteins that are not bound to molecular chaperones and mediate the mitochondrial unfolded protein reaction (Hammerling and Gustafsson, 2014). Lon is involved in cardiac disorders. Lon is upregulated in hypoxia-induced CMs, and Lon downregulation attenuates hypoxia-induced CM apoptosis through decreased oxidant generation. Lon overexpression stimulates oxidant production and induces apoptosis under normoxic conditions in CMs (Bota and Davies, 2016).

The selective removal of redundant or damaged mitochondria through the process of autophagy is called mitochondrial autophagy or mitophagy. The selective removal of damaged mitochondria is a complex process whose molecular mechanisms involve a variety of proteins, which are mainly classified as Parkin-dependent or Parkin-independent. Parkin-dependent mitophagy is the most dominant mechanism of mitophagy. The transfer of Parkin requires PTEN-induced kinase 1 (PINK1). PINK1 recruits phosphorylated Parkin through its silk/threonine kinase activity and transfers Parkin from the cytoplasm to the mitochondria. Parkin has E3 ubiquitin ligase activity and can mediate the ubiquitination of mitochondrial outer membrane proteins including HKI, VDAC1, and MFN1/2, to initiate mitophagy (Geisler et al., 2010). Parkin-independent regulatory proteins include the BNIP3, NIX, and FUNDC1 mitophagy receptors. FUNDC1 is highly expressed in the heart, interacts with LC3 on autophagosome membranes, and mediates mitochondrial fragmentation and mitophagy under hypoxia (Liu et al., 2012). BNIP3 and NIX are proapoptotic proteins located in the outer membrane of mitochondria and can directly bind with LC3 to induce mitochondrial recruitment into autophagosomes for degradation. In a Parkin knockout fly model, CM mitochondria exhibit dysmorphology, depolarization, and ROS generation. Accumulation of enlarged hollow donut mitochondria with dilated cardiomyopathy was also observed and could be rescued by CM-specific Parkin expression (Bhandari et al., 2014). Furthermore, Parkin deletion led to increased DRP1 levels and simultaneous deficiency of DRP1 and Parkin-exacerbated cardiomyopathy (Kageyama et al., 2014). In 2017, it was reported that resveratrol, known for its antiaging properties, can be used to treat cardiovascular complications related to aging through Parkin and PINK1 activation (Ren et al., 2017). However, mitophagy can be also detrimental. Some findings demonstrate that when CMs undergo IR, ATP production is reduced because of greatly enhanced mitophagy and impaired mitochondrial fission and fusion leading to cell damage (Anzell et al., 2018).



Fission and Fusion

Mitochondrial fission and fusion must exist in balance to maintain mitochondrial integrity, which is critical for heart health. Through mitochondrial fission, the required number of mitochondria can be ensured, irreversible mitochondrial damage can be isolated, and mitochondrial movement and distribution can be promoted. Mitochondrial fission is mainly mediated by dynamin-related protein 1 (DRP1). DRP1 is highly expressed in heart tissues and can be upregulated under stress. Additionally, post-transcriptional SUMOylation and phosphorylation modulate DRP1 function. Mitochondrial fusion involves the joining of normal and damaged mitochondria to replace the materials in damaged mitochondria. This is conducive to material circulation and energy transmission and can protect cells. Mitochondrial fusion is mainly mediated by mitochondrial fusion proteins, including MFN1 and MFN2, which serve the outer mitochondrial membrane, and optic atrophy 1 (OPA1), which serves the intermitochondrial membrane. MFN1 and MFN2 have amino-terminal conserved GTPase domains and carboxy-terminal coiled helix structures and can bind to the mitochondrial outer membrane and form transhomologous or heterologous oligomeric complexes simultaneously, bringing two mitochondria into close proximity for fusion (Koshiba et al., 2004). Proteins involved in fission and fusion function within a signaling network to maintain mitochondrial homeostasis and play important roles in regulating cardiac response under pathological stress and mechanical stretching, such as during IR, cardiomyopathy, and heart failure (Kuzmicic et al., 2011). For example, DRP1 ablation in adult mouse cardiac myocytes interrupts mitochondrial fission and provokes the mitophagic mitochondrial depletion that contributes to lethal cardiomyopathy (Song et al., 2015a). Deletion of Mfn1/Mfn2 fusion proteins in mouse heart results in abnormal mitochondrial morphology and mitochondrial fragmentation, leading to ventricular wall thickening and an increase in cardiac mass (>30%) accompanied by symptoms of eccentric hypertrophy. Additionally, the Mfn1/Mfn2/Drp1 triple knockout causes mitochondrial heterogeneity and impaired mitophagy (Song et al., 2015b). Moreover, OPA1 helps to maintain the cristae structure and reduce apoptosis.




ATP Production

Mitochondria use fatty acids, glucose, and amino acid metabolites to synthesize ATP through the tricarboxylic acid cycle and oxidative phosphorylation pathways. ATP production through the ETC is the principal function of mitochondria. The ETC is a multisubunit complex in the mitochondrial inner membrane and is an important field of ATP production. The transportation of protons from the matrix to the intermembrane space through complexes I, III, and IV generates energy. The mitochondrial transmembrane potential (Δψm) is essential to maintain the electrochemical proton gradient across the mitochondrial inner membrane and should always remain 150–180 mV negative to the cytosol. ATP produced by mitochondria in myocardial tissue is mainly responsible for myocardial contraction, cellular excitability, and maintenance of calcium homeostasis. McCully et al. found that under myocardial ischemia and other pathological conditions, mitochondrial respiratory chain function is decreased, and ATP synthesis is impaired (McCully et al., 2007). Moreover, in some genetic mitochondrial diseases, the CMs reveal increased basic energy production, but deficient maximal ATP synthesis (Zhang et al., 2018). In turn, ATP synthesis disorder leads to changes in various biochemical and ultrastructure properties of CMs, including calcium accumulation and acidosis in the cytoplasm, mitochondria, and nucleus, as well as large quantities of ROS production, leading to progressive damage of mitochondrial function and decreased CM activity.



Regulation of ROS

Normally, the respiratory chain effectively uses more than 98% of the electrons to synthesize ATP, and 1–2% of the electrons are released outside the mitochondria to produce ROS. ROS are involved in signal transduction and regulation of apoptosis in cell response to stress and risk factors and are broken down by superoxide dismutase (Penna et al., 2009). In pathological conditions, the uncoupling of oxidation and phosphorylation results in a mass release of electrons. Excessive ROS production then leads to oxidation of mtDNA, lipids, and proteins and extensive cell damage. MtDNA is in a state of continuous replication with weak DNA repair abilities, making it vulnerable to oxidative damage. MtDNA damage further stimulates the production of ROS, forming a vicious cycle and aggravating the damage of CMs (Yu and Bennett, 2014; Lee et al., 2017). ROS regulation also plays an important role in heart development, whereas mitochondrial damage would cause ROS accumulation, which induces DNA damage and leads to cell cycle arrest (Zhang et al., 2018).



Ca2+ Handling

Mitochondrial Ca2+ homeostasis is a result of the dynamic equilibrium between Ca2+ influx and efflux. Many factors influence these processes. First, the spatial organization of mitochondria within cells and their tethering with other organelles, especially with the ER, play a pivotal role in mitochondrial Ca2+ homeostasis. The estimated area of contact sites between mitochondria and ER accounts for 5–20% of the total mitochondrial surface (Rizzuto et al., 1998). It is broadly considered that these contact sites are very important and are the sites where Ca2+ is rapidly transported into the matrix. De Brito and Scorrano identified MFN2 as an essential protein that directly bridges these two organelles, and mitochondria Ca2+ uptake is impaired following genetic ablation of MFN2 (de Brito and Scorrano, 2008). Second, the uptake of calcium by mitochondria depends on the MCU (mitochondrial Ca2+ uniporter). The electrophysiological characterization and molecular identity of MCU are partially determined. MCU is an inward rectifying channel that is highly Ca2+-selective (Kirichok et al., 2004). Mitochondrial protein MICU1 (mitochondrial Ca2+ uptake protein 1), SLC25A23 (solute carrier 25A23), and MCUR1 (mitochondrial calcium uniporter regulator 1) are important regulators of Ca2+ uptake (Perocchi et al., 2010; Sancak et al., 2013; Hoffman et al., 2014; Mallilankaraman et al., 2015). A growing number of researchers found that MCU is a key component of a higher-order macromolecular complex that requires further investigation but was named the MCU complex (De Stefani et al., 2015). Furthermore, Ca2+ release from mitochondria relies on two different pathways, the 2H+/Ca2+ antiporter (mHCX), and the Na+/Ca2+ exchanger (NCLX) (Palty et al., 2010).




MECHANICAL CUES CONTRIBUTE TO THE MAINTENANCE OF MITOCHONDRIAL HOMEOSTASIS


Mechanical Stress Controls MQC

In normal conditions, the mechanisms of MQC mainly consist of proteasome activation, fission and fusion, and mitophagy. Furthermore, mitochondria exhibit some unique behaviors when cells undergo mechanical stress. In the heart, abnormal mechanical stress is mainly caused by hypertension, ventricular hypertrophy, ECM remodeling, or other types of cardiomyopathy. As rich contents and ATP factories of CMs, mitochondria will show corresponding pathophysiological changes. A study in rats with spontaneous hypertension and left ventricle hypertrophy reported overexpression of proteins related to mitochondrial oxidative phosphorylation and underexpression of the mitochondrial precursor of ATP synthase (Zamorano-León et al., 2010).

The mechanisms of MCQ are also important. Alterations in mitochondrial fission, fusion, and mitophagy are associated with pathological conditions in the heart. DRP1 is an essential protein that mediates mitochondrial fission under stress. Hypertension is usually accompanied by elevated levels of norepinephrine. Using norepinephrine to culture CMs of newborn rats can promote mitochondrial fission. This is because norepinephrine can increase cytoplasmic Ca2+ and activate calcineurin to promote DRP1 migration to mitochondria (Pennanen et al., 2014). After DRP1 has been recruited to mitochondria, the phosphorylation of the GTPase effector domain of DRP1 at Ser637 reduces its response to norepinephrine, which causes a further increase in mitochondrial fission (Santel and Frank, 2008). Taken together, these data indicate that mitochondrial fission may be a compensatory mechanism to maintain heart contractility under conditions of exceeding mechanical stress (Lahera et al., 2017). However, mitochondrial fusion is a repressed process under stress. A study demonstrated a decrease in mRNA levels of Mfn1 and Mfn2, which are major proteins mediating fusion in hypertensive and cardiac hypertrophy rats caused by phenylephrine (Fang et al., 2007). Mitophagy is another essential mechanism to maintain MCQ. However, under pressure overload, mitophagy can be maladaptive. Sympathetic, parasympathetic, renin–angiotensin–aldosterone, and antidiuretic hormone systems are involved in blood pressure regulation. And most peptides and hormones in these systems can regulate mitophagy (Gottlieb and Thomas, 2017). For example, the angiotensin receptor blocker valsartan can diminish mitophagy (Zhang et al., 2014). Usually, mitophagy is enhanced in the heart of patients with hypertension, and hemodynamic stress can induce a robust autophagic response in cardiac myocytes (Zhu et al., 2007), which is considered detrimental. Mechanical stress can upregulate Beclin-1 gene expression, which amplifies the autophagic response to stress and augments pathological remodeling (Zhu et al., 2007). However, the absence of mitophagy is also a type of maladaptation. Temporally controlling cardiac-specific Atg5 deficiency in mice suggested that autophagy plays a beneficial role in the response of the heart to pressure overload and is important for preventing the accumulation of abnormal proteins or damaged organelles (Nakai et al., 2007). Mechanical stress regulates mitophagy to maintain optimal mitochondrial number and health.



Mechanical Transduction Pathways in the ETC

Normal physiological processes of the cell are accompanied by ATP consumption. CMs need a large amount of ATP due to their contraction activity. To make more efficient use of ATP to support CMs, many mitochondria attach to the sarcomere and SR (Pasqualini et al., 2016). This arrangement greatly promotes the transport of intermediate metabolites in nucleotide and oxidative phosphorylation (Auerbach et al., 1997).

In the early stage of mechanical stress, CM structure is intact, energy metabolism is mainly performed by fatty acid as substrate, and sufficient ATP is produced through the ETC to supply normal mechanical CM contraction (Lopaschuk et al., 2010). However, after a longer period of mechanical stress, the mitochondrial structure varies with abnormal MQC, the ETC is impaired, glycolysis and glucose oxidation increase, and the energy supply becomes inadequate. The utilization of energy substrates and changes in energy metabolism, including abnormal mitochondrial function and increased glucose utilization, are phenotypes of myocardial hypertrophy and heart failure (Ventura-Clapier et al., 2004; Stanley et al., 2005).

External mechanical stress activates the integrin signaling pathway mediated by MAPK (de Cavanagh et al., 2009) and Rho-family GTP-binding proteins, and the stress response damages the mitochondrial ETC (Werner and Werb, 2002). Following mechanical stress, the heart gradually loses the ability to produce an adequate ATP supply, leading to heart failure. Mechanical force and cell junctions can regulate RhoA and affect YAP and TAZ by LATS-dependent or independent mechanisms (Zhao et al., 2012). YAP and TAZ can regulate UCP1, Marf, Opa1, and many glutamine-metabolizing enzymes, which are coupled with ATP production (Kashihara and Sadoshima, 2019).



Exceeding Mechanical Loading Induces ROS Accumulation

Exceeding mechanical loading can occur via several methods, including cyclic strain, shear stress, and static stretch. CMs seeded on BioFlex culture plates were placed on a gasketed baseplate and subjected to a vacuum of −5 or −21 kPa using a Flexcell system, low and high tension, and a frequency of 1 Hz to generate cyclic strain. Using these parameters, the system generates a deformation gradient on the membrane, with maximum deformation of 5 and 25% at −5 and −21 kPa, respectively. In this system, short-term mechanical stress results in increased CM contractile force in vitro, whereas long-term and transient stimulation leads to structural changes in CMs (Pedrozo et al., 2015). Different stretching amplitudes in neonatal rat ventricular cells cause ERK1/2 phosphorylation, but only high-intensity stretching causes CM apoptosis and JNK phosphorylation. Activation of ERK1/2 and JNK is also accompanied by increased ROS. Single-cell stretch, known as the carbon fiber method, is another simple stretch method for cyclic strain. In brief, a pair of carbon fibers (10 μm in diameter) are attached to either end of a CM using custom-made three-axis hydraulic manipulators, each mounted on separate computer-controlled piezo-electric translators on a custom-made railing system (Pimentel et al., 2001). Another study found that excessive mechanical stress activates RAC1-ROS and leads to ROS accumulation in rat ventricular cells. This accumulation induces apoptosis and activates the downstream p38-MAPK pathway, eventually leading to pathological hypertrophy of the cell (Aikawa et al., 2001). Experimental analysis showed that mechanical stretching can lead to increased ROS production, cytoskeleton changes, apoptosis, and necrosis (Ulmer and Eschenhagen, 2020). Similar conclusions were reached in studies using rat and human CMs (Fujita and Ishikawa, 2011; Mohamed et al., 2016; Iribe et al., 2017).



Regulation of Ca2+ Transit Under Mechanical Stress

Ca2+ affects CM contraction and is affected by mechanical stress (Bers, 2008). Ca2+ transit is difficult to observe and analyze in vivo. Therefore, mechanical stress models established in vitro allow for the visualization of Ca2+ transit. Cells isolated from human heart failure hearts show a decrease in the amplitude of Ca2+ transients with reduced Ca2+ removal rates (Lou et al., 2012). In vitro mechanical stress largely consists of large amplitude and large force or small amplitude and small force (Kurihara and Komukai, 1995). Axial stretching reduced the total Ca2+ load of guinea pig CMs within seconds (Iribe and Kohl, 2008). Another study showed that stretching increased the Ca2+ sparks rate of rat CMs through a nitric oxide–mediated pathway after prolonged exposure to mechanical stimulus (Petroff et al., 2001). A study in neonatal mouse CMs showed that the Ca2+ signaling pathway is mainly involved in the early stages of stretch-induced apoptosis. Ca2+ signaling pathways are located upstream of these known stretch-activated apoptotic events, such as caspase 3/9 activation, mitochondrial membrane potential corruption, and ROS production. Inhibition of intracellular Ca2+ can prevent these events (Liao et al., 2003). Additionally, researchers found that Duchenne muscular dystrophy (mdx) is a model of mechanical stress that triggers Ca2+ responses in resting dystrophy mdx CMs. Following mechanical stretch, multiple Ca2+ influx pathways are activated by stretch-activated channels, resulting in abnormal Ca2+ responses in mdx myocytes (Fanchaouy et al., 2009). In a study examining the acute effect of the axial application of single rat CM on the diastolic Ca2+ discharge rate, it was found that a rapid but short-term calcium spark was guided through a pathway that required the integrity of the cytoskeleton (Iribe et al., 2009). Within a few minutes of the pressure increasing, Ca2+ participated in the accumulation of the Anrep effect through autocrine/paracrine signals induced by stretching (Cingolani et al., 2013). When the stress is chronic, the increased calcium influx activates CaMKII/MEF2 expression and leads to cardiac hypertrophy (Gómez et al., 2013). Prosser et al. (Prosser et al., 2011) demonstrated that heart cell stretching activates NOX2 and leads to ROS generation in a microtubule-dependent manner under healthy conditions. This is known as “X-ROS signaling” and describes a mechanochemical signal induction of ROS-mediated RYRs and SR activation to generate a calcium burst, leading to muscle contraction (Santulli et al., 2018). In diseased CMs of Duchenne muscular dystrophy, “X-ROS signaling” generates arrhythmogenic Ca2+ waves (Khairallah et al., 2012). Exceeding mechanical stress conditions imply high concentrations of peroxynitrite, which causes SERCA2a inactivation through nitration. Lokuta et al. revealed that SERCA2a inactivation by nitration might contribute to calcium pump failure (Lokuta et al., 2005).




TARGETING MECHANOTRANSDUCTION PATHWAYS TO RESTORE MITOCHONDRIAL FUNCTION

Exceeding mechanical stress induces the dysfunction of myocardial mitochondria, leading to morphological changes and contractile impairment. Therefore, blocking abnormal mechanotransduction appears to be a valid approach of attenuating such adverse effects. However, this strategy brings a new issue into consideration: How can we block mechanotransduction when normal mechanical stress helps to maintain CM hemostasis? Therapeutic strategies targeting the mechanotransduction pathway should avoid the development and maturation stage, where a lack of mechanical stress would induce myocardium hyperplasia. Besides, the total knockout of any key genes in transduction pathway seems unacceptable. However, it has recently been demonstrated that the deletion of a specific gene in around 30% CMs would achieve the therapeutic goal. Following this, a method called “mosaic” knockout was developed to generate partial knockout CMs using varied dosage of delivery vehicles, including adeno-associated virus (AAV) (Guo et al., 2017; VanDusen et al., 2017). In the past year, the risks associated with AAV usage have been raised. Therefore, instead of generating permanent isogeneic insertions, some non-viral transient gene expression technologies have been developed that alter expression using modified mRNAs, miRNAs, and non-coding RNAs (ncRNAs) (Figure 4).


[image: Figure 4]
FIGURE 4. The strategy for gene delivery for CMs therapy. Gene therapy is a promising way to transduce exogenous gene expression. The two most common delivery methods are viral and non-viral vehicles. AAV is the most promising vector to delivery oligonucleotides. However, risk of high dosage of AAV administration limits its clinical practice. Thus, the mosaic genetic editing has been brought to reduce the requirement for AAV to avoid adverse effects. Besides, the non-viral delivery strategy is able to do transit gene expression, which works as an alternation to viral approach. Intramyocardial in situ and systematic injections are both able to achieve therapeutic goal.



Small Molecular Inhibitors

Recently, many reports have focused on the development of therapeutic compounds and drugs targeting mechanotransduction pathways to restore mitochondrial function in heart disease. For example, apigenin inhibits ROS generation, the loss of mitochondrial membrane potential, and apoptosis through PI3K/AKT signals and mitochondrial Notch1/HES1 signals, protecting H9C2 and rat heart cells from IR injury (Hu et al., 2015; Zhou et al., 2018). Additionally, melatonin promotes OPA-1–mediated mitochondrial fusion by activating YAP, thereby reducing IR-induced mitochondrial apoptosis and cardiac IR injury (Ma and Dong, 2019). Several signaling pathways are involved in cardiac mechanotransduction, and molecules have been targeted to attenuate specific pathways to inhibit or reverse harmful mechanical stress–induced cardiomyopathy. Verteporfin inhibits the interaction between YAP and TEAD1 to deplete the downstream YAP signal. Therefore, verteporfin has therapeutic potential for pressure overload cardiac remodeling.



Non-coding RNAs

In the last 10 years, ncRNAs have been studied worldwide, and several critical ncRNAs with essential biological functions have been identified. Antisense oligonucleotide therapy targeting strategies to modulate gene splicing have been used for ncRNA-based gene therapy. While lncRNA mimics have been used to express specific oligonucleotides (Lee J. et al., 2016), lncRNA-Plscr4 overexpression regulates mitochondrial function to attenuate hypertrophic stress by targeting miR-214 in mice-TAC or Ang-II–treated CMs (Lv et al., 2018; Zhang J. et al., 2019; Zhang M. et al., 2019). Additionally, silencing of lncRNA-Uc.323 or overexpression of lncRNA-Ahit could attenuate phenylephrine-induced CM enlargement through the mitochondrial pathway (Liu et al., 2016; Viereck et al., 2016; Yan et al., 2019; Sun et al., 2020).



Gene Editing for Genetic Disorder

CRISPR/Cas9 has rapidly become one of the most popular and important approaches for genome editing because of its simplicity and adaptability. CRISPR/Cas9 and iPSC technology were recently applied to characterize Barth syndrome with mitochondrial abnormalities. The administration of the mitoTEMPO antioxidant to patient-derived iPSC-CMs efficiently regulated mitochondrial ROS production and sarcomere organization to rescue the pathological phenotype of Barth syndrome (Wang et al., 2014). Additionally, AAV technology has been developed to deliver genes to reverse cardiac function and restore mitochondrial function (Wang L. et al., 2020; Wang et al., 2021). AAV and lentivirus are the main viral tools for gene delivery for genetic editing. Diabetic mice induced by intraperitoneal streptozocin injections were randomized for treatment with lentivirus carrying Lin28a siRNA or Lin28a cDNA to knock down or overexpress Lin28a, respectively. Lin28a overexpression significantly decreased RhoA/ROCK signaling to alleviate mitochondria cristae destruction and promote heart function in diabetic mice (Sun et al., 2016). Additionally, Dkk1 adenovirus is transduced by intramyocardial injection, and Dkk1 overexpression aggravates Dox-induced CM apoptosis via the mitochondrial damage pathway (Liang et al., 2019). AAV serotype 9 (AAV-9) Plscr4, lncRNA-Plscr4 overexpression attenuates the hypertrophic response in hyperpressure-loaded CMs (Liu et al., 2020). Non-viral delivery approaches involve liposome- or nanoparticle-mediated oligonucleotide delivery to heart tissue (Ishikawa et al., 2013). Chen et al. showed that modified aYAP mRNA could induce CM regeneration in an IR mouse model, which demonstrated a promising way to induce transit gene expression to achieve gene therapy.




PERSPECTIVES

In summary, biophysical and biochemical sensing pathways establish the fundamental mechanotransduction pathways that impact the regulation of mitochondrial homeostasis. Shear stress, cyclic stretch, and static strain are three major mechanical forces CMs are subjected to. Exceeding mechanical stress impairs mitochondrial function through regulating MQC, ATP production, ROS accumulation, and Ca2+ handling, leading to CM hypertrophy and dysfunction. Therefore, restoring mitochondrial function by shutting down the exceeding mechanotransduction pathway is a potential therapeutic strategy for cardiovascular diseases. In this review, we highlighted the biological processes of mechanotransduction pathways in regulating mitochondrial function in response to mechanical stress. We also provided a brief description of gene therapy delivery modes used to deliver treatment based on mechanical stress–induced mitochondrial dysfunction, providing new integrative insights into cardiovascular diseases. According to current evidence provided by this review on mechanotransduction in mitochondrial hemostasis, the future cut edge should be located in the following several perspectives. The first thing is to get better understanding of how biophysical mechanical stresses regulate mitochondrial function, as present studies revealed several molecular signals downstream of integrin-FAK–myosin–laminA/C pathway involved in nuclear mitochondrial genes expression. However, mitochondria are found to bind with F-actin, so that the changes of mitochondria are unclear when faced with the physical stress directly. Second, the biochemical sensor–related signaling is really limited to describe, especially the crosstalk between physical and chemical changes under exceeding mechanical stress. At last, to attenuate the abnormal mechanical stress to restore normal mitochondrial function aiming to reverse CMs' phenotype is a promising way. However, the risks of high dosage of AAV administration need to be noticed, and modified strategy is urgently required to be induced to reduce the supplement of AAV and achieve the same therapeutic goal at the same time. In generally, there is still a long way to obtain detailed understanding of mechanotransduction pathway in regulating mitochondrial function and to make targeting treatments.
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The antidiabetic drug metformin exerts pleiotropic effects on multiple organs, including the cardiovascular system. Evidence has shown that metformin improves healthspan and lifespan in male mice, yet its lifespan lengthening effect in females remains elusive. We herein demonstrated that metformin fails to extend the lifespan in female mice. Compared to 2-month-old young controls, 20-month-old female mice showed a spectrum of degenerative cardiac phenotypes alongside significant alterations in the extracellular matrix composition. Despite lowered reactive oxygen species production, long-term metformin treatment did not improve cardiac function in the aged female mice. In contrast, RNA sequencing analyses demonstrated that metformin treatment elevated the extracellular matrix-related gene while lowering oxidative phosphorylation-related gene expression in the heart. In addition, metformin treatment induced metabolic reprogramming that suppressed mitochondrial respiration but activated glycolysis (i.e., Warburg effect) in cultured primary cardiomyocytes and macrophages, thereby sustaining an inflammatory status and lowering ATP production. These findings suggest the unexpected detrimental effects of metformin on the regulation of cardiac homeostasis and longevity in female mice, reinforcing the significance of comprehensive testing prior to the translation of metformin-based novel therapies.

Keywords: metformin, heart aging, longevity, ECM—extracellular matrix, inflammation, mitochondrion


INTRODUCTION

Cardiac function declines with advancing age, thereby increasing cardiovascular diseases in the geriatric population (Gude et al., 2018). Cardiac degeneration often accompanies the proinflammatory microenvironment and lowers mitochondrial function, the two most common signatures of cardiac aging (Ferrucci and Fabbri, 2018), which is attributed to a dysregulated redox system (Dai et al., 2009), altered cell composition (Spadaccio et al., 2016), aberrant mitochondrial function (Zhu et al., 2019), and (epi-)genetic abnormalities (Zhang et al., 2018). Despite lacking a consensus on the precise mechanisms that lead to degenerative cardiac phenotypes, rejuvenating the aging heart via targeting immune response and mitochondrial metabolism holds great promise to attenuate the functional decline.

Metformin (Met) was initially introduced for the treatment of type II diabetes mellitus in 1957, which has been then found salutary in reducing cardiovascular mortality and morbidity (Vasamsetti et al., 2015; Bergmark et al., 2019). The benefit of this old drug in cardiovascular diseases may be attributed to its classical AMPK-dependent metabolic signaling pathways (Nafisa et al., 2018) or anti-inflammatory effect (Cameron et al., 2016) via the suppression of NF-kB or attenuation of endothelial dysfunction via the inhibition of LOX-1 (Xu et al., 2013) or anti-oxidant effect via inhibiting TRAF3IP2 (Valente et al., 2014) and NOX4 (Sato et al., 2016). In contrast, several reports of Met-associated lactic acidosis have been documented, although the incidence is sporadic (Fitzgerald et al., 2009; Defronzo et al., 2016). A study using the myocardial infarction (MI) swine model also suggested no effect in reducing MI size by Met (Techiryan et al., 2018), reinforcing the importance of rigorously checking Met monotherapy or in combination with other medications in large animal models to facilitate the clinical translation. Nonetheless, existing study documented a life-extending effect in male mice receiving Met (Martin-Montalvo et al., 2013), suggesting that Met could be a promising candidate to help realize healthy aging. Data on whether female mice can also benefit from Met's cardioprotective and life-extending effects remain elusive.

To this end, we set to investigate the role of Met treatment in female mice. Despite a lowered reactive oxygen species (ROS) production, long-term Met treatment did not improve cardiac function in the aged female mice. Surprisingly, rather than the life-extending effect, we found a significantly shortened lifespan in aged female mice receiving long-term Met supplementation vs. age-matched controls. Our results reinforce the importance of carefully evaluating the Met-based strategies in a context-dependent manner to facilitate the clinical translation of novel cardioprotective therapies.



METHODS


Animals

All procedures involving experimental animals were conducted in full accordance with and as approved by the Animal Care and Use Committee of Hangzhou Normal University. Young (2-month-old) and old (20- to 30-month-old) mice were maintained in a temperature-controlled room (22 ± 1°C) on a 12-h light/dark cycle with ad libitum access to food and water.



Chemicals and Antibodies

Metformin hydrochloride was purchased from TargetMol (T0740) or Selleck (S1950). Vinculin (13901), phosphorylated AMPKα (Thr172) (2535), AMPKα antibody (5831), and anti-rabbit IgG (7074) were purchased from Cell Signaling Technology. TRIzol Reagent (15596-018) was purchased from Invitrogen. EvaGreen Supermix (172-5201AP) was purchased from Bio-Rad Laboratories Inc. PrimeScript first-strand cDNA Synthesis Kit (6110A) was purchased from TaKaRa Bio Inc. All other chemicals were purchased from Sigma-Aldrich, unless otherwise stated.



Isolation and Culture of Primary Cells

Primary cardiomyocytes and bone marrow-derived macrophages were isolated and cultured as previously described (Trouplin et al., 2013; Zhu et al., 2019). Dulbecco's modified Eagle's medium (Hyclone) containing 4.5 g/l glucose, penicillin–streptomycin (100 IU/ml to 100 μg/ml), 10% fetal bovine serum (Gibco), and 20 ng/ml GM-CSF was used for cell culture.



RNA Sequencing

The RNAs were isolated from heart tissues using TRI® reagent (Sigma-Aldrich) as per the manufacturers' instructions. Library construction and sequencing were performed in Novogene, China. Briefly, RNA samples for transcriptome analysis were pre-treated with DNase and processed following the Illumina manufacturer's instructions, where magnetic beads with oligo (dT) were used to isolate polyadenylated mRNA (polyA + mRNA) from the total RNA. Fragmentation buffer consisting of divalent cations was added for shearing mRNA to short fragments of 200–700 nucleotides in length. These short fragments were used as templates to synthesize the first-strand cDNA using random hexamer priming. The second-strand cDNA was synthesized using buffer including dNTPs, RNase H, and DNA polymerase I. The products were purified and resolved with QIAquick PCR Purification Kit (Qiagen) and elution buffer for end preparation and tailing A, respectively. Purified cDNA fragments were connected with sequencing adapters and gel-electrophoresed to select suitable fragments for PCR amplification. The Agilent 2100 Bioanalyzer and Applied Biosystems StepOnePlus™ Real-Time PCR System were used in the quantification and analysis of the sample library for quality control. A paired-end cDNA library was constructed and sequenced using Illumina HiSeq™ X Ten at Novogene, China. The sequencing reads were mapped to the mouse reference genome (mm9) using HISAT (Kim et al., 2015). Differentially expressed genes (DEGs) between each genotype were calculated by a standard bioinformatic analysis package, and the hierarchical clustering for DEGs between samples was generated based on DEGs. The RNAseq data have been deposited to Sequence Read Archive under the BioProject number PRJNA681488.



Echocardiography

Cardiac function was evaluated by transthoracic echocardiography (Vevo2100, Visualsonic) in the short-axis view. M-mode images were used for measurement of fractional shortening (FS%) and ejection fraction (EF%) in lightly anesthetized mice (1–2% isoflurane mixed in 100% of oxygen, with the mice placed on a heating table to preserve the physiological body temperature). Heart rate was monitored to maintain the mice at approximately 550 bpm.



Seahorse Cellular Flux Assay

Cells were seeded 48 h before measurement by the XFe96 Seahorse extracellular flux analyzer (Agilent). Cartridges were hydrated by a calibrant for 24 h before measurement in a non-CO2 incubator at 37°C. The XFe96 Seahorse instrument was utilized following the manufacturer's instructions. The results were normalized by cell number in each well and analyzed via Wave software (version 2.6, Seahorse Bioscience).



Immunoblotting

Total proteins were extracted from ventricular tissues using radioimmunoprecipitation assay buffer (Applygen Technologies Inc., Beijing, China) supplemented with phosphatase and protease inhibitors (TargetMol). Equal amounts of proteins were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and then transferred to polyvinylidene fluoride membranes (Millipore). The membranes were reacted with a primary antibody followed by a secondary antibody. The immunoreactive bands were detected by Immun-Star WesternC chemiluminescence solutions (BioRad).



Endurance Running Test

The mouse exercise tolerance studies were performed as previously described (Zhu et al., 2019). All mice were acclimated to the treadmill system before the running test. The exercise regimen commenced at a speed of 15 m/min, with an inclination of 7°. The mice were considered to be exhausted and removed from the treadmill following the accumulation of 10 or more shocks (0.1 mA) per minute for two consecutive minutes. The electric shock times were registered within a 15-min running period.



Quantitative Polymerase Chain Reaction

The transcriptional expression levels of the targeted genes were assayed by quantitative polymerase chain reaction (qPCR) using the following primer sequences: Nppa-F: 5′-TTCTTCCTCGTCTTGGCCTTT-3′, Nppa-R: 5′-GACCTCATCTTCTACCGGCATCT-3′, Nppb-F: 5′-CACCGCTGGGAGGTCACT-3′, Nppb-R: 5′-GTGAGGCCTTGGTCCTTCAAGGTCACT-3′, Myh6-F: 5′-GTGACCATAAAGGAGGACCAGG-3′, Myh6-R: 5′-CCCGAGTAGGTATAGATCATCC-3′, Myh7-F: 5′-TTCATCCGAATCCATTTTGGGG-3′, Myh7-R: 5′-GCATAATCGTAGGGGTTGTTGG-3′, Col1a1-F: 5′-CGAAGGCAACAGTCGCTTCA-3′, Col1a1-R: 5′-GGTCTTGGTGGTTTTGTATTCGA-3′, Col3a1-F: 5′-GAACCTGGTTTCTTCTCACCC-3′, Col3a1-R: 5′-TCATAGGACTGACCAAGGTGG-3′, Ppargc1a1α-F: 5′-AAGTGTGGAACTCTCTGGAACTG-3′, Ppargc1a1α-R: 5′-GGGTTATCTTGGTTGGCTTTATG-3′, Tfam-F: 5′-GGAATGTGGAGCGTGCTAAA-3′, Tfam-R: 5′-GGTAGCTGTTCTGTGGAAAATCG-3′, Atp5b-F: 5′-ACGTCCAGTTCGATGAGGGAT-3′, Atp5b-R: 5′-TTTCTGGCCTCTAACCAAGCC-3′, β-actin-F: 5′-CAGCCTTCCTTCTTGGGTAT-3′, and β-actin-R: 5′-TGGCATAGAGGTCTTTACGG-3′. Total RNA was extracted using Trizol reagent (Life Technologies) according to the manufacturer's instructions. Reverse transcription and qPCR were performed using the PrimeScript first-strand cDNA Synthesis Kit (TaKaRa Bio) and EvaGreen Supermix (Bio-Rad) as per the manufacturers' instructions. The cycle threshold value determined for each RNA was normalized to the β-actin content to indicate the relative RNA level.



Histological Analysis

The hearts were fixed with 4% paraformaldehyde and embedded in paraffin, and 6-μm-thick sections were stained with Masson's trichrome as per the manufacturer's instructions (#GP1032, Servicebio). Images were acquired using a Panoramic automated slide scanner.



Flow Cytometry

ROS levels were analyzed with an LSRFortessaTM cell analyzer (BD Biosciences) as described previously (Zhu et al., 2019).



NAD+/NADH Ratio Measurement

Left ventricular tissues were freshly excised and snap-frozen for the measurements. NAD+/NADH ratio was analyzed with a commercial NADH/NAD quantification kit (K337-100; Biovision) as per the manufacturers' instructions.



Statistics

All experimental results are representative of repeated experiments. Statistical analyses were performed using Prism 7 (GraphPad Software Inc.) and Image J software (version 1.48). The data are represented as mean values ± the standard error of the mean. Unpaired Student's t-test (two-tailed) was used to compare two normally distributed data sets. Two-way ANOVA was used for seahorse analyses. Survival analyses were performed using the Kaplan–Meier method, and the significance of differences between survival curves was calculated using the log-rank (Mantel–Cox) test. A P value < 0.05 was considered to be statistically significant.

All data from these experiments are available from the corresponding author upon reasonable request.




RESULTS


Phenotyping the Age-Associated Cardiac Degeneration in Female Mice

We compared the degenerative cardiac signatures of 2-month old C57BL/6 (young) and 20-month-old (old) female mice with identical breeding conditions. The echocardiographic assessment confirmed a significantly reduced ejection fraction and fraction shortening in old female mice compared to those of young mice (Figure 1A). Histological staining also found more cardiac collagen deposition (Figure 1B) in the aged females, which coincided with an increased heart weight-to-body weight ratio (Figure 1C) and augmented inflammatory gene expression (Figure 1D). To evaluate whether these age-related degenerative indices link to impaired exercise capacity, we next examined the 15-min-run tolerance between young and old females. All mice were acclimated to the treadmill system with a gradual increment of running speed (from 7.5, 10, 12.5 to 15 m/min). Young female mice exhibited an excellent exercise capacity such that all were able to run for more than 30 min. In contrast, aged mice could not maintain the speed and struggled to catch up with the set speed, thus experiencing a high frequency of electric shock (Figure 1E). These data suggest that 20-month-old female mice have already exhibited phenotypes of age-associated cardiac degeneration, although the outer appearance is far from advanced aging.


[image: Figure 1]
FIGURE 1. Phenotypic cardiac degeneration in old mice. (A) Measurements of ejection fraction (EF%) and fractional shortening (FS%) in 2-month-old and 20-month-old wild-type (WT) female mice; n = 5 per group, **P < 0.01. (B) Representative images of Masson's trichrome staining and collagen content quantification in 2-month-old and 20-month-old WT female hearts; n = 5 for each group, bar = 50 μm, ****P < 0.0001. (C) Quantification of heart weight-to-body weight ratio in 2-month-old and 20-month-old WT female mice; n = 5 for each group, **P < 0.01. (D) Relative inflammatory cytokine comparisons between 2-month-old and 20-month-old WT female hearts. Data derived from RNA sequencing analyses, n = 3 per genotype. The P values are displayed. FPKM, fragments per kilobase of exon model per million reads mapped. (E) Exercise tolerance test in 2-month-old and 20-month-old WT female mice. The mice were subjected to treadmill exercise once a day for four consecutive days; n = 5 per genotype, *P < 0.05.




Late-Life Metformin Treatment Is Detrimental to Female Mice

Previous studies demonstrate that Met is cardioprotective under a pathological condition (Gundewar et al., 2009; El Messaoudi et al., 2013). Besides this, a life-extending effect of Met has been reported in male mice (Martin-Montalvo et al., 2013), prompting an assessment of whether Met could attenuate cardiac aging and likely extend the lifespan in female mice. To this end, we supplemented Met (100 mg/kg/day) or water as vehicle (Veh) to 20-month-old female mice till death (Figure 2A) and monitored their body weight and survival. Unexpectedly, a shortened median lifespan (Veh: 852 days vs. Met: 839 days, P < 0.05; Figure 2B) alongside a trend of body weight decrease (Figure 2C) at late stage was seen in female mice receiving Met treatment. This Met toxicity to female mice was not due to cardiac oxidative stress since Met treatment lowered the ROS production (Figure 2D). However, cardiac stress indices, including Myh7/Myh6, Nppa, and Nppb, were all elevated in the Met group compared to the Veh group (Figure 2E), although the ejection fraction and fraction shortening were unchanged between the two cohorts (Figure 2F).
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FIGURE 2. Metformin treatment is not associated with improved cardiac function and longevity in aged female mice. (A) The schematic image depicts the experimental procedures. Aged female wild-type (WT) mice were given water (Veh) or metformin (Met) from 600 days onwards (100 mg/kg/day oral gavage till the end of the experiment). (B) A shortened lifespan was seen in Met-treated female mice. Kaplan–Meier survival curves with Mantel–Cox test; n = 31 for Veh group and n = 21 for Met group, *P < 0.05. (C) Body mass curve comparisons between Veh and Met female mice. The mice were weighed weekly since the start of the metformin treatment. (D) The Met-treated mice exhibited a lower reactive oxygen species production vs. Veh mice; n = 8 for Veh group and n = 6 for Met group; *P < 0.05. MFI, mean fluorescent intensity. (E) Cardiac stress-related gene expression was upregulated in Met-treated old female mice. β-Actin was used to normalize the data; n = 8 for Veh group and n = 4 for Met group; *P < 0.05, **P < 0.01, ****P < 0.0001. (F) Measurements of ejection fraction and fractional shortening in old WT female mice with or without metformin treatment; n = 4 for Veh group and n = 3 for Met group. N.S., not significant.




Metformin-Treated Mice Exhibit Altered Transcriptomics

To explore the underlying mechanism of Met toxicity, we performed RNA sequencing to compare the transcriptional changes in the old heart with or without Met. Gene set enrichment analysis (GSEA) demonstrated many significantly enriched signaling pathways in the ventricular tissue of old Met mice compared to Veh mice. Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment indicated that Met treatment caused a reduction in mitochondrial respiratory genes, concurrent with an increase of extracellular matrix-related genes (Figures 3A,B). In line with this, extracellular matrix organization and oxidative phosphorylation topped in GO enrichment and KEGG enrichment, respectively (Figures 3C,D). qPCR analyses further validated the RNA sequencing findings as evidenced by augmented collagen synthesis-related genes (Col1a1 and Col3a1; Figure 3E) and downregulated mitochondrial-related genes (Ppargc1a, Tfam, and Atp5b; Figure 3F). Moreover, Met-treated hearts exhibited a lowered NAD+/NADH ratio compared to Veh hearts (Figure 3G). These data together suggest that Met supplementation to age female mice may cause mitochondrial dysregulation and abnormal collagen biosynthesis.
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FIGURE 3. Transcriptomics analyses in old female mice with or without metformin treatment. (A,B) Gene set enrichment analysis demonstrated 35 TOP up- and downregulated signaling pathways in the ventricular tissue of old Met mice, compared to Veh mice. Gene Ontology enrichment and Kyoto Encyclopedia of Genes and Genomes enrichment were used for the analysis of RNA sequencing data, respectively. Signaling pathways were ranked on the basis of normalized enrichment scores (NESs); positive and negative NESs indicate down- or upregulation in aged ventricular tissue, respectively. Specific pathways related to cardiac function were highlighted in red and blue. (C,D) GO and KEGG enrichment-based pathway analysis of Met and Veh hearts. The results were expressed as -log (P-value). (E,F) qPCR validation of collagen synthesis-related and mitochondrial-related gene expression in Veh and Met hearts. β-Actin was used to normalize the data; n = 8 for Veh group and n = 4 for Met group. *P < 0.05, **P < 0.01, ***P < 0.001. (G) NAD+/NADH ratio was downregulated in Met-treated hearts; n = 4 for each group in triplicate. *P < 0.05, ***P < 0.001.




Metformin Toxicity Causing Metabolic Reprograming Is AMPK Independent

Since several lines of evidence demonstrate that AMPK is central to metformin's effect (Zhou et al., 2001), we assessed AMPK activation in aged hearts via detecting AMPKα phosphorylation at Thr172. Consistent with previous findings, the young mice receiving Met activated the phosphorylation of AMPKα at Thr172, thereby increasing the p-AMPK/AMPK ratio (Figure 4A). However, the old hearts failed to activate AMPK upon Met treatment (Figure 4B), suggesting a possible mechanism that leads to the loss of the life-extending effect in aged females. Moreover, Met incubation drastically inhibits mitochondrial respiration and ATP production, while it increased glycolysis in primary cultured primary cardiomyocytes (Figures 4C,D) and bone marrow-derived macrophages (Figures 4E,F) from aged female mice. Collectively, these data indicated that metformin induced metabolic reprogramming that suppressed mitochondrial respiration but activated glycolysis (i.e., Warburg effect), thereby sustaining a relatively low-ATP and proinflammatory microenvironment.
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FIGURE 4. Metformin treatment fails to activate AMPK but triggers metabolic reprogramming. (A,B) The effect of activating AMPK via metformin was blunted in Met-treatment old hearts. Vinculin was used as loading control. Phosphorylated AMPK (p-AMPKα)/AMPKα ratio indicated the activation status of AMPK; n = 5 per group, **P < 0.01; N.S., not significant. (C) Mitochondrial respiration and mitochondrial ATP (mitoATP) production were measured in primary cardiomyocytes from old Veh or Met mice. Oxygen consumption rates were presented as pmol/min per 2,000 cells; n = 12 per group, two-way ANOVA, *P < 0.05. (D) Non-mitochondrial respiration and glycolytic level were measured in primary cardiomyocytes from old Veh or Met mice. Extracellular acidification rates (ECAR) were presented as mpH/min per 2,000 cells; n = 10 per group, two-way ANOVA; **P < 0.01, ***P < 0.001. (E) Mitochondrial respiration and mitochondrial ATP production were measured in primary bone marrow-derived macrophages from old Veh or Met mice. Oxygen consumption rates were presented as pmol/min per 2,000 cells; n = 9 per group, two-way ANOVA, ****P < 0.0001. (F) Non-mitochondrial respiration and glycolytic level were measured in primary bone marrow-derived macrophages from old Veh or Met mice. ECAR were presented as mpH/min per 2,000 cells; n = 9 per group, two-way ANOVA, **P < 0.01. Oligo, oligomycin; FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; Rot, rotenone; AA, antimycin A; Glc, glucose; 2-DG, 2-deoxy-D-glucose.





DISCUSSION

In this study, we report an unexpected Met toxicity to late-life female mice, where Met treatment fails to extend the lifespan and downregulates mitochondrial respiration. One previous study has documented that early-life Met treatment (starting from 3 months old) extended the lifespan in female SHR mice (Anisimov et al., 2008). A subsequent investigation compared the effects of different Met treatment time windows on the lifespan of female SHR mice (Anisimov et al., 2011). Interestingly, an identical dosage of Met intervention started at an early life (3 months old) increased the mean lifespan by 14%, but the salutary life-extending effect was time-dependently abolished when starting Met treatment at the age of 9 or 15 months (Anisimov et al., 2011). Despite the difference between the WT and SHR female mice, their studies and our current finding indicate that Met's effect on the lifespan is age dependent. In addition, Met was reported to exert various effects primarily in an AMPK-dependent manner, yet we did not detect any change in AMPK phosphorylation, suggesting that the loss of Met-based benefits to aged female mice is possibly AMPK independent.

Although Met was found to extend the healthspan and lifespan in mice through elevating the AMPK activity (Martin-Montalvo et al., 2013), we failed to observe such a lifespan-promoting effect in our experimental setting. This effect is reminiscent of the very recent finding that occurs with Met supplementation in Caenorhabditis elegans, where Met caused a lethal ATP exhaustion (Espada et al., 2020). Consistently, we also observed a decreased ATP in Met-treated cardiomyocytes, although the ejection fraction was not changed between the aged Veh and Met mice. Given that ATP decline is often associated with cardiac dysfunction, a possible explanation is that our aged female mice fed Met resembled a mouse model of heart failure with preserved ejection fraction (HFpEF), a most common form of heart failure in patients older than 65 years (Kitzman et al., 2001; Kumar et al., 2019), predominantly females (Wintrich et al., 2020). Indeed decreased ATP with preserved ejection fraction is found in patients of HFpEF. Mitochondrial deficiency of ubiquinol resulting in decreased ATP synthesis has been documented as a possible mechanism for the lowered ATP in HFpEF patients (Pierce et al., 2018). Moreover, cardiac cell types, extracellular matrix (ECM) composition, and detection methods may also affect the EF and ATP readouts. Further investigation is warranted to clarify how these factors may affect the action of Met under different circumstances.

The ECM has been long studied in the regulation of cardiac homeostasis (Bowers et al., 2010). Both structural and non-structural ECM proteins create strength and plasticity that not only provide mechanical scaffolds but also dynamically participate in physiological and pathological signaling. For instance, cardiac ECM proteins accumulate during aging, pressure overload, and myocardial infarction, thereby regulating compensatory remodeling and repair. Conversely, ECM dysregulation promotes the onset of oxidative stress and inflammation, leading to adverse cardiac remodeling and decompensation (Frangogiannis, 2017). We found an increased cardiac ECM deposition during aging, whereas collagen expression was inversely downregulated, which is in agreement with the previous literature (Meschiari et al., 2017), implicating a post-transcriptional regulation of collagen content that exists with age. We further revealed that Met treatment upregulated ECM-related transcripts, concurrent with increased proinflammatory glycolysis in the macrophages. Although we cannot exclude the possibility that abnormal ECM drives immunometabolic reprogramming, Met may disturb the ECM network in the aged heart through exacerbating mitochondrial complex I inhibition, thereby activating macrophages (Fontaine, 2018).

There are some limitations to the study. The goal of this study was to investigate whether Met exerts protective effects in myocardial metabolism and longevity in murine models, especially in females. Given the unexpected lifespan-shortening outcome in our current study and a recent worm study (Espada et al., 2020), as well as the marginal benefit of Met treatment in a MI swine model (Techiryan et al., 2018), it is obligatory to perform double-blinded, placebo-controlled clinical trials to extrapolate animal-based findings to human cardiovascular aging/diseases. Besides this, with the limited number of the aging mice cohort, we only tested one dosage at a one-time window. The methods of Met delivery, dosage, intervention time point, and age factors may lead to different consequences. In particular, acute MI causes severe fibrotic scar formation, with patients of renal impairment showing a contraindication to metformin usage due to the increased risk of lactic acidosis. Thus, the effect of Met-mediated ECM remodeling may differ from that in the chronic aging process.

In summary, our data indicated that Met did not improve the cardiac function and lifespan in old female mice. Despite the fact that the multiple salutary effects of Met pave the way to combat aging-related diseases, a systematic evaluation of Met's cardiac and life-extending effect in the late life of individuals should be considered.
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Chronic hypoxia is an essential component in many cardiac diseases. The heart consumes a substantial amount of energy and it is important to maintain the balance of energy supply and demand when oxygen is limited. Previous studies showed that the heart switches from fatty acid to glucose to maintain metabolic efficiency in the adaptation to chronic hypoxia. However, the underlying mechanism of this adaptive cardiac metabolism remains to be fully characterized. Moreover, how the altered cardiac metabolism affects the heart function in patients with chronic hypoxia has not been discussed in the current literature. In this review, we summarized new findings from animal and human studies to illustrate the mechanism underlying the adaptive cardiac metabolism under chronic hypoxia. Clinical focus is given to certain patients that are subject to the impact of chronic hypoxia, and potential treatment strategies that modulate cardiac metabolism and may improve the heart function in these patients are also summarized.

Keywords: cardiac metabolism, chronic hypoxia, metabolic efficiency, heart function, heart failure, HIF-1α


INTRODUCTION

The human heart is extremely robust in energy metabolism with the highest uptake of oxygen in the body (~0.1 ml O2/g/min), and requires ~6 kg of ATP per day, which is 15–20 times its own weight (Kolwicz et al., 2013). To sustain the high energetic demand in the heart, continuous supply of sufficient oxygen is needed. However, a variety of cardiac and pulmonary diseases and systemic pathologies can lead to decreased capacity for oxygen transport and exchange, or decreased blood flow, which reduces oxygen supply to the heart and impairs cardiac energetics.

Hypoxia is the result of the imbalance between oxygen supply and oxygen demand. Under chronic hypoxia, the heart is challenged to produce similar amount of ATP with limited O2 for contractile work to maintain normal heart function. This comes in the issue of cardiac metabolic efficiency, which is important in heart function as impaired metabolic efficiency appears to be a prominent feature in heart failure (Bertero and Maack, 2018). In response to hypoxic stimuli, the heart has evolved a delicate adaptive program to maintain metabolic efficiency, in which glucose becomes preferentially used over fatty acid for ATP production. Although the amount of ATP generated from fatty acids is substantially higher than that of glucose (106 vs. 32 molecules of ATP for per molecule of palmitate or glucose respectively), the oxidation of glucose consumes less oxygen compared to fatty acids, which makes it more oxygen efficient (Darvey, 1998). Therefore, when glucose utilization is increased, the coupling of glycolysis and glucose oxidation improves cardiac metabolic efficiency and maintains ATP production (Abdurrachim et al., 2015).

In this review, we will focus on characterizing the major features and the underlying mechanism of adaptive cardiac metabolism under chronic hypoxia from recent studies. The role of altered metabolic adaptation in the progression of cardiac dysfunction in patients with chronic hypoxia and potential available treatment strategies are also discussed.


Chronic Hypoxia as a Pathophysiologic Component in Cardiac Diseases

Exposure to chronic hypoxia is a notable feature in high-altitude populations, which constitute ~7% of the world's population, and their number has been rising considerably by 20% since 1990 (Woolcott et al., 2015). These populations are living in a hypobaric and hypoxic environment, which reduce alveolar oxygen level and subject them to the impact of chronic hypobaric hypoxia (Figure 1). From the epidemiologic perspective, hypoxia has major significance as an important risk factor for population health because it is not only the prominent feature in the high-altitude populations, but also involved in the pathophysiology of many cardiac diseases, including ischemic heart disease (IHD), cardiac hypertrophy, hypertension, and heart failure (Abe et al., 2017). In 2019, the prevalent cases of ischemic and hypertensive heart disease were estimated to be 197 million and 18.6 million worldwide, causing a total of 9.14 and 1.16 million deaths respectively (Roth et al., 2020). In these patients, microvascular dysfunction is common and the heart is associated with varying degrees of microvascular obstruction, impaired vascularization and decreased oxygen supply to cardiomyocytes, which causes chronic local hypoxia. In addition, certain congenital heart defects can subject patients to the effect of chronic hypoxia, a condition called cyanotic congenital heart disease (CCHD) (Mahle et al., 2009). In 2019, the number of patients living with congenital heart disease was estimated to be 13 million worldwide (Roth et al., 2020), and nearly 20% of incident congenital heart disease cases in the newborns were CCHD (Zhao et al., 2013).


[image: Figure 1]
FIGURE 1. The involvement of chronic hypoxia in different clinical scenarios.


Chronic hypoxia is also a prominent pathophysiologic feature in some commonly seen pulmonary diseases. For instance, in patients with obstructive sleep apnea (OSA), chronic obstructive pulmonary disease (COPD), or interstitial lung disease (ILD) etc. (Kent et al., 2011; Ryan, 2018), impaired ventilation of air or reduced oxygen diffusion capacity can significantly decrease exchange of oxygen in the lung, which reduces arterial oxygen level. In these pulmonary conditions, COPD and ILD can lead to chronic systemic hypoxia in affected patients, whereas OSA is associated with another type of chronic hypoxia that is characterized by recurrent episodes of hypoxia and reoxygenation, i.e., chronic intermittent hypoxia (CIH). Of note, CIH differs from the continuous exposure to chronic systemic hypoxia as seen in high-altitude populations and CCHD patients. Recent epidemiologic studies suggest that about 10% of the general adult population could suffer from COPD or OSA (McNicholas, 2018), and these conditions are associated with substantially higher risk of cardiovascular co-morbidity and mortality.

Chronic hypoxia has mixed effects on cardiovascular health, whether it is beneficial or detrimental depends on the specific pathophysiologic context and patient risk factors (Savla et al., 2018). In this review, we focus on discussing cardiac metabolism under the context of chronic systemic hypoxia.



Major Features of the Adaptative Cardiac Metabolism Under Chronic Hypoxia


Metabolic Switch of Cardiac Fuels

The human heart is a metabolic omnivore capable to consume all types of available fuels. In the healthy adult human heart, over 95% of ATP are produced from fatty acid and glucose. However, metabolic efficiency differs between these two fuels. Fatty acid has the highest ATP yields on an energy per gram basis, but the oxidation of 1 mol of glucose generates 6.3 high-energy phosphate bonds per mole of O2, which is 53.7% higher than that of fatty acid (Kessler and Friedman, 1998). In other words, given a certain amount of oxygen, the use of glucose over fatty acid can yield higher quantity of ATP. Therefore, it has been proposed that increased reliance on glucose might improve cardiac metabolic efficiency and maintain ATP production, which is beneficial in the adaptation to chronic hypoxia (Essop, 2007). In humans, the increased reliance on glucose metabolism is a notable feature in high-altitude populations, such as Tibetans, Sherpas in Nepal, and the Andeans, all of whom are subjected to the chronic effect of hypobaric hypoxia. In a study involving these chronically hypoxic populations, positron emission tomographic (PET) and plasma measurements showed enhanced glucose uptake in the myocardium (0.34 vs. 0.20 μmol glucose/g/min) and lower plasma glucose level (4.7 vs. 5.3 μmol/ml) compared to lowlanders, suggesting a true metabolic adaptation against chronic hypoxia in these populations (Holden et al., 1995). Although the authors had not directly measured the myocardial uptake of fatty acid, plasma level of fatty acid was higher in highlanders than lowlanders (0.65 vs. 0.51 μmol/ml), indicating decreased utilization of fatty acid as metabolic fuels in highlanders (Holden et al., 1995).

Increased reliance on glucose is also a notable cardiac metabolic feature in patients with CCHD. Myocardial samples from patients with tetralogy of Fallot (the most common cyanotic heart defect) showed significantly higher lactate concentrations than acyanotic controls (Modi et al., 2004). Recent data on the surgical samples from CCHD patients also found significantly higher levels of glycolytic intermediates, and the measurement of mitochondrial respiration in primary cardiomyocytes isolated from CCHD patients revealed enhanced substrate utilization with glucose (Liu et al., 2020). Collectively, these data suggest that enhanced utilization of glucose as cardiac fuel is a prominent feature in patients with CCHD. Of note, current studies on the metabolic adaptation under chronic hypoxia in humans are mainly of cross-sectional design, whether this adaptive process occurs progressively through multiple stages require further investigations in future longitudinal studies.

Findings regarding the adaptive cardiac metabolism under chronic hypoxia from human studies corroborate with those from animal studies. In rats exposed to normobaric hypoxia (10% O2) for 4 weeks, the left ventricle showed increased reliance on pyruvate for energy production, and the maximal mass-specific and mitochondrial-specific respiration as measured by pyruvate increased by 25% (Ferri et al., 2018). The right ventricle showed similar pattern of changes but the difference appeared non-significant between hypoxic and normoxic myocardium (Ferri et al., 2018). In chronically hypoxic rabbits exposed to 10% O2 for up to 5 weeks, the hearts exhibited enhanced ventricular function and increased capacity for glucose oxidation compared to normoxic counterparts (Ross-Ascuitto et al., 2004). In a piglet model of chronic hypoxia (exposed to 8% O2 for 4 weeks), the hearts showed elevated baseline glycogen storage levels and increased rates of glycolysis, which conferred protection against ischemic stress (Plunkett et al., 1996). Therefore, various animal models have demonstrated that chronically hypoxic hearts showed increased reliance on carbohydrates for energy production. Notably, a recent study using hyperpolarized 13C-magnetic resonance spectroscopy to non-invasively measure pyruvate metabolism showed that in rats exposed to 3-week hypoxia, the conversion of pyruvate into lactate was comparable between hypoxic hearts and normoxic controls (Le Page et al., 2019), which suggests unchanged cardiac metabolism of pyruvate. Nonetheless, given that exposure to chronic hypoxia is associated with reduced utilization of fatty acid (Cole et al., 2016; Mansor et al., 2016), the unchanged metabolism of pyruvate as reported by this study indeed suggests a relatively increased reliance on carbohydrates for energy production in chronically hypoxic hearts, which corroborates with the conclusions from previous studies (Ross-Ascuitto et al., 2004; Ferri et al., 2018).

In addition to carbohydrates, other metabolic fuels with higher energetic efficiency than fatty acid, such as ketones, could have important roles in the adaptive cardiac metabolism. Ketone bodies consist of β-hydroxybutyrate (β-OHB) and acetoacetate. The oxidation of ketones is comparable to glucose and pyruvate in terms of oxygen efficiency (Ferrannini et al., 2016), which makes it an equally efficient fuel under metabolically stressed conditions. This property is potentially beneficial for cardiac adaptation during periods of nutrient or oxygen scarcity. In chronically hypoxic rats, the plasma concentration of β-OHB was significantly elevated (Mansor et al., 2016). Moreover, in primary cardiomyocytes, the presence of β-OHB improves excitation-contraction coupling under hypoxic environment, suggesting its potential role in the protective response against hypoxia (Klos et al., 2019). However, the effect of ketones on the adaptive cardiac metabolism has not been fully explored in animals nor investigated in human patients. Whether ketone bodies contribute to the adaptive cardiac metabolism under chronic hypoxia warrants further studies.



Adaptive Changes in Cardiac Mitochondria

Cardiac mitochondria comprise approximately one third of the volume of mature cardiomyocytes and they are well-known for the central roles in energy production and the regulation of various important cellular processes (Tian et al., 2019). Chronic hypoxia can induce a series of adaptive structural and functional changes in cardiac mitochondria. Current studies seem to report different findings due to variations in experimental methodologies and the indicators chosen for measurement. To quantify mitochondrial contents, some studies used the measurement of citrate synthase (CS) activity as the indirect biomarker of mitochondrial content (Larsen et al., 2012). In these studies, the exposure of rats to chronic hypoxia resulted in comparable CS activity in both left and right ventricles with normoxic controls (Heather et al., 2012; Horscroft et al., 2015; Ferri et al., 2018), which suggests little changes in mitochondrial content in the chronically hypoxic myocardium. However, other studies report that in rats exposed to 3-week hypoxia, the ratio of mitochondrial DNA to nuclear DNA was reduced in both ventricles (Nouette-Gaulain et al., 2005), which suggests decreased mitochondrial content. Moreover, morphometric analysis of mitochondria showed that the numerical density significantly increased and the mean volume significantly decreased in both ventricles, indicating an increase in the number of smaller mitochondria (Nouette-Gaulain et al., 2005). The increase in mitochondria number is considered favorable under chronic hypoxia because it can facilitate the mitochondrial transport of oxygen by increasing the surface-to-volume ratio of mitochondria (Nouette-Gaulain et al., 2005).

Mitochondrial oxidative capacity can be altered under chronic hypoxia. These functional changes in cardiac mitochondria should be evaluated in the context of the switch of cardiac fuels. Furthermore, due to diversity in the methodology and the specimens (isolated mitochondria, cells, tissues) to measure mitochondrial oxidation, results from different studies should be interpreted based on the specific methodology and specimen types (Horan et al., 2012). Measurement from bundles of myocardial fibers (non-isolated cardiomyocytes) showed that chronic hypoxia causes a reduction in mitochondrial oxidative capacity as measured with palmitate (Nouette-Gaulain et al., 2005, 2011). The left ventricle showed more rapid declines than right ventricle in mitochondrial oxidative capacity as measured with palmitate, whereas the right ventricle remained relatively unchanged until 3 weeks after exposure to hypoxia (Nouette-Gaulain et al., 2005), suggesting delayed alteration in mitochondrial respiratory chain complexes in the right ventricle. In another study using the similar technique, the measurement of myocardial fibers with pyruvate showed greater mass-specific respiration in the left ventricle (Ferri et al., 2018). The above results are consistent with a recent study, in which primary cardiomyocytes isolated from the left ventricle of hypoxic rats showed an increase in mitochondrial oxidation as measured with pyruvate and decreased mitochondrial oxidation as measured with palmitate (Liu et al., 2020). Some studies involve the isolation of cardiac mitochondria and direct measurement of their respiration. Cardiac mitochondria consist of two anatomically and biochemically distinct subtypes, namely subsarcolemmal mitochondria (SSM) and interfibrillar mitochondria (IFM) (Palmer et al., 1977). In rats exposed to 11% O2 for 2 weeks, the hypoxic SSM and IFM showed decreased respiration as measured with fatty acid and pyruvate (Heather et al., 2012). These changes were associated with downregulation of complexes I, II and IV of electron transport chain (ETC) in hypoxic SSM and downregulation of TCA cycle enzyme aconitase in IFM, which indicates decreased functional mass within a mitochondrion (Heather et al., 2012). Taken together, current evidence suggests that at the cellular and tissue level, mitochondrial oxidation capacity appeared to increase for pyruvate and decrease for fatty acids, but in the isolated mitochondria, the oxidative capacity appeared to decrease for both fuels. As we discussed earlier, this may be due to smaller size of mitochondria in chronically hypoxic hearts (Nouette-Gaulain et al., 2005).

The adaptive changes in ETC components are important in hypoxic cardiomyocytes. The mitochondria use oxygen to generate ATP, which can produce reactive oxygen species (ROS) during this process (Giordano, 2005). This issue becomes more prominent under hypoxia, as impaired transport of electron to oxygen and mismatch between electron and oxygen could aggravate ROS production (Guzy and Schumacker, 2006). The downregulation of ETC components in hypoxic SSM was accompanied by reductions in ROS production and offered protection against mitochondrial permeability transition pore (MPTP) opening (Heather et al., 2012), which is beneficial for cell survival under chronic hypoxia. Moreover, the uncoupling protein 3 (UCP3) located in the inner membrane of mitochondria was also decreased by chronic hypoxia (Cole et al., 2016), an adaptive change that decreased proton leak and thereby increased mitochondrial efficiency to use oxygen.

The biosynthesis of another important molecule along the ETC, Coenzyme Q10 (CoQ10), can also be affected under chronic hypoxia. CoQ10 is a vitamin-like organic component of ETC and is ubiquitously expressed in different tissues (Zozina et al., 2018). CoQ10 serves as an important electron carrier in the mitochondrial oxidation and also acts as a potent antioxidant to offset the damaging effect from ROS (Zozina et al., 2018). Given its various biological effect, the importance of CoQ10 should not be neglected. In rats exposed to chronic hypoxia for 3 weeks, reduced cardiac expression of cold-inducible RNA binding protein (CIRBP) caused decreased stabilization of the mRNA responsible for the biosynthesis of CoQ10, which could be associated with reduced ATP production, increased cellular apoptosis, and impaired heart function upon acute stress (Liu et al., 2019). These new findings suggest that under certain pathophysiologic conditions, chronically hypoxic hearts could suffer from impaired protective response against external stress due to its unique remodeling changes within the mitochondria.



Adaptive Changes in the High Energy Phosphate System

Chronic hypoxia can induce beneficial adaptive changes in the high energy phosphate system, which is composed of phosphocreatine (PCr) and creatine kinase (CK). This energy buffer system catalyzes the reversible reaction: Phosphocreatine + ADP + H+ ↔ Creatine + ATP, and it not only serves as an important shuttle for ATP between mitochondria and muscle fibers, but also a buffer between ATP and ADP levels in the cytosol (Guimaraes-Ferreira, 2014). The ratio of phosphocreatine and ATP (PCr/ATP), as measured by 31P Magnetic Resonance Spectroscopy, reflects the energy status of the myocardium. Lowered PCr/ATP ratio is commonly seen in certain cardiac pathological conditions, such as ischemia and heart failure, and it can also be found under hypoxic condition when the heart preferentially uses glucose for metabolism. In the left ventricle, exposure to chronic hypoxia lowers total CK activity, more specifically for the mitochondrial CK isoform (Novel-Chate et al., 1998). In mice exposed to 3-week chronic hypoxia, the heart had decreased PCr/ATP ratio but higher response of ATP/PCr production to PCr changes (Calmettes et al., 2008; Cole et al., 2016), which indicates improved regulation of the balance between energy demand and energy supply. This beneficial adaptation enables the heart to maintain ATP level to withstand the impact of acute hypoxia (Calmettes et al., 2010). As such, the adaptive change of high energy phosphate system from the exposure to chronic hypoxia confers more metabolic resilience for the heart to tolerate ischemic insult.

In human patients, changes in the high energy phosphate system appeared to be consistent with those from animal studies. In a study involving the in vivo measurement of phosphocreatine and ATP in high-land Sherpas (Hochachka et al., 1996), cardiac PCr/ATP ratio was shown about half of that in these individuals compared to low-landers, and this difference remained unchanged even after 1-month de-acclimatization from high-altitude environment. These findings suggest the metabolic remodeling toward higher preference for glucose metabolism and increased glucose contribution to aerobic ATP turnover rates in the Sherpa heart (Hochachka et al., 1996). Interestingly, another study measuring cardiac energetics in patients with CCHD reported a PCr/ATP ratio comparable to controls, except that patients with heart failure had significantly lowered PCr/ATP ratio (Miall-Allen et al., 1996). In another groups of patients with Eisenmenger syndrome, which is associated with chronic hypoxemia, PCr/ATP ratio was reported to be significantly lowered than that in normoxic controls (Bowater et al., 2016). These data indicate that in patients with chronically hypoxic hearts, lowered PCr/ATP ratio could be accompanied by the presence of impaired heart function.




The Mechanism of Adaptive Cardiac Metabolism Under Chronic Hypoxia


The Regulatory Roles of Hif-1α and PKC Proteins

Exposure to chronic hypoxia activates the adaptive cardiac metabolic program through the induction of master regulators. In the myocardium, the physiologic response to hypoxia is mediated by the transcription factors from hypoxia-inducible factor (HIF) family. The biochemical properties and the detailed regulation of Hif-1α by oxygen have been summarized in a previous review (Sousa Fialho et al., 2019). Notably, myocardial expression of Hif-1α mRNA and protein was significantly induced in rats exposed to 10% O2 for 3 weeks (Jung et al., 2000; Forkel et al., 2004). In patients with cyanotic heart defects, myocardial samples showed elevated HIF-1α protein levels and increased DNA binding activity, which are directly correlated with the degrees of hypoxemia (Qing et al., 2007). The stabilization of HIF-1α protein binds to hypoxia-response element (HRE) and promotes the expression of metabolic genes that facilitate the utilization of glucose and glycolysis, including glucose transporters 1 (GLUT1), hexokinase (HK), phosphofructokinase (PFK), pyruvate dehydrogenase kinase 1 (PDK1), and lactate dehydrogenase (LDHA) (Semenza, 2014). Moreover, increased HIF-1α promotes glycogen synthesis through induction of glycogen synthase 1 (GYS1) (Pescador et al., 2010) and phosphoglucomutase (PGM) (Semenza, 2014) (Figure 2).
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FIGURE 2. Major features and mechanistic basis of the adaptive cardiac metabolism under chronic hypoxia. Chronic hypoxia leads to increased level and stabilization of HIF-1α, which upregulates the expression of glucose transporter 1 (GLUT1), hexokinase (HK), phosphofructokinase (PFK), pyruvate kinase isozyme M2 (PKM2), lactate dehydrogenase A (LDHA), pyruvate dehydrogenase kinase 1 (PDK1), glycogen synthase 1 (GYS1), and phosphoglucomutase (PGM). These changes lead to increase in glucose uptake, glycolysis, and glycogen synthesis. Additionally, chronic hypoxia decreases PPARα and PGC-1α levels, which decrease fatty acid uptake and β-oxidation through downregulation of fatty acid transport protein (FATP), carnitine palmitoyl transferase 1 (CPT1), medium chain acyl-CoA dehydrogenase (MCAD), long chain acyl-CoA dehydrogenase (LCAD) and uncoupling protein 3 (UCP3). Decreased UCP3 level is associated with less proton leak and increased mitochondrial efficiency for oxygen utilization. Of note, pyruvate dehydrogenase kinase 4 (PDK4) is reduced by downregulated PPARα, which activates pyruvate dehydrogenase (PDH) activity. Decreased PGC-1α reduces mitochondrial biosynthesis of components of electron transport chain, which reduces the generation of reactive oxygen species (ROS). Moreover, protein kinase C epsilon (PKCε) is activated under chronic hypoxia, which phosphorylates glycogen synthase kinase 3β (GSK3β) and reduces its phosphorylation on HIF-1α and GYS1. As the phosphorylation of HIF-1α and GYS1 leads to inhibition of their activities, activated PKCε promotes HIF-1α signaling and glycogen storage under chronic hypoxia. Collectively, these metabolic changes result in increased reliance on carbohydrates over fatty acids for ATP production. Other notable metabolic features include smaller size of mitochondria and decreased phosphocreatine (PCr)/ATP ratio. See text for further details. MPC, mitochondrial pyruvate carrier.


The role of protein kinase C (PKC) in the metabolic adaptation to chronic hypoxia should be mentioned. PKC isozymes are serine/threonine kinases that regulates the protective response against ischemic injury in the heart (Singh et al., 2017). In chronically hypoxic patients and animals, PKCε is activated along with p38 MAP kinase and JUN kinase pathways (Rafiee et al., 2002), which confers cardio-protection in the myocardium. Moreover, the activation of PKCε inactivates glycogen synthase kinase 3β (GSK3β) through phosphorylation, which results in increased accumulation of HIF-1α in the chronically hypoxic heart (McCarthy et al., 2011). Activation of PKC also confers preference for glucose metabolism, with higher rates of glycolysis and glucose oxidation, as well as increased storage of glycogen (McCarthy et al., 2011).



The Regulators of Fatty Acid and Mitochondrial Metabolism

The activation of HIF-1α signaling pathway is only half the story, because chronic hypoxia is also associated with downregulation of regulators responsible for fatty acid metabolism. During exposure to hypoxia, both peroxisome proliferator-activated receptor-α (PPARα) and peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) are significantly downregulated (Cole et al., 2016; Mansor et al., 2016), which decreases the expression of their target metabolic genes. The PPARα transcriptional regulatory complex is composed of PPARα, retinoid X receptor (RXR) and PGC-1α, which binds to PPAR response element (PPRE) and regulates fatty acid transport and β-oxidation in the heart through targeting the expression of fatty acid transport protein (FATP), carnitine palmitoyl transferase 1 (CPT1), medium-chain acyl-CoA dehydrogenase (MCAD), long-chain acyl-CoA dehydrogenase (LCAD) (Finck and Kelly, 2002). Importantly, the DNA binding activity of PPARα/retinoid X receptor (RXR) could be reduced by elevated HIF-1α level in the hypoxic hearts (Belanger et al., 2007). PPARα can also regulate glucose metabolism through targeting the expression of PDK2 and PDK4 (Cole et al., 2016; Mansor et al., 2016), which inhibits pyruvate dehydrogenase (PDH) activity through phosphorylation and therefore reduces pyruvate flux. In this sense, PPARα is critical for the mechanistic basis of metabolic switch between fatty acid and glucose. Importantly, the role of these metabolic regulators has been confirmed in genetic studies involving high-altitude populations. For instance, the role of PPARα in the metabolic adaptation in humans was confirmed in several genetic studies of Tibetans (Ge et al., 2012) and Sherpas (Horscroft et al., 2017; Kinota et al., 2018). Genetic variants of PPARα in high-altitude inhabitants is associated with lowered capacity for fatty acid oxidation (Murray et al., 2018), indicating that the metabolic adaption under chronic hypoxia has genetic basis that occurred over generations. Beneficial genetic variants in HIF pathway was also shown in these highlanders (Bigham and Lee, 2014).

PGC-1α is a potent transcriptional coactivator of PPARα that controls cardiac mitochondrial biogenesis (Dorn and Kelly, 2015). The cardiac expression of PGC-1α can be differentially affected by oxygen level, and also seems to differ by left and right ventricle. In one study, chronic exposure to 3-week hypoxia in rats significantly downregulates the mRNA and protein levels of PGC-1α in both left and right ventricle (Ramjiawan et al., 2013). However, another study showed that in rats exposed to 4-week hypoxia, the expression of PGC-1α showed no difference in the left ventricle but was significantly lowered in the right ventricle (Ferri et al., 2018); the expression of another PGC-related family protein, PGC-1β, was significantly elevated in the left ventricle with increased maximal mitochondrial-specific respiration as measured with pyruvate and malate (Ferri et al., 2018). However, in the myocardium of right ventricle from patients with tetralogy of Fallot, cardiac expression of PGC-1α was significantly elevated and was positively correlated with the severity of cyanosis (Zhu et al., 2010). Other proteins involved in PGC-1α regulation cascade, including nuclear respiratory factors (NRF-1/NRF-2) and estrogen-related receptors (ERRs), are important transcriptional factors implicated in mitochondrial biogenesis and can be differentially regulated by hypoxia (Hochachka and Lutz, 2001; Cunningham et al., 2015), which also contribute to the altered mitochondrial biosynthesis under chronic hypoxia. Hence, current studies provide inconsistent evidence between animal and human studies with regard to the regulators of mitochondrial biosynthesis in chronically hypoxic hearts. A deeper understanding on this topic should warrant more comprehensive evaluation of different regulators in future studies.



The Regulation of PDH Activity Under Chronic Hypoxia

As we mentioned above, the adaptive cardiac metabolism under chronic hypoxia shows increased reliance on carbohydrates for ATP production. The transition from fatty acid to glucose metabolism requires allosteric and transcriptional regulation of key metabolic enzymes that are controlled by HIF-1α, PPARα and PGC-1α. The “Randle cycle” theory proposed in 1960's illustrates the famous ‘glucose-fatty acid cycle’, in which acetyl-CoA generated from fatty acid metabolism inhibits glucose oxidation, or products of glucose metabolism inhibit the entry of fatty acid into mitochondria for β-oxidation (Hue and Taegtmeyer, 2009). This theory forms the basis of adaptive cardiac metabolism. Of note, PDH is the key enzyme that couples glycolysis and glucose oxidation through catalyzing the oxidative decarboxylation of pyruvate, which generates acetyl-CoA that feeds into Krebs cycle (or tricarboxylic acid cycle, TCA cycle). Cardiac PDH activity is regulated by the reversible phosphorylation by PDK and phosphatases (PDP), with phosphorylation resulting in PDH inhibition (Holness and Sugden, 2003). PDK is critical for controlling PDH activity and it can be allosterically regulated by pyruvate, acetyl-CoA and NADH (Holness and Sugden, 2003). Of note, the major PDK isoforms in the heart (PDK1, 2, 4) differ in the kinetic parameters and regulation, such that PDK1 is proposed to be specialized for short-term control of PDH activity, whereas PDK4 is more involved in the regulation of adaptive responses of PDH in circumstances such as starvation (Bowker-Kinley et al., 1998). Moreover, PDK4 appears to be more responsive to intracellular levels of fatty acid, which makes it an important component of the substrate competition via the glucose-fatty acid cycle (Sugden and Holness, 2006). Hence, studies had proposed that PDK4 is an essential component of the cardiac adaptation to maintain the metabolic homeostasis in response to chronic changes in glucose and lipids (Holness and Sugden, 2003). Therefore, in the context of adaptation to chronic hypoxia, PDK1 (as regulated by HIF-1α) and PDK4 (as regulated by PPARα) seems to be more involved in the regulation of PDH activity (Figure 3).
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FIGURE 3. A proposed regulation model of cardiac PDH activity under chronic hypoxia. The activity of PDH is mainly determined by reversible phosphorylation from PDK and PDP. PDK1 is oxygen sensitive and transcriptionally regulated by HIF-1α. PDK4 is nutrient sensitive, its expression is transcriptionally regulated by PPARα and its activity is allosterically regulated by FFA and metabolites (NADH, acetyl-CoA) derived from the oxidation of pyruvate or FFA. Under chronic hypoxia, elevated HIF-1α and decreased PPARα have opposing effects on the expression of PDK1 and PDK4. However, the activity of PDK4 is also affected by decreased levels of fatty acids and metabolites derived from β-oxidation. Hence, PDK4 appears to be more involved in the regulation of PDH activity in the chronically hypoxic heart. Decreased expression and activity of PDK4 reduce the phosphorylation of PDH, which maintains its active state. PDH, pyruvate dehydrogenase; PDK, pyruvate dehydrogenase kinase; PDP, pyruvate dehydrogenase phosphatase; Pi, inorganic phosphate; FFA, free fatty acids; NADH, nicotinamide adenine dinucleotide.


Despite the importance of PDK in the regulation of PDH activity, current studies seemingly reported mixed findings on the relative changes of PDK expression in chronically hypoxic hearts. In the left ventricle, while some studies reported significantly reduced expression of PDK4 (Cole et al., 2016; Mansor et al., 2016), other studies reported unaltered levels of PDK1, 2, and 4 (Heather et al., 2012; Handzlik et al., 2018). An earlier study even reported significantly elevated PDK4 in both left and right ventricles after 14 days of exposure to hypobaric hypoxia (Sharma et al., 2004). Differences in hypoxic models (i.e., length of exposure to hypoxia, the presence of low atmospheric pressure), animal species, and measurement techniques between these studies could be responsible for these mixed results. As we discussed above, chronic hypoxia is associated with elevated myocardial HIF-1α and suppressed PPARα, therefore, it is more plausible that in chronically hypoxic hearts, PDK1 is induced by myocardial HIF-1α, whereas PDK4 level is decreased due to lowered PPARα. In this case, the opposite direction of changes in PDK1 and PDK4 in chronically hypoxic hearts appears to produce opposing regulatory effects on cardiac PDH activity. Importantly, this theory may explain why cardiac PDH activity and pyruvate flux in chronically hypoxic hearts was comparable to that in normoxic controls in some animal studies (Handzlik et al., 2018; Le Page et al., 2019). It could also explain why some studies reported that the oxidation of glucose or pyruvate was increased in chronically hypoxic hearts compared to normoxic hearts (Ross-Ascuitto et al., 2004; Ferri et al., 2018). Given these mixed findings, further studies are warranted to confirm the relative changes in the expression level and activity of PDKs in the chronically hypoxic hearts.




Maladaptive Cardiac Metabolism and Cardiac Dysfunction Under Chronic Hypoxia

The flexibility in the switch of metabolic fuels underlies cellular adaption to chronic hypoxia. Current evidence suggests that hearts adapted to chronic hypoxia could maintain ATP production and provide sufficient cardiac work. However, this exquisite energy balance could be perturbed by various factors that are associated with reduced glucose utilization, which decreases cardiac metabolic efficiency. Indeed, decreased cardiac metabolic efficiency has been proposed to impair mitochondrial energetics and increase the risk of heart failure in patients with diabetes (Boudina and Abel, 2006). Here, we illustrate certain scenarios in which maladaptive cardiac metabolism could be associated with the development of cardiac dysfunction under chronic hypoxia.

Despite the critical role of HIF-1α in the adaptive response to chronic hypoxia, it is important to note that the regulation of myocardial HIF-1α could be implicated with signaling pathways other than oxygen sensing, such as insulin signaling pathway. Insulin modulates HIF-1α protein synthesis and activity via phosphatidylinositol-3 kinase (PI3-K) and mitogen-activated protein kinase (MAPK) pathways (Doronzo et al., 2006). Furthermore, insulin signaling pathway promotes the stabilization of HIF-1α complex, thereby inducing HIF-1α target genes (Zelzer et al., 1998). In diabetic hearts, the presence of insulin resistance attenuates the expression of HIF-1α protein, which impairs HIF-1α-mediated signaling and adaptation to hypoxia (Dodd et al., 2018). In rats exposed to prolonged hypoxia (10% O2), sustained elevation of myocardial Hif-1α regulates the metabolic switch from fatty acid to glucose for ATP production since birth. However, when they enter puberty, the rise of insulin resistance attenuates myocardial expression of Hif-1α and reduces the capacity of the heart to use glucose, which disrupts the adaptive cardiac metabolic program, decreases ATP production and leads to cardiac dysfunction (Liu et al., 2020). As increased insulin resistance could blunt the HIF-1α driven response to hypoxia, this may explain a recent finding that children from Tibet had reduced left ventricular function at pubertal age (Qi et al., 2015). In this high-altitude population, increased insulin resistance during puberty might attenuate myocardial HIF-1α signaling, which impairs the adaptive cardiac metabolism under chronic hypoxia.

Insulin resistance can prevent the heart from using glucose effectively. Therefore, insulin resistance is particularly relevant in the chronically hypoxic populations who have increased reliance on glucose metabolism. The presence of metabolic risk factors, including obesity and hyperglycemia, has been noted to be independently associated with left ventricular diastolic dysfunction in high-altitude populations (Zheng et al., 2019). The development of insulin resistance is also commonly observed in patients with chronic hypoxia, such as obstructive sleep apnea (Ip et al., 2002) and cyanotic congenital heart disease (Niwa, 2019). In these patients, the presence of insulin resistance disrupts the utilization of glucose, which impairs cardiac efficiency and alters the adaptive cardiac metabolism under chronic hypoxia. As a result, these patients could be particularly susceptible to cardiac dysfunction and heart failure when metabolic diseases are present. Therefore, early intervention strategies to control metabolic risk factors could translate into cardiovascular benefits for the chronically hypoxic population.

The long-term outcomes of the adaptive cardiac metabolism in persons exposed to the effect of chronic hypoxia remains to be determined. After all, this is not a “physiological” status for the heart because fatty acid is the major metabolic fuel in the normoxic state. As patients become older, newly-developed co-morbidities or the worsening of pre-existing cardiopulmonary diseases could also pre-dispose to heart failure. Future studies are warranted to investigate and dissect the long-term impact of the adaptive cardiac metabolism on heart function in patients with chronic hypoxia.



Potential Strategies to Modulate Adaptive Cardiac Metabolism Under Chronic Hypoxia

As we discussed above, in chronically hypoxic patients, any disruptions in the utilization of glucose, including uptake, degradation, or catabolism, could result in cardiac energy deficit and pre-disposition to cardiac dysfunction. Therefore, potential treatment strategies should increase glucose uptake or target the coupling of glycolysis and glucose oxidation to improve cardiac metabolic efficiency and maintain ATP production for contractile work in this patient population. Currently, the number of potential drug targets is limited. There are several available drugs that can promote glucose metabolism, but none have been tested in patients with chronic hypoxia (Figure 4).


[image: Figure 4]
FIGURE 4. Potential strategies available to modulate the adaptive cardiac metabolism under chronic hypoxia.


The first is dichloroacetate (DCA), a direct inhibitor of PDK enzyme that serves to increase PDH activity. DCA has been shown to improve the coupling of glucose oxidation to glycolysis in hypertrophied hearts (Lydell et al., 2002), which might offer a potential benefit in chronically hypoxic hearts to promote the formation of adaptive metabolism. Indeed, the use of DCA in rat exposed to chronic hypoxia has already been shown to increase cardiac pyruvate flux, which elevates the stockpile of acetyl-carnitine, maintains ATP production, and improves tolerance to acute hypoxic stress (Handzlik et al., 2018). DCA treatment can also decrease oxidative stress and prevent cell death (Kato et al., 2010), which is beneficial in hypoxic cardiomyocytes. However, the half-life of DCA is short (Kim and Chauhan, 2018) and might hinder its clinical translation.

The second available drug is trimetazidine (TMZ), an established antianginal drug that inhibit fatty acid metabolism through inhibition of mitochondrial 3-ketoacyl thiolase and enhance PDH activity to improve the metabolic efficiency in the myocardium (McCarthy et al., 2016). The administration of TMZ in hypoxic cardiomyocytes promotes glucose oxidation and was protective against hypoxia-induced injury (Wei et al., 2015), however, the effect of TMZ in hypoxic animal models has not been explored. Moreover, clinical studies of TMZ showed mixed results regarding its clinical benefits. In a meta-analysis involving 995 patients with heart failure (Gao et al., 2011), the use of TMZ was associated with significant improvement in left ventricular ejection fraction, end-systolic volume, NYHA classification, as well as protective effect for all-cause mortality, cardiovascular events and hospitalization. However, in a latest clinical trial, the use of TMZ in patients after percutaneous coronary intervention failed to improve the composite endpoint of cardiac death, hospitalization for cardiac events, or angina leading to angiography or changes in antianginal medication (Ferrari et al., 2020). These contradictory results indicate that TMZ might provide clinical benefits in certain patient subgroups, such as those with an established diagnosis of heart failure, but not in other subgroups. Therefore, in patients with chronic hypoxia, those with impaired cardiac function could be the population likely to benefit from using TMZ.

The third option is CPT1 inhibition, which could result in decreased mitochondrial uptake of long-chain fatty acid, reduced β-oxidation, and promotion of glucose oxidation. Although several synthetic CPT1 inhibitors, including oxfenicine, etormoxir and perhexiline, have been developed in the past decades, none of them have made into clinical practice to treat heart failure (Heggermont et al., 2016). Malonyl-CoA is a natural inhibitor of CPT1, and pre-clinical studies had shown that modulation of malonyl-CoA, or more specifically, increasing cardiac malonyl-CoA level or inhibition of malonyl-CoA decarboxylase, can lead to improvement in cardiac function by decreasing fatty acid oxidation and increasing cardiac metabolic efficiency (Fillmore and Lopaschuk, 2014). In this case, indirect inhibition of CPT1 through modulating malonyl-CoA could be a feasible strategy to improve cardiac metabolic efficiency in chronically hypoxic patients.

In recent years, novel strategies are emerging to modulate cardiac metabolism by direct targeting of specific regulators. For instance, direct modulation of cardiac PDK4 activity could offer a potentially feasible strategy to enhance glucose metabolism in chronically hypoxic hearts. A recent study found that conditional cardiac deletion of PDK4 could result in an increase in PDH activity and consequently an increase in glucose relative to fatty-acid oxidation, which was associated with reduced cardiac fibrosis and improved left ventricular function in mice following myocardial infarction (Cardoso et al., 2020). The recent discovery of oral compound that specifically inhibit PDK4 could offer a potential strategy for clinical translation (Lee et al., 2019).

As we had discussed above, insulin resistance and altered insulin signaling could impair the protective HIF-1α pathway in response against chronic hypoxia. Hence, another potentially feasible strategy to maintain the adaptive cardiac metabolism under chronic hypoxia is by improving cardiac insulin sensitivity. Pioglitazone is a potent insulin sensitizer that targets PPARγ signaling to decrease systemic and myocardial insulin resistance (Soccio et al., 2014), with favorable effects on cardiac metabolism (Young, 2003). In animal studies, pioglitazone has been demonstrated to promote myocardial glucose uptake, enhance glucose oxidation, and improve contractile function in isolated hearts of rats with insulin resistance (Golfman et al., 2005). In patients with T2DM, pioglitazone has been shown to improve left ventricular diastolic function and cardiac output (van der Meer et al., 2009; Clarke et al., 2017). A recent study shows that the use of pioglitazone in pubertal hypoxic rats could attenuate insulin resistance and restore the protective cardiac Hif-1α signaling in the hypoxic myocardium, which maintains the adaptive cardiac metabolism and preserves cardiac function (Liu et al., 2020). More animal and human studies should test this strategy in chronically hypoxic patients with increased insulin resistance to preserve adaptive metabolism and reduce the risk of heart failure.

Modulation of CoQ10 biosynthesis, or direct supplementation of CoQ10, should be considered in patients with chronic hypoxia. Although the biological effects of CoQ10 have been reported in various cardiac diseases (Zozina et al., 2018), its biological relevance and clinical benefits are yet to be determined in patients with chronic hypoxia. Given its potent antioxidant effect and involvement in mitochondrial respiration, the addition of CoQ10 in chronically hypoxic patients may improve their adaptive cardiac metabolism and produce clinical benefits. The clinical benefits of CoQ10 has been established in patients with heart failure (Sharma et al., 2016), and it is reasonable to test the effects of CoQ10 on patients with chronic hypoxia in future studies.




CONCLUSIONS

In response to chronic hypoxia, the hearts initiate transcriptional programs to increase reliance on carbohydrates over fatty acid for ATP production, with altered mitochondrial structure and function that improve metabolic efficiency and reduce ROS generation, as well as beneficial changes in glycogen storage and high energy phosphate system. Collectively, the adaptive cardiac program improves the regulation of the balance between energy demand and energy supply when oxygen is limited. Of note, this adaptive program is prone to be disrupted by systemic pathological factors, such as insulin resistance, and it can be complicated with other pathological factors concomitantly seen in patients with chronic hypoxia. The presence of these risk factors can pre-dispose to altered adaptive metabolism and cardiac dysfunction. Currently available pharmacological strategies are limited and none have been tested in patients with chronic hypoxia. Therefore, more investigational studies are needed to unravel the critical features and mechanism for maladaptive cardiac metabolism in these patients.
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Diabetic cardiomyopathy (DCM), a common complication of diabetes mellitus, may eventually leads to irreversible heart failure. Metformin is the cornerstone of diabetes therapy, especially for type 2 diabetes. Statins are widely used to reduce the risk of cardiovascular diseases. In this study, we aimed to investigate whether the combined administration of metformin and atorvastatin could achieve superior protective effects on DCM and to elucidate its molecular mechanism. Here, db/db mice (9–10 weeks old) were randomly divided into four groups, including sterile water group (DM), metformin group (MET, 200 mg/kg/day), atorvastatin group (AVS, 10 mg/kg/day), and combination therapy group (MET + AVS). Mice were treated with different drugs via gavage once per day for 3 months. After 3 months of treatment, the pathological changes (inflammation, fibrosis, hypertrophy, and oxidative stress makers) were detected by histopathological techniques, as well as Western blotting. The H9C2 cardiomyocytes were treated with palmitate (PAL) to mimic diabetic condition. The cells were divided into control group, PAL treatment group, MET + PAL treatment group, AVS + PAL treatment group, and MET + AVS + PAL treatment group. The effects of MET and AVS on the cell viability and inflammation of H9C2 cells subjected to PAL condition were evaluated by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay, immunofluorescence staining, and Western blotting. Both MET and AVS prevented diabetes-induced fibrosis, hypertrophy, and inflammation. The combination therapy showed superior effects in protecting myocardial tissue against diabetes-induced injury. Mechanistically, the combination therapy significantly inhibited oxidative stress and the expression levels of inflammation-related proteins, e.g., NLRP3, caspase-1, interleukin-1β (IL-1β), Toll-like receptor 4 (TLR4), and P-p65/p65, in both cardiac tissues and H9C2 cells. TUNEL assay showed that the combination therapy significantly attenuated the apoptosis of cardiomyocytes; decreased the expression level of pro-apoptotic-related proteins, such as cleaved caspase-3 and BAX; and enhanced the expression level of anti-apoptotic protein (Bcl-2). Furthermore, the combination therapy remarkably upregulated the expression levels of 5′-AMP-activated protein kinase (AMPK) and SIRT1. Our findings indicated that the anti-inflammation and anti-apoptosis effects of the combination therapy may be related to activation of AMPK/SIRT1 signaling pathway.
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INTRODUCTION

Clinical trials showed that the prevalence of myocardial dysfunction in diabetic patients varies from 19 to 26%, and the outcomes associated with myocardial dysfunction are remarkably worse in patients with diabetes than in those without diabetes (Jia et al., 2018). Diabetic cardiomyopathy (DCM) is a descriptive terminology used to define myocardial dysfunctions in the presence of diabetes mellitus (DM) and in the absence of coronary artery disease, valvular heart disease, and other conventional risks for cardiovascular diseases (e.g., hypertension, dyslipidemia, and alcoholism) (Bai et al., 2016). As the prevalence of DM continues to rise, the DCM increases in parallel. Several mechanisms contribute to the development and progression of DCM, including systemic inflammation, mitochondrial dysfunction, myocardial interstitial fibrosis, altered intracellular signaling, autophagy, defective intracellular calcium transport of calcium, enhanced oxidative stress, micro-RNA altercations, and cardiovascular and metabolic disorders (Fang et al., 2015).

At present, several strategies are used to prevent or treat DCM. With respect to the positive effects of exercise and diet control on diabetes, they are also beneficial to prevent DCM. Metformin, a commonly used drug to treat diabetes for over 50 years, is significant to alleviate DCM. The positive effects of metformin on DCM are mainly associated with activation of 5′-AMP-activated protein kinase (AMPK) (Min et al., 2018), thereby, improving cardiac energy metabolism, as well as protecting heart against diabetic conditions. Metformin also influences DCM through modulating cardiac autophagy (Xie et al., 2011) and inhibiting myocardial inflammation (Yang et al., 2019) and coronary microangiopathy (Abdel-Hamid and Firgany, 2018). Statins are effective, lipid-lowering drugs with a satisfactory safety profile that have become the first-line therapy for patients with dyslipidemia and a cornerstone of ischemic cardiovascular prevention. Statins are pleiotropic drugs, inhibiting the biosynthesis of cholesterol, and they possess anti-inflammation and anti-oxidative effects. In previous animal experiments, statins could prevent DCM by alleviating left ventricular dysfunction and inhibiting myocardial fibrosis through anti-apoptosis and anti-inflammation pathways (Abdel-Hamid and Firgany, 2015; Al-Rasheed et al., 2017). Although the above-mentioned outcomes proved significant effects of statins on preventing or treating DCM, it is noteworthy that DCM is triggered by multiple complicated, cross-talked mechanisms. Thus, a single therapeutic strategy may fail, or it only partially prevents or treats DCM; for instance, intensive glucose control in a clinic failed to protect against heart under diabetic conditions (Group, 1998).

In the current study, we presented a combined therapy, metformin plus atorvastatin, for diabetic mice, and we attempted to indicated whether the combined therapy could possess superior protective effects on DCM than administration of a single drug.



MATERIALS AND METHODS


Cell Culture and Interventions

Embryonic rat heart-derived H9C2 cells, purchased from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China), were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco, Rockville, MD, USA), containing 100 U/ml of penicillin, 0.1 mg/ml of streptomycin, 25 mmol/L of D-glucose, and 10% fetal bovine serum (FBS; Gibco). Palmitate was used to treat H9C2 cells to mimic hyperlipidemia of type-2 diabetes. H9C2 cells were exposed palmitate (100 μM, Sigma-Aldrich, St. Louis, MO, USA) with or without metformin (1 mM, Sigma-Aldrich) and atorvastatin (10 μM, Sigma-Aldrich) in the form of single or combined treatment strategies. Palmitate solution was prepared as reported previously (Zhao et al., 2013). Briefly, palmitate was dissolved in 50% ethanol, heated at 70°C for 2 min, and added to 2% fatty acid-free bovine serum albumin (BSA; Sigma-Aldrich) medium as stock solution (2.5 mmol/L). Before use, the stock palmitate solution was gently rotated for 1 h at 37°C and further diluted to the required concentrations for treatment.



Cell Counting Kit-8 Assay

The Cell Counting Kit-8 (CCK-8) assay was performed to evaluate the viability of H9C2 cells. H9C2 cells (1 × 104 cells/well) were seeded into 96-well plates with 100 μl of DMEM and incubated for 24 h. Then, H9C2 cells were exposed to palmitate with or without metformin and atorvastatin for 48 h. After treatment, CCK-8 solution (10 μl/well) was added to the culture medium, and the cells were further incubated for 2 h. Finally, the absorbance value of medium was measured by a microplate enzyme-linked immunosorbent assay reader (Bio-Tek Instruments Inc., Winooski, VT, USA).



Animal Models

Here, 9–10-week-old male db/db mice were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China) and maintained under a 12:12-h light–dark cycle. All the animal experiments were approved by the Animal Research Committee of Chengdu Medical College (Chengdu, China). The mice were randomly assigned to four groups and exposed to the following interventions: vehicle group (DM group, n = 8), mice treated with sterilized water; metformin group (MT group, n = 8), mice treated with 200 mg/kg/day of metformin; atorvastatin group (AVS group, n = 8), mice treated with 10 mg/kg/day of atorvastatin; and atorvastatin/metformin combination group (MT + AVS group, n = 8), mice treated with combination of 200 mg/kg/day of metformin and 10 mg/kg/day of atorvastatin. Metformin hydrochloride tablets were purchased from Bristol-Myers Squibb (New York, NY, USA), and atorvastatin calcium was purchased from Pfizer (New York, NY, USA). Both drugs were dissolved in sterilized water and administrated by gastric gavage (orally) once per day for 3 months.



Sample Collection and Preparation

After the last treatment, the body weight of mice was measured, and then, mice were euthanized. Blood sample was collected and processed to separate plasma. Heart tissues of mice were excised and weighed. Samples from the heart were cut. Some sample tissues were fixed in 4% paraformaldehyde and then embedded into paraffin for histological and immunohistochemical assays. Other samples were kept at −80°C for Western blotting.



Biomedical Indicators

In order to assess changes in levels of glucose and lipid in db/db mice that received different treatments, the fasting blood glucose (FBG) level was measured using Accu-Chek Active Blood Glucose Test Strips (Roche, Indianapolis, IN, USA), and the levels of total cholesterol (TC) and triglyceride (TG) in plasma were detected according to the instructions presented by Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



Immunohistochemistry and Immunofluorescence Staining

To evaluate the pathologic changes, the paraffin-embedded heart samples were sliced into 3- to 4-mm-thick slices for hematoxylin and eosin (H&E) staining (Sigma-Aldrich). To detect heart fibrosis, tissue sections were stained with Masson's trichrome staining method.

For immunohistochemistry (IHC), tissue sections were dewaxed, hydrated, and then incubated with 1× target retrieval solution (Dako, Carpinteria, CA, USA) for antigen retrieval, followed by 3% hydrogen peroxide and 5% BSA for 30 min. The sections were incubated overnight at 4°C with the following primary antibodies: p-P65 (dilution, 1:500; #ab76302, Abcam, Cambridge, MA, USA), NLRP3 (dilution, 1:500; #ab214185, Abcam), caspase-1 (dilution, 1:500; #ab138483, Abcam), and interleukin-1β (IL-1β) (dilution, 1:300; #sc-12742, Santa Cruz Biotechnology, Dallas, TX, USA). After incubation with the primary antibodies, sections were incubated with secondary antibodies (dilution, 1:500 dilutions) for 1 h at room temperature. Finally, sections were treated with peroxidase substrate DAB (3,3-diaminobenzidine; Vector Laboratories, Burlingame, CA, USA) and counterstained with hematoxylin.

Heart sections were stained using fluorescein isothiocyanate (FITC)-conjugated wheat germ agglutinin (WGA; Invitrogen Inc., Carlsbad, CA, USA) to measure the cross-sectional area of cardiomyocytes. Images were visualized by using a fluorescence microscope (BX63; Olympus, Tokyo, Japan).



Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling Assay

For apoptosis analysis of H9C2 cells exposed to palmitate, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay was performed with One Step TUNEL Apoptosis Assay Kit (Keygen Biotechnology Co. Ltd., Nanjing, China) according to the manufacturer's protocol. Images of TUNEL and DAPI-stained sections were obtained using a fluorescence microscope (BX63; Olympus, Tokyo, Japan). Only TUNEL- and DAPI-positive nuclei were counted as apoptotic nuclei.



Dihydroethidium Fluorescence Staining

Dihydroethidium (DHE) staining (Molecular Probes, Eugene, OR, USA) was carried out to detect the level of reactive oxygen species (ROS) levels in H9C2 cells and frozen heart sections according to the previous description (Dai et al., 2017). To evaluate the levels of ROS in H9C2 cells, H9C2 cells were seeded into 24-well plates and exposed to palmitate with or without metformin and atorvastatin for 48 h. Then, H9C2 cells were twice rinsed with phosphate-buffered saline (PBS) and incubated with 5 μmol/L of DHE for 15 min at 37°C. After that, the fluorescent images of H9C2 cells were captured by a fluorescence microscope (BX63; Olympus, Tokyo, Japan), and the fluorescence intensity was detected by a microplate reader (SpectraMax M3, Molecular Devices Inc., Sunnyvale, CA, USA) under specific wave length conditions (excitation's wavelength = 518 nm; fluorescence's wavelength = 605 nm). The levels of ROS in heart tissues were determined as follows: left ventricles were excised from mice and immediately embedded into optimal cutting temperature (OCT) compound; the tissues were cut into 10-μm-thick sections and then were incubated with DHE (5 μmol/L) in PBS in a dark and humidified container at 37°C for 15 min. Finally, the fluorescence images were observed under a fluorescence microscope.



Mitochondrial Membrane Potential Assay

The mitochondrial membrane potential (MMP) assay was performed using the JC-10 MMP assay kit according to the manufacturer's protocol. Briefly, H9C2 cells (5 × 104 cells/ml) seeded into a 96-well clear bottom black plate (Eppendorf Co., Ltd., Hamburg, Germany) were exposed to palmitate with or without metformin and atorvastatin for 48 h. Following the incubation, JC-10 dye-loading solution (JC-10 and assay buffer A 1:100 v/v) was added (50 μl/well) to H9C2 cells. The plate was kept under dark conditions for 30 min. Afterwards, assay buffer B (50 μl/well) was added, and the fluorescence intensity was measured at 490/525 nm (green) and 540/590 nm (red) by a microplate reader (SpectraMax M3, Molecular Devices, Sunnyvale, CA, USA). The ratio of red/green fluorescence intensity was used to determine the MMP. The decrease in the ratio indicates the depolarization of mitochondrial membrane. To visualize the protective effects of metformin and atorvastatin on palmitate-mediated loss of MMP, the plate was analyzed under an inverted fluorescence microscope (Model 1X73, Olympus).



Western Blot Assay

Western blot assay was undertaken to detect the protein expression. Heart tissues and harvested cells were lysed in ice-cold radio-immunoprecipitation (RIPA) lysis buffer (Santa Cruz Biotechnology). The protein concentration was determined using a Bradford Protein Assay kit (Bio-Rad Laboratories Inc., Hercules, CA, USA). The total proteins (30 μg per well) were separated on 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were blocked in Tris-buffered saline with 5% non-fat milk and 0.5% BSA for 1 h and then incubated with primary antibodies overnight at 4°C, followed by incubation with the secondary antibodies for 1 h at room temperature after standard washing procedures. The primary antibodies against different target proteins were as follows: TXNIP (dilution, 1:1,000; #14715, Cell Signaling Technology, Danvers, MA, USA), NLRP3 (dilution, 1:1,000; #13158, Cell Signaling Technology), cleaved caspase-3 (dilution, 1:1,000, #9664, Cell Signaling Technology), caspase-1 β-actin (dilution, 1:1,000; #ab138483, Abcam, Cambridge, MA), AMPK (dilution, 1:1,000; #9158, Cell Signaling Technology), p-AMPK (dilution, 1:1,000, #2535, Cell Signaling Technology), SIRT1 (dilution, 1:1,000; #8964, Abcam, Cambridge, MA), Toll-like receptor 4 (TLR4) (dilution, 1:1,000; #sc-2930172, Santa Cruz Biotechnology), Bcl-2 (dilution, 1:1,000; #sc-73822, Santa Cruz Biotechnology), Bax (dilution, 1:1,000; #sc-7480, Santa Cruz Biotechnology), nuclear factor kappa B (NF-κB)-p65 (dilution, 1:1,000; #sc-8008, Santa Cruz Biotechnology), p-NF-κB–p65 (dilution, 1:1,000; #ab76302, Abcam), and β-actin (dilution, 1:3000; Bioss Biotechnology, Beijing, China). All horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Bioss Biotechnology (Beijing, China). Blots were visualized with chemiluminescent HRP substrate (Millipore) and quantified with Quantity 5.2 software System (Bio-Rad Laboratories Inc.).



Statistical Analysis

All data were presented as mean ± standard deviation (SD). Statistical analysis was performed using GraphPad Prism version 8.0 software (GraphPad Software Inc., San Jose, CA, USA) with one-way analysis of variance (ANOVA), followed by post-hoc multiple comparisons with the Scheffe test. P < 0.05 was considered statistically significant.




RESULTS


Combined Administration of Metformin and Atorvastatin Improved the Viability and Survival Ability of H9C2 Cells Exposed to Palmitate

To evaluate the protective effects of metformin and atorvastatin on H9C2 cells exposed to palmitate, we investigated the viability and apoptotic rates by CCK-8 assay and TUNEL staining assay, respectively. As illustrated in Figure 1A, CCK-8 assay showed that palmitate significantly decreased the viability of H9C2 cells, both metformin and atorvastatin treatment improved the viability of H9C2 cells exposed to palmitate, and combined treatment of metformin and atorvastatin showed more significant protective efforts.
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FIGURE 1. Combination therapy with metformin and atorvastatin improved the viability and survival ability of H9C2 cells exposed to palmitate. H9C2 cells exposed to palmitate (100 μM) with or without metformin (1 mM) or atorvastatin (10 μM) in the form of single or combined administration. (A) The cell viability of H9C2 cells exposed to palmitate was determined by Cell Counting Kit-8 (CCK-8) assay. The apoptosis H9C2 exposed to palmitate was detected by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay. (B) The apoptotic rate was calculated by TUNEL-positive cells. (C) The representative pictures of TUNEL staining assay. (D) The expression level of cleaved caspase-3 was detected by Western blotting. Three independent experiments were performed for each study. Data were presented as the means ± standard deviation (SD). *P < 0.05, vs. control group; #P < 0.05, vs. PAL group; $P < 0.05, vs. PAL + MET group; &P < 0.05, vs. PAL + AVS group. PAL, palmitate group; PAL + MET, metformin treatment group; PAL + AVS, atorvastatin treatment group; PAL + MET + AVS, combination treatment with metformin and atorvastatin group.


Furthermore, the apoptotic rate of H9C2 cells exposed to palmitate was determined by TUNEL staining assay (Figures 1B,C). The results showed that palmitate significantly increased the apoptosis of H9C2 cells apoptosis; besides, combination of metformin and atorvastatin could inhibit palmitate induced-apoptosis of H9C2 cells; as a result, the combined use of metformin and atorvastatin significantly decreased the apoptotic rate of H9C2 compared with treatment with either one. Subsequently, we evaluated the effects of combined therapy with metformin and atorvastatin on the expression of cleaved caspase-3, an apoptotic marker protein, by Western blot assay (Figure 1D). Consistent with the results of TUNEL assay, palmitate significantly increased the expression level of cleaved caspase-3; either metformin or atorvastatin treatment slightly decreased the expression level of cleaved caspase-3; combination treatment with metformin and atorvastatin significantly reduced the expression level of cleaved caspase-3.



Combined Administration of Metformin and Atorvastatin Attenuated Oxidative Stress of H9C2 Cells Exposed to Palmitate

Oxidative stress is considered as an important factor during the evolution of DCM. To determine whether combined therapy with metformin and atorvastatin could protect H9C2 cells against oxidative stress caused by palmitate, we detected the levels of intracellular ROS levels and MMP by DHE staining and JC-10 MMP assays, respectively. Expectedly, the fluorescence intensity in palmitate group was significantly higher than that in control group (Figure 2A), indicating that palmitate elevated the level of intracellular oxidative stress. In addition, metformin and atorvastatin reduced the ROS level in H9C2 cells exposed to palmitate, especially combined treatment with metformin and atorvastatin showed more valuable anti-oxidative effects (Figure 2A).
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FIGURE 2. Combined administration of metformin and atorvastatin attenuated oxidative stress of H9C2 cells exposed to palmitate. (A) The levels of reactive oxygen species (ROS) in H9C2 cells were detected with dihydroethidium (DHE) staining; the fluorescence images were captured, and the fluorescence intensity was calculated. (B) The mitochondrial membrane potential (MMP) of H9C2 cells was determined by JC-10 staining; the MMP was calculated by the ratio of red-to-green fluorescence intensity. Three independent experiments were performed for each study. Data were expressed as means ± standard deviation (SD). *P < 0.05, vs. control group; #P < 0.05, vs. PAL group; $P < 0.05, vs. PAL + MET group; &P < 0.05, vs. PAL + AVS group.


Oxidative stress may cause loss of MMP; thus, we further investigated the MMP level by MMP assay using JC-10 staining. JC-10, a cationic dye, could remain inside the healthy mitochondria to form JC-10 aggregate, generating red fluorescence at 590 nm. In unhealthy mitochondria with decreased MMP level, JC-10 exists in cytoplasm as monomers form, generating green fluorescence at 520 nm. As shown in Figure 2B, H9C2 cells in control group exhibited high red and low green fluorescence intensities. However, H9C2 cells exposed to palmitate displayed high green fluorescence intensity and low red fluorescence intensity, while treatment with metformin or atorvastatin increased the red fluorescence intensity and reduced green fluorescence intensity. Quantitative analysis of fluorescence intensity showed that palmitate significantly decreased the ratio of red/green fluorescence intensity of H9C2 cells, indicating that palmitate caused depolarization of MMP. Either metformin or atorvastatin treatment increased the ratio of red/green fluorescent intensity, and combination treatment with metformin and atorvastatin almost preserved the ratio of red/green fluorescent intensity as the control group (Figure 2B).



Combined Administration of Metformin and Atorvastatin Inhibited NLRP3 Inflammasome in H9C2 Cells Exposed to Palmitate via Toll-Like Receptor 4/NF-κB Signaling Pathway

Hyperlipidemia- and hyperglycemia-induced chronic inflammation has been proposed to contribute to DCM. Especially, NLRP3 inflammasome, expressed abundantly in cardiomyocytes, may play a pivotal role in death of myocardial cell (Luo et al., 2017). The degree of inflammation can determine cell apoptosis by affecting the expression level of caspase-1 (Thawkar and Kaur, 2019). In order to indicate whether metformin and atorvastatin could inhibit NLRP3 inflammasome activation, the expression levels of NLRP3 and its downstream molecules (caspase-1 and IL-1β) were detected by Western blot assay. The results revealed that palmitate remarkably increased the expression levels of NLRP3, caspase-1, and IL-1β (Figure 3A). Besides, a combined therapy of metformin and atorvastatin treatment significantly inhibited the protein expression as induced by palmitate. Compared with metformin and atorvastatin alone treatment, the combination treatment showed more significant therapeutic effects.
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FIGURE 3. Combined administration of metformin and atorvastatin inhibited NLRP3 inflammasome in H9C2 cells exposed to palmitate via Toll-like receptor 4/nuclear factor kappa B (TLR4/NF-κB) signaling pathway. (A) The expression levels of NLRP3 and its downstream molecules (caspase-1 and IL-1β) were detected by Western blot assay. (B) The expression levels of TLR4 and NF-κB were detected by Western blot assay. Three independent experiments were performed for each study. Data were presented as the mean ± standard deviation (SD). *P < 0.05, vs. control group; #P < 0.05, vs. PAL group; $P < 0.05, vs. PAL + MET group; &P < 0.05, vs. PAL + AVS group.


TLR4/NF-κB signaling molecular pathway plays an important role in activation of NLRP3 inflammasome (Tan et al., 2019). To determine whether combined treatment with metformin and atorvastatin treatment could inhibit NLRP3 inflammasome via TLR4/NF-κB signaling pathway, we further detected the expression level of TLR4 and NF-κB by Western blot assay. The results showed that the protein expression level of TLR4 and the phosphorylation level of NF-κB p65 were upregulated in H9C2 cells exposed to palmitate, while combined therapy with metformin and atorvastatin treatment remarkably inhibited the increase of the above-mentioned expression levels; consequently, the effects of combination treatment are more significant than either application of metformin or atorvastatin (Figure 3B).



Combined Administration of Metformin and Atorvastatin Inhibited Diabetes-Induced Histopathological Changes in db/db Mice

As displayed in Figure 4A, metformin single-treatment or combined therapy with atorvastatin and metformin significantly reduced FBG level after 3 weeks compared with the DM group, while the FBG level in atorvastatin group was slightly reduced without a significant difference compared with the DM group. Moreover, both metformin and atorvastatin treatment significantly reduced the levels of TC and TG, while the combined therapy showed more significant efforts than a single treatment (Figures 4B,C). These results indicated that combined treatment significantly improved the glucose and lipid metabolism.
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FIGURE 4. Combined administration of metformin and atorvastatin inhibited cardiac remodeling in db/db mice. (A) The fasting blood glucose level in db/db mice. (B) The level of total cholesterol (TC) in plasma. (C) The level of triglyceride (TG) in plasma. (D) Hematoxylin and eosin (H&E) staining. (E) Masson's trichrome staining. (F) Heart sections were stained using fluorescein isothiocyanate (FITC)-conjugated wheat germ agglutinin (WGA). (G) The quantification of cardiac collagen content. (H) The quantification of cross-sectional area of cardiomyocytes. Data are shown as the mean ± standard deviation (SD), n = 5. #P < 0.05 vs. DM group; $P < 0.05 vs. MET group; &P < 0.05 vs. AVS group; DM: water treatment group, MET: metformin (200 mg/kg/day) treatment, AVS: atorvastatin group (10 mg/kg/day) treatment, MET + AVS: combination therapy group.


Heart tissue sections of mice were stained to examine changes in the structure of heart in diabetic mice and to determine whether metformin and atorvastatin could influence the structures. H&E staining showed that the muscle structure has disorder in inflammatory cell infiltration (Figure 4D). Metformin combined with atorvastatin could effectively inhibit the morphological changes in heart muscle and decrease inflammatory cell infiltration. We further assessed the effects of metformin and atorvastatin on myocardial fibrosis by Masson's trichrome staining (Figures 4E–G). The results showed that there were more fibrosis fibers in DM group and that both metformin and atorvastatin could inhibit myocardial muscle fibrosis, while combined therapy with metformin and atorvastatin unveiled more significant effects. Moreover, staining of heart sections with FITC-conjugated WGA revealed that the cross-sectional area of cardiomyocytes is larger in DM group, and both metformin and atorvastatin treatment can decrease the cell size (Figures 4F–H).



Combined Treatment With Metformin and Atorvastatin Inhibited Apoptosis of Cardiomyocytes and Oxidative Stress in Heart Tissues of db/db Mice

The apoptosis of cardiomyocytes is an essential pathological process during the evolution of DCM. We detected the expression levels of apoptotic marker proteins (Figure 5A). The results similarly showed that the expression level of cleaved caspase-3 was higher, the ratio of Bcl-2/Bax was lower in DM group, both metformin and atorvastatin treatment can slightly decrease the expression level of cleaved caspase-3 and increase the ratio of Bcl-2/Bax, and combination treatment could markedly reduce the expression level of cleaved caspase-3 expression and increase the ratio of Bcl-2/Bax. These results demonstrated that combination treatment with metformin and atorvastatin inhibited diabetes-induced cell apoptosis.
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FIGURE 5. Combined treatment with metformin and atorvastatin inhibited apoptosis of cardiomyocytes and oxidative stress in heart tissues of db/db mice. (A) The expression levels of cleaved caspase-3, Bcl-2, and Bax were detected by Western blotting. (B) Frozen sections of heart were used to evaluate superoxide production by dihydroethidium (DHE) staining. Data were expressed as the mean ± standard deviation (SD), n = 5. #P < 0.05 vs. DM group; $P < 0.05 vs. MET group; &P < 0.05 vs. AVS group.


We also detected the levels of ROS level in heart tissues stained with DHE staining (Figure 5B). The results indicated that the fluorescence intensity was high in DM group, both metformin and atorvastatin treatment decreased the fluorescence intensity, and combination treatment could more significantly decrease the fluorescence intensity. These findings suggested that combination treatment with metformin and atorvastatin could inhibit oxidative stress in heart tissues of diabetes mice.



Combined Treatment With Metformin and Atorvastatin Inhibited Activation of NLRP3 Inflammasome in Heart Tissues of db/db Mice

It was revealed that combination treatment with metformin and atorvastatin inhibited activation of NLRP3 inflammasome in vitro DCM model. To further confirm the anti-inflammation effects of combined therapy of metformin and atorvastatin, we detected the expression of NLRP3 inflammasome pathway-related proteins by IHC and Western blot assay. As shown in Figure 6, both metformin and atorvastatin slightly decreased the expression of NLRP3, caspase-1, and IL-1β, while the combination therapy significantly decreased the expression levels of NLRP3, caspase-1, and IL-1β expression. These results indicated that the combination therapy could inhibit activation of NLRP3 inflammasome.
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FIGURE 6. Combined treatment with metformin and atorvastatin inhibited NLRP3 inflammasome in heart tissues from db/db mice. (A) The expression levels of NLRP3, caspase-1, and IL-1β were detected by immunochemistry staining. (B) The expression levels of NLRP3, caspase-1, and IL-1β were detected by Western blot assay. Data were presented as the mean ± standard deviation (SD), n = 5. #P < 0.05 vs. DM group; $P < 0.05 vs. MET group; &P < 0.05 vs. AVS group.


Furthermore, we identified the expression levels of TLR4 and NF-κB. As shown in Figure 7A, the combination therapy significantly reduced the phosphorylation level of P65 in heart tissues. The results of Western blot demonstrated that the expression level of p-P65 was remarkably inhibited by the combination therapy of metformin and atorvastatin (Figure 7B). Meanwhile, the expression level of TLR4 was markedly attenuated by the combination therapy.
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FIGURE 7. Combined treatment with metformin and atorvastatin inhibited NLRP3 inflammasome in heart tissues via TLR4/NF-κB signaling pathway. (A) The phosphorylation level of P65 in heart tissues was detected by immunochemistry staining. (B) The expression levels of TLR4 and P65 were detected by Western blot assay. Data are expressed as the mean ± standard deviation (SD), n = 5. #P < 0.05 vs. DM group; $P < 0.05 vs. MET group; &P < 0.05 vs. AVS group.




Combined Treatment With Metformin and Atorvastatin Activated AMPK/SITR1 Signaling Pathway

AMPK and SIRT1 both regulate each other and share several common target molecules. In order to explore whether combination treatment, which improved diabetic cardiomyocytes function, was correlated with the activation of AMPK/SIRT1 signaling pathway, the phosphorylation of AMPK (p-AMPK) and the expression level of SIRT1 in the H9C2 and heart tissues were assessed by Western blot. The results revealed that palmitate significantly decreased the expression level of p-AMPK and SIRT1, while combination treatment inhibited the decreased the expression level of p-AMPK and SIRT1 induced by palmitate (Figure 8A). Similarly, the combination therapy elevated the expression levels of p-AMPK and SIRT1 in diabetic heart tissues (Figure 8B). The above-mentioned findings suggested that combination treatment with metformin and atorvastatin activated AMPK/SIRT1 signaling pathway.
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FIGURE 8. Combined treatment with metformin and atorvastatin activated 5′-AMP-activated protein kinase (AMPK)/SIRT1 signaling pathway. The expression levels of AMPK and SIRT1 in H9C2 cells (A) and heart tissues (B) were detected by Western blot assay. Three independent experiments were performed for H9C2 cells treatment. In db/db mice treatment, n = 5 in each group. Data are presented as the mean ± standard deviation (SD). *P < 0.05 vs. control group; #P < 0.05 vs. PAL group, or DM group; $P < 0.05 vs. PAL + MET group, or MET group; &P < 0.05 vs. PAL + AVS group, or MET + AVS group.





DISCUSSION

In the present study, we found that the combined use of metformin and atorvastatin achieved superior protective effects on DCM than did single administration of metformin or atorvastatin. The molecular mechanisms contributed to anti-oxidation, anti-inflammation, and anti-apoptosis. The combined use of metformin and atorvastatin may synergistically activate AMPK signaling, which is a pivotal protein in maintaining cellular homeostasis, thereby activating AMPK activator as an effective method to prevent and treat DCM.

At the early stage, the heart only showed transcriptional and metabolic altercations, including enhanced inflammation, oxidative stress, depletion of antioxidant proteins, and changes in energy metabolism. As diabetes continued, the heart showed structural changes, such as myocyte hypertrophy, apoptosis, and collagen deposition in extracellular matrix (ECM), which eventually led to massive cell death, overt cardiac hypertrophy and dilation, remarkable cardiac fibrosis, and diastolic and systolic dysfunction. As cardiac pathology in the early stage appears to be reversible (Lin et al., 2011), we may reverse damages to DCM at the early stage. In the present study, compared with single administration of metformin or atorvastatin, its combined therapy showed superior positive effects on diabetes-induced inflammation and oxidative stress.

In type 2 DM (T2DM), hyperglycemia is also accompanied with hyperlipidemia. Metformin is a widely used drug in the treatment of diabetes, possessing beneficial effects on the glucose and lipid metabolism. However, statins are a class of drugs that decrease plasma cholesterol levels and are prescribed as first choice to patients suffering from cardiovascular diseases. Previous researches have shown that low-dose (20 mg/day) atorvastatin therapy given to patients with myocardial infarction decreased insulin resistance. In the current study, the results showed that the levels of both glucose and lipid were significantly lower in combination treatment than in a single treatment. However, whether the protective effects of combination treatment are synergic remains elusive. Both metformin and statins have shown regulating glucose and lipid metabolism, whereas they could act on largely parallel pathways (van Stee et al., 2018). Previous studies demonstrated that the combination therapy with metformin and atorvastatin showed positive effects on cardiovascular hypertrophy, which are accompanied with glucose-lowering effects, lipid-lowering effects, and reduced oxidative stress (Matafome et al., 2011; Tousoulis et al., 2011; Kim et al., 2015).

Metformin exerts cardioprotective effects under diabetic conditions through multiple pathways, converging toward the activation of AMPK. A number of scholars pointed out that metformin could inhibit NLRP3 inflammasome by activating the AMPK/mTOR signaling pathway (Yang et al., 2019). SIRT1 is widely expressed in mammalian cells and has been studied in different tissues, including the liver, skeletal muscle, adipose tissue, etc. Its regulation is somewhat less clear than that of AMPK; however, a substantial body of evidence suggests that, similar to AMPK, SIRT1 responds to increases and decreases in nutrient availability. In the current study, we found that the combination therapy with metformin and atorvastatin could activate AMPK/SIRT1 signaling pathway.

Different to metformin, the use of statins in diabetes is a controversial. Although the potential detrimental effects of statin therapy on muscle and liver have been known for a long time, new concerns have emerged regarding the risk of new-onset diabetes (NOM) that often leads to discontinuation of statin discontinuation, non-adherence to therapy, or concerns correlating with initiating statin therapy. It is estimated that a 10–12% increased risk of NOM is be associated with statin therapy (Betteridge and Carmena, 2015). The mechanisms by which statins might lead to the development of NOM were not fully elucidated. The inhibition of 3-hydroxy-3-methylglutaryl coenzyme A reductase activity by statins appears to be a key mechanism (Hao et al., 2007; Han, 2018). However, statins consistently showed a protective role in the setting of DCM due to their roles of anti-inflammation, anti-oxidation, and anti-apoptosis effects (Luo et al., 2014; Carillion et al., 2017). It seems that statins may facilitate the onset of diabetes by impacting peripheral insulin sensitivity and islet β-cell function, while statins can effectively modify the promotive factors promoting DCM, including inflammation and oxidative stress, thereby protecting the heart against diabetic conditions. A recent review suggested that the benefits of statin therapy for diabetes far outweigh any real or perceived risks (Adhyaru and Jacobson, 2018), suggesting that discontinuation of statins for diabetic patients is not recommended.

In conclusion, both metformin and atorvastatin can protect DCM via their anti-inflammation and anti-apoptosis activities, and the combined administration of metformin and atorvastatin resulted in superior protective effects on DCM than a single treatment. We also found that the anti-inflammation and anti-apoptosis effects of combined therapy may be related to activation AMPK/SIRT1 signaling pathway.
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Vascular endothelial cells (VECs) build a barrier separating the blood from the vascular wall. The vascular endothelium is the largest endocrine organ, and is well-known for its crucial role in the regulation of vascular function. The initial response to endothelial cell injury can lead to the activation of VECs. However, excessive activation leads to metabolic pathway disruption, VEC dysfunction, and angiogenesis. The pathways related to VEC metabolic reprogramming recently have been considered as key modulators of VEC function in processes such as angiogenesis, inflammation, and barrier maintenance. In this review, we focus on the changes of VEC metabolism under physiological and pathophysiological conditions.
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Vascular endothelium has a variety of physiological functions, for instance, serving as a barrier between blood and tissues and acting as an endocrine organ in the body (Krüger-Genge et al., 2019). Indeed, vascular endothelial cells (VECs) can synthesize and release various endothelial-derived vasoactive factors to regulate blood flow, coagulation, and fibrinolytic balance. VEC activation is defined as stimulus-induced quantitative changes in the expression of specific genes (Pober, 1988), and excessive activation causes endothelial cell dysfunction or unnecessary angiogenesis. VEC activation and dysfunction are characteristics of atherosclerosis, diabetes, obesity, and aging (Theodorou and Boon, 2018). And in the development of atherosclerosis, VEC activation and dysfunction in vulnerable areas of arterial vessels are among the earliest changes that can be detected (Davignon and Ganz, 2004). Moreover, tumor neovascularization is characterized by a highly disordered vascular network and the generation of new blood vessels. Despite in-depth studies of cellular metabolism, the metabolic properties of VECs have only recently been a focus of research (Eelen et al., 2018). It is found that changes in VEC metabolism lead to endothelial cell dysfunction and are closely related with the pathogenesis of many diseases such as atherosclerosis, diabetic angiopathy, pulmonary hypertension, etc. (Pober et al., 2009). Based on these findings, VEC metabolism is becoming a new therapeutic target for various diseases. Nevertheless, the relationship between VEC metabolism and the pathogenesis of vascular dysfunction and remodeling remains incompletely understood. Overall, in this review, we briefly summarize the current understanding of the metabolic changes in dysfunctional VECs, provide a detailed overview of the metabolic pathways activated under normal and pathological conditions, in order to identify potential therapeutic targets on the VEC metabolic reprogramming.


VEC METABOLISM UNDER NORMAL PHYSIOLOGICAL CONDITION

Theoretically, since VECs are exposed to oxygen from the bloodstream, they are expected to produce adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHOS) for energy-yielding. Nevertheless, due to the relatively low mitochondrial content of VECs, energy production is still mainly dependent of glycolysis which yields more than 85% of ATP under normal physiological condition (De Bock et al., 2013b). Conversely, glucose-derived pyruvate enters the mitochondria to participate in the metabolism of glucose via the tricarboxylic acid cycle (TCA), resulting in the production of ATP, which is less than 1% (De Bock et al., 2013b). Although the glycolysis-derived ATP by per mole glucose is low, ATP generated from glycolysis in a short time period is more quickly than that from OXPHOS in the presence of an unrestricted amount of glucose (Eelen et al., 2015), because VECs have a higher glycolytic rate than many other healthy cell types (De Bock et al., 2013b). VEC aerobic glycolysis also has the following advantages over other processes: (1) a reduction of reactive oxygen species (ROS) produced by OXPHOS; (2) the ability to maximize oxygen transfer to cells surrounding the blood vessel; (3) the ability to adapt to hypoxic environments, and (4) the production of lactate, which can promote angiogenesis (Eelen et al., 2015).

Another advantage of glycolysis is the possible shunt of glucose to side branches, including the hexosamine biosynthesis pathway (HBP), pentose phosphate pathway (PPP), and polyol pathway (PP) for biomacromolecule synthesis. Of all the glucose utilized by VECs, only 1–3% enters the PPP under physiological condition (De Bock et al., 2013a). The PPP leads to the generation of nicotinamide adenine dinucleotide phosphate (NADPH) and ribose-5-phosphate (R5P). NADPH can convert oxidized glutathione (GSSG) to glutathione (GSH) and maintain the internal redox balance. And R5P can be used to synthesize nucleotides (De Bock et al., 2013a). On the other hand, although the role of the HBP in VECs in vivo is not clear, N-acetylglucosamine produced by this pathway is an essential substance for N-glycosylation and O-glycosylation and may be the key to the glycosylation of angiogenic proteins (Luo et al., 2008). Finally, when the amount of glucose exceeds the capacity of glycolysis, glucose enters the PP, where glucose is catalyzed to sorbitol by aldose reductase (AR), and later is converted to fructose. Since AR requires NADPH to provide reducing power, PP activation consumes NADPH, thus leading to the accumulation of ROS (De Bock et al., 2013a).

In addition to glucose, fatty acids (FAs) are another energy source for VECs. FAs can be converted into acetyl-CoA, and the latter can be used to generate reducing power and produce ATP in the mitochondria. However, the VEC mitochondria serve as a signaling switching station such as mitochondrial calcium signaling, ROS generation from electron transport chain and NO production catalyzed by eNOS, rather than power factories (Davidson, 2010; Groschner et al., 2012). Therefore, fatty acid oxidation (FAO) occurring in the mitochondria may not contribute substantially to total ATP production in VECs. Though mitochondrial is not that important for providing energy, the disturbed mitochondrial dynamics contributes to VEC dysfunction and the development of vascular diseases (Tang et al., 2014). Kalucka et al. found that FAO in the silence ECs is important for maintaining redox homeostasis and EC functions (Kalucka et al., 2018), while FAO in proliferative ECs is also indispensable for de novo dNTP synthesis (Schoors et al., 2015).

To date, the metabolism of amino acid in VECs is not well studied except for arginine and glutamine metabolism. Nitric oxide (NO), a crucial modulator of VEC function, is generated from arginine by endothelial nitric oxide synthase (eNOS) (Tousoulis et al., 2012). Interestingly, the conversion of glutamine into glucosamine inhibits the activity of the oxidative PPP (oxPPP), thereby leading to the reduction of NADPH (an important cofactor for eNOS) and inhibiting the production of endothelial NO (Wu et al., 2001). Moreover, glutamine-derived glutamate can be the substrate to be used in the other non-essential amino acids production. It also acts as a supplementary carbon source in the TCA cycle for ATP production after further metabolized into α-ketoglutarate (Kim B. et al., 2017).

In summary, the main energy sources of VECs is derived from glucose glycolysis, whereas FAO and glutamine oxidation are generally thought to supplement the TCA cycle via OXPHOS (Figure 1). When the rate of glycolysis decreases, the energy provided by the oxidative metabolism of glucose, FAs, and amino acids might alternatively increase for supporting the VEC activity (Krutzfeldt et al., 1990).
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FIGURE 1. Vascular endothelial cell metabolism under normal physiological conditions. Metabolism of (A) glucose, (B) fatty acid, (C) amino acid. ATP, adenosine triphosphate; HBP, hexosamine biosynthesis pathway; PPP, pentose phosphate pathway; PP, polyol pathway; GSH, glutathione; GSSG, oxidized glutathione; NADPH, nicotinamide adenine dinucleotide phosphate; R5P, ribose-5-phosphate; ETC, electron transport chain; TCA, tricarboxylic acid cycle; FA, fatty acid; eNOS, endothelial nitric oxide synthase; oxPPP, oxidized PPP; GLS1, glutaminase 1, αKG: α-ketoglutarate.




METABOLIC REPROGRAMMING IN DYSFUNCTIONAL VECS

Many factors can activate VECs, such as lipopolysaccharide (LPS), interleukin 1 (IL-1) and tumor necrosis factor (TNF-α) (Magnuson et al., 1989). After activation, VEC metabolism is disordered, represented by the increased glycolysis, and increased expression level and activity of fatty acid synthase (FAS) (Pan et al., 2009; De Bock et al., 2013b; Feng et al., 2017; Singh et al., 2017; Li et al., 2019b). These enhance the proliferation, migration and inflammation of VECs, leading to VEC dysfunction and vascular diseases. In the next paragraphs, we will review in detail the metabolic changes and VEC dysfunction.


Metabolic Reprogramming and VEC Migration

VECs migrate to an anoxic microenvironment in the tumor angiogenesis development. The energy supporting the above process is mainly derived from VEC anaerobic metabolism. Therefore, the migrated VECs are highly dependent of glycolysis compared with silence VECs. In VECs, glycolysis normally occurs in the perinuclear cytoplasm; however, once these cells begin to migrate, glycolysis also takes place in lamellipodia and filopodia to promote the rapid production of ATP needed for migration (De Bock et al., 2013b). Glucose-6-phosphate dehydrogenase (G6PD) is the rate-limiting enzyme of PPP, and the overexpression of G6PD will stimulate VEC migration due to the increase in NO and NADPH production (Pan et al., 2009). Conversely, an increased glucosamine concentration leads to protein glycosylation and inhibits the migration of VECs (Li et al., 2019b).



Metabolic Reprogramming and VEC Inflammation

The metabolic changes of inflammatory VECs are mainly characterized by increased glycolysis. The study showed that mechanical low shear stress activated hypoxia-inducible factor 1α (HIF-1α) in cultured VECs via activating the nuclear factor-κB (NF-κB) pathway and promoting the expression of deubiquitinating enzyme cezanne. HIF-1α promotes the production of inflammatory factors in VECs by increasing the expression of the glycolysis-related regulators hexokinase 2 (HK2), enolase 2 (ENO2), glucose transporter 1 (GLUT1), fructose-2,6-biphosphatase 3 (PFKFB3) and extracellular acidification rate (ECAR, a direct marker of glycolysis) (Feng et al., 2017).



Metabolic Reprogramming and VEC Proliferation

Studies have found that multiple steps in FA metabolism, such as FA synthesis, FA transport and FAO, are all involved in the proliferation of VECs. Firstly, the expression and activity of FAS are increased in hypoxic human pulmonary artery endothelial cells (HPAECs), while the inhibition of FAS leads to the reduced HPAEC proliferation (Singh et al., 2017). Secondly, VEC proliferation is associated with the expression of fatty acid transporters (FATPs) and fatty acid binding proteins (FABPs). For instance, the silencing of FABP4 inhibited the VEC proliferation in vitro (Elmasri et al., 2012). Also, the downregulation of carnitine palmitoyl transferase 1A (CPT1A) expression, a rate-limiting enzyme in the metabolism of FA, or CPT1A knockout was also found to inhibit the proliferation of VECs (Schoors et al., 2015). The above results indicate that fatty acid metabolism plays a significant role in controlling VEC proliferation. However, the detailed mechanisms need further studies.

The proliferation of VECs also depends on glutamine metabolism. Indeed, genetic deletion or pharmacological inhibition of glutaminase1(GLS1) inhibits the proliferation of VECs (Kim B. et al., 2017). Asparagine synthetase (ASNS) is an enzyme which is responsible for the generation of asparagine from nitrogen (glutamine-derived) and aspartic acid. Huang et al. found that the silencing of ASNS inhibited the proliferation of VECs (Huang et al., 2017).




MOLECULAR MECHANISMS AND SIGNALING PATHWAYS INVOLVED IN THE REGULATION OF VEC METABOLISM

Various signaling pathways are involved in the regulation of VEC metabolism to respond quickly to changes under environmental conditions (Figure 2; Li et al., 2019c).


[image: image]

FIGURE 2. Overview of the molecular mechanisms and signaling pathways involved in the regulation of VEC. LSS, laminar shear stress; KLF2, Kruppel-like factor 2; PFKFB3, fructose-2,6-biphosphatase 3; PPAP2B, phosphatidic acid phosphatase type 2B; LPA, lysophosphatidic acid; AKT, protein kinase B; eNOS, endothelial nitric oxide synthase; PYK2, proline-rich tyrosine kinase 2; ROS, reactive oxygen species; HIF-1α, hypoxia inducible factor-1α; PKC, protein kinase C; ADORA2A, adenosine A2a receptor; FOXO1, forkhead box O1; FAO, fatty acid oxidation; YAP, Yes-associated protein; TAZ, transcriptional coactivator with PDZ-binding motif; p, phosphorylation.


Laminar shear stress (LSS) is mainly transduced via the activation of a mechanical signal transduction pathway triggering a certain response of VECs to the external environment; at the same time, LSS can also affect VEC metabolism. It is reported that the expression of transcriptional factor Kruppel like factor 2 (KLF2) is induced in the LSS-treated VECs via the activation of MEK5/ERK5/MEF2 signaling pathway (Parmar et al., 2006). Subsequently, a great number of genes controlling endothelial energy metabolism, thrombosis/hemostasis, inflammation, vascular tone, and vessel development/remodeling are regulated by the LSS-induced KLF2 pathway (SenBanerjee et al., 2004; Parmar et al., 2006). For example, PFKFB3 is a key glycolytic enzyme. It was found that LSS-upregulated KLF2 reduced glucose uptake and glycolysis by inhibiting the activity of the PFKFB3 promoter, then decreased the flux of glycolysis and maintained VECs at a resting state (Dekker et al., 2002; Doddaballapur et al., 2015). On the other hand, under normal condition, phosphatidic acid phosphatase type 2B (PPAP2B) dephosphorylates lysophosphatidic acid (LPA) to prevent it from binding to its receptor LPAR1 and then inhibits VEC inflammation. While, low LSS leads to the increased miR-92a and decreased KLF2, which inhibits the expression of PPAP2B in VECs, and then induces the VEC inflammation (Wu et al., 2011, 2015). Another key point in the response to LSS is the activity of eNOS. ECs possess special membrane organelle cilia, which is responsible for sensing the LSS and thus controlling the production of NO (Nauli et al., 2008). However, the underlying mechanisms by which LSS regulates the activity of eNOS are quite sophisticated. For example, LSS-induced phosphorylation of AKT and increased expression of KLF2 can activate and promote the expression of eNOS, respectively, but upregulation of proline-rich tyrosine kinase 2(PYK2) leads to opposite result (Zhou et al., 2014).

Like KLF2, SIRT3 also regulates the metabolic shift between mitochondrial oxidation and glycolysis, targeting on the PFKFB3. It was found that SIRT3 KO-EC exhibited a reduction of glycolysis and an elevation in mitochondrial oxidation and ROS formation, accompanying with the downregulated expression of PFKFB3 and upregulated acetylation of PFKFB3. The abovementioned EC metabolic shift was regarded to contribute to an impaired angiogenesis, reduced coronary flow reserve and diastolic dysfunction in SIRT3 KO mice (He et al., 2017).

Some studies have suggested that hypoxia signaling also participates in the regulation of VEC metabolism. For example, the upregulation of pyruvate dehydrogenase kinase 1(PDK1) induced by HIF-1 in the disturbed flow-activated ECs results in the phosphorylation and inactivation of pyruvate dehydrogenase (PDH), then blocks the conversion from pyruvate to acetyl-CoA catalyzed by PDH, and finally suppresses the TCA cycle. At the same time, the increased glucose transporter and glycolytic enzyme genes such as GLUT1, lactate dehydrogenase A (LDHA) and HK-2 due to the activation of HIF-1 pathway are also involved in the disturbed flow-activated EC metabolic reprogramming and inflammation (Prabhakar and Semenza, 2012; Wu et al., 2017). Moreover, in hypoxic pulmonary artery ECs, HIF-2α inhibits mitochondrial transcription factor A (TFAM) by downregulating the expression of c-myc, and thus leads to the suppression of mitochondrial gene expression and the decrease in oxidative phosphorylation (Zarrabi et al., 2017). Regarding the mechanism responsible for the activation of HIF signaling, NAD(P)H Oxidase-4 (NOX4)-derived ROS is found to be required for the disturbed flow-activated HIF-1 pathway and subsequently increased glycolysis and decreased mitochondrial respiration (Wu et al., 2017). Besides, protein kinase C (PKC) and PI3K signaling are also involved in the hypoxia-induced HIF-1α activation and reinforced glycolysis in hypoxic VECs (Paik et al., 2017). Except for the above signaling pathways, adenosine A2a receptor (ADORA2A) in hypoxic VECs can enhance HIF-1α protein synthesis via ERK/MAPK and PI3K/Akt pathways and therefore promote glycolytic enzyme expression, glycolytic flux, EC proliferation, and angiogenesis (Liu et al., 2017).

The activation of Notch signaling pathway is necessary for maintaining the quiescent state of VECs. Kalucka et al. found that the treatment with Notch pathway stimulator Dll4 in the proliferating ECs induced a significant quiescence of ECs represented by the fact that the treated ECs became less proliferative and more in G0 phase. Simultaneously, the transcriptome results showed that the expression of genes related with glycolysis, TCA cycle, nucleotide synthesis, and purine/pyrimidine synthesis were decreased while the expression of genes controlling FAO was increased (Kalucka et al., 2018). Furthermore, it was found that Notch signaling led to the increased FAO flux, which was utilized for redox homeostasis through the generation of NADPH in quiescent VECs. The abovementioned effect of Notch signaling was mediated by the upregulation of CPTA1 (Kalucka et al., 2018). Moreover, Notch signaling is activated in the fluid shear stress-induced EC quiescence model, in which Cx37-p27 serve as the downstream of Notch signaling to promote the EC cell cycle arrest (Fang et al., 2017).

Similarly, forkhead box O1 (FOXO1) also is an important switch bridging the EC growth status and metabolic activities (Wilhelm et al., 2016). FOXO1 is found to decrease glycolysis, reduce mitochondrial respiration, inhibit EC proliferation and sprouting angiogenesis, and thereby maintain the EC in a quiescence status. EC-specific deletion of FOXO1, however, results in an uncontrolled EC proliferation, vessel hyperplasia and enlargement. Furthermore, it is found that the constitutive activation of FOXO1 reduces the myc expression, promotes myc degradation, and increases the expression of the negative regulators of myc MXI1. Considering that myc is a strong driver of glycolysis, mitochondrial metabolism, and cell growth, the antagonization of myc might mediate the pro-quiescence effect of FOXO1. FOXO1/myc acts a novel metabolic gatekeeper for switching the EC proliferation to quiescence (Wilhelm et al., 2016). On the contrary, endothelial Yes-associated protein/transcriptional coactivator with PDZ-binding motif complex (YAP/TAZ) promotes the formation and maturation of brain vessel in mice by upregulating myc-drive glycolysis, mitochondrial oxidative phosphorylation and EC proliferation (Kim J. et al., 2017). Low LSS activates YAP/TAZ by enhancing the activity of c-Jun N-terminal kinase (Wang et al., 2016), and the activation of integrin α5β1 and c-Abl induced by low LSS can upregulate the nuclear translocation of YAP by phosphorylating YAP at Y357 (Li et al., 2019a). Additionally, the RAF-MEK-ERK pathway activates glutaminolysis in VECs to support the metabolic requirements of highly proliferative VECs (Guo et al., 2016).



VEC METABOLISM UNDER PATHOLOGICAL CONDITION

Under normal physiological conditions, the main energy source of VECs comes from glycolysis. However, the increased activity of glycolytic-related enzymes after VEC activation can trigger the pro-inflammatory pathway, contributing to the progress of vascular injury diseases like atherosclerosis. Conversely, when the activity of glycolysis-related enzymes is reduced, resulting in stagnated glycolysis, intermediate products accumulate and can be metabolized via other pathways. The consequent generation of a great number of oxidative substances, the generation of advanced glycation end product (AGE), and eNOS uncoupling can lead to diabetic angiopathy. Furthermore, VECs frequently show a high glycolytic phenotype while retaining functional mitochondria during tumor neovascularization. Finally, metabolic reprogramming of VECs is also involved in the pathogenesis of hypertension and pulmonary arterial hypertension (Figure 3). In the following paragraphs, we shall review in further detail the abnormal VEC metabolism and its significance under pathophysiological conditions.
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FIGURE 3. Overview of vascular endothelial cell metabolic reprogramming in the pathogenesis of vascular diseases. VEC, vascular endothelial cell; EndoMT, endothelial-to-mesenchymal transition.



VEC Metabolism in Atherosclerosis

One of the most crucial factors for the initiation of VEC activation is disturbed blood flow dynamics (Davignon and Ganz, 2004). The disturbed blood flow mainly leads to the metabolic changes of VEC glycolysis. As mentioned in the above text, the expression of transcription factor KLF2 is upregulated by high LSS, resulting in decreased glycolysis and mitochondrial respiration by inhibiting the promoter of PFKFB3 (Doddaballapur et al., 2015). As a result, KLF2 is thought to be a key transcriptional switch point regulating the quiescent and activated states of VECs. On the other hand, VECs in the atherosclerotic region of the vascular system are disrupted by low LSS. Under low LSS, the activation of NF-κB induces elevated HIF-1α mRNA and increased the expression of cezanne, a ubiquitin-editing enzyme preventing the HIF-1α protein degradation, thus stabilizing HIF-1α. And then, HIF-1α promotes the proliferation and inflammation of VECs by activating glycolytic genes HK2, ENO2, and PFKFB3 to upregulate glycolysis, resulting in the initiation of atherosclerosis (Feng et al., 2017).

Endothelial-to-mesenchymal transition (EndoMT) is an important pathological basis of atherosclerotic lesions. These VEC-derived mesenchymal cells can cause the instability of plaque by enhancing the expression and activity of collagen-matrix metalloproteinase (Evrard et al., 2016). Xiong et al. demonstrated a metabolic mechanism responsible for EndoMT targeting on the FAO-controlled acetyl-CoA. It was found that the induction of EndoMT was associated with a reduction in FAO demonstrated by a decrease in acetyl-CoA levels and a fall in the expression of CPT1A, the enzyme that played rate-limiting and obligate roles in FAO. The downregulation of CPT1A expression in ECs promoted the EndoMT, while the increase in acetyl-CoA levels by supplementing acetate inhibited the SMAD2 activation and EndoMT program in cytokine-stimulated ECs. Those abovementioned results suggest the causal relationship between the reduction of FAO in the ECs and EndoMT, and provide a novel metabolic therapeutic choice for EndoMT-related diseases such as atherosclerosis (Xiong et al., 2018).

It has been proved that the pro-inflammatory YAP/TAZ signaling promotes the glutaminolysis of VECs, suggesting that glutamine has an atherogenic effect (Bertero et al., 2016). Glutamine deficiency can lead to the increased endoplasmic reticulum stress, impaired TCA, inhibition of mTOR signaling and subsequently reduced protein synthesis (Huang et al., 2017). Moreover, glutamate can be converted to neurotransmitter gamma aminobutyric acid (GABA), an anti-inflammatory mediator, in HAECs and HUVECs, and therefore glutamine deficiency may reduce the GABA level and its anti-inflammatory effect (Sen et al., 2016). In atherosclerosis, VECs also show disruption in metabolic pathways related to NO production. In the endothelium, NO-mediated vasodilation is required for vascular homeostasis and the inhibition of important events that promote atherosclerosis, including platelet aggregation, and smooth muscle cells migration (Kawashima, 2004). Consistently, one of the early features of atherosclerosis is eNOS uncoupling, resulting in an imbalance between anti-atherosclerotic NO and pro-atherosclerotic peroxides (Pircher et al., 2016).



VEC Metabolism in Diabetic Angiopathy

As a key metabolic characteristic of diabetes, hyperglycemia is found to be closely correlated with the alterations of VEC metabolism, VEC dysfunction and consequent diabetic angiopathy. A significantly increased production of ROS and reactive nitrogen species (RNS) is an important change of diabetic VEC metabolism (Goveia et al., 2014). Hyperglycemia leads to an increased ROS level in VEC mainly by three mechanisms: (1) an obviously increased expression and activity of NAD(P)H oxidase protein subunits (p22phox, p67phox, and p47phox), which was observed in the veins and arteries of diabetic patients (Guzik et al., 2002). The NADPH-derived ROS production is associated with the downregulation of 8-oxoguanine glycosylase and subsequent activation of PKC in high glucose-treated HUVECs (Xie et al., 2020); (2) xanthine oxidase (XO) inhibitor allopurinol can prevent hyperglycemia-induced generation of ROS, which indicates that XO may be the major contributor of ROS (Eleftheriadis et al., 2018); (3) uncoupled eNOS can induce the increase of oxidative stress in diabetic mice (Sasaki et al., 2008). Besides, hyperglycemia results in an increase in cAMP, and then through the cAMP-dependent PKA, G6PD is phosphorylated and its activity is inhibited. As a result, the entry of glucose into PPP is reduced, leading to the subsequent decreased NADPH and increased ROS (Zhang et al., 2000). Moreover, when exposed to high glucose, the expression of fission proteins fission-1 (Fis1) and dynamin-related protein-1 (Drp1) in the VEC mitochondrial is enhanced and leads to the increase in the mitochondrial fission and an impaired autophagy of mitochondrial. And then the altered mitochondrial dynamics results in an increase of ROS generation, an inhibition of eNOS activation, and the loss of NO bioavailability (Shenouda et al., 2011).

Excess ROS production in diabetic VECs can activate poly-adenosine diphosphate ribose polymerase 1 (PARP-1), which mediates the ribosylation of poly-ADP, thereby inactivating the key glycolytic enzyme glyceraldehyde triphosphate dehydrogenase (GAPDH), whose activity plays a vital role in the maintenance of glycolytic flux (Du et al., 2003). As a result, the inhibited GAPDH leads to the stalled glycolysis. Excess glucose that cannot be metabolized due to the stalled glycolysis enters the PP and is converted to sorbitol at the cost of NADPH by AR, thereby leading to an increase in ROS. Sorbitol is then switched to fructose and highly active 3-deoxyglucose (3DG), promoting the formation of AGEs (Goveia et al., 2014). And the accumulated glycolysis intermediates then turn to three abnormal metabolic pathways as follows. (1) Glycolytic-derived fructose 6-phosphate can produce fructose-6-phosphate (F6P) via 6-phosphate fructosyl amide transferase; and the accumulated F6P is then mainly metabolized through the HBP, which produces the important precursor of glycosylation, uracil-N-acetylglucosamine diphosphate (UDP-GlcNAc) (Brownlee, 2001). Although glycosylation is an important process for the physiological function of VECs, hyperglycemic-induced protein glycosylation may inhibit angiogenesis (Luo et al., 2008). (2) The intermediates of glycolysis glyceraldehyde 3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP) are transferred to the methylglyoxal pathway, which further boosts the production of AGEs (Goveia et al., 2014). Moreover, G3P and DHAP contribute to the diacylglycerol de novo synthesis, and subsequent PKC activation causes vascular abnormalities (Das Evcimen and King, 2007). (3) In theory, the accumulated glucose-6-phosphate (G6P) can enter the glucuronate cycle, but there is a lack of comprehensive research on the glucuronate cycle in diabetic VECs (Eelen et al., 2018).



VEC Metabolism in Tumor Neovascularization

The vessels in tumor are highly abnormal, and mainly characterized by VEC hyperproliferation. The switch of VECs from the quiescent state to the proliferative and migratory state during tumor neovascularization is closely related with the VEC metabolic reprogramming. VECs in tumors show a greater dependence on glycolysis to produce ATP than healthy VECs, mainly manifested as increased expression levels of associated genes, such as the glucose transporter GLUT1 and the glycolytic activator PFKFB3, and thus exhibit a high glycolytic phenotype. The upregulation of PFKFB3 in the tumor depends on hypoxia, pro-inflammatory cytokines, or hormone signaling in the microenvironment (Zecchin et al., 2017). In addition, PPP and the serine biosynthetic pathway, which are utilized for the synthesis of nucleotide and biomass, are more highly activated in tumor VECs than in healthy VECs (Rohlenova et al., 2018).

Both tumor and healthy VECs retain functional mitochondria. The active OXPHOS increases the flexibility of using other substrates for energy generation, and provides metabolites for the synthesis of biomass to support cell proliferation. Studies revealed that the death of proliferating tumor VECs caused by mitochondrial respiratory inhibition is more than that of quiescent VECs, which indicated that functional OXPHOS may be quite important for the proliferating tumor VECs (Rohlenova et al., 2018). The role of mitochondria in tumor endothelial cells deserves further study.



VEC Metabolism in Pulmonary Arterial Hypertension

The high proliferation and dysfunction of VECs are main characteristics of pulmonary arterial hypertension (PAH) (Yu and Chan, 2017). The excessive proliferation of VECs in PAH depends on an increased glycolysis flux and a decreased oxygen consumption related to the upregulation of HIF-1α (Tuder et al., 2012). Moreover, bone morphogenetic protein receptor type 2 (BMPR2) is an important human PAH pathogenic gene (Majka et al., 2011). The expression of a BMPR2 mutant protein in human lung VECs contributes to the progress of PAH mainly by subsequent metabolic changes in VECs: (1) upregulated expression of glycolysis-related enzymes; (2) depressed carnitine metabolism and fatty acid oxidation;, and (3) decreased TCA cycle intermediates (Fessel et al., 2012). In addition, the increase in isocitrate dehydrogenase (IDH)-1 and IDH-2 activity observed in BPMR2-mutated VECs is identical with the increased serum IDH activity of PAH patients (Fessel et al., 2012).

Another characteristic of PAH is the decrease of NO content in VECs, which may be related to the following two aspects: (1) the decrease in antioxidant manganese superoxide dismutase (MnSOD) in mitochondria since MnSOD increases the biological activity of NO by scavenging the superoxide anion (Fijalkowska et al., 2010); and (2) the high expression level of arginase II, which competes with eNOS for the substrate arginine, thus leading to the subsequent decreased production of NO (Xu et al., 2004).



VEC Metabolism in Hypertension

In addition to the above EC metabolic changes, the abnormal purine catabolism in VECs is involved in the EC dysfunction in the development of hypertension. Xanthine oxidoreductase (XOR) catalyzes the oxidation of hypoxanthine to xanthine, and then xanthine to uric acid (UA). XOR exists in two different forms: xanthine dehydrogenase (XD) and XO (Maruhashi et al., 2018). The differences between XD and XO include the following aspects: (1) XD is the main enzyme found in normal tissues, but its activity is low, and XO dominates in tissues with injury and ischemia (Schmitz and Brand, 2016). (2) They use different electron acceptors. NAD+ is preferentially used in the XD catalyzed-reaction, in which a stable reaction product NADH is generated; while molecular oxygen is preferentially used in the XO catalyzed-reaction, resulting the generation of superoxide anion and hydrogen peroxide (Maruhashi et al., 2018).

Compared with Wistar-Kyoto rat, XO activity was increased in VECs of spontaneously hypertensive rat (SHR), which was related with an elevation of arteriolar tone (Vila et al., 2019). Besides ROS generated from XO catalyzed-reaction, the concomitant product UA is regarded to be closely related with EC dysfunction and hypertension. Correspondingly, UA-lowering drugs have a significant anti-hypertensive effect via protecting EC in the basic experiment and clinical trials (Otani et al., 2018; Yang et al., 2018). The proposed mechanisms responsible for UA-related EC dysfunction involved the followings: (1) the impairment NO production and bioavailability. UA inhibited phosphorylation of eNOS and production of NO via PI3K/Akt pathway (Choi et al., 2014). Also, UA suppressed NO release and reacted directly with NO in an irreversible manner leading to NO depletion (Kang et al., 2005; Gersch et al., 2008). (2) the pro-inflammatory effect. UA treatment in VECs upregulated the mRNA expression, protein and release of inflammatory mediator C-reactive protein via p38 and ERK pathway (Kang et al., 2005). (3) the impaired mitochondrial function. UA-treated human aortic ECs exhibited the reduction mitochondrial mass and ATP production, the decrease in aconitase-2 activity and expression of enoyl CoA hydratase-1 (Sánchez-Lozada et al., 2012). (4) the induction of EC phenotype transition. UA-induced EndoMT in HUVECs via ROS generation and glycocalyx shedding (Ko et al., 2019). (5) The inhibition of EC proliferation and migration (Gersch et al., 2008). However, it is worth noticing that UA is also an antioxidant. Its main properties include scavenging hydroxyl free radicals, superoxide anions, peroxynitrite and preventing lipid peroxidation (Amaro et al., 2019).




KEY INSIGHTS AND THERAPEUTIC PERSPECTIVE

In summary, VECs mostly remain quiescent, but can be activated by various physiological and pathological stimuli. In general, VECs show significant metabolic changes during activation, resulting in further VEC dysfunction and development of cardiovascular disease, diabetic angiopathy, and tumor angiogenesis. For example, the activation and dysfunction of VECs in vulnerable areas of arterial blood vessels can be easily detected in the development of atherosclerosis (Davignon and Ganz, 2004), accompanied by unique metabolic reprogramming of VECs (Goveia et al., 2014). Moreover, vascular dysfunction caused by VEC metabolic changes initiates the development of diabetic angiopathy and contributes to the pathogenesis of vascular complications (Shi and Vanhoutte, 2017). In addition to vascular growth factors, VEC metabolism also plays a significant role in tumor neovascularization (Rohlenova et al., 2018). The abovementioned studies indicate that VEC metabolism might be a possible therapeutic target of vasculature related diseases.

At present, one of the important strategies targeting VEC metabolism is the development of anti-angiogenic drugs (Lopes-Coelho et al., 2020). PFKFB3 is an important enzyme in glycolysis, and participates in the synthesis of ATP and biological macromolecules. Initial study has demonstrated that the inhibition of the gene PFKFB3 may reduce the formation of vessels under physiological condition (De Bock et al., 2013b). Notably, anti-glycolysis therapy with the PFKFB3 blocker 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one(3PO) can reduce glycolysis and pathological angiogenesis (Schoors et al., 2014), and a phase 1 clinical trial of the 3PO derivative PFK158 for the treatment of solid malignant tumor has been carried out (Li et al., 2019b). Therapy targeting PFKFB3 is safe because it temporarily inhibits only a branch of glycolysis and does not harm other healthy tissues that depend on glycolysis for their energy production (Schoors et al., 2014). Besides, Schoonjans et al. have demonstrated that PDK inhibitor dichloroacetate (DCA) and GLS1 inhibitor Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulfide (BPTES) affect tumor angiogenesis by lowering glycolysis and glutamate production, respectively, in HUVECs (Schoonjans et al., 2020). The silence of CPT1 in VECs can lead to the proliferation of VECs. As a result, it suggests that the pharmacological blockade of CPT1, such as etomoxir, may be used for the treatment of pathological angiogenesis by lowering FAO (Schoors et al., 2015). Further strategies to recover abnormal metabolism, decrease ROS production, and enhance the clearance of ROS, seem to be able to help counteracting diabetic vascular disease initiated by VEC dysfunction. However, clinical antioxidants have not been successfully applied to treat diabetic complication, to some extent (Ceriello et al., 2016). Therefore, new therapeutic targets are a continued focus of research related to vascular complications in diabetes. Nonetheless, VEC-based metabolic targeted therapies for atherosclerosis had not been developed to date.

As our understanding of VEC metabolism improves, new treatment options may continue to emerge. The detailed characterization of VEC metabolism under normal and pathophysiological conditions, direct metabolic flux measurements, and more comprehensive metabolomics analyses may provide future treatment targets for a wide range of pathologies related to abnormal vascular development.
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Autophagy is involved in many physiological processes. Transcription factor EB (TFEB) is a master regulator of autophagy and coordinates the expression of autophagic proteins, lysosomal hydrolases, and lysosomal membrane proteins. Though autophagy has been implicated in several human diseases, little is known regarding TFEB gene expression and regulation in the process. Since dysfunctional autophagy plays critical roles in acute myocardial infarction (AMI), dysregulated TFEB gene expression may be associated with AMI by regulating autophagy. In this study, the TFEB gene promoter was genetically and functionally analyzed in AMI patients (n = 352) and ethnic-matched controls (n = 337). A total of fifteen regulatory variants of the TFEB gene, including eight single-nucleotide polymorphisms (SNPs), were identified in this population. Among these, six regulatory variants [g.41737274T>C (rs533895008), g.41737144A>G, g.41736987C > T (rs760293138), g.41736806C > T (rs748537297), g.41736635T > C (rs975050638), and g.41736544C > T] were only identified in AMI patients. These regulatory variants significantly altered the transcriptional activity of the TFEB gene promoter. Further electrophoretic mobility shift assay revealed that three of the variants evidently affected the binding of transcription factors. Therefore, this study identified novel TFEB gene regulatory variants which affect the gene expression. These TFEB gene regulatory variants may contribute to AMI development as a rare risk factor.

Keywords: acute myocardial infarction, autophagy, TFEB, promoter, genetics


INTRODUCTION

Autophagy is one of the major digestive systems in cells. There are three subtypes of autophagy, macroautophagy, microautophagy, and chaperone-mediated autophagy. Macroautophagy (hereafter referred to as autophagy) degrades cytoplasmic macromolecules and organelles by delivering them to lysosomes. Autophagy has been involved in many physiological processes, including lipid metabolism and inflammation. Dysfunctional autophagy has been implicated in a wide range of human diseases, including cardiovascular diseases (Gatica et al., 2015; Bravo-San Pedro et al., 2017). However, the genetic causes for autophagic dysfunction and underlying molecular mechanisms remain largely unknown.

Transcription factor EB (TFEB) belongs to the MiT-TFE family of basic helix–loop–helix leucine–zipper transcription factors, which include TFEB, TFE3, TFEC, and microphthalmia-associated transcription factor (MITF). TFEB regulates several cellular processes, including lysosome biogenesis, cellular energy homeostasis, autophagy, mitochondrial turnover, innate immune response, and inflammation. Many studies have demonstrated that TFEB has been involved in the co-regulation between lysosome, autophagy, and lipid metabolism (Sardiello et al., 2009; Settembre et al., 2011, 2013; Settembre and Ballabio, 2014; Napolitano and Ballabio, 2016; Brady et al., 2018). At the transcriptional level, TFEB functions as a master regulator of autophagy and coordinates the expression of lysosomal hydrolases, lysosomal membrane proteins, and autophagy proteins. TFEB binds to CLEAR (coordinated lysosomal expression and regulation) motif, a 10 base E-box-like sequence (GTCACGTGAC), within the promoters of the autophagic and lysosomal genes (Sardiello et al., 2009; Bajaj et al., 2019).

Recent studies suggest that TFEB also controls vascular development by regulating the proliferation of endothelial cells (Doronzo et al., 2019). Overexpression of the TFEB gene in endothelial cells in mice increases angiogenesis and improves blood flow recovery after ischemic injury (Fan et al., 2018). Animal experiments show that TFEB inhibits endothelial cell inflammation and reduces atherosclerosis (Lu et al., 2017; Song et al., 2019). Thus, altered TFEB level may contribute to cardiovascular diseases. In this study, we first identified regulatory variants in the TFEB gene promoter in patients with acute myocardial infarction (AMI) and then functionally analyzed the effect of the variants on TFEB gene expression. Furthermore, the molecular mechanisms by which the regulatory variants effect TFEB gene expression were also explored.



MATERIALS AND METHODS


Study Participants

AMI patients (n = 352; male 267 and female 85) were recruited from the Division of Cardiology, Affiliated Hospital of Jining Medical University (Jining, Shandong, China) during the period from March 2015 to June 2017. AMI patients were diagnosed according to clinical manifestations, electrocardiograms, elevated biochemical markers of myocardial necrosis, or coronary angioplasty. Ethnically matched controls (n = 337; male 167 and female 170) were recruited from Physical Examination in the same hospital during the same time period. The controls with a familial history of CAD and other heart diseases were excluded. This study was conducted in accordance with the Declaration of Helsinki (1964). The study protocol was approved by the Human Ethics Committee of the Affiliated Hospital of Jining Medical University. Written informed consent was obtained from all participants.



Direct DNA Sequencing

Fasting venous blood was collected, and peripheral leukocytes were isolated with the Human Leukocyte Isolation system (Haoyang Biological Products Technology Co., Ltd., Tianjin, China). Genomic DNAs were extracted with the QIAamp DNA Mini kit (Qiagen, Inc., Valencia, CA, United States). The promoter region of the human TFEB gene were generated with PCR and directly sequenced. Two overlapped DNA fragments, 705 bp (−1312 ∼−608 bp) and 801 bp (−657 bp ∼ +144 bp), were overlapped, covering the TFEB gene promoter region. The PCR primers were designed using the human TFEB genomic sequence (National Center for Biotechnology Information GenBank accession no. NC_000006.12). PCR products were directly and bi-directionally sequenced on a 3500XL genetic analyzer (Thermo Fisher Scientific, Inc., Waltham, MA, United States) by Sangon Biotech Co., Ltd. (Shanghai, China). DNA sequences were then compared with the wild-type TFEB gene promoter using the DNAMAN program (Version 5.2.2, Lynnon BioSoft, Quebec, Canada), and regulatory variants including single-nucleotide polymorphisms (SNPs) were identified. Wild and variant TFEB gene promoters were analyzed using TRANSFAC and JASPAR programs to predict the binding sites for the transcription factor affected by regulatory variants.



Functional Analysis of Regulatory Variants by Dual-Luciferase Reporter Assay

Wild-type and variant TFEB gene promoters (1386, −1309 ∼ +77 bp) were generated by PCR, which were then inserted into the KpnI and HindIII sites of a luciferase reporter vector (pGL3-basic, Promega Corporation, Madison, WI, United States) to generate expression constructs. The designated expression constructs were transiently transfected into cultured HEK-293 [CRL-1573; American Type Culture Collection, Manassas, VA, United States (ATCC), Manassas, VA, United States] and H9c2 cells (rat cardiomyocyte line; CRL-1446; ATCC), and dual-luciferase activity was examined using Dual-Luciferase® Reporter Assay on a Glomax 20/20 luminometer (Promega Corporation, Madison, WI, United States). TFEB gene promoter activity was expressed as the ratio of luciferase activity over Renilla luciferase activity. Activity of the wild-type TFEB gene promoter was set as 100%, and the activity of the variant TFEB gene promoter was calculated. Transfection experiments were repeated three times independently, in triplicate.



Prediction of Binding Sites for Transcription Factors

The TFEB gene promoter was analyzed using TRANSFAC and JASPAR programs to predict whether regulatory variants identified in AMI patients change the putative binding sites for transcription factors.



Electrophoretic Mobility Shift Assay

To examine the effects of TFEB gene regulatory variants on the binding sites for transcription factors, electrophoretic mobility shift assay (EMSA) was conducted using the LightShift® Chemiluminescent EMSA kit (Thermo Fisher Scientific, Inc., Waltham, MA, United States). Biotinylated double-stranded oligonucleotides (30 bp) containing regulatory variants were used as probes. Nuclear extracts from HEK-293 and H9c2 cells were prepared using NE-PER® Nuclear and Cytoplasmic Extraction Reagent kit (Thermo Fisher Scientific, Inc., Waltham, MA, United States). Protein concentrations were determined using the Bradford protein assay. DNA-protein binding reactions were conducted for 20 min at room temperature with equal amounts of probes (0.2 pMol) and nuclear extracts (3.0 μg). The reaction mixtures were subsequently separated on a 6% polyacrylamide gel and transferred onto a nylon membrane (Thermo Fisher Scientific, Inc., Waltham, MA, United States). The oligonucleotides were cross-linked to the membrane using the UV Stratalinker 1800 (Stratagene; Agilent Technologies, Inc., Santa Clara, CA, United States) and were detected by chemiluminescence using the LightShift® Chemiluminescent EMSA kit (Thermo Fisher Scientific, Inc., Waltham, MA, United States).



Statistical Analysis

Quantitative data are expressed as the means ± standard error of the mean and were analyzed by student t-test using two-way analysis of variance followed by Dunnett test. The frequency of regulatory variants was compared between AMI patients and controls with χ2 test using SPSS v22.0 software (SPSS, Inc., Chicago, IL, United States). P < 0.05 was considered as statistically significant.



RESULTS


Clinical and Biochemical Characteristics

This study included 689 participants, including 352 AMI patients and 337 controls. Clinical and biochemical characteristics are summarized in Table 1. Age, body mass index (BMI), triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL), and low-density lipoprotein cholesterol (LDL) were expressed as mean ± standard deviation. The prevalence of traditional risk factors including male sex, hypertension, diabetes, and smoking was significantly higher in AMI patients compared to controls (P < 0.01). TG, TC, HDL, and LDL levels in AMI patients were significantly lower compared to controls (P < 0.01), probably due to application of lowering-lipid medicines in AMI patients. In addition, there was no significant difference of BMI between AMI patients and controls (P > 0.05).


TABLE 1. Clinical and biochemical characteristics of AMI patients and controls†.
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Identified Regulatory Variants in the TFEB Gene Promoter

A total of fifteen regulatory variants of TFEB gene were identified in this study population, including eight SNPs and seven novel variants. Frequency and locations of the regulatory variants are presented in Figure 1A and summarized in Table 2. Two novel heterozygous variants (g.41737144A > G and g.41736544C > T) and four SNPs [g.41737274T > C (rs533895008), g.41736987C > T (rs760293138), g.41736806C > T (rs748537297), and g.41736635T > C (rs975050638)] were only identified in six male AMI patients (Figure 1B). All the six cases were male, and the age was from 52 to 81 years old. Clinically, four AMI cases suffered from acute inferior myocardial infarction, and two from acute anterior myocardial infarction. Three of the six AMI cases are accompanied with hypertension. Four of the six AMI cases had history of smoking. None of the six cases had diabetes. In addition, the clinical and biochemical parameters of the six AMI cases are listed on Table 3.
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FIGURE 1. Identified regulatory variants of TFEB gene. (A) Locations of the regulatory variants in the TFEB gene promoter. The numbers represent the genomic DNA sequences of the human TFEB gene (Genbank accession number NC_000006.12). The transcription start site is at the position of 41736259 (+1) in the first exon. (B) Sequencing chromatograms of the regulatory variants identified in AMI patients. Sequence orientations are marked. Top panels show wild-type and bottom heterozygous DNA sequences. Arrows indicate the heterozygous variant.



TABLE 2. Regulatory variants of TFEB gene in AMI patients and controls.
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TABLE 3. Clinical and biochemical characteristics of the AMI patients carrying TFEB gene regulatory variants.
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Altered Activity of the TFEB Gene Promoter by Regulatory Variants

The effect of the regulatory variants on the transcriptional activity of the TFEB gene promoter was analyzed with a luciferase reporter gene assay. We focused on the regulatory variants identified in AMI patients. The seven regulatory variants only identified in controls or both AMI patients and controls were used as internal controls. Expression constructs containing wild-type and variant TFEB gene promoters pGL3-WT (wild type), pGL3-41377451G, pGL3-41737274C, pGL3-41737144G, pGL3-41737034A, pGL3-41737034C, pGL3-41737005A, pGL3-41736987T, pGL3-41736981G, pGL3-41736806T, pGL3-41736635C, pGL3-41736544T, pGL3-41736407T, and pGL3-41736218G, were transfected into HEK-293 and H9c2 cells. The dual-luciferase activities were measured, and relative activity of wild-type and variant TFEB gene promoters was examined.

In HEK-293 cells, two regulatory variants (g.41737144A > G and g.41736544C > T) and three SNPs [g.41737274T > C (rs533895008), g.41736806C > T (rs748537297), and g.41736635T > C (rs975050638)] significantly increased the transcriptional activity of the TFEB gene promoter (P < 0.01). The SNP [g.41736987C > T (rs760293138)] significantly decreased the transcriptional activity of the TFEB gene promoter (P < 0.01). These results indicated that the regulatory variants identified in AMI patients altered the transcriptional activity of the TFEB gene promoter. In contrast, the regulatory variants only identified in controls [g.41737451T > G, g.41737005G > A (rs149166358), g.41736981A > G, g.41736407C > T, and g.41736218T > G] or both AMI patients and controls [g.41737034G > C (rs73733015) and g.41737034G > A (rs73733015)] did not alter the transcriptional activity of the TFEB gene promoter (P > 0.05) (Figure 2).
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FIGURE 2. Relative transcriptional activity of wild-type and variant TFEB gene promoters in HEK-293 cells and H9c2 cells. Black bars indicate HEK-293 cells and gray bars H9c2 cells. Empty vector pGL3-basic was used as a negative control. Transcriptional activity of the wild-type TFEB gene promoter was designed as 100%. The relative activity of variant TFEB gene promoters was calculated. Lanes 1, pGL3-WT; 2, pGL3-basic; 3, pGL3-41377451G; 4, pGL3-41737274C; 5, pGL3-41737144G; 6, pGL3-41737034A; 7, pGL3-41737034C; 8, pGL3-41737005A; 9, pGL3-41736987T; 10, pGL3-41736981G; 11, pGL3-41736806T; 12, pGL3-41736635C; 13, pGL3-41736544T; 14, pGL3-41736407T; 15, pGL3-41736218G. WT, wild type. *, P < 0.01.


As human cardiomyocyte cell lines are currently not available, the H9c2 rat cardiomyocyte cell line was used. Similar results to that in HEK-293 cells were obtained in H9c2 cells. Two variants (g.41737144A > G and g.41736544C > T) and three SNPs [g.41737274T > C (rs533895008), g.41736806C > T (rs748537297), and g.41736635T > C (rs975050638)] significantly increased the transcriptional activity of the TFEB gene promoter (P < 0.01), and the SNP [g.41736987C > T (rs760293138)] significantly decreased the transcriptional activity of the TFEB gene promoter (P < 0.01) (Figure 2).



Regulatory Variant-Affected Binding Sites of Transcription Factors

The binding sites for transcription factors were predicted to be changed by regulatory variants identified in AMI patients. SNP [g.41737274T > C (rs533895008)] may abolish putative binding sites for YB1 (Y-box binding protein 1), MEF2C (myocyte enhancer factor 2C), and MEF2D, and create putative binding sites for MYB (MYB proto-oncogene and transcription factor) and TFCP2 (transcription factor CP2 and also known as LBP1). Variant (g.41737144A > G) may modify the binding site for MYB and the DNA-binding complex of BRCA1 and USF2. The SNP [g.41736987C > T (rs760293138)] may modify the binding sites for SOX18, ZNF75D (zinc finger factor 75D), and ZNF143 factors. SNP [g.41736806C > T (rs748537297)] may abolish the binding sites for SMAD5 (SMAD family member 5), HSF4 (heat shock transcription factor 4), and KLF8 (kruppel-like factor 8), create a germ cell-specific transcription factor ALF-binding site, and modify a KLF6 (kruppel-like factor 6, also known as CPBP) site. SNP [g.41736635T > C (rs975050638)] may abolish a C-MAF (MAF bZIP transcription factor) site, create a RHOXF1 (Rhox homeobox family member 1) site, and modify the binding sites for GATA factors. Variant (g.41736544C > T) may abolish the binding sites for SMAD2 (SMAD family member 2) and P300 and create the binding sites for GATA factors.



Transcription Factor Binding as Determined by EMSA

To experimentally investigate whether regulatory variants affected the binding of transcription factors, EMSA was performed with wild-type or variant oligonucleotides (30 bp). The regulatory variants identified in AMI patients were examined. Biotinylated oligonucleotides for the EMSA are shown in Table 4. As shown in Figure 3, the SNP [g.41737274T > C (rs533895008)] abolish the binding of a transcription factor and created a binding site for a new transcription factor. One variant (g.41737144A > G and one SNP [g.41736987C > T (rs760293138)] markedly enhanced the binding of an unknown transcription factor in HEK-293 and H9c2 cells. The affected transcription factor, which acted as a transcriptional activator, requires further identification. The variant (g.41736544C > T) did not affect the binding of transcription factors. Similarly, the effects of other two SNPs [g.41736806C > T (rs748537297) and g.41736635T > C (rs975050638)] on the binding of transcription factors were not detected (data not shown).


TABLE 4. The double-stranded biotinylated oligonucleotides for the EMSA.
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FIGURE 3. EMSA of biotin-labeled oligonucleotide-containing regulatory variants with nuclear extracts of HEK-293 (293) and H9c2 cells. Free probe was marked at the bottom. The affected binding for an unknown transcription factor was marked with an open arrow. WT, wild type. RV, regulatory variants.




DISCUSSION

To date, many genome-wide association studies have identified a great number of genetic loci for CAD and AMI. However, the collective genetic loci could explain only <10% of cases (Assimes and Roberts, 2016; McPherson and Tybjaerg-Hansen, 2016). Recent studies have suggested that low-frequency and rare genetic variants may confer susceptibility to cardiovascular diseases (Wain, 2014; Sazonovs and Barrett, 2018). Altered TFEB gene expression and subsequent dysfunctional autophagic-lysosomal system have been implicated in human diseases, including cardiovascular diseases (Kuiper et al., 2003; Shen and Mizushima, 2014; Perera et al., 2015; Martini-Stoica et al., 2016). However, TFEB gene expression and regulation have not been characterized in detail. Few mutations or genetic variants in TFEB gene have been reported. In this study, we identified fifteen regulatory variants in the TFEB gene promoter. Among these, six regulatory variants including four SNPs of TFEB gene were identified in AMI patients, which significantly altered the transcriptional activity of the TFEB gene promoter. Three of the regulatory variants evidently affected the binding of unknown transcription factors. In our study population (n = 689), TFEB gene regulatory variants were identified in AMI patients with a collective frequency of 0.9% (6/689). Therefore, these TFEB gene regulatory variants may contribute to AMI development as a rare risk factor. In our future work, the effect of downstream autophagic and lysosomal genes of TFEB on AMI will be further explored.

The human TFEB gene has been localized to chromosome 6p21.1. TFEB recognizes the CLEAR motif within its target genes (Carr and Sharp, 1990; Bajaj et al., 2019). TFEB-null mice die at the embryonic stage due to defective placental vascularization (Steingrímsson et al., 1998). Conditional disruption or transgenic mouse models reveal that TFEB has specialized functions in different tissues (Pastore et al., 2016; Perera and Zoncu, 2016; Mansueto et al., 2017; Sergin et al., 2017; Fan et al., 2018). There are five transcript variants of TFEB, and variant two encodes the longest-isoform, promoter region of which was analyzed in this study. To date, the promoter of the human TFEB gene has not been characterized in details. A proximal TFEB gene promoter of 1,600 bp has been reported for its transcriptional activity (Erlich et al., 2018). In human endothelial cells, paternally expressed gene 3 (PEG3) is an upstream transcriptional regulator of the TFEB gene (Neill et al., 2017). There are numerous CLEAR sequences in the TFEB gene promoter, indicating that TFEB regulates its own expression in an autoregulatory loop (Settembre et al., 2013; Nabar and Kehrl, 2017). In response to starvation, TFEB upregulation activates its own transcription, indicating a positive feedback loop that regulates cellular lipid metabolism (Settembre et al., 2013). In this study, we analyzed the proximal promoter of the TFEB gene. The regulatory variants were identified, all of which did not interrupt any CLEAR motif in the TFEB gene promoter. Combined with transcriptional activity assay and EMSA results, SNP [g.41737274T > C (rs533895008)] may create a binding site for a transcription activator. The variants (g.41737144A > G and g.41736544C > T) may enhance the binding of a transcription activator. SNP [g.41736987C > T (rs760293138)] may enhance the binding of a transcription repressor. These transcription factors need to be further identified and investigated.

Under normal conditions, TFEB is located in the cytoplasm. The subcellular localization and activity of TFEB are regulated by its phosphorylation state. TFEB phosphorylation is mediated by several kinases, including mammalian target of rapamycin complex 1 (mTORC1), extracellular signal–regulated kinase 2 (ERK2), glycogen synthase kinase-3β (GSK-3β), and AKT (protein kinase B) (Martina et al., 2012; Settembre et al., 2012; Li et al., 2016; Napolitano and Ballabio, 2016; Palmieri et al., 2017; Vega-Rubin-de-Celis et al., 2017; Puertollano et al., 2018). Protein phosphatase 2A stimulates activation of TFEB by dephosphorylation in response to oxidative stress (Martina and Puertollano, 2018). Phosphorylated TFEB is retained in the cytoplasm, whereas dephosphorylated TFEB translocates to the nucleus to induce the transcription of its target genes. A great number of TFEB direct genes have been identified, which represent essential components of the CLEAR gene network (Palmieri et al., 2011; Perera and Zoncu, 2016). TFEB promotes the gene expression of the autophagy and lysosomes and regulates the lysosomal biogenesis, autophagy, lysosomal proteostasis, lysosomal exocytosis, and lysosomal positioning (Medina et al., 2011; Song et al., 2013; Napolitano and Ballabio, 2016; Perera and Zoncu, 2016; Willett et al., 2017). Moreover, TFEB and TFE3 cooperate in regulating the expression of proinflammatory cytokine genes, controlling the adaptive response of whole-body energy metabolism, and modulating the cellular response to endoplasmic reticulum stress (Martina et al., 2016; Pastore et al., 2016, 2017). Therefore, upregulation or downregulation of TFEB gene expression may lead to dysfunctional autophagy.

Accumulating studies have demonstrated that a window of optimal autophagic activity is critical to the maintenance of cardiovascular homeostasis and function. Excessive or insufficient levels of autophagic flux can each contribute to the pathogenesis of cardiovascular diseases, including AMI (Gatica et al., 2015; Lavandero et al., 2015; Bravo-San Pedro et al., 2017). TFEB is differentially activated in human diseases. In Danon disease, TFEB and downstream targets are activated. Conversely, TFEB is inhibited and an autophagy is blocked in glycogen storage disease type II (Nascimbeni et al., 2017). In this study, the six TFEB gene regulatory variants may lead to TFEB gene upregulation or downregulation, both of which could result in subsequent autophagic dysfunction, contributing to AMI development as a rare risk factor.

In conclusion, fifteen regulatory variants in the TFEB gene promoter were identified in this study, and seven were novel. Among these, six functional regulatory variants in the TFEB gene promoter were identified in AMI patients. Functional analysis revealed that these genetic variants significantly altered the transcriptional activity of the TFEB gene by changing the binding site of unknown transcription factors. These TFEB gene regulatory variants may contribute to AMI development as a rare risk factor. Further studies are needed to investigate these unknown transcription factors and related mechanisms.
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Hyperphosphatemia or even serum phosphate levels within the “normal laboratory range” are highly associated with increased cardiovascular disease risk and mortality in the general population and patients suffering from chronic kidney disease (CKD). As the kidney function declines, serum phosphate levels rise and subsequently induce the development of hypertension, vascular calcification, cardiac valvular calcification, atherosclerosis, left ventricular hypertrophy and myocardial fibrosis by distinct mechanisms. Therefore, phosphate is considered as a promising therapeutic target to improve the cardiovascular outcome in CKD patients. The current therapeutic strategies are based on dietary and pharmacological reduction of serum phosphate levels to prevent hyperphosphatemia in CKD patients. Large randomized clinical trials with hard endpoints are urgently needed to establish a causal relationship between phosphate excess and cardiovascular disease (CVD) and to determine if lowering serum phosphate constitutes an effective intervention for the prevention and treatment of CVD.
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INTRODUCTION

High serum phosphate concentrations associate with cardiovascular disease (CVD) risk in both the general population and chronic kidney disease (CKD) patients (Lim et al., 2015; Reiss et al., 2018). Serum phosphate levels are tightly regulated in healthy individuals through several mechanisms including dietary absorption, bone flux and renal excretion. Hyperphosphatemia occurs due to a decreasing glomerular filtration rate (GFR) and is known to induce hypertension, vascular calcification, cardiac valvular calcification, atherosclerosis, left ventricular hypertrophy, and myocardial fibrosis (Chronic Kidney, Disease Prognosis, Consortium, Matsushita et al., 2010; Sarnak et al., 2019). In this review, we summarize the current knowledge of the roles of phosphate homeostasis in health and CKD conditions, as well as the contribution of phosphate to CVD. Moreover, we discuss therapeutic strategies for lowering serum phosphate level and how this affects the cardiovascular outcome of CKD patients.



BIOLOGICAL CHARACTERISTICS OF PHOSPHATE

Phosphorus is an essential element of the human body. Organic phosphorus mainly exists in nucleic acid, phospholipid and high-energy phosphate compounds (Michigami et al., 2018). Phosphorus is one of the basic components of human genetic material nucleic acid, participating in genetic metabolism, growth, and development (Kornberg, 1979). The phospholipid is the main lipid component on the cell membrane, maintaining the integrity and permeability of membrane (Tero et al., 2017). High energy phosphate compounds such as adenosine triphosphate (ATP) are key substances of energy metabolism (Müller et al., 2017). Inorganic phosphorus exists in the form of inorganic phosphate ion H2PO4- or HPO42-. In the physiological pH state, 80% inorganic phosphate ion in the serum is HPO42- and 20% is H2PO4-. About 10% inorganic phosphorus exists in serum as soluble phosphate, which participates in the phosphorylation and dephosphorylation of various signal transduction proteins. Phosphate buffering also participates in the regulation of acid-base balance in vivo. A total of 90% inorganic phosphorus exists in bones and teeth in insoluble hydroxyapatite, forming the skeleton of the body. The body contains about 600–900 g phosphorus, accounting for about 1% of body weight. Serum phosphorus refers to the concentration of serum inorganic phosphate, which is 3–4.5 mg/dL in normal adults. Hyperphosphatemia is defined as plasma phosphate >4.5 mg/dL due to disease or excessive intake. Excessive phosphate content not only causes hypocalcemia, hyperparathyroidism and metabolic bone disease but also is closely related to adverse cardiovascular outcomes (Angelova et al., 2016; Chande and Bergwitz, 2018).



METABOLIC REGULATION OF PHOSPHATE

The organs involved in phosphate regulation include intestine, bone, kidney, and parathyroid gland. The daily intake of dietary phosphate is about 1.0–1.5 g, which is absorbed by the intestinal epithelial cell type II sodium-dependent phosphate co-transporter (Npt)-2a, 2b, and 2c (Masuda et al., 2020). The phosphate absorbed from the intestine is mainly excreted through the kidney. About 80% of the phosphate is reabsorbed through Npt- 2a and 2c in the proximal renal tubular epithelium (Michigami et al., 2018). The key endocrine hormonal regulators of phosphate metabolism include fibroblast growth factor-23 (FGF-23), 1,25-dihydroxyvitamin D (calcitriol), and parathyroid hormone (PTH). FGF-23 is the first discovered bone-derived endocrine hormone, contains a 32 kd peptide chain of 251 amino acids and belongs to the FGF superfamily. Phosphate excess can directly or indirectly stimulate osteoblasts to secrete FGF-23, which regulates phosphate metabolism by affecting the activity of Npt-2 (Sabbagh et al., 2009). FGF homologous receptors (FGFR), including FGFR 1-4, mainly bind to FGF-23 and its co-receptor α-Klotho, effectively activating FGFR 1c to form FGF-23- FGFR 1-α-Klotho ternary complex, lead to activation of mitogen-activated protein kinase (MAPK) pathway, and result in inhibition of Npt-2a and 2c in phosphorus reabsorption in renal tubular epithelial cells. It can also inhibit renal 1α-hydroxylase, reducing the serum calcitriol mediated increment of blood phosphate. Calcitriol receptor is mainly expressed in the small intestine, bone, kidney, and parathyroid gland. Its physiological effect is to increase blood phosphate and calcium. In the small intestine, calcitriol increases the absorption of phosphate by up-regulating the activity of Npt-2 in intestinal epithelial cells (Takashi and Fukumoto, 2020a). Binding of phosphorus to the calcium-sensitive receptor (CaSR) on parathyroid cells stimulates parathyroid hormone (PTH) secretion (Centeno et al., 2019). The target organs of PTH are mainly kidney and bone, and its net effect is to increase blood calcium and reduce blood phosphate. PTH promotes the reabsorption of Ca2+ by distal convoluted tubules and collecting ducts, reducing calcium excretion. On the other hand, PTH inhibits the reabsorption of phosphorus in proximal and distal tubules by blocking Npt-2a and 2c, promoting phosphorus excretion and reducing blood phosphate. PTH also activates 1α- hydroxylase in mitochondria of proximal renal tubular cells and facilitates the formation of calcitriol, which indirectly promotes the absorption of calcium and phosphate by intestinal epithelial cells. Moreover, PTH activates osteoclast, enhances its osteolytic effect and releases calcium and phosphorus. In osteoblasts, the binding of PTH to PTH-related protein receptor (PPR) 1 promotes FGF-23 secretion by activating protein kinase A (PKA) and Wnt signaling (Chande and Bergwitz, 2018). In addition, serum iron, erythropoietin (EPO) and insulin-like growth factor-1 (IGF-1) are also involved in the regulation of phosphate. Iron deficiency may promote FGF-23 synthesis through transcriptional regulation of hypoxia-inducible factor (HIF) 1α (Tan et al., 2017). EPO can induce the expression of FGF-23 mRNA in bone marrow erythroid cells (van Vuren et al., 2020). IGF-1 inhibits transcription factor FoxO1 of FGF-23 through phosphatidylinositol 3-kinase (PI3K)/Akt pathway, and negatively regulates FGF-23 (Bär et al., 2018).



THE ROLE OF PHOSPHATE IN CVD

High serum phosphate level is independently associated with increased cardiovascular mortality in CKD patients by contributing to the development of CVD via distinct mechanisms (Table 1). Thus, phosphate is considered as a therapeutic target to improve CKD-associated CVD morbidity, and a detailed understanding of the molecular insight of hyperphosphatemia in the development of CVD is essential to explore effective therapeutic strategies.


TABLE 1. Cardiovascular pathomechanisms of hyperphosphatemia.
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Hypertension

An increasing number of publications has revealed a detrimental role of inorganic phosphate in promoting hypertension in otherwise healthy individuals. Cross-sectional studies in patients with end-stage renal disease showed that the presence of hyperphosphatemia was significantly associated with high blood pressure (Mendes et al., 2017). Hyperphosphatemia was associated with a blunted decline in nocturnal blood pressure in hypertensive patients without CKD (Wang et al., 2018). A large prospective observational study in more than 9,000 hypertensive patients showed that elevated baseline serum phosphate is associated with poor blood pressure control over 5 years of follow-up (Patel et al., 2015). Administration of neutral NaPi (each 1 mM Na contains 0.55 mM of Pi) at the dose approximately 30 mmol of Pi per day for 11 weeks induced a significant increase in 24- h ambulatory blood pressure by 4/3 mmHg when compared to the control group treated with equivalent amounts of sodium as NaCl in combination with phosphate binder lanthanum carbonate to reduce phosphate absorption (Mohammad et al., 2018). This prospective randomized study has established a more definitive blood pressure-raising effect of inorganic phosphate in healthy young adults without hypertension or an antihypertensive drug treatment.

Animal experimental data indicate that dietary phosphate excess engages multiple mechanisms that promote hypertension. In the normotensive Sprague Dawley (SD) rats fed with a high phosphate diet (HPD) for 12 weeks, consumption of HPD induced hypertension and tachycardia in the resting condition and augments cardiovascular and sympathetic responses during muscle contraction (Mizuno et al., 2016). This result implicates that short-term dietary phosphate loading is able to transform the autonomic regulation of blood pressure in normotensive rats to the phenotype observed in hypertensive rats. The mechanisms underlying sympathetic activation induced by dietary phosphate loading are unknown. Other than the activation of the sympathetic nervous system, HPD was shown to increase renin expression, resulting in increased circulating angiotensin levels in healthy rats (Bozic et al., 2014). Acute impairment in endothelium-dependent vasodilation will happen when aortic rings are exposed to culture media with high phosphate milieu (Six et al., 2014). Increases in endothelin-1 production via upregulation of aortic endothelin-converting enzyme-1 protein expression has been demonstrated in one study in aortic endothelial cell culture upon exposure to high extracellular phosphate condition (Olmos et al., 2017). HPD has also been shown to downregulate klotho expression in the kidneys and reduce soluble klotho levels in the serum of mice (Hu et al., 2015). CKD is one of the major risk factors for the development of hypertension, and deterioration in renal function constitutes another potential mechanism by which dietary phosphate excess promotes hypertension (Da et al., 2015; Yoon et al., 2017). Large randomized clinical trials are needed to confirm the findings in animal experiments, and the results may lead to a new paradigm in preventing hypertension in the population at high risk for progression to hypertension.



Vascular Calcification

The risk of cardiovascular death in patients with CKD stage 3a-4 is increased by 2–3 times, and the most common impairment is vascular calcification (VC) (Takashi and Fukumoto, 2020a). To date, there is no epidemiological data with a large sample to show the incidence of VC in CKD. Adeney et al. analyzed 439 patients with moderate to severe CKD and found that the incidence of calcification in the coronary artery and descending aorta increased by 21 and 33%, respectively, with the increase of blood phosphate every 1 mg/dL (Sarnak et al., 2019). The prospective cohort study, CRIC, included 1,123 patients with mild to moderate CKD (EGFR 20–70 ml/min/1.73 m2), and demonstrated that serum phosphate > 3.9 mg/dL was significantly associated with coronary artery calcification (Mendes et al., 2017; Bundy et al., 2018). Shang et al. (2017) selected 70 peritoneal dialysis patients without coronary artery calcification as the research objects, followed up for at least 3 years, and revealed that hyperphosphatemia was an independent risk factor for coronary artery calcification in dialysis patients. Two large cohort studies showed that serum phosphate > 3.9 mg/dL was independently associated with coronary artery calcification, even in the normal range (Patel et al., 2015). These clinical studies provide evidence that high phosphate might be a causal factor in the development of vascular calcification in CKD patients.

High phosphate is thought to contribute to the development of vascular calcification by inducing the formation of osteoblast-like cells from vascular smooth muscle cells (Cozzolino et al., 2019). Bao et al. stimulated mice with high phosphate and showed that aortic rings in high phosphate group were obviously calcified by calcium staining (Chang et al., 2020). The perception of extracellular phosphate in vascular smooth muscle is mediated by type III sodium-dependent phosphate co-transporters Pit1 and Pit2, and high phosphate up-regulates the expression of Pit in vascular smooth muscle cells (Shobeiri et al., 2014). Experimental studies indicated that activation of GK1/NF-κB, SGK1/NF-κB, Wnt/β-Catenin signaling, up-regulating osteogenic transcription factors Runx2, Msx2, Sox9 and osterix are classic mechanisms of osteogenic differentiation of vascular smooth muscle cells, among which Runx2 plays a decisive role (Voelkl et al., 2019). Pro-inflammatory cytokines are a class of endogenous peptides mainly produced by immune cells, including interleukin (IL) -1β, tumor necrosis factor (TNF) – α, IL-6. In vitro studies showed that IL-1β and TNF-α could stimulate the intracellular NF-κB signaling, and IL-6 activates BMP-2-wnt/β-Catenin pathway to induce the calcification of vascular smooth muscle cells (Voelkl et al., 2019; Alesutan et al., 2020). Increased FGF-23 levels and pro-inflammatory cytokines were found in patients with hyperphosphatemia (Mendoza et al., 2017). A previous prospective study, including 3,879 CKD stage 2–4 patients, indicated that FGF-23 was positively correlated with pro-inflammatory cytokines such as IL-6, CRP, and TNF-α, but there was no experiment to confirm the causal relationship between FGF-23 and pro-inflammatory cytokines (Mendoza et al., 2012). Recent studies have found that GAS5/miR-26-5p/PTEN, FGFR1c-MEK/ERK-GALNT3 pathway and α-Klotho deficiency are also important mechanisms of vascular calcification. Chang et al. showed that high phosphate stimulation downregulated the expression of a long-chain non-coding RNA (IncRNA) growth specific inhibitor GAS5 in human aortic smooth muscle cells, which weakened the inhibition of small nucleolar RNA miR-26b-5p, and thereby its downstream target protein PTEN. PTEN is a protein/lipid phosphatase, which stimulates the osteogenic differentiation of mesenchymal cells by increasing the expression of Runx2 (Bao et al., 2020; Chang et al., 2020). Takashi et al. found that high phosphate binding to FGFR1c activates downstream extracellular regulated protein kinase MEK/ERK phosphorylation and promotes the expression of osteogenic related proteins. Meanwhile, it also promotes the expression of FGF-23 post-transcriptional modified gene peptide N-acetylgalactosamine transferase 3 (GALNT3), which inhibited FGF-23 cleavage at multiple glycosylation sites (Takashi and Fukumoto, 2020b). Singh et al. (2019) found that aortic balloon calcification was aggravated and the expression of osteogenic proteins such as matrix metalloproteinase (MMP) 9 and 13 was up-regulated in klotho gene knockout animal models. In addition, high phosphate induces apoptosis of osteoblast-like cells by up-regulating GAS6/AXL, and releases calcium-containing apoptotic bodies (Shroff et al., 2008; Voelkl et al., 2019). Iron citrate inhibits the progression of vascular calcification through anti-apoptosis (Ciceri et al., 2019). Apoptosis is related to autophagy, and high phosphate promotes the expression of autophagy-related protein beclin-1 through the pAMPK-ULK1 pathway (Liu et al., 2017). Other mechanisms include reduction of fetuin-A (a circulating protein that inhibits calcification), remodeling of extracellular matrix and degradation of elastin, oxidative stress, lead to the progression of calcification (Singh et al., 2019; Voelkl et al., 2019).

Altogether, the clinical and experimental data emphasize that high phosphate levels may contribute to vascular calcification not only in CKD patients but also in the general population. This shows the importance of controlled serum phosphate levels and underlines that phosphate represents promising therapeutic targets in preventing vascular calcification in CKD patients.



Valve Calcification

Valve calcification describes pathological depositions of calcium–phosphate salts on the cardiac valves. Increasing evidence has shown that mineral metabolism disorder is an important factor in promoting valve calcification (Rattazzi et al., 2013; Massera et al., 2020). The level of FGF-23 was positively correlated with the occurrence of mitral annular calcification (Bortnick et al., 2016). In another study of 6,814 CKD patients followed-up to 2.3 years, Bortnick et al. (2019) found that for every 18.5 pg/mL increase in FGF-23, the annual mitral valve calcification score measured by CT increased by 2.83 Au. The incidence of the aortic valve and mitral valve calcification increased by 25 and 62% for every 1 mg/dL increase in blood phosphate in a cohort of 439 patients with moderate CKD (Adeney et al., 2009). For every 0.5 mg/dL increase in blood phosphate, the risk of aortic valve ring calcification increases by 1.2 times (Linefsky et al., 2011). The level of blood phosphate was positively correlated with the morbidity of aortic valve calcification, and the average blood phosphate level of 3 mg/dL or more could significantly increase the risk of aortic valve calcification in another cohort of 938 subjects with clinical manifestations of chronic CVD and CKD (Hisamatsu et al., 2018).

NF-κB/Akt/ERK signaling pathway may play an important role in the high phosphate induced valve calcification. The aortic valve calcification in the HPD group was significantly higher than that in the non-phosphate control groups in the uremic rat model; Akt and ERK in the calcified valve were significantly increased; and the osteogenic transcription gene Runx-2 was overexpressed (Shuvy et al., 2019). Pit1 promotes the transfer of serum phosphate into valve interstitial cells, which is the premise of high phosphate induced valve calcification. Husseini et al. (2013) found that the expression of Pit 1 in the calcified aortic valve of human was significantly higher than that of the control group. When exposed human aortic valve interstitial cells to high phosphate medium, Runx2 will transfer from cytoplasm to nucleus, and hydrogen sulfide can reduce calcification by inhibiting Runx2 accumulation in the nucleus (Sikura et al., 2020). The osteogenic related protein Runx2 was overexpressed in the osteogenic human aortic valve stromal cells, and curcumin could suppress Runx2 gene expression by inhibiting the NF-κ B/Akt/ERK signaling pathway (Shuvy et al., 2019; Zhou et al., 2020). The expression of Runx2 was dependent on Akt and ERK phosphorylation in human aortic valve stromal cells stimulated by high phosphate (Li et al., 2017). Thus, to our current knowledge, cardiac valve calcification may share common pathogenesis with vascular calcification resulting from hyperphosphatemia in CKD patients.



Atherosclerosis

Increasing retrospective studies have found that phosphate can promote the occurrence of atherosclerosis in coronary and peripheral arteries. A cohort study involving 7,553 subjects with near normal renal function (EGFR > 60 ml/min/1.73 m2) found a positive correlation between high phosphate and coronary artery atherosclerosis (Shin et al., 2012). In another study, 6,329 subjects without clinical manifestations of CKD and coronary artery disease were divided into four groups (≤3.0, 3.1 – 3.3, 3.4 – 3.7, ≥3.8 mg/dL) according to blood phosphate level, and multivariate regression analysis showed that the increase of blood phosphates level indicated the increased risk of coronary atherosclerosis (Park et al., 2020). Multiple linear regression analysis also showed that FGF-23 could increase the risk of carotid atherosclerotic plaque, which reflects systemic peripheral atherosclerosis (Rodríguez-Ortiz et al., 2020). Tuzun et al. (2018) included 54 pregnant women with gestational diabetes mellitus (GDM) and 33 healthy pregnant women, and using color to predict the degree of atherosclerosis, it was found that FGF-23 in GDM group was significantly higher than that in the control group, and the increase of FGF-23 was positively correlated with doppler ultrasound evaluated carotid intima-media thickness. In addition, FGF-23 could increase the recognition rate of the Framingham risk score for carotid atherosclerosis (Hu et al., 2017). There are gender differences in high phosphate induced atherosclerosis. Analysis of 1,687 CKD stage 3–5 non-dialysis patients from the NEFRONA study showed that phosphate levels within the normal range associated with an increased risk of subclinical atheromatosis in men, whereas this risk only increased with serum levels over the normal range in women (Martín et al., 2015). This study suggested that recommended serum phosphate levels could be different for male than for female CKD patients.

At present, the pro-atherogenic mechanism of phosphate excess has not been clarified, and it is considered that endothelial dysfunction caused by high phosphate may be the main reason for promoting lipid infiltration and atherogenesis (Hsu et al., 2010; Scialla and Wolf, 2014; Tripepi et al., 2015; Richter et al., 2016). Endothelial cell injury is the first step of atherogenesis, and endothelial nitric oxide synthase (eNOS) plays an important role in promoting endothelial dysfunction. When human peripheral vascular endothelial cells continuously exposed to high phosphate environment, the production of eNOS was significantly reduced (Ellam and Chico, 2012). High phosphate promotes reactive oxygen (ROS) production, leading to the reduction of tetrahydrobiopterin, a cofactor of eNOS coupling, and the decreasing of eNOS uncoupling nitric oxide (NO) synthesis (Roumeliotis et al., 2020). FGF-23 and Klotho also play an important role in endothelial dysfunction induced by high phosphate. When injecting FGF-23 into normal mice, the endothelium-dependent cardiac and peripheral microvascular relaxation induced by acetylcholine decreased, and the microvascular relaxation ability was restored after injection of FGF-23 antibody (Verkaik et al., 2018). FGF-23/FGFR1/klotho pathway was involved in the regulation of NO synthesis. FGF-23 combined with FGFR1 stimulated the secretion of soluble Klotho, activated Akt phosphorylation, promoted NO synthesis, up-regulated the expression of antioxidant enzymes SOD2 and CAT, and alleviated the inhibition of ROS on NO synthesis (Richter et al., 2016). CKD patients are in klotho deficiency (Hu and Moe, 2012; Mencke et al., 2015), and their NO synthesis is reduced. High phosphate also promotes endothelial cell apoptosis by activating DAXX/ERK pathway and MAPK pathway (Roumeliotis et al., 2020). FGF-23 is associated with dyslipidemia and may also promote atherosclerosis. Cohort studies have found that FGF-23 is negatively correlated with high-density lipoprotein and lipoprotein a, and positively correlated with triglycerides (Ellam and Chico, 2012). Calcitriol could inhibit the uptake of oxidized low-density lipoprotein by macrophages in diabetic patients and suppress the formation of foam cells (Oh et al., 2009). The reduction of calcitriol synthesis in hyperphosphatemia can promote the formation of foam cells. However, Shiota et al. (2011) reported significantly reduced atherosclerotic plaques under high phosphate stimulation, and the researchers attributed the underlying mechanism to the reduction of monocyte activity and the apoptosis of macrophages. This study is independent of endothelial dysfunction, and the results are still controversial.



Left Ventricular Hypertrophy (LVH) and Myocardial Fibrosis

Studies have found that high phosphate can cause LVH, myocardial fibrosis, and increase the risk of cardiovascular death through the paracrine effect of FGF-23 (Courbebaisse and Lanske, 2018; Leifheit-Nestler and Haffner, 2018; Wang and Shapiro, 2019). The prevalence of LVH is about 40% in early-stage CKD patients and 75–80% in end-stage kidney disease patients (Vogt et al., 2019). It was found that serum phosphate > 5 mg/dL was significantly correlated with the increase of left ventricular mass index (Gallieni and Pedone, 2013). Serum level of FGF-23 was positively correlated with left ventricular mass (Kestenbaum et al., 2014). In CHS study including 2,255 subjects over 65 years old, after adjusting for demographic, cardiac and renal related risk factors, FGF-23 can be used as an independent risk factor for LVH, and the left ventricular weight increases by 6.71 g for every doubling of FGF-23 (Jovanovich et al., 2013). After adding the FGF-23 inhibitor bone matrix acidic protein DMP1 into the CKD mice, the left ventricular wall thickness in the DMP1 group was significantly reduced compared with that in the CKD group (Dussold et al., 2019).

Fibroblast growth factor-23 induced LVH mainly through the klotho independent bindings of FGF-23 with FGFR4, activating the phospholipase S γ (PLS γ)/calcineurin-dependent nuclear factor of activated T cells (NFAT) signaling pathway (Faul et al., 2011; Grabner et al., 2015). Myocardial biopsy analysis on 24 patients who died of CKD indicated that 67% of them had LVH, which was characterized by significantly expressed FGFR4, NFAT, and klotho deficiency compared with the control group (Leifheit-Nestler et al., 2016). FGF-23 and Ang II share a common mechanism in the Ca2+ dependent cardiomyocyte hypertrophy. In neonatal rat ventricular myocytes, FGF-23 stimulates the expression of Ang II, and Ang II induces intracellular Ca2+ regulated Ca2+/calmodulin dependent protein kinase II (CAMKII)- histone deacetylase 4 (HDAC4) activation via inositol 1,4,5-triphosphate (IP3), promoting myocardial hypertrophy (Mhatre et al., 2018). Using myocardial magnetic resonance (CMR) to detect extracellular volume (ECV) to measure the degree of cardiac fibrosis, it was found that FGF-23 was significantly positively correlated with ECV (Roy et al., 2020). A total of 39 of 51 patients with rheumatic heart disease had persistent atrial fibrillation, the expressions of FGF-23 and FGFR4 were increased in patients with atrial fibrillation, which were positively correlated with atrial fibrosis. It was speculated that FGF-23/FGFR4 pathway may play an important role in promoting atrial fibrillation by atrial fibrosis (Dong et al., 2018). FGF-23 combined with FGFR4 produced ROS, activated downstream STAT3 and Smad3 proteins, and stimulated expression of matrix metalloprotein-2 (MMP-2) in myocardial tissue of patients with atrial fibrillation, leading to myocardial fibrosis (Dong et al., 2019). Renin-angiotensin aldosterone system (RAAS) related genes were significantly expressed in a uremic rat model and positively correlated with left ventricular fibrosis. In neonatal rat ventricular myocytes, FGF-23 can induce the expression of RAAS gene and transforming growth factor – β (TGF-β), and the expression of TGF-β can be reduced by RAAS inhibitor, which indicates that FGF-23 may promote myocardial fibrosis by activating local RAAS (Böckmann et al., 2019). Current studies provide evidence that hyperphosphatemia contributes to the development of LVH. Future work has to be clarified whether phosphate can induce cardiac hypertrophy directly or only indirectly. Possible indirect mechanisms such as the phosphate mediated elevation of FGF23 or development of hypertension may contribute to the development of LVH in CKD patients.



Interventions for Phosphate Excess

According to current knowledge, hyperphosphatemia contributes to the development of various CVD. Multidimensional phosphate-lowering therapeutic strategies targeting serum phosphate by restricting diet uptake or intestinal absorption and promoting renal excretion are pursued.



Dietary Phosphate Restriction

Inorganic phosphate is commonly used as a flavor enhancer or preservative in the processed food, and organic phosphate naturally exists in foods rich in animal protein. Restriction of dietary phosphate intake is the elemental strategy to lower serum phosphate level. A low protein diet reduces serum FGF-23 and phosphate levels in non-dialysis and dialysis CKD patients (Shinaberger et al., 2008; Iorio et al., 2012), and the restricted consumption of inorganic phosphate additives attenuates serum phosphate levels in ESRD patients (Sullivan et al., 2009; de Fornasari and Sens, 2017). Moreover, plant-based diet usually reduced FGF23 levels but not serum phosphate levels compared with a meat-based diet (Moe et al., 2009, 2011; Scialla et al., 2012). The KDOQI guidelines recommend adjusting dietary phosphate intake to maintain serum phosphate levels in the normal range in adults with CKD 3-5D, and in adults with CKD 1-5D or post-transplantation (Ikizler et al., 2020). However, the reduction of total protein intake was associated with increased mortality, and a general restriction of protein uptake is not a suitable therapeutic strategy to reduce serum phosphate (Shinaberger et al., 2008).

The uptake of phosphate depends not only on the amount of phosphate but also on the source. The bioavailability increases from organic plant phosphate to organic animal phosphate and additives of the food industry (Noori et al., 2010). A prospective, observational study of 224 maintenance hemodialysis (MHD) patients reported that higher dietary phosphorus intake and higher dietary phosphorus to protein ratios are each associated with increased death risk in MHD patients, even after adjustments for serum phosphorus, phosphate binders and their types, and dietary protein, energy, and potassium intakes (Noori et al., 2010; Ikizler et al., 2020). The lasted KDOQI guidelines suggested that it is reasonable to consider the bioavailability of phosphate sources (e.g., animal, vegetable, additives), the ratio of phosphate (mg) to protein (g) in food should be 10–12 mg/g to maintain the balance of protein and phosphate in CKD patients when prescribing phosphate restrictive diet (Tsai et al., 2019; Ikizler et al., 2020). Reduced consumption of processed food with flavor enhancer or preservative might show beneficial clinical outcomes. Future studies need to explore if restricted phosphate uptake improves the general and cardiovascular outcome in CKD patients.



Phosphate Binder

Phosphate binders inhibit gastrointestinal absorption of phosphate by the formation of chelating phosphate. Non-calcium phosphate binder reduces serum phosphate level but does not increase serum calcium, which potentially benefits cardiovascular. The representative drugs include sevelamer carbonate, lanthanum carbonate and iron citrate (Kalantar-Zadeh et al., 2010., Ruospo et al., 2018). Sevelamer carbonate is an anion exchange resin, which binds to phosphate in the proximal small intestine, and is similar to iron citrate in reducing serum phosphate levels and the intact FGF-23 peptide chain (St. Peter et al., 2017; Block et al., 2019a). Lanthanum carbonate dissociates in gastric acid and combines with phosphate by ionic bond to form hydrophobic compounds, which reduce serum phosphate levels and the carboxyl terminal FGF-23. Long-term intake of lanthanum has toxic side effects on liver, bone and nervous system (Liabeuf et al., 2017). A meta-analysis of 4,622 patients in 11 RCT studies showed that non-calcium phosphate binders reduced all-cause mortality by 22% and significantly reduced coronary artery calcification (Gonzalez-Parra et al., 2011). A small sample study showed that pulse wave velocity (PWV), an indicator of cardiovascular events, was significantly reduced in patients with low vascular calcification score and normal blood phosphate after 8 weeks of sevelamer hydrochloride treatment (Jamal et al., 2013). Sevelamer also has the effect of lowering blood lipid and stabilizing plaque, and significantly reduces the atherosclerotic plaque of thoracic aorta in uremic animal model with atherosclerosis (de Krijger et al., 2019). Compared with nicotinamide drugs, sevelamer reduces the low molecular endotoxin in uremic patients and reduces the chronic inflammatory reaction (Phan et al., 2005). The data from a meta-analysis included 77 studies involving 12,562 patients with CKD, showing that sevelamer significantly reduced all-cause mortality by 61% and lanthanum carbonate by 21% when compared with calcium-containing phosphate binder (Lenglet et al., 2019). Iron citrate decomposes ferric ion (Fe3+) and combines with phosphate. Recent studies indicate beneficial effects of ferric citrate treatment for CKD patients (Palmer et al., 2016; Block et al., 2019a,b). Besides reducing blood phosphate and inhibiting FGF-23 secretion, iron citrate increases serum iron reserve and improves anemia (Francis et al., 2019). As shown by Francis et al., ferric citrate also improves the renal and cardiac function in the Col4a3 knockout mouse model of progressive CKD. Treatment with ferric citrate reduced blood urea nitrogen levels and albuminuria, showed less renal interstitial fibrosis and tubular atrophy, and attenuated cardiac dysfunctions than Col4a3 knockout control mice. Finally, ferric citrate slowed the progression of CKD and improved the survival of CKD mice (Francis et al., 2019). If the findings of this animal study can be confirmed by clinical trials, ferric citrate and other non-calcium-phosphate binder represent promising drugs to improve cardiac and kidney function in CKD patients.

In contrast, calcium-containing phosphate binders did not lower or even increased serum FGF23 levels and promoted the progression of vascular calcification (Oliveira et al., 2010; Block et al., 2012; Jamal et al., 2013). Hence, calcium-containing phosphate binders like calcium acetate are rather inappropriate to treat CKD patients. Clinical trials analyzing the actual cardiac outcome of a phosphate binder therapy in CKD patients are still lacking.



Other Approaches

Phosphate binders inhibited the absorption of phosphate, but also up-regulated the active phosphate transporter Npt-2b in the intestine (Isakova et al., 2015). Nicotinamide, the metabolite of vitamin B3, could reduce phosphate by inhibiting the intestinal phosphate transporter Npt-2b, which is a second-line drug for phosphate lowering treatment (Ren et al., 2020). It has been reported that nicotinamide can reduce phosphate by 12–34% in end-stage CKD dialysis patients (Vogt et al., 2019). In CKD patients on dialysis, nicotinamide might have beneficial clinical outcomes owing to the reduction of serum FGF23 and phosphate levels. However, the combination of phosphate binder and nicotinamide did not significantly reduce the levels of serum phosphate and FGF-23 in a randomized, placebo-controlled studies including 205 3b/4 CKD patients during a long-term follow-up of 12 months (Ix et al., 2019). Future studies have to consider new approaches for the long-term control of FGF23 and phosphate levels in non-dialysis CKD patients.

High serum phosphate and low serum magnesium levels correlated with an accelerated CKD progression during a median follow-up of 44 months in CKD patients (Sakaguchi et al., 2015). The cardiovascular mortality risk reduced with increasing magnesium levels in hemodialysis patients with hyperphosphatemia (Sakaguchi et al., 2014). Magnesium can inhibit the deposition of hydroxyapatite and osteogenic differentiation to prevent phosphate induced vascular calcification (Massy and Drüeke, 2015; Braake et al., 2019; Nakagawa et al., 2020). Therefore, magnesium supplementation might be a promising strategy to reduce hyperphosphatemia-associated cardiovascular risk in CKD patients. A small RCT study recruited 125 CKD stage 3–4 patients with risk factors for coronary artery calcification and followed-up for 2 years, the results showed that magnesium oxide group significantly improved vascular calcification in patients with basal coronary calcification score > 400 (Sakaguchi et al., 2019a,b). However, treatment with magnesium oxide did not influence serum phosphate levels and FGF-23 levels were not measured in this study. An animal study indicated the relevance of low magnesium diet with lower serum FGF-23 levels (Sakaguchi et al., 2019a), but FGF-23 levels were reduced after administration of calcium acetate/magnesium carbonate for 25 weeks in CALMAG study (Covic et al., 2013). There is no study report the direct connection between magnesium and CVD outcomes. Future studies should investigate if magnesium supplementation can reduce the cardiovascular mortality in CKD patients.

Promoting phosphate excretion might be another approach to control serum phosphate levels. NaPi-2b knockout uremic mice exhibit lower serum phosphate levels than wild uremic littermates (Schiavi et al., 2012). NaPi-2a inhibitor increased the excretion of phosphate in a dose-dependent manner and reduced serum phosphate levels in both healthy and uremic mice (Thomas et al., 2019). Future clinical studies will have to investigate the outcome of NaPi-2a and 2b inhibition in CKD patients. It is also conceivable that a combined treatment, which inhibits both intestinal absorption and renal reabsorption, could have the most beneficial effect for CKD patients.



CONCLUSION

Hyperphosphatemia participates in the occurrence and development of a variety of cardiovascular diseases, as an important risk factor for the excessively increased cardiovascular mortality, especially in CKD population. FGF-23 plays a key role in controlling serum phosphate levels to attenuate phosphate-induced CVD. In the future, the therapeutic strategies of hyperphosphatemia need to take FGF-23 as an important target besides direct dephosphorization. The clinical compliance of dietary phosphate restriction is poor, and nutrition education should be strengthened. In different degrees of hyperphosphatemia, there is no clear definition to the target range of dephosphorization with long-term cardiovascular benefits. Promising therapeutic strategies beside dietary phosphate restriction, phosphate binders or other approaches targeting both phosphate and FGF-23 need to be further explored by large randomized clinical trials with hard endpoints to establish a causal relationship between phosphate excess and CVD, and to determine if lowering serum phosphate constitutes an effective intervention for prevention and treatment of CVD.
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Aging-associated chronic inflammation is a key contributing factor to a cluster of chronic metabolic disorders, such as cardiovascular disease, obesity, and type 2 diabetes. Immune cells particularly T cells accumulate in adipose tissue with advancing age, and there exists a cross talk between T cell and preadipocyte, contributing to age-related adipose tissue remodeling. Here, we compared the difference in morphology and function of adipose tissue between young (3-month-old) and old (18-month-old) mice and showed the phenomenon of brown adipose tissue (BAT) “whitening” in old mice. Flow cytometry analysis suggested an increased proportion of T cells in BAT of old mice comparing with the young and exhibited senescent characteristics. We take advantage of coculture system to demonstrate directly that senescent T cells inhibited brown adipocyte differentiation of preadipocytes in adipose tissue. Mechanistically, both in vitro and in vivo studies suggested that senescent T cells produced and released a higher level of IFN-γ, which plays a critical role in inhibition of preadipocyte-to-brown adipocyte differentiation. Taken together, the data indicate that senescent T cell-derived IFN-γ is a key regulator in brown adipocyte differentiation.
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INTRODUCTION

Advancing age is a major risk factor for chronic metabolic diseases, including cardiovascular disease and type 2 diabetes (Partridge et al., 2018). It has become evident that adipose tissue plays an endocrine function, not merely an energy reservoir pool, and exerts a fundamental influence on metabolic regulation (Oikonomou and Antoniades, 2019; Scheja and Heeren, 2019). Adipose tissue is classified as white adipose tissue (WAT) and brown adipose tissue (BAT). BAT has been considered a key for thermogenesis to maintaining body temperature, while WAT stores and releases lipids and is involved in promoting inflammation (Bartelt and Heeren, 2014; van Eenige et al., 2018). Extensive studies have indicated that WAT could obtain multilocular lipid droplet morphology and expression of BAT-specific genes such as Ucp1, Pparg, and Pgc1a in response to various stimuli (Harms and Seale, 2013). In the contrast, BAT “whitening” refers to acquisition of white adipocyte characteristics with enlarged lipid droplets and loss of normal structure and function of brown adipocyte (Shimizu et al., 2014). Age-related alteration in adipose tissues is manifested on the distribution and composition, as well as a decline in adipose tissue quality and function.

Adipose tissue is composed mainly of adipocytes that interact with other non-adipocyte cells including pre-adipocytes or progenitor cells, endothelial cells, macrophages, and lymphocytes, all of which perform a series of functions for adipose tissue homeostasis (Hafidi et al., 2019). Aging is closely associated with a low-grade systemic inflammation, and innate and adaptive immune systems are influenced by aging. Macrophages, T cells, and other immune cells accumulate with advancing age. Among these, T cells are most susceptible to the detrimental effects of aging and tend to polarize to a proinflammatory phenotype, producing high level of IFN-γ, tumor necrosis factor α (TNF-α), IL-6, and so on (Zanni et al., 2003; Garg et al., 2014; Kalathookunnel Antony et al., 2018). Immune cells infiltrated in adipose tissue have been implicated as either positive or negative regulators in adipogenesis (Brestoff et al., 2015; Lee et al., 2015; Wang and Seale, 2016). Emerging evidence suggests that T cells might participate in regulating differentiation of pre-adipocytes (Wu et al., 2007; Park et al., 2019). However, little attention has been given to contribution of senescent T cells to adipogenic differentiation.

In the present study, we investigated whether T cell senescence in adipose tissue contributed to adipose tissue dysfunction, resulting in age-related metabolic disorders. We verified the BAT whitening in old mice accompanied with increased proportion of T cells. We provided the direct evidence that senescent T cells inhibited the brown adipocyte differentiation of preadipocytes, and white adipocytes formation promoted T cell secreting inflammatory cytokines in turn. Impressively, the inhibitory effect of senescent T cells on BAT whitening was attenuated by blocking IFN-γ. Overall, our findings suggested that senescent T lymphocytes play a negative role in regulation of brown adipocyte formation as well as inflammatory response of adipose tissue via secreting inflammatory cytokines, particularly IFN-γ.



MATERIALS AND METHODS


Animals

Wild-type (WT) male mice including young (3-month-old) and old (18-month old) mice, as well as RAG1−/− mice (t004753) were obtained from Model Animal Research Center of Nanjing University (GemPharmatech, Jiangsu, China). All mice were on C57BL/6J background. All animal experiments were approved by institutional guidelines established by the Committee of Ethics on Animal Experiments of Shanghai Jiao Tong University School of Medicine.



Histological Analysis

In order to perform hematoxylin-eosin (H&E) staining, paraformaldehyde-fixed adipose tissues were embedded in paraffin and then cut into 5-μm transverse sections. For immunofluorescence staining, sections were boiled in sodium citrate buffer to retrieve antigen and blocked with 5% bovine serum albumin. Then the sections were then incubated with primary antibodies at 4°C overnight, and incubated with the respective fluorochrome-conjugated secondary antibodies, followed by nuclear staining with 4,6-diamidino-2-phenylindole (DAPI). Images were observed with the Carl Zeiss Axio Imager M2 microscope (Carl Zeiss Corporation, Germany).



Flow Cytometry Analysis

Adipose tissues including interscapular brown adipose tissue (BAT), subcutaneous adipose tissue (SAT), or epididymal visceral adipose tissue (VAT) were isolated from young or old WT mice and cut into small pieces, which digested with collagenase solution (2 mg/ml collagenase type II in RPMI 1,640 medium) at 37°C for 30 min. The samples were filtered with 40 μM strainers and centrifuged at 450 × g for 5 min at 4°C. Samples were analyzed for specific surface and intracellular markers by Beckman CytoFLEX (Beckman Coulter, United States). Antibodies used for staining were as follows: Fixable Viability Dye-APC-eFlour780 (65-0865-14, eBioscience), CD45-Violet 510 (103138, BioLegend), CD3e-Violet 605 (100351, BioLegend), IFN-γ-APC (17-7311-81, eBioscience), CD28-PE (12-0281-82, eBioscience), CD44-APC-eFlour780 (47-0441-82, eBioscience), and CD62L-eFlour450 (48-0621-80, eBioscience).



Cell Culture and Differentiation

Stromal vascular fraction (SVF) cells isolated from BAT or SAT of WT mice were maintained in pre-adipocyte medium (DMEM/F12, 10% FBS and 1% penicillin/streptomycin) at 37°C with 5% CO2. SVF cells at 80% confluences were transferred into brown adipocyte (BA) differentiation medium or white adipocyte (WA) differentiation medium and extended for 8 days until adipocyte formation as previously described (Pan et al., 2019). Splenic CD3+ T cells isolated by negative selection kit (8804-6820-74, eBioscience) from young or old mice were cultured in complete medium (RPMI1640 with 10% FBS and 1% penicillin–streptomycin) and activated by anti-CD3 antibody (2 μg/ml) (16-0031-85, eBioscience) and anti-CD28 antibody (1 μg/ml) (16-0281-85; eBioscience).

To investigate whether T cells could regulate adipogenic differentiation of SVF cells, SVF cells were cocultured with CD3+ T cells of young and old mice, respectively. After coculture for 8 days, T cells and differentiated SVF cells were collected, respectively, for further analysis. To block IFN-γ, IFN-γ-neutralizing antibody (10 μg/ml) was added to cultured media at the beginning of cocultivation.



Western Blotting Analysis

Total protein was extracted from adipose tissues or cultured cells, using RIPA lysis buffer with protease inhibitors cocktail (Selleck). Protein lysates were resolved by SDS-PAGE and transferred onto PVDF membranes. Membranes were then incubated with primary antibodies, including anti-UCP-1 (Abcam, ab23841), anti-perilipin (Abcam, ab61682), anti-APN (R&D, AF1119), anti-PPARγ (Santa Cruz, sc-7273), anti-PGC1α (Santa Cruz, sc-13067), and β-actin for normalization. Subsequently, incubation with HRP-conjugated antibodies, and then protein signals were detected with electrochemiluminescence (ECL) detection reagents.



Quantitative Real-Time Polymerase Chain Reaction

Total RNA from adipose tissues or cultured cells was extracted with Trizol (Invitrogen) followed by reverse transcription with 1 μg total RNA according to the manufacturer’s protocol. Quantitative real-time polymerase chain reaction (qRT–PCR) were performed with SYBR qPCR Master Mix (Vazyme, China) on ABI PRISM 7900 machine (Applied Biosystems). β-Actin was used as the standard reference. The data were calculated using the 2-ΔΔCT method. Sequences of primers were as follows. mβ-Actin: forward: 5′-CTA AGG CCA ACC GTG AAA AGA T-3′, reverse: 5′-GGG ACA GCA CAG CCT GGA T-3′; Ucp1: forward: 5′-AGG CTT CCA GTA CCA TTA GGT-3′, reverse: 5′-CTG AGT GAG GCA AAG CTG ATT T-3′; Pparg: forward: 5′-TTA GAT GAC AGT GAC TTG GC-3′, reverse: 5′-TCT TCT GGA GCA CCT TGG-3′; Ppargc1a: forward: 5′-GAA GTG GTG TAG CGA CCA ATC-3′, reverse: 5′-AAT GAG GGC AAT CCG TCT TCA-3′; Plin1: forward:5′-GTG CAA TGC CTA TGA GAA GGG TGT AC-3′, reverse: 5′-GTA GAG ATG GTG CCC TTC AGT TCA GA-3′; Adipoq: forward: 5′-GAT GGC AGA GAT GGC ACT CC-3′, reverse: 5′-CTT GCC AGT GCT GCC GTC AT-3′; Ifng: forward: 5′-ATC TGG AGG AAC TGG CAA AA-3′, reverse: 5′-TTC AAG ACT TCA AAG AGT CTG AGG-3′; Il10: forward: 5′-TGG ACA ACA TAC TGC TAA CCG-3′, reverse: 5′-GGA TCA TTT CCG ATA AGG CT-3′; Il6: forward: 5′-TGT GCA ATG GCA ATT CTG AT-3′, reverse: 5′-GGT ACT CCA GAA GAC CAG AGG A -3′.



Statistical Analysis

Results were presented as mean ± SEM and analyzed using Prism (Graph Pad Software). Statistical comparison of data between two groups was tested by unpaired two-tailed Student’s t test. The value of P < 0.05 was considered to be statistically significant.



RESULTS


Aging Induces Brown Adipose Tissue “Whitening” in Adipose Tissue in the Whole Body

H&E staining of different adipose tissue showed dramatically differences in size and characterization. The size of adipocytes in old mice was significantly larger than those in young mice, including BAT, SAT, and VAT. Furthermore, brown adipocytes contained multilocular lipid droplets in BAT of young mice, while adipocytes in aged mice tended to have larger locular lipid droplets, a morphology more similar to a white adipocyte relative to those in young mice (Figures 1A,B). More importantly, UCP-1 expression fundamentally decreased in BAT of old mice comparing with that in young mice. Moreover, UCP-1 was weakly detected in the SAT of young mice, whereas it was not detected in old mice (Figure 1C). Western blot and qRT-PCR analysis also demonstrated that a lower level of UCP-1 both in BAT of old mice than that in young mice (Figures 1D,E). qRT-PCR analysis further indicated that genes involved in brown adipocyte formation, such as Pparg and Ppargc1a decreased in these adipose tissues of old mice. All of those indicated that aging inhibited brown adipocyte formation, resulting in BAT whitening.
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FIGURE 1. Aging induced brown adipose tissue whitening. (A) Representative H&E-stained sections of BAT, SAT, and VAT of young and old mice. (B) The quantitative analysis of adipocyte size. (C) Representative immunofluorescence of perilipin and UCP-1 in adipose tissues from young and old mice. 4′,6-Diamidino-2-phenylindole (DAPI) was used to detect nucleus. (D) Representative Western blot for UCP-1 expression in adipose tissues and their quantitation. (E) qRT-PCR analysis of mRNA expression levels of Ucp1, Pparg, and Ppargc1a in adipose tissues. Scale bar, 50 μm. *P < 0.05; **P < 0.01; ***P < 0.001 vs. young mice, n = 4 per group.




Infiltration of Senescent T Cell in Adipose Tissue of Old Mice

Given the emerging evidence of immune cells involved in the adipocyte thermogenesis, we firstly detected T cell infiltration in the adipose tissue during aging. Flow cytometric analysis revealed the two- to threefold amount of T cells in BAT and VAT of old mice than those in young mice. However, the proportion of T cells decreased in SAT of old mice (Figures 2A,B). More importantly, T cell isolated from adipose tissue of old mice, regardless of BAT, SAT, or VAT, exhibiting senescent features, including loss of CD28 and expansion of CD44+CD62L– memory T cells (Figures 2C–F).
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FIGURE 2. T cell senescence in various adipose tissues of old mice. (A,B) Flow cytometric analysis of CD45+CD3+ T cells in AT of young and old mice and their quantitation. (C,D) Representative flow cytometric analysis of CD44 subsets in T cells isolated from adipose tissue and their quantification. (E,F) Representative flow cytometry of CD28+ T cells in adipose tissue from young or old mice and their quantification. *P < 0.05; **P < 0.01; ***P < 0.001 vs. young mice, n = 3∼6 per group.


Considering the probable function of T cells in regulation of brown adipocyte formation, we assessed brown adipocyte-associated protein and mRNA expression in adipose tissues at different location in age- and weight-matched WT and Rag1 KO male mice that lack T and B cells. UCP-1 expression of both protein and mRNA were found to be higher in BAT of Rag1 KO mice, which was suggestive of an increased proportion of brown adipocytes (Figures 3A–C). Consistent with this, gene expression profiling revealed a higher level of Ppargc1a and Pparg, both of which are critical for brown adipocyte differentiation, indicating that T cells may participate in regulation of brown adipocyte differentiation or adipocyte browning (Figure 3C).
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FIGURE 3. T cell deficiency promoted brown adipocyte formation. (A) Representative immunofluorescence of perilipin (red) and UCP-1 (green) in adipose tissues from WT and RAG1 KO mice. (B) Representative Western blot and quantitation for UCP-1 in BAT, SAT, and VAT of WT and Rag1 KO mice. (C) qRT-PCR analysis of relative mRNA expression of Ucp1, Pparg, and Ppargc1a in AT of WT and Rag1 KO mice. *P < 0.05; **P < 0.01 vs. WT mice, n = 4 per group.




Senescent T Cell Inhibits Brown Adipocytes Differentiation of SVF Cells

To further investigate the role of senescent T cells in preadipocyte-to-brown adipocyte differentiation, SVF cells from BAT were cocultured with young or senescent T cells, respectively, through Transwell system. In addition, these SVF cells were differentiated toward brown adipocytes or white adipocytes, respectively. Interestingly, SVF cells cocultured with senescent T cells exhibited a significant decrease of brown adipocyte formation comparing with that with young T cells. Both young and senescent T cells seem to inhibit preadipocyte-to-white adipocyte differentiation, but there was no significant difference between two groups (Figures 4A,B). This trend was further confirmed by the protein levels of UCP-1 as well as mRNA expression. Quantitatively, old T cell dramatically suppressed expression of UCP-1 and perilipin protein in SVF cells (Figures 4C,D). Likewise, qRT-PCR data showed that senescent T cells inhibited expression of genes involved in brown adipogenic differentiation, including Ucp1, Pparg, and Ppargc1a. In addition, Plin1 and Adipoq were decreased in SVF with senescent T cells (Figures 4E,F). In line with BAT-preadipocyte differentiation, senescent T cells impaired SAT preadipocytes to differentiate toward brown adipocytes and white adipocytes (Supplementary Figure 1).
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FIGURE 4. Senescent T cells inhibited brown adipogenic differentiation of SVF cells. (A,B) The adipogenic differentiation was determined by costaining of perilipin and UCP-1, and their quantitative analysis. Scale bar, 50 μm. (C,D) Representative western blot and quantitation for relative UCP-1 and perilipin (PLIN) protein levels. (E,F) qRT-PCR analysis of relative mRNA expression of Plin1, Ucp1, Pparg, and Ppargc1a and Adipoq in SVF cells under BA differentiation (E) and WA differentiation (F). *P < 0.05; **P < 0.01; ***P < 0.001, n = 3 independent experiments.




Senescent T Cell-Derived IFN-γ Involved in Regulation of Brown Adipogenic Differentiation

To explore the underlying mechanism that senescent T cells inhibit pre-adipocyte-to-brown adipocyte differentiation, our previous studies had demonstrated that senescent T cells secret a higher level of IFN-γ than young T cells (Pan et al., 2020). Thus, we detected inflammatory gene expression, including Ifng, Il10, and Il6 in varying adipose tissues of young and old mice. Expression of Ifng was significantly increased in BAT, SAT, as well as VAT of old mice, compared with adipose tissue of young mice. However, Il10 expression was enhanced in SAT whereas being decreased in VAT of old mice compared with the young ones. In addition, there were no significant differences in Il6 expression between young and old mice (Figure 5A). As shown in Figure 5B, the percentage of IFN-γ+ T cells was substantially higher in BAT and VAT of old mice than those in young mice (Figures 5B,C). Notably, both young and senescent T cells that cocultured with SVF cells under white adipocyte differentiation produced a higher level of IFN-γ than cells under brown adipogenic differentiation. Furthermore, senescent T cells secreted more IFN-γ than young T cells (Figures 5D,E).
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FIGURE 5. T cell-derived IFN-γ was increased in adipose tissues of old mice. (A) qRT-PCR analysis of mRNA expression level of Ifng, Il10, and Il6 in adipose tissue. (B,C) Flow cytometric analysis of CD3+IFN-γ+ in BAT and VAT of young and old mice. *P < 0.05; **P < 0.01; ***P < 0.001 vs. young mice, n = 3 per group. (D,E) The production of IFN-γ in T cells cocultured with SVF cells under adipogenic differentiation. *P < 0.05, n = 3 independent experiments.


To identify the potential role for IFN-γ in brown adipogenic differentiation of SVF cells from BAT, we administrated IFN-γ-neutralizing antibody to block the adverse effect of IFN-γ on adipogenic differentiation. Remarkably, blockade of IFN-γ rescued the brown adipogenic differentiation capacity of SVF cells cocultured with senescent T cells (Figures 6A,B). Furthermore, there was no significant difference in preadipocyte-to-brown adipocyte differentiation between SVF cells without the presence of T cells under treatment of IFN-γ-neutralizing antibody or PBS (Supplementary Figure 2). In addition, protein level of perilipin and UCP-1 in SVF cells with senescent T cells significantly increased after treatment of IFN-γ-neutralizing antibody, accompanied by an increase in PGC-1α and PPAR-γ expression (Figures 6C,D). In keeping with this, genes associated with brown adipogenic differentiation, including Ucp1, Pparg, and Ppargc1a were significantly upregulated under anti-IFN-γ treatment both in young and senescence groups (Figure 6E). In addition, brown adipocyte differentiation potential of SAT preadipocyte inhibited by senescent T cell was improved by administration of IFN-γ-neutralizing antibody (Supplementary Figure 3). These provided direct evidence that T cell-derived IFN-γ plays an important role in inhibiting brown adipocyte differentiation during aging.
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FIGURE 6. Blockade of IFN-γ rescued the brown adipogenic differentiation potential of SVF cells cocultured with senescent T cells. (A) The adipogenic differentiation was determined by costaining of perilipin and UCP-1. Scale bar, 50 μm. (B) The quantitative analysis of immunofluorescence. (C,D) Representative western blot and their quantitation. (E) The adipogenic differentiation was determined by qPCR of specific markers. *P < 0.05; **P < 0.01; ***P < 0.001, n = 3 independent experiments.




DISCUSSION

The increasing population of elderlies combined with obesity, especially expansion of visceral fat mainly composed of white adipocytes results in an alarming rise in cardiometabolic disorders (Martyniak and Masternak, 2017). Adipose tissue remodeling during the aging process is a common phenomenon, and it remains unclear how this maladaptive process is developing. Adipose tissue is composed of several different cellular populations, which varies depending on the location and metabolic status of an organism. Our prior studies has demonstrated that there are distinct cellular components in perivascular stromal cells between young and old mice, and aging influence the potential of stromal cells from perivascular adipose tissue (Pan et al., 2019). Furthermore, adipocyte browning capacity under cold exposure was impaired in the context of aging (Pan et al., 2018). Herein, we further unveil the pivotal role of T cells in age-induced decline of brown adipocyte differentiation.

Adipose tissue is in a constant flux with changing cellular populations, and it plays an important role in the regulation of inflammatory status during aging. Inflammation is believed to closely associate with the metabolic diseases (Hotamisligil, 2006). Mounting evidence emphasizes the importance of immune cells, especially T cells in adipose tissue inflammation (McLaughlin et al., 2014, 2017; Han et al., 2017). Many similarities in chronic inflammation in adipose tissue have been identified between obesity and aging, such as an increase number of CD4+ or CD8+ T cells and a decreased amount of iNK T cells. Moreover, immune cells tend to have proinflammatory phenotypes (Martyniak and Masternak, 2017; Kalathookunnel Antony et al., 2018). A number of studies have clearly demonstrated that T cells in adipose tissue play a role in obesity-associated inflammation. Winer et al. (2009) indicated that lymphocyte-deficient RAG-1 KO mice developed a greater degree of metabolic disorder after 8 weeks of high fat diet, and CD4+ (but not CD8+) T cell adoptive transfer to RAG1 KO mice reversed weight gain and insulin resistance. On the other hand, CD8+ T cells in obese epididymal adipose tissue were significantly increased and preceded the recruitment and activation of adipose tissue macrophages, which lead to the propagation of adipose inflammation (Nishimura et al., 2009). In addition, prior studies show a preferential increase and accumulation of CD153+PD-1+CD44hiCD4+ T cell population in VAT of diet-induced obese mice, which suggests a possible link between visceral adiposity and immune aging (Shirakawa et al., 2016). Given the importance of T cell in diet-induced visceral obesity, it is possible that T cell senescence could influence adipose tissue during the aging process. Our data demonstrate that T cells accumulate in BAT and VAT during aging, but SAT exhibited opposite trends of T cell infiltration. Aging leads to adipose tissue redistribution, including a general increase in visceral fat but a reduction in subcutaneous fat (Ponti et al., 2019), which might result in deposition of collagen instead of immune cells, preadipocyte, and other cells in SAT. Although the amount of T cells is decreased in SAT, T cells isolated from three types of adipose tissue in aged mice present senescent features, such as loss of CD28 and increased proportion of CD44+CD62L– effector memory T cells and secrete a higher level of proinflammatory factor such as IFN-γ, which provides a clue that function of T cell rather than quantity of cells exerts a profound influence on adipocyte differentiation.

Both aging and obesity can result in adipose tissue remodeling, along with a decline of its function, predisposing humans to development of metabolic disorder and cardiovascular diseases (Neeland et al., 2018; Marcelin et al., 2019). However, age-induced dysfunction of adipose tissue may be distinct from obese-related malfunction of adipose tissues. In the aging process, redistribution of adipose tissue toward visceral or ectopic sites, such as skeletal muscle and epicardium, has a causal or correlative relation with metabolic and cardiovascular diseases. It has been demonstrated that pre-adipocytes or progenitor cells exist in adipose tissue and can differentiate into brown adipocytes or white adipocytes under a specific condition (Berry et al., 2016; Pyrina et al., 2020). This process is disturbed with senescence. Our data showed that adipocytes in BAT of old mice exhibited a characteristic more similar to white adipocyte, which was termed as BAT “whitening.” Low-grade chronic inflammation persists in adipose tissue of aged population and chronic inflammation-induced adipose tissue dysfunction might attribute to impaired brown adipogenic differentiation. Emerging evidence suggests the novel role for T lymphocytes in regulating brown adipocyte formation via secreting cytokines. CD8+ T cell deficiency enhanced beige adipogenesis in the SAT of Rag1 KO mice, which is mediated by secreted factors such as IFN-γ (Moysidou et al., 2018). iNK T cells remove hypertrophic and proinflammatory adipocytes and induce differentiation of adipocyte progenitor cells, contributing to maintenance of adipose tissue homeostasis (Park et al., 2019). In the present study, accumulation of senescent T cells in BAT of aged mice might lead to a dysfunction in progenitor cell differentiation and then cause adipocytes taking on the appearance of a white adipocyte rather than a brown adipocyte. In vitro experiment further provided direct evidence that senescent T cells inhibited brown adipocyte differentiation of pre-adipocytes from both BAT and SAT. Cytokine within adipose tissue is a major mediator of adipose tissue homeostasis and originates from several cell types including adipocytes, pre-adipocytes, as well as immune cells (Coppack, 2001). It has been reported that M1 macrophages impair adipogenesis of 3T3-L1 preadipocytes via producing TNF-α (Nisoli et al., 2000; Cawthorn et al., 2007). In contrast, ILC2-derived IL-13 and eosinophil-derived IL-4 together stimulates the expansion of adipocyte progenitor cells and browning of SAT, leading to increase energy expenditure (Brestoff et al., 2015; Lee et al., 2015). Herein, we demonstrated that T cell-derived IFN-γ acted directly on pre-adipocyte to inhibit its brown adipocyte differentiation via downregulation of PPARγ expression that is a prime inducer of adipocyte differentiation. Activation of PPARγ is necessary for brown adipocyte differentiation of preadipocyte, and PGC-1α as coactivator of PPARγ also is a key regulator in brown adipogenesis. Of note, blockade of IFN-γ successfully rescued the brown adipocyte differentiation of preadipocyte cocultured with T cells and upregulated level of PPARγ expression. In addition, IFN-γ-neutralizing antibody had no effect on differentiation of preadipocyte to brown adipocyte without the presence of the T cell. These suggested that IFN-γ is the cause for senescent T cell-induced inhibition on BA differentiation of preadipocytes.

In summary, we unveil the critical role of senescent T cell in regulation of aging-induced BAT “whitening.” Notably, an increase of senescent T cell accumulation in BAT of aged mice and a higher level of IFN-γ from senescent T cells inhibit the brown adipogenic differentiation of pre-adipocyte, contributing to adipose tissue remodeling in the elderlies. Notwithstanding the complexity of aging-associated alteration in adipose tissue, these data indicate that targeting T cell-derived IFN-γ might be a potential alternative to treat age-related metabolic disorders (Figure 7).
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FIGURE 7. Schematic illustration of adverse effect of T cells on brown adipogenic differentiation of SVF cells regulated by IFN-γ.




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.



ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics Committee of Animal Experiments of Shanghai Jiao Tong University School of Medicine.



AUTHOR CONTRIBUTIONS

C-CR, FW, and X-XP designed the study and wrote the manuscript. K-LY and Y-FY conducted in vivo studies. K-LY and RZ performed in vitro studies. X-XP and QG performed statistical analyses with assistance from P-JG. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Natural Science Foundation of China (81922004, 81770495, 82030006, 81870180, and 81700433), the Natural Science Foundation of Shanghai, China (19JC1414600), and the National Key R&D Program of China (2018YFC2002100 and 2018YFC2002101).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.637424/full#supplementary-material



REFERENCES

Bartelt, A., and Heeren, J. (2014). Adipose tissue browning and metabolic health. Nat. Rev. Endocrinol. 10, 24–36. doi: 10.1038/nrendo.2013.204

Berry, D. C., Jiang, Y., and Graff, J. M. (2016). Emerging roles of adipose progenitor cells in tissue development, homeostasis, expansion and thermogenesis. Trends Endocrinol. Metab. 27, 574–585. doi: 10.1016/j.tem.2016.05.001

Brestoff, J. R., Kim, B. S., Saenz, S. A., Stine, R. R., Monticelli, L. A., Sonnenberg, G. F., et al. (2015). Group 2 innate lymphoid cells promote beiging of white adipose tissue and limit obesity. Nature 519, 242–246. doi: 10.1038/nature14115

Cawthorn, W. P., Heyd, F., Hegyi, K., and Sethi, J. K. (2007). Tumour necrosis factor-alpha inhibits adipogenesis via a beta-catenin/TCF4(TCF7L2)-dependent pathway. Cell Death Differ. 14, 1361–1373. doi: 10.1038/sj.cdd.4402127

Coppack, S. W. (2001). Pro-inflammatory cytokines and adipose tissue. Proc. Nutr. Soc. 60, 349–356. doi: 10.1079/PNS2001110

Garg, S. K., Delaney, C., Shi, H., and Yung, R. (2014). Changes in adipose tissue macrophages and T cells during aging. Crit. Rev. Immunol. 34, 1–14. doi: 10.1615/CritRevImmunol.2013006833

Hafidi, M. E., Buelna-Chontal, M., Sanchez-Munoz, F., and Carbo, R. (2019). Adipogenesis: a necessary but harmful strategy. Int. J. Mol. Sci. 20:3657. doi: 10.3390/ijms20153657

Han, S. J., Glatman Zaretsky, A., Andrade-Oliveira, V., Collins, N., Dzutsev, A., Shaik, J., et al. (2017). White adipose tissue is a reservoir for memory T cells and promotes protective memory responses to infection. Immunity 47, 1154–1168.e1156. doi: 10.1016/j.immuni.2017.11.009

Harms, M., and Seale, P. (2013). Brown and beige fat: development, function and therapeutic potential. Nat. Med. 19, 1252–1263. doi: 10.1038/nm.3361

Hotamisligil, G. S. (2006). Inflammation and metabolic disorders. Nature 444, 860–867. doi: 10.1038/nature05485

Kalathookunnel Antony, A., Lian, Z., and Wu, H. (2018). T cells in adipose tissue in aging. Front. Immunol. 9:2945. doi: 10.3389/fimmu.2018.02945

Lee, M. W., Odegaard, J. I., Mukundan, L., Qiu, Y., Molofsky, A. B., Nussbaum, J. C., et al. (2015). Activated type 2 innate lymphoid cells regulate beige fat biogenesis. Cell 160, 74–87. doi: 10.1016/j.cell.2014.12.011

Marcelin, G., Silveira, A. L. M., Martins, L. B., Ferreira, A. V., and Clement, K. (2019). Deciphering the cellular interplays underlying obesity-induced adipose tissue fibrosis. J. Clin. Invest. 129, 4032–4040. doi: 10.1172/JCI129192

Martyniak, K., and Masternak, M. M. (2017). Changes in adipose tissue cellular composition during obesity and aging as a cause of metabolic dysregulation. Exp. Gerontol. 94, 59–63. doi: 10.1016/j.exger.2016.12.007

McLaughlin, T., Ackerman, S. E., Shen, L., and Engleman, E. (2017). Role of innate and adaptive immunity in obesity-associated metabolic disease. J. Clin. Invest. 127, 5–13. doi: 10.1172/JCI88876

McLaughlin, T., Liu, L. F., Lamendola, C., Shen, L., Morton, J., Rivas, H., et al. (2014). T-cell profile in adipose tissue is associated with insulin resistance and systemic inflammation in humans. Arterioscler. Thromb Vasc. Biol. 34, 2637–2643. doi: 10.1161/ATVBAHA.114.304636

Moysidou, M., Karaliota, S., Kodela, E., Salagianni, M., Koutmani, Y., Katsouda, A., et al. (2018). CD8+ T cells in beige adipogenesis and energy homeostasis. JCI Insight 3:e95456. doi: 10.1172/jci.insight.95456

Neeland, I. J., Poirier, P., and Despres, J. P. (2018). Cardiovascular and metabolic heterogeneity of obesity: clinical challenges and implications for management. Circulation 137, 1391–1406. doi: 10.1161/CIRCULATIONAHA.117.029617

Nishimura, S., Manabe, I., Nagasaki, M., Eto, K., Yamashita, H., Ohsugi, M., et al. (2009). CD8+ effector T cells contribute to macrophage recruitment and adipose tissue inflammation in obesity. Nat. Med. 15, 914–920. doi: 10.1038/nm.1964

Nisoli, E., Briscini, L., Giordano, A., Tonello, C., Wiesbrock, S. M., Uysal, K. T., et al. (2000). Tumor necrosis factor alpha mediates apoptosis of brown adipocytes and defective brown adipocyte function in obesity. Proc. Natl. Acad. Sci. U.S.A. 97, 8033–8038. doi: 10.1073/pnas.97.14.8033

Oikonomou, E. K., and Antoniades, C. (2019). The role of adipose tissue in cardiovascular health and disease. Nat. Rev. Cardiol. 16, 83–99. doi: 10.1038/s41569-018-0097-6

Pan, X. X., Cao, J. M., Cai, F., Ruan, C. C., Wu, F., and Gao, P. J. (2018). Loss of miR-146b-3p inhibits perivascular adipocyte browning with cold exposure during aging. Cardiovasc. Drugs Ther. 32, 511–518. doi: 10.1007/s10557-018-6814-x

Pan, X. X., Ruan, C. C., Liu, X. Y., Kong, L. R., Ma, Y., Wu, Q. H., et al. (2019). Perivascular adipose tissue-derived stromal cells contribute to vascular remodeling during aging. Aging Cell 18:e12969. doi: 10.1111/acel.12969

Pan, X. X., Wu, F., Chen, X. H., Chen, D. R., Chen, H. J., Kong, L. R., et al. (2020). T cell senescence accelerates Angiotensin II-induced target organ damage. Cardiovasc. Res. 117, 271–283. doi: 10.1093/cvr/cvaa032

Park, J., Huh, J. Y., Oh, J., Kim, J. I., Han, S. M., Shin, K. C., et al. (2019). Activation of invariant natural killer T cells stimulates adipose tissue remodeling via adipocyte death and birth in obesity. Genes Dev. 33, 1657–1672. doi: 10.1101/gad.329557.119

Partridge, L., Deelen, J., and Slagboom, P. E. (2018). Facing up to the global challenges of ageing. Nature 561, 45–56. doi: 10.1038/s41586-018-0457-8

Ponti, F., Santoro, A., Mercatelli, D., Gasperini, C., Conte, M., Martucci, M., et al. (2019). Aging and imaging assessment of body composition: from fat to facts. Front. Endocrinol. (Lausanne) 10:861. doi: 10.3389/fendo.2019.00861

Pyrina, I., Chung, K. J., Michailidou, Z., Koutsilieris, M., Chavakis, T., and Chatzigeorgiou, A. (2020). Fate of adipose progenitor cells in obesity-related chronic inflammation. Front. Cell Dev. Biol. 8:644. doi: 10.3389/fcell.2020.00644

Scheja, L., and Heeren, J. (2019). The endocrine function of adipose tissues in health and cardiometabolic disease. Nat. Rev. Endocrinol. 15, 507–524. doi: 10.1038/s41574-019-0230-6

Shimizu, I., Aprahamian, T., Kikuchi, R., Shimizu, A., Papanicolaou, K. N., MacLauchlan, S., et al. (2014). Vascular rarefaction mediates whitening of brown fat in obesity. J. Clin. Invest. 124, 2099–2112. doi: 10.1172/JCI71643

Shirakawa, K., Yan, X., Shinmura, K., Endo, J., Kataoka, M., Katsumata, Y., et al. (2016). Obesity accelerates T cell senescence in murine visceral adipose tissue. J. Clin. Invest. 126, 4626–4639. doi: 10.1172/JCI88606

van Eenige, R., van der Stelt, M., Rensen, P. C. N., and Kooijman, S. (2018). Regulation of adipose tissue metabolism by the endocannabinoid system. Trends Endocrinol. Metab. 29, 326–337. doi: 10.1016/j.tem.2018.03.001

Wang, W., and Seale, P. (2016). Control of brown and beige fat development. Nat. Rev. Mol. Cell Biol. 17, 691–702. doi: 10.1038/nrm.2016.96

Winer, S., Chan, Y., Paltser, G., Truong, D., Tsui, H., Bahrami, J., et al. (2009). Normalization of obesity-associated insulin resistance through immunotherapy. Nat. Med. 15, 921–929. doi: 10.1038/nm.2001

Wu, H., Ghosh, S., Perrard, X. D., Feng, L., Garcia, G. E., Perrard, J. L., et al. (2007). T-cell accumulation and regulated on activation, normal T cell expressed and secreted upregulation in adipose tissue in obesity. Circulation 115, 1029–1038. doi: 10.1161/CIRCULATIONAHA.106.638379

Zanni, F., Vescovini, R., Biasini, C., Fagnoni, F., Zanlari, L., Telera, A., et al. (2003). Marked increase with age of type 1 cytokines within memory and effector/cytotoxic CD8+ T cells in humans: a contribution to understand the relationship between inflammation and immunosenescence. Exp. Gerontol. 38, 981–987. doi: 10.1016/S0531-5565(03)00160-8


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.

Copyright © 2021 Pan, Yao, Yang, Ge, Zhang, Gao, Ruan and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


		ORIGINAL RESEARCH
published: 11 March 2021
doi: 10.3389/fmolb.2020.604042


[image: image2]
Soluble Epoxide Hydrolase Inhibition Prevents Experimental Type 4 Cardiorenal Syndrome
Mouad Hamzaoui1,2*, Clothilde Roche1, David Coquerel1, Thomas Duflot1,3, Valery Brunel4, Paul Mulder1, Vincent Richard1, Jérémy Bellien1,3 and Dominique Guerrot1,2
1Normandie University, UNIROUEN, INSERM U1096, FHU REMOD-VHF, Rouen, France
2Nephrology Department, Rouen University Hospital, Rouen, France
3Pharmacology Department, Rouen University Hospital, Rouen, France
4Biochemistry Department, Rouen University Hospital, Rouen, France
Edited by:
InKyeom Kim, Kyungpook National University, South Korea
Reviewed by:
Ira Kurtz, University of California, United States
John D Imig, Medical College of Wisconsin, United States
* Correspondence: Mouad Hamzaoui, mouad.hamzaoui@gmail.com
Specialty section: This article was submitted to Cellular Biochemistry, a section of the journal Frontiers in Molecular Biosciences
Received: 08 September 2020
Accepted: 14 December 2020
Published: 11 March 2021
Citation: Hamzaoui M, Roche C, Coquerel D, Duflot T, Brunel V, Mulder P, Richard V, Bellien J and Guerrot D (2021) Soluble Epoxide Hydrolase Inhibition Prevents Experimental Type 4 Cardiorenal Syndrome. Front. Mol. Biosci. 7:604042. doi: 10.3389/fmolb.2020.604042

Objectives: Cardiovascular diseases (CVD) remain the leading cause of morbimortality in patients with chronic kidney disease (CKD). The aim of this study was to assess the cardiovascular impact of the pharmacological inhibition of soluble epoxide hydrolase (sEH), which metabolizes the endothelium-derived vasodilatory and anti-inflammatory epoxyeicosatrienoic acids (EETs) to dihydroxyeicosatrienoic acid (DHETs), in the 5/6 nephrectomy (Nx) mouse model.
Methods and Results: Compared to sham-operated mice, there was decrease in EET-to-DHET ratio 3 months after surgery in vehicle-treated Nx mice but not in mice treated with the sEH inhibitor t-AUCB. Nx induced an increase in plasma creatinine and in urine albumin-to-creatinine ratio as well as the development of kidney histological lesions, all of which were not modified by t-AUCB. In addition, t-AUCB did not oppose Nx-induced blood pressure increase. However, t-AUCB prevented the development of cardiac hypertrophy and fibrosis induced by Nx, as well as normalized the echocardiographic indices of diastolic and systolic function. Moreover, the reduction in endothelium-dependent flow-mediated dilatation of isolated mesenteric arteries induced by Nx was blunted by t-AUCB without change in endothelium-independent dilatation to sodium nitroprusside.
Conclusion: Inhibition of sEH reduces the cardiac remodelling, and the diastolic and systolic dysfunctions associated with CKD. These beneficial effects may be mediated by the prevention of endothelial dysfunction, independent from kidney preservation and antihypertensor effect. Thus, inhibition of sEH holds a therapeutic potential in preventing type 4 cardiorenal syndrome.
Keywords: cardiorenal syndrome, heart failure, endothelial (dys)function, chronic kidney disease, epoxyeicosatrienoic acid
INTRODUCTION
Chronic kidney disease (CKD) is an important health care problem with a worldwide prevalence around 13% (Hill et al., 2016). CKD is an independent risk factor for cardiovascular (CV) diseases and CV events are the first cause of death in this population (Hatamizadeh et al., 2013). The association between CKD and the occurrence of chronic heart disease has been named uremic cardiopathy or type 4 cardiorenal syndrome (Zannad Faiez and Rossignol Patrick, 2018). In this setting, the crosstalk between the diseased kidney and heart is not fully understood. The pathophysiology of type 4 cardiorenal syndrome is predominantly mediated by reciprocal hemodynamic effects, neurohormonal activation, inflammation, anaemia, disturbances in the hydro electrolytic balance and abnormalities of the bone-mineral axis (Kovesdy and Quarles, 2013; Kovesdy and Quarles, 2016; Ter Maaten et al., 2016; Rangaswami et al., 2019). Fibroblast growth factor-23 (FGF-23), secreted by osteocytes, regulates phosphate and vitamin D homeostasis and its plasma concentration rises as the kidney function declines. Several studies have shown that higher levels of FGF-23 are associated with a higher risk of death (Scialla et al., 2014; Charytan et al., 2015).In spite of significant breakthroughs in our understanding and treatment of the CV disease associated with CKD, mortality remains high and identifying new therapeutic targets is of critical importance.
Epoxyeicosatrienoic acids (EETs) are arachidonic acid derivatives synthesized by cytochrome P450 (CYP450) epoxygenases (Wang Z. H. et al., 2013; Duflot et al., 2014). EETs are endothelium-derived hyperpolarizing factors with potent antihypertensive, anti-inflammatory and anti-proliferative properties. They are rapidly hydrated into the less active dihydroxyeicosatrienoic acids (DHETs), by an enzyme called soluble epoxide hydrolase (sEH). Thus, inhibition of sEH appears as an interesting pharmacological approach to increase the bioavailability of EETs in various pathological conditions in particular cardiovascular diseases (Wang Z. H. et al., 2013; Duflot et al., 2014). sEH inhibitors were shown to reduce hypertension and endothelial damage in angiotensin II-dependent models (Imig et al., 2002; Gao et al., 2011) and to prevent cardiac dysfunction and remodelling in experimental heart failure (Merabet et al., 2012). In human, genetic polymorphisms of EPHX2, which encodes sEH, could either increase hydrolase activity which is associated with a higher occurrence of ischemic cardiac events (Lee et al., 2006), or decrease its activity associated with higher endothelium-dependant dilatation in resistance arteries (Lee et al., 2011), strengthening the interest of inhibiting sEH in cardiovascular diseases. At the renal level, the beneficial impact of sEH has been reported in several works (Liu, 2018) but not all (Jung et al., 2010), and no study has evaluated the interest of this strategy in type 4 cardiorenal syndrome.
In this study we analysed the impact of sEH inhibition on the CV consequences induced by 5/6 nephrectomy (5/6 Nx) in mice, a classical model of CKD.
MATERIAL AND METHODS
Animals and Treatments
All experiments were carried out in 129/Sv male mice, aged 8 weeks and weighing between 20 and 26 g (January laboratory, Genest Isle), in accordance with the standards and ethical rules (CENOMEXA C2EA-54). The surgical procedures were performed by a single experienced operator in order to ensure reproducibility. Briefly, surgical procedure consisted in ligation of the upper branch of the left kidney artery, followed by a cauterization of the lower pole of the left kidney, leading to 2/3 of non-functioning left kidney. One week later, the right kidney was removed, inducing 5/6 Nx. One week after removal of the right kidney, 5/6 Nx mice were randomized into two groups to receive either the sEH inhibitor trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid (t-AUCB: 15 mg/L in drinking water after dilution in 15-ml PEG 400) or vehicle (PEG 400) until sacrifice. A third group of sham-operated mice (surgical laparotomy) served as controls.
Blood and Urine Analyses
One month after surgery, 100 µL retro-orbital blood samples were collected in anesthetized animals (isoflurane: 1.5%) to quantify plasma creatinine by enzymatic method. At sacrifice, blood samples were collected allowing to measure plasma creatinine, soluble vascular cell adhesion molecule 1 (sVCAM-1) and fibroblast growth factor-23 (FGF-23) were assessed by enzyme-linked immunosorbent assays (ab100750, Abcam and EZMFGF23–43K, EMD Millipore respectively). In addition, the plasma levels of 14,15-EET, the preferential substrate of sEH, its metabolite 14,15-DHET, and the pro-inflammatory hydroxyeicosatetraenoic acids (5-HETE, 12-HETE and 15-HETE), derived from the lipoxygenase (LOX) metabolites of arachidonic acid, were quantified by LC-MS/MS using a previously published method (Duflot et al., 2017; Duflot et al., 2019). The ratio of 14,15-DHET-to-14,15-EET was used as an index of sEH activity.
24-h urine was collected 1 and 3 months after surgical procedure using metabolic cages. Urine albumin and aldosterone were measured at 3 months using enzyme-linked immunosorbent assays (ab108792 and ab136933, respectively; Abcam, Paris, France). Na+ excretion was quantified using standard procedure.
Systolic Blood Pressure
Non-invasive measurements of systolic blood pressure were performed by tail cuff plethysmography (CODA, Kent Scientific Corporation) 1 and 3 months after surgery. These measurements were performed in conscious and trained mice and consisted in two series of 10 cycles of measurements for each animal.
Cardiac Function
In mice anesthetized with isoflurane (1.5–2%), left ventricular end-diastolic and end-systolic diameters (LVEDD and LVESD, respectively) were assessed 1 and 3 months after surgery, using a Vivid seven ultrasound device (GE medical). The heart was imaged in the two-dimensional mode in the parasternal short-axis view. Ejection fraction (EF) was calculated from the LV cross-sectional area as EF(%) = ((LVDA – LVSA)/LVDA) x 100 where LVDA and LVSA are LV diastolic and systolic area, estimated from LVEDD and LVESD. In addition, a pulsed Doppler of the LV outflow was performed to obtain heart rate (HR). Doppler measurements were made at the tip of the mitral leaflets for diastolic filling profiles in the apical four-chamber view, allowing to determine peak early (E) and late (A) mitral inflow velocities, and calculation of the E/A ratio, as estimate of diastolic function.
Vascular Function
Flow-mediated dilatation (FMD) was assessed on second mesenteric resistance artery segment. Briefly, the mesentery was removed and placed in cold oxygenated Krebs buffer. A 2–3 mm segment of third mesenteric resistance artery segment was isolated and mounted on an arteriograph (DMT, Denmark). Vessels were pre-constricted using 10-5 M phenylephrine (Phe) before assessing the dilatory response to stepwise increase in intraluminal flow (3, 6, 10, 15, 20, 25, 50, 75 and 100 μL/min). FMD was assessed in the absence and in the presence of the NOS inhibitor Nω-nitro-l-arginine (l-NAME; 10–4 M) and the CYP450 epoxygenase inhibitor Fluconazole (10–4 M).
Histology
In 5/6 Nx mice, the remnant kidney was removed at sacrifice. Kidney histological lesions were analysed after Masson's staining as previously described (Guerrot et al., 2011). The slides were independently examined on a blinded basis, using a 0 to four injury scale for the level of interstitial inflammation, interstitial fibrosis and glomerulosclerosis at magnification x20 (0: no damage; 1: <25% of kidney damaged; 2: 25–50% of kidney damaged; 3: 50–75% of kidney damaged; 4: 75–100% of kidney damaged). Tubular lesions were analysed at magnification x10. Vascular thickening and vascular fibrosis were analysed at magnification x40. The upper half of kidney was not analysed since it was ischemic in 5/6 Nx groups.
The heart was harvested, weighed and a section of the left ventricle was snap-frozen for subsequent determination of LV fibrosis, using 8-µm thick histological slices stained with Sirius Red as previously described (Guerrot et al., 2011).
Statistical Analyses
Data were expressed as mean values ± SEM. Comparison between groups was performed by one-way ANOVA, followed by Tukey multiple comparison post-tests, For FMD, analysis was performed by two-way ANOVA with Dunnett’s multiple comparisons test. A value of p < 0.05 was considered statistically significant. Survival was analysed using Log-rank (Mantel-Cox) test. Statistical tests were performed with Prism software version 8 (8.0.2 263).
RESULTS
sEH Activity
Compared to sham-operated mice, we observed an increase in 14,15-DHET-to-14,15-EET ratio in 5/6 Nx mice treated with the vehicle (Figures 1A,B), demonstrating increased sEH activity. As expected, this increase was reduced by the sEH inhibitor t-AUCB. The 11,12-DHET-to-11,12-EET ratio followed the same trend as 14,15-DHET-to-14,15-EET ratio but the effects was less marked and that there was no change in 8,9-DHET-to-8,9-EET. In addition, 5/6 Nx was associated with an increase in HETE plasma levels that was prevented by t-AUCB (Supplementary Figures S1A–C).
[image: Figure 1]FIGURE 1 | Plasma concentration 14,15-DHET to 14,15-EET ratio (A) at sacrifice (n = 8–10 per group). ***p < 0.001: Nx 5/6 vehicle vs. sham, **p < 0.01: Nx 5/6 t-AUCB vs. sham. Body weight evolution (C) from right Nx (month 0) to month 3 (n = 12–14 per group). ***p < 0.001: Nx 5/6 vehicle vs. sham, **p < 0.01: Nx 5/6 t-AUCB vs. sham. Survival (D) (n = 12–17 per group).
Body Weight, Survival
Body weight increased in sham-operated mice from surgery to sacrifice but not in 5/6 Nx mice treated with either vehicle or t-AUCB (Figure 1B), without significant change in survival between groups. (Figure 1C).
Kidney Parameters
The onset of CKD was demonstrated by a significant increase in plasma creatinine 1 and 3 months after 5/6 Nx (Figure 2A) which was not prevented by t-AUCB. In addition, the urine volume 1 and 3 months after surgery and the urine albumin/creatinine ratio at 3 months increased to a similar extent in 5/6 Nx mice treated with vehicle or t-AUCB (Figures 2B,C). Similarly, the development of glomerulosclerosis, interstitial fibrosis, inflammation, tubular injury and vascular lesions induced by 5/6 Nx was not modified by t-AUCB (Figures 3A–E, Supplementary Figure S3).
[image: Figure 2]FIGURE 2 | Evolution of plasma (A) creatinine 1 and 3 months after 5/6 Nx (n = 7–12 per group). ***p < 0.001: Nx 5/6 vehicle vs. Sham, ***p < 0.001: Nx 5/6 t-AUCB vs. Sham, *p < 0.05: Nx 5/6 vehicle vs. Sham, **p < 0.01: Nx 5/6 t-AUCB vs. Sham, ns: not-significant. Diuresis evolution (B) 1 and 3 months after Nx 5/6 (n = 8–12 per group). ***p < 0.001: Nx 5/6 vehicle vs. Sham, ***p < 0.001: Nx 5/6 t-AUCB vs. Sham, **p < 0.01: Nx 5/6 vehicle vs. Sham, **p < 0.01: Nx 5/6 t-AUCB vs. Sham, ns: not-significant. Comparison of urinary albumin to creatinine ratio (C) (n = 5-7 per group). *p < 0.05: Nx 5/6 vehicle vs. Sham, ***p < 0.05: Nx 5/6 t-AUCB vs. Sham, ns: not-significant. Urinary sodium to creatinine ratio (n = 8–12 per group). ns: not-significant.
[image: Figure 3]FIGURE 3 | Scoring of kidney lesions at sacrifice (n = 7–12 per group). (A) Tubular damage lesions, (B) Glomerular sclerosis lesions, (C) Interstitial fibrosis lesions, (D) Interstitial inflammation lesions, (E) Vascular thickening lesions. ****p < 0.0001: Nx 5/6 vehicle vs. Sham, **p < 0.01: Nx 5/6 t-AUCB vs. Sham, ***p < 0.001: Nx 5/6 vehicle vs. Sham, **p < 0.01: Nx 5/6 vehicle vs. Sham, *p < 0.05: Nx 5/6 t-AUCB vs. Sham, ns: not-significant.
Systemic Hemodynamics and Cardiac Parameters
Compared to sham-operated mice, 5/6 Nx mice treated with vehicle or t-AUCB followed a similar pattern of increase in systolic arterial pressure after surgery. While systolic arterial pressure was not significantly increased after 1 month, both groups similarly presented a significant increase at 3 months post 5/6 Nx (Figure 4A). One month after 5/6 Nx LVEF and E/A ratio were non-significantly altered, while both parameters decreased significantly 3 months after 5/6 Nx in mice treated with vehicle but not in mice treated with t-AUCB (Figures 4B,C). In addition, t-AUCB prevented the increase in heart weight as well as LV fibrosis induced by 5/6 Nx (Figures 4D,E and Supplementary Figure S3). This was observed while t-AUCB was able to prevent the increase in urinary aldosterone, but not in plasma FGF-23 nor heart expression of ICAM-1 and VCAM-1 mRNA (Supplementary Figures S2A,B).
[image: Figure 4]FIGURE 4 | Systolic arterial pressure (A) 3 months after surgery (n = 9–12 per group). *p < 0.05: Nx 5/6 vehicle vs. Sham, *p < 0.05: Nx 5/6 t-AUCB vs. Sham, ns: not-significant. Systolic cardiac function (B) evaluated by left ventricular ejection fraction (LVEF) in echocardiography (n = 7–12 per group). **p < 0.01: Nx 5/6 vehicle vs. Sham, ns: not-significant Nx 5/6 t-AUCB vs. Sham. Diastolic cardiac function (C) evaluated by E to A ratio measured in echocardiography (n = 7–12 per group). ****p < 0.0001: Nx 5/6 vehicle vs. Sham, **p < 0.01: Nx 5/6 t-AUCB vs. Sham. Comparison in heart weight after sacrifice (D) (n = 9–12 per group). **p < 0.01: Nx 5/6 vehicle vs. Sham, ns: not-significant Nx 5/6 t-AUCB vs. Sham. Comparison of left ventricular (LV) fibrosis area to LV area (n = 7–11 per group). *p < 0.05: Nx 5/6 vehicle vs. Sham, ns: not-significant Nx 5/6 t-AUCB vs. Sham.
Vascular Parameters
FMD was abolished in 5/6 Nx mice treated with vehicle and fully prevented by t-AUCB (Figure 5A). FMD was decreased by l-NAME in sham-operated mice without significant effect of fluconazole infusion (Figure 5B), demonstrating a predominant role of NO in this response. However, FMD restoration in 5/6 Nx mice treated with t-AUCB was mainly due to the potentiation of CYP450-dependent pathway, as shown by the significant decrease induced by the CYP450 epoxygenases inhibitor fluconazole but not by l-NAME. In agreement with the improvement in endothelial function, t-AUCB prevented the increase in plasma sVCAM-1 (Figure 5C).
[image: Figure 5]FIGURE 5 | Flow mediated dilatation (FMD) of second mesenteric resistance artery (A) at sacrifice (n = 5-8 per group). **p < 0.01: Nx 5/6 vehicle vs. Sham, ****p < 0.0001: Nx 5/6 vehicle vs. Sham, $$$$ p < 0.0001 Nx 5/6 vehicle vs. Nx 5/6 t-AUCB, ns: not-significant Nx 5/6 t-AUCB vs. Sham. FMD in basal condition and after inhibitors (L-NA and Fluconazole) at flow 100 μL/min (n = 5-8 per group). *p < 0.05 flow vs. Flow + L-NA, $ p < 0.05 flow vs. Flow + Fluconazole. ns: not-significant. Plasma soluble VCAM1 concentration (C) at sacrifice (n = 5–10 per group). **p < 0.01: Nx 5/6 vehicle vs. Sham, ns: not-significant Nx 5/6 t-AUCB vs. Sham.
DISCUSSION
This study provides the first demonstration that pharmacological inhibition of sEH prevents the development of cardiac and vascular disorders due to CKD, independently of kidney function.
The experimental model of 5/6 Nx used here led to a significant and progressive decrease in kidney function, with increased albuminuria and chronic kidney lesions on histology. As is the case in human CKD, this was associated with the onset of hypertension, diastolic and mild systolic dysfunctions, heart hypertrophy, and endothelial dysfunction. These results are in accordance with previously published studies in rodent models of subtotal nephrectomy and provide a reliable experimental setting to analyse the CV consequences of CKD (Ma and Fogo, 2003; Siedlecki et al., 2009; Winterberg et al., 2016; Neuburg et al., 2018; Hamzaoui et al., 2020).
5/6 Nx was associated with an impaired arachidonic acid metabolism, characterized by an increase in 14,15-DHET-to-14,15-EET, and of pro-inflammatory HETEs. Since EETs have potent vasodilator, anti-inflammatory and anti-fibrotic properties, we hypothesized that promoting a more physiological balance with a pharmacological inhibitor of sEH, the key enzyme of EETs degradation, may have beneficial effects on both the heart and the vessels in this setting. As expected, the administration of t-AUCB prevented the increase in the DHETs/EETs ratio in 5/6 Nx mice.
Importantly, t-AUCB administered for 3 months did not modify the kidney consequences of 5/6 Nx. 5/6 Nx mice treated with t-AUCB presented a similar increase in plasma creatinine, albuminuria and kidney lesions compared to mice treated with vehicle. These results were in accordance with a previous study by Jung O et al (Jung et al., 2010), where no difference in kidney histological damage was observed when mice were treated by c-AUCB, the cis-isomer of t-AUCB which possesses similar potency against sEH activity, during 8 weeks. 5/6 Nx mice treated with t-AUCB showed no difference in urine output when compared to vehicle, and no difference in sodium excretion. In contrast, previous studies have reported an increase in sodium excretion, related to a decreased reabsorption of sodium as the consequence of tubular effects of EETs (Pavlov et al., 2011; Wang Q. et al., 2013; Wang et al., 2014; Schragenheim et al., 2018). The discrepancy with our results could be explained by the predominant impact of severely decreased glomerular filtration rate, reducing the tubular effects of EETs. After 5/6 Nx, no difference in albuminuria was observed between mice treated with t-AUCB and vehicle. On the contrary, Jung O et al (Jung et al., 2010) reported increased albuminuria with c-AUCB. This difference could be explained by the longer duration of treatment in our study (8 weeks vs. 3 months) that could allow normalization of arachidonic acid metabolism imbalance induced by short-term inhibition of sEH. In fact, in the previous study (Jung et al., 2010), sEH inhibition was shown to potentiate the formation of pro-inflammatory HETEs while in our study, HETEs were reduced by 3 month t-AUCB administration. In addition, given that 14,15-DHET-to-14,15-EET remained elevated compared to sham mice, we could hypothesize that only a partial blockade of sEH occurs, allowing to prevent the shift of arachidonic acid from the CYP450 pathway into the LOX pathway. Accordingly, studies performed in hyperglycaemic overweight mice and mice fed a high-fat diet (Roche et al., 2015b; Luo et al., 2019) even suggest beneficial effects of t-AUCB on albuminuria and kidney lesions.
The analysis of direct effects of treatments on CV complications associated with CKD is frequently limited by a parallel impact of the treatment on the kidney disease. In the present study the fact that t-AUCB had no significant impact on kidney function and lesions after 5/6 Nx provides an ideal setting to investigate the direct CV impact of sEH inhibition in type 4 cardiorenal syndrome.
Mice treated with t-AUCB showed improving systolic and diastolic heart function induced by 5/6 Nx when compared with vehicle. In addition, the increase in heart weight and the onset of LV fibrosis were blunted by t-AUCB. In CKD, progressive diffuse myocardial fibrosis and LV hypertrophy contribute to impair the relaxation of the cardiac wall (Zannad Faiez and Rossignol Patrick, 2018). sEH inhibition prevents cardiac hypertrophy in experimental models based on angiotensin II infusion (Ai et al., 2009), aortic banding (Xu et al., 2006), renovascular hypertension (two kidney one clip) (Gao et al., 2011; Wang Z. H. et al., 2013) and metabolic disease related to obesity and insulin resistance (Roche et al., 2015a). This preventive effect was associated with a reduction of myocardial fibrosis, as observed in our study. Experimental and clinical evidences point out a role of FGF-23 in CKD-associated cardiac hypertrophy since FGF-23 increases in patients with CKD and its concentration is correlated to cardiac hypertrophy (Faul et al., 2011; Isakova et al., 2011). In our study, plasma FGF-23 increased after 5/6 Nx without normalization by t-AUCB. This suggests that the beneficial effect of t-AUCB on the heart is independent of FGF-23. Cardiac hypertrophy can be an adaptive response to the increased afterload related to arterial hypertension. Inhibition of sEH reduced blood pressure in several studies in mice and rats (Yu et al., 2000; Huang et al., 2007; Gao et al., 2011) but t-AUCB had no significant effect on the increase of systolic blood pressure after 5/6 Nx, excluding blood pressure as the mediator of t-AUCB beneficial effects in this setting. Similarly, Jung O et al (Jung et al., 2010) reported no reduction of hypertension with an inhibitor of sEH after subtotal nephrectomy. In fact, the anti-hypertensive effect of sEH inhibition is usually only observed in angiotensin II-dependent hypertension models, which is only partially the case in this setting (Jung et al., 2005).
FMD of resistance arteries is a gold-standard technique to measure the endothelial function in experimental settings. FMD was fully abolished after 5/6 Nx in mice treated with vehicle but was not affected in Nx mice treated with t-AUCB compared to sham-operated mice. Complete dilatation of the mesenteric artery after incubation with SNP, a donor of NO, was observed in all groups showing normal smooth muscle cell function. Together, these results clearly demonstrate that the endothelial dysfunction associated with CKD in our study was prevented by sEH inhibition. Moreover, the improved FMD observed with t-AUCB was predominantly mediated by EETs since ex vivo inhibition of this pathway with fluconazole blunted FMD. Furthermore, plasma soluble VCAM-1, a surrogate marker for endothelial dysfunction, was sharply increased after 5/6 Nx and t-AUCB prevented this increase. Accordingly, similar improvement in endothelial function associated with inhibition of sEH has been observed in animal models of hypertension and insulin resistance (Gao et al., 2011; Zhang et al., 2011; Roche et al., 2015a). In CKD, endothelial dysfunction is multifactorial and considered as an important mediator of CV diseases (Jourde-Chiche et al., 2019). At the organ level, functional and structural alterations of endothelial cells promote inflammation, hypoxia and mesenchymal transition, which are putative mechanisms of cardiac fibrosis in CKD (Yu et al., 2000; Zannad Faiez and Rossignol Patrick, 2018). Together, the protection against microvascular endothelial dysfunction could be a mediator of the cardiac beneficial effects elicited by t-AUCB after 5/6 Nx. EETs modulation effects observed in our study were summarized in Figure 6.
[image: Figure 6]FIGURE 6 | Type 4 cardio-renal syndrome and impact of EETs modulation by t-AUCB.
CONCLUSION
This study provides the first evidence that inhibiting sEH prevents the endothelial dysfunction and cardiac consequences associated with experimental CKD. These beneficial CV effects were independent of both kidney function and hypertension. Preventing EETs degradation by the blockade of sEH therefore appears as a novel and relevant target for the long-term management of type 4 cardiorenal syndrome.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by CENOMEXA-Comité National de Réflexion Ethique sur l'EXpérimentation Animale.
AUTHOR CONTRIBUTIONS
MH, DG and JB developed the idea, conducted the research and interpreted the finding. CR and DC investigate cardiac echography. TD and VB conducted biochemical analysis. PM and VR helped to interpreted the finding. All authors have reviewed the manuscript.
Supplementary Material
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2020.604042/full#supplementary-material.
REFERENCES
 Ai, D., Pang, W., Li, N., Xu, M., Jones, P. D., Yang, J., et al. (2009). Soluble epoxide hydrolase plays an essential role in angiotensin II-induced cardiac hypertrophy. Proc. Natl. Acad. Sci. U.S.A. 106, 564–569. doi:10.1073/pnas.0811022106
 Charytan, D. M., Fishbane, S., Malyszko, J., McCullough, P. A., and Goldsmith, D. (2015). Cardiorenal syndrome and the role of the bone-mineral axis and anemia. Am. J. Kidney Dis. 66, 196–205. doi:10.1053/j.ajkd.2014.12.016
 Duflot, T., Roche, C., Lamoureux, F., Guerrot, D., and Bellien, J. (2014). Design and discovery of soluble epoxide hydrolase inhibitors for the treatment of cardiovascular diseases. Expert Opin. Drug Discov. 9, 229–243. doi:10.1517/17460441.2014.881354
 Duflot, T., Moreau-Grangé, L., Roche, C., Iacob, M., Wils, J., Rémy-Jouet, I., et al. (2019). Altered bioavailability of epoxyeicosatrienoic acids is associated with conduit artery endothelial dysfunction in type 2 diabetic patients. Cardiovasc. Diabetol. 18, 35. doi:10.1186/s12933-019-0843-z
 Duflot, T., Pereira, T., Roche, C., Iacob, M., Cardinael, P., Hamza, N. E., et al. (2017). A sensitive LC-MS/MS method for the quantification of regioisomers of epoxyeicosatrienoic and dihydroxyeicosatrienoic acids in human plasma during endothelial stimulation. Anal. Bioanal. Chem. 409, 1845–1855. doi:10.1007/s00216-016-0129-1
 Faul, C., Amaral, A. P., Oskouei, B., Hu, M. C., Sloan, A., Isakova, T., et al. (2011). FGF23 induces left ventricular hypertrophy. J. Clin. Invest. 121, 4393–4408. doi:10.1172/JCI46122
 Gao, J., Bellien, J., Gomez, E., Henry, J. P., Dautreaux, B., Bounoure, F., et al. (2011). Soluble epoxide hydrolase inhibition prevents coronary endothelial dysfunction in mice with renovascular hypertension. J. Hypertens. 29, 1128–1135. doi:10.1097/HJH.0b013e328345ef7b
 Guerrot, D., Kerroch, M., Placier, S., Vandermeersch, S., Trivin, C., Mael-Ainin, M., et al. (2011). Discoidin domain receptor 1 is a major mediator of inflammation and fibrosis in obstructive nephropathy. Am. J. Pathol. 179, 83–91. doi:10.1016/j.ajpath.2011.03.023
 Hamzaoui, M., Djerada, Z., Brunel, V., Mulder, P., Richard, V., Bellien, J., et al. (2020). 5/6 nephrectomy induces different renal, cardiac and vascular consequences in 129/Sv and C57BL/6JRj mice. Sci. Rep. 10, 1524–1529. doi:10.1038/s41598-020-58393-w
 Hatamizadeh, P., Fonarow, G. C., Budoff, M. J., Darabian, S., Kovesdy, C. P., and Kalantar-Zadeh, K. (2013). Cardiorenal syndrome: Pathophysiology and potential targets for clinical management. Nat. Rev. Nephrol. 9, 99–111. doi:10.1038/nrneph.2012.279
 Hill, N. R., Fatoba, S. T., Oke, J. L., Hirst, J. A., O’Callaghan, C. A., Lasserson, D. S., et al. (2016). Global prevalence of chronic kidney disease - a systematic review and meta-analysis. PLoS One 11, e0158765. doi:10.1371/journal.pone.0158765
 Huang, H., Morisseau, C., Wang, J., Yang, T., Falck, J. R., Hammock, B. D., et al. (2007). Increasing or stabilizing renal epoxyeicosatrienoic acid production attenuates abnormal renal function and hypertension in obese rats. Am. J. Physiol. Ren. Physiol. 293, F342–F349. doi:10.1152/ajprenal.00004.2007
 Imig, J. D., Zhao, X., Capdevila, J. H., Morisseau, C., and Hammock, B. D. (2002). Soluble epoxide hydrolase inhibition lowers arterial blood pressure in angiotensin II hypertension. Hypertension 39, 690–694. doi:10.1161/hy0202.103788
 Isakova, T., Wahl, P., Vargas, G. S., Gutiérrez, O. M., Scialla, J., Xie, H., et al. (2011). Fibroblast growth factor 23 is elevated before parathyroid hormone and phosphate in chronic kidney disease. Kidney Int. 79, 1370–1378. doi:10.1038/ki.2011.47
 Jourde-Chiche, N., Fakhouri, F., Dou, L., Bellien, J., Burtey, S., Frimat, M., et al. (2019). Endothelium structure and function in kidney health and disease. Nat. Rev. Nephrol. 15, 87–108. doi:10.1038/s41581-018-0098-z
 Jung, O., Brandes, R. P., Kim, I. H., Schweda, F., Schmidt, R., Hammock, B. D., et al. (2005). Soluble epoxide hydrolase is a main effector of angiotensin II-induced hypertension. Hypertension 45, 759–765. doi:10.1161/01.HYP.0000153792.29478.1d
 Jung, O., Jansen, F., Mieth, A., Barbosa-Sicard, E., Pliquett, R. U., Babelova, A., et al. (2010). Inhibition of the soluble epoxide hydrolase promotes albuminuria in mice with progressive renal disease. PLoS One 5, e11979. doi:10.1371/journal.pone.0011979
 Kovesdy, C. P., and Quarles, L. D. (2013). Fibroblast growth factor-23: what we know, what we don't know, and what we need to know. Nephrol. Dial. Transpl. 28, 2228–2236. doi:10.1093/ndt/gft065
 Kovesdy, C. P., and Quarles, L. D. (2016). FGF23 from bench to bedside. Am. J. Physiol. Ren. Physiol. 310, F1168–F1174. doi:10.1152/ajprenal.00606.2015
 Lee, C. R., North, K. E., Bray, M. S., Fornage, M., Seubert, J. M., Newman, J. W., et al. (2006). Genetic variation in soluble epoxide hydrolase (EPHX2) and risk of coronary heart disease: the atherosclerosis risk in communities (ARIC) study. Hum. Mol. Genet. 15, 1640–1649. doi:10.1093/hmg/ddl085
 Lee, C. R., Pretorius, M., Schuck, R. N., Burch, L. H., Bartlett, J., Williams, S. M., et al. (2011). Genetic variation in soluble epoxide hydrolase (EPHX2) is associated with forearm vasodilator responses in humans. Hypertension 57, 116–122. doi:10.1161/HYPERTENSIONAHA.110.161695
 Liu, J. Y. (2018). Inhibition of soluble epoxide hydrolase for renal health. Front Pharmacol. 9, 1551. doi:10.3389/fphar.2018.01551
 Luo, Y., Wu, M. Y., Deng, B. Q., Huang, J., Hwang, S. H., Li, M. Y., et al. (2019). Inhibition of soluble epoxide hydrolase attenuates a high-fat diet-mediated renal injury by activating PAX2 and AMPK. Proc. Natl. Acad. Sci. U S A. 116, 5154–5159. doi:10.1073/pnas.1815746116
 Ma, L. J., and Fogo, A. B. (2003). Model of robust induction of glomerulosclerosis in mice: importance of genetic background. Kidney Int. 64, 350–355. doi:10.1046/j.1523-1755.2003.00058.x
 Merabet, N., Bellien, J., Glevarec, E., Nicol, L., Lucas, D., Remy-Jouet, I., et al. (2012). Soluble epoxide hydrolase inhibition improves myocardial perfusion and function in experimental heart failure. J. Mol. Cel. Cardiol. 52, 660–666. doi:10.1016/j.yjmcc.2011.11.015
 Neuburg, S., Dussold, C., Gerber, C., Wang, X., Francis, C., Qi, L., et al. (2018). Genetic background influences cardiac phenotype in murine chronic kidney disease. Nephrol. Dial. Transplant. 33, 1129–1137. doi:10.1093/ndt/gfx332
 Pavlov, T. S., Ilatovskaya, D. V., Levchenko, V., Mattson, D. L., Roman, R. J., and Staruschenko, A. (2011). Effects of cytochrome P-450 metabolites of arachidonic acid on the epithelial sodium channel (ENaC). Am. J. Physiol. Ren. Physiol. 301, F672–F681. doi:10.1152/ajprenal.00597.2010
 Rangaswami, J., Bhalla, V., Blair, J. E. A., Chang, T. I., Costa, S., Lentine, K. L., et al. (2019). Cardiorenal syndrome: classification, pathophysiology, diagnosis, and treatment strategies: A scientific statement from the American heart association. Circulation 139, e840–e878. doi:10.1161/CIR.0000000000000664
 Roche, C., Besnier, M., Cassel, R., Harouki, N., Coquerel, D., Guerrot, D., et al. (2015a). Soluble epoxide hydrolase inhibition improves coronary endothelial function and prevents the development of cardiac alterations in obese insulin-resistant mice. Am. J. Physiol. Heart Circ. Physiol. 308, H1020–H1029. doi:10.1152/ajpheart.00465.2014
 Roche, C., Guerrot, D., Harouki, N., Duflot, T., Besnier, M., Rémy-Jouet, I., et al. (2015b). Impact of soluble epoxide hydrolase inhibition on early kidney damage in hyperglycemic overweight mice. Prostaglandins Other Lipid Mediat. 120, 148–154. doi:10.1016/j.prostaglandins.2015.04.011
 Schragenheim, J., Bellner, L., Cao, J., Singh, SP., Bamshad, D., McClung, JA., et al. (2018). EET enhances renal function in obese mice resulting in restoration of HO-1-Mfn1/2 signaling, and decrease in hypertension through inhibition of sodium chloride co-transporter. Prostaglandins Other Lipid Mediat. 137, 30–39. doi:10.1016/j.prostaglandins.2018.05.008
 Scialla, J. J., Xie, H., Rahman, M., Anderson, A. H., Isakova, T., Ojo, A., et al. (2014). Fibroblast growth factor-23 and cardiovascular events in CKD. J. Am. Soc. Nephrol. 25, 349–360. doi:10.1681/ASN.2013050465
 Siedlecki, A. M., Jin, X., and Muslin, A. J. (2009). Uremic cardiac hypertrophy is reversed by rapamycin but not by lowering of blood pressure. Kidney Int. 75, 800–808. doi:10.1038/ki.2008.690
 Ter Maaten, J. M., Damman, K., Verhaar, M. C., Paulus, W. J., Duncker, D. J., Cheng, C., et al. (2016). Connecting heart failure with preserved ejection fraction and renal dysfunction: the role of endothelial dysfunction and inflammation. Eur. J. Heart Fail. 18, 588–598. doi:10.1002/ejhf.497
 Wang, Q., Pang, W., Cui, Z., Shi, J., Liu, Y., Liu, B., et al. (2013). Upregulation of soluble epoxide hydrolase in proximal tubular cells mediated proteinuria-induced renal damage. Am. J. Physiol. Ren. Physiol. 304, F168–F176. doi:10.1152/ajprenal.00129.2012
 Wang, Z. H., Davis, B. B., Jiang, D. Q., Zhao, T. T., and Xu, D. Y. (2013). Soluble epoxide hydrolase inhibitors and cardiovascular diseases. Curr. Vasc. Pharmacol. 11, 105–111. doi:10.2174/157016113804547593
 Wang, W. H., Zhang, C., Lin, D. H., Wang, L., Graves, J. P., Zeldin, D. C., et al. (2014). Cyp2c44 epoxygenase in the collecting duct is essential for the high K+ intake-induced antihypertensive effect. Am. J. Physiol. Ren. Physiol. 307, F453–F460. doi:10.1152/ajprenal.00123.2014
 Winterberg, P. D., Jiang, R., Maxwell, J. T., Wang, B., and Wagner, M. B. (2016). Myocardial dysfunction occurs prior to changes in ventricular geometry in mice with chronic kidney disease (CKD). Physiol. Rep. 4, 12732. doi:10.14814/phy2.12732
 Xu, D., Li, N., He, Y., Timofeyev, V., Lu, L., Tsai, H. J., et al. (2006). Prevention and reversal of cardiac hypertrophy by soluble epoxide hydrolase inhibitors. Proc. Natl. Acad. Sci. U.S.A. 103, 18733–18738. doi:10.1073/pnas.0609158103
 Yu, Z., Xu, F., Huse, L. M., Morisseau, C., Draper, A. J., Newman, J. W., et al. (2000). Soluble epoxide hydrolase regulates hydrolysis of vasoactive epoxyeicosatrienoic acids. Circ. Res. 87, 992–998. doi:10.1161/01.res.87.11.992
 Zannad, F., and Rossignol, P. (2018). Cardiorenal syndrome revisited. Circulation 138, 929–944. doi:10.1161/CIRCULATIONAHA.117.028814
 Zhang, L. N., Vincelette, J., Chen, D., Gless, R. D., Anandan, S. K., Rubanyi, G. M., et al. (2011). Inhibition of soluble epoxide hydrolase attenuates endothelial dysfunction in animal models of diabetes, obesity and hypertension. Eur. J. Pharmacol. 654, 68–74. doi:10.1016/j.ejphar.2010.12.016 | | 
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.
Copyright © 2021 Hamzaoui, Roche, Coquerel, Duflot, Brunel, Mulder, Richard, Bellien and Guerrot. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









	
	OPINION
published: 12 March 2021
doi: 10.3389/fcell.2021.658656






[image: image2]

A Closure Look at the Pregnancy-Associated Arterial Dissection

Cechuan Deng1,2, Han Wang1, Xiangqi Chen1 and Xiaoqiang Tang1*


1Key Laboratory of Birth Defects and Related Diseases of Women and Children of MOE, State Key Laboratory of Biotherapy, West China Second University Hospital, Sichuan University, Chengdu, China

2Department of Obstetrics and Gynecology, West China Second University Hospital, Sichuan University, Chengdu, China

Edited by:
Venkaiah Betapudi, United States Department of Homeland Security, United States

Reviewed by:
Alberto Maud, Texas Tech University Health Sciences Center El Paso, United States
 Hiroaki Tanaka, Mie University, Japan

*Correspondence: Xiaoqiang Tang, tangxiaoqiang@scu.edu.cn; txiaoqiang@yeah.net

Specialty section: This article was submitted to Cellular Biochemistry, a section of the journal Frontiers in Cell and Developmental Biology

Received: 26 January 2021
 Accepted: 22 February 2021
 Published: 12 March 2021

Citation: Deng C, Wang H, Chen X and Tang X (2021) A Closure Look at the Pregnancy-Associated Arterial Dissection. Front. Cell Dev. Biol. 9:658656. doi: 10.3389/fcell.2021.658656



Keywords: pregnancy, arterial dissection, risk facors, diabetes, metabolism


INTRODUCTION

Cardiovascular diseases have become the first leading cause of morbidity and mortality (Chen et al., 2020a,b; Tang et al., 2020). Cardiovascular and metabolic syndrome are common in pregnant patients (Li et al., 2017; Timpka et al., 2018). Among cardiovascular diseases, arterial dissection is a severe vascular disease with high-mortality in pregnant patients (Ramlakhan et al., 2020). Arterial dissection is a common cause of arterial disease after atherosclerosis (Adlam et al., 2016). The cause of this arterial disease is not fully understood. Analysis of the risk factors, epidemiology, and mechanisms of pregnancy-associated arterial dissections are important.



RISK FACTORS OF PREGNANCY-ASSOCIATED ARTERIAL DISSECTION

During the past decades, a large number of studies tried to figure out the key risk factors for pregnancy-associated arterial dissection. Hemodynamic and hormone changes during the perinatal period increase the risk factors of arterial dissection (Habashi et al., 2019; Al-Hussaini, 2020). Most previous studies have linked patients with underlying connective tissue diseases such as Marfan and Ehrlers-Danlos syndrome (Al-Hussaini, 2020). With a large population-based database of admissions, Beyer et al. provided a comprehensive analysis of the occurrence and risk factors of dissection within the peripartum period in pregnancy patients (Beyer et al., 2020). Beyer et al. statistically analyzed the occurrence of dissection during the peripartum period and explored the risk factors, time, location, and in-hospital mortality of dissection during the peripartum period. The result showed that 0.005% of pregnancy-related dissections occurred, and the most common diagnosis time point and location were during the postpartum period and coronary, respectively. The mortality of pregnant women with dissections in the hospital was higher than that of pregnant women without dissections, and the mortality of aortic dissection was the highest (8.6%). Most studies before only studied aortic dissection and spontaneous coronary artery dissection (SCAD) in pregnant women, while the relationship between arterial dissections other than aortic dissection and SCAD and pregnancy has been poorly studied. This excellent study has provided timely and comprehensive information but also left some discussion space.



GESTATIONAL DIABETES-THE LEADING RISK FACTOR?

Based on the data of this study, gestational diabetes is the leading risk factor for pregnancy-associated arterial dissections. Interestingly, this study provided new data that gestational diabetes leads to a 65-fold increase in risk for arterial dissections during pregnancy. This finding highlights the importance of blood glucose control for pregnant patients and leaves the question that whether blood glucose intervention can reduce the risk of arterial dissections. However, previous studies revealed that diabetes mellitus is remarkably uncommon in patients with thoracic aortic dissection (LeMaire and Russell, 2011; Theivacumar et al., 2014). Besides, according to a Japan survey, aortic dissection has not occurred in women with gestational diabetes (Katsuragi et al., 2011). The risk of gestational diabetes to different types of arterial dissections may be different. A further complementary study may include this information.



OTHER CONFOUNDING FACTORS

The authors included many complications/risk factors, and we also suggest analyzing some other risk factors. (a) Inflammatory reactions, including systemic lupus erythematosus and multiple nodular arteritis, can increase the risk of arterial dissections in women (Tweet et al., 2018). (b) In addition to the Ehlers-Danlos syndrome and Marfan syndrome listed in this article, some other connective tissue diseases, such as the Loeys-Dietz syndrome, are also related to arterial dissections (Ramlakhan et al., 2020). (c) Also, hereditary arterial disease (e.g., hereditary hypertension) is a risk factor for arterial dissections, and about 5% of female arterial dissections patients have hereditary arterial disease (Collet et al., 2020; Ramlakhan et al., 2020). Although the vast majority of the arterial dissection in the supra-aortic arteries is not related to genetic or hereditary, or acquired collagen disease, a genetic mutation in a certain component of the collagen fibers has been demonstrated, and the skin biopsy has shown some dermal dysplastic irregularity of the collagen fibers in concomitant with arterial dissection (Malfait et al., 2020). Thus, hereditary and genetic factors may contribute to arterial dissections in pregnancy patients. (d) Furthermore, previous studies have shown that the black race is one of the demographic characteristics and comorbid conditions of pregnancy-associated arterial dissections (Al-Hussaini, 2020; Ramlakhan et al., 2020), so ethnics can also be included as a confounding factor in the study. (e) Oxytocin antagonism can prevent pregnancy-associated aortic dissection in a mouse model of Marfan syndrome (Habashi et al., 2019). As thus, oxytocin use (and other drug use history) may be induced in the analysis. (f) Finally, other confounding factors related to arterial dissections in pregnant women include migraine, age at first childbirth, operation history, and infertility treatment (Collet et al., 2020). Including these risk factors in the further analysis would provide us more comprehensive information and improve our understanding, prevention, and treatment of pregnancy-associated arterial dissections.



THE INCIDENCE AND MORTALITY TRENDS

The authors discussed the location of arterial dissections during the peripartum period (pregnancy/delivery vs. postpartum), the total incidence and mortality of pregnancy-related arterial dissections, and the respective mortality of dissections at each site (Beyer et al., 2020). We also suggest analyzing the incidence and mortality trends of different types of dissections in pregnancy/delivery and postpartum over the course of the study period, respectively, in further study. Spontaneous cervical arterial dissection is the most common cause of ischemic stroke in North America in people younger than 45 yr (Schievink et al., 1994). The disease has a pendular behavior from mild presentations that do not require further action (like Horner's syndrome) and resolve spontaneously to devastating large hemispheric infarcts (Beletsky et al., 2003). Women with Fibromuscular dysplasia are more predisposed to present with spontaneous cervical arterial dissections and occasionally with spontaneous coronary artery dissection (Hayes et al., 2018; Gornik et al., 2019). Thus, the incidence and mortality trends, as well as risk factor information for different types of arterial dissections, are also important. The complementary analysis may provide warning information, especially for the Center for Disease Control and Prevention.



CONCLUSION REMARKS

This study elicited pregnancy and non-pregnancy risk factors that predispose to arterial dissections in all stages of pregnancy and postpartum. Further complementary analysis of detailed risk factors and for different types of pregnancy-associated arterial dissections in different periods of pregnancy would provide some more substantially basic information to this field.
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Cell proliferation is an important cellular process for physiological tissue homeostasis and remodeling. The mechanisms of cell proliferation in response to pathological stresses are not fully understood. Mitochondria are highly dynamic organelles whose shape, number, and biological functions are modulated by mitochondrial dynamics, including fusion and fission. Mitofusin-2 (Mfn-2) is an essential GTPase-related mitochondrial dynamics protein for maintaining mitochondrial network and bioenergetics. A growing body of evidence indicates that Mfn-2 has a potential role in regulating cell proliferation in various cell types. Here we review these new functions of Mfn-2, highlighting its crucial role in several signaling pathways during the process of pathological cell proliferation. We conclude that Mfn-2 could be a new mediator of pathological cell proliferation and a potential therapeutic target.
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INTRODUCTION

Cell proliferation is a precision–control process, which is essential for embryonic and postnatal development (Takeuchi and Nakamura, 2014). Under pathological conditions, abnormal cell proliferation is a central mechanism attributing to disease progressions. Abnormal cell proliferation includes both abnormal cell division and abnormal cell differentiation (Fajas, 2003). These processes are common in various diseases. For example, cardiac fibroblast proliferation and fibroblast-to-myofibroblast transition resulted in cardiac fibrosis (Nagpal et al., 2016), a pathological process characterized by the accumulation of extracellular matrix in the cardiac interstitium. Abnormal hepatic stellate cell (HSCs) trans-differentiation, activation, and proliferation of HSCs are the primary driving force to promote chronic cholestatic liver diseases and facilitate the progression of liver fibrosis (Liu et al., 2019). Proliferation is also a main characteristic of cancer cells and the base of metastasis (Carmeliet et al., 1998). Therefore, a thorough understanding of the underlying mechanisms regulating various pathological cell proliferations is the premise for developing new therapeutic strategies.

Previously, mitochondria have been regarded as static and isolated organelles. More recently, they are found to undergo constant changes in morphology, including fission, fusion, and network formation, and they can also relocate to different parts in cells (trafficking); all of these processes are termed mitochondrial dynamics. Mitochondrial dynamics is essential to maintain the normal function of cells such as energy metabolism, calcium homeostasis, and reactive oxygen species generation (Vafai and Mootha, 2012; Tsushima et al., 2018). Mitochondria dynamics (Figure 1) is closely related to cell proliferation. Previous evidence has set a link between mitochondria dynamics and cell proliferation; high levels of mitochondrial fission are associated with active proliferation (Chen and Chan, 2017). Mitra et al. (2009) reported that maintaining mitochondria in hyperfused morphology could regulate the cell transition from G1 to S phase. In addition, the number of mitochondria throughout the cell cycle is mostly constant, which is attributed to mitochondria dynamics to a great extent (Carlton et al., 2020). Oncocytes could alter mitochondria dynamics to support their proliferation property (Senft and Ronai, 2016).
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FIGURE 1. Mitochondria dynamics and Mfn-2 structure. Mfn-2 is one of the main factors regulating mitochondrial fusion. The N-terminal of Mfn-2 is the GTPase domain. There are two HR domains and two transmembrane domains.


Research in the past two decades or so have revealed that the mechanisms of mitochondrial dynamics are regulated by a group of highly conserved guanosine triphosphatases (GTPase) (Misaka et al., 2002; Rojo et al., 2002; Son et al., 2017). Mitofusin 1 (Mfn-1) and mitofusin 2 (Mfn-2) control the fusion of the outer mitochondrial membrane (OMM), while optic atrophy 1 (OPA1) regulates the fusion of the inner mitochondrial membrane. Mitochondrial fission is under-controlled by the dynamic-related protein 1 (Drp1), which interacts with several OMM proteins, such as Mid51 and Mid49. Mfns are outer mitochondria membrane proteins, with GTPase domain in the N-terminal, followed by a hydrophobic heptad repeat (HR1), the transmembrane anchor, and HR2. Mfns anchored to OMM by the C-terminal binding domain, and the N-terminal domain extruded to the cytoplasm (Fritz et al., 2001; Rojo et al., 2002; Figure 1). Mammalian Mfn-1 and Mfn-2 shared about 80% similarity, consisting of 737 and 757 amino acids, respectively. However, Mfn-1 exhibited higher GTPase activity than Mfn-2, while Mfn-2 exhibited higher GTP affinity. It is reported that Mfn-1 functions in mitochondria tethering, while Mfn-2 has other distinct functions in addition to the fusion reaction (Ishihara et al., 2004). For example, Mfn-2 has been reported to be involved in PINK/Parkin-mediated mitophagy process (Chen and Dorn, 2013). Mfn-2 is one of the first proteins identified to mediate the tethering of endoplasmic reticulum (ER) and mitochondria in mammals (Vance, 1990). This domain, named mitochondria-associated membranes (MAM), has been the new frontiers in bioenergetics and biophysical studies of intracellular organelles. ER lost its physiological morphology, and the ER–mitochondria interaction was disrupted after Mfn-2 ablation (de Brito and Scorrano, 2008). Increasing evidence has indicated that MAM is closely related to cell proliferation in various diseases (Wang et al., 2009; Danese et al., 2017; Yang et al., 2019). Comparing with Mfn-1, Mfn-2 may play a vital role in cell proliferation via various pathways.

In this review, we summarized recent advancements in the study of mitochondrial fusion protein Mfn-2. We focus on the link between altered Mfn-2 and pathological cell proliferation.



OVERVIEW OF MITOFUSIN-2 AND CELL PROLIFERATION

Current evidence indicates that Mfn-2 plays various roles in many cellular processes, including cell proliferation and cell death (Chen et al., 2004; Wang et al., 2010; Zhao et al., 2012). Chen et al. (2004) found that Mfn-2 expression decreased in proliferative vascular smooth muscle cells (VSMCs), and overexpression of Mfn-2 could inhibit this proliferation process. Mfn-2 dysfunction has been associated with a variety of pathological conditions, including diabetes mellitus (Hernández-Alvarez et al., 2010), obesity (Bach et al., 2003), Charcot–Marie–Tooth disease (Züchner et al., 2004; Misko et al., 2012), atherosclerosis, hypertension (Chen et al., 2004), and cancer (Zhang et al., 2013; Xu et al., 2017). Collectively, the results of these studies have depicted Mfn-2 as a hyperplasia suppressor gene. In addition, energy is required in cell proliferation; in G1/S phase, mitochondrial elongation requires a higher amount of ATP to sustain cell duplication (Mitra et al., 2009). Mitochondria with intact structure are vital to supply enough ATP in this process, and Mfn-2 is necessary to maintain mitochondrial membrane potential, cellular oxygen consumption, etc. According to Sara’s research (Pich et al., 2005), the role of Mfn-2 in mitochondrial nutrient oxidation is a fusion-independent function. Mitochondria fusion is also necessary to maintain the stoichiometry of the protein components of mtDNA replisome. Mfn-2 mutation could cause diseases due to mtDNA depletion, disrupting mouse embryo fibroblast (MEF) proliferation and postnatal heart development (Silva Ramos et al., 2019). Here a more detailed discussion of how Mfn-2 regulates cell proliferation is provided (Figure 2).
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FIGURE 2. Signaling pathways mediate cell proliferation in various diseases.




MITOFUSIN-2 AND ATHEROSCLEROSIS

Atherosclerosis is the main cause of cardiovascular diseases. It has been clearly demonstrated that the development and progression of atherosclerosis involve inflammation, abnormal proliferation of VSMCs, remodeling of the vascular wall, and evolution of occlusive plaques.

It is reported that the antiproliferative effect of Mfn-2 in serum-evoked VSMC proliferation was mediated via the inhibition of Erk/mitogen-activated protein kinase (Erk/MAPKs) signaling followed by cell cycle arrest. Cell transition from G0/G1 phase to S phase is one of the important characteristics for proliferation. EdU assay indicated that downregulation of Mfn-2 resulted in a significant decrease of G0/G1 phase cells and a synchronous increase of the percentage of S-phase cells in homocysteine-induced VSMCs, and overexpression of Mfn-2 obtained the contrary results, suggesting that cell cycle arrest at G0/G1 phase is responsible for the anti-proliferation effects of Mfn-2 (Xu et al., 2019). Two related mechanisms involved in this process were reported: one is that Mfn-2 could bind and inhibit the proto-oncogene Ras directly via its p21 Ras-binding domain in the N-terminal to control cell proliferation (de Brito and Scorrano, 2009), while Mfn-2 mutant lacking amino acids 77–91 failed to pull down Ras, with no effect on its function in the regulation of mitochondria fusion (de Brito and Scorrano, 2009); the other is that Mfn-2 regulates NAD/NADH ratio to control the transition of cell phase (Li et al., 2015). Infection with Mfn-2 adenovirus could increase NADH level and reduce NAD level, blocking the cell cycle at G0/G1 phase.

The accumulation of cholesterol-containing low-density lipoproteins in the intima and endothelium promotes the recruitment of monocytes, which then differentiate into macrophages and initiate inflammatory activation. Inflammation cells release various cytokines and growth factors, the most powerful factors, such as platelet-derived growth factor (PDGF) and its receptors, inducing VSMCs to transform from quiescent state to secretion and proliferation state via many signaling pathways, such as MAPK, PI3K/Akt, etc. (Wang et al., 2018). One remarkable characteristic of this process is migration of VSMCs from the media to the intima, contributing to neo-intima formation. In addition, various inhibitors in the process of inflammation could inhibit VSMC proliferation (Uhrin et al., 2018). In Feng’s study, Mfn-2 expression was downregulated in proliferative VSMC primary cells treated with PDGF. Down-regulated Mfn-2 promotes cell proliferation and migration rate not only in PDGF-induced VSMCs but also in arterial smooth muscle cells (ASMCs) mediated by microRNA (miRNA) miR-31 (Huang et al., 2018), which targets the 3′UTR of Mfn-2 and downregulates its expression.

In patients diagnosed with type 2 diabetes, the incidence of atherosclerosis is high, and the expression of Mfn-2 in the muscle decreased; similar results are also observed in high-fat-diet mice. In addition, increasing the level of Mfn-2 could alleviate insulin resistance (Gan et al., 2013) through increasing the phosphorylation levels of PI3K-P85 and AKT2 insulin signaling pathways. Previous studies have identified that nuclear receptor superfamily member peroxisome proliferator-activated receptor-γ (PPARγ) is involved in atheromatous inflammation through the extracellular signal-regulated ERK/MAPKs and p38/MAPK pathways (Chen et al., 2004; Monsalve et al., 2013; Nagy et al., 2013; Yang et al., 2012). Liu et al. (2014) found that Mfn-2 inhibited atherosclerotic plaque formation by increasing PPARγ, and this process may be partially regulated by inactivation of the ERK1/2 and p38/MAPKs pathways. Xu et al. (2019) showed that, in homocysteine (Hcy)-induced atherosclerosis, c-Myc expression was increased, and it bound DNMT1 promoter to cause DNA hypermethylation of the Mfn-2 promoter, resulting in aberrant Mfn-2 transcription that led to VSMC proliferation.

As mentioned above, Mfn-2 is crucial in maintaining MAM structure. MAM is the central platform for the initiation of mitophagy and the formation of autophagosome (Hailey et al., 2010; Hamasaki et al., 2013). Chen and Dorn (2013) has linked Mfn-2 with PINK-Parkin-mediated senescent mitochondria elimination. In their model, PINK phosphorylates Mfn-2 to recruit Parkin to mitochondria, and Parkin, in turn, mediates Mfn-2 ubiquitination and initiates mitophagy. The effects of mitophagy on VSMC survival in response to stimuli in the pathogenesis of vascular disorders have been investigated in numerous studies (Culley and Chan, 2018; Marshall et al., 2018). He et al. (2019) reported that apelin-13 could induce VSMC proliferation and exacerbate atherosclerosis. PINK1/Parkin-mediated mitophagy could promote this process. In addition, a study on miR-145 found that the autophagy level was increased in the carotid intima hyperplasia in C57BL/6J mice (Wang et al., 2020), and activation of autophagy could stimulate aortic VSMC proliferation in metabolic hypertension rats (Wen et al., 2019). Although there is no direct evidence that Mfn-2 regulates cell proliferation via autophagy, considering the role of Mfn-2 in the maintenance of MAM, more studies are required to provide evidence linking Mfn-2-mediated autophagy with VSMC proliferation in the future.



MFN-2 AND PULMONARY HYPERTENSION

Pulmonary hypertension is another pathological condition attributed to VSMC proliferation. Pathophysiological changes involve all three layers of pulmonary arteries during vascular remodeling. For instance, endothelial angiogenesis, smooth muscle cell hyperplasia and hypertrophy, adventitial fibroblast proliferation, myofibroblast differentiation, and extracellular matrix deposition have all been reported (Howell et al., 2003; Wilkins et al., 2015). The excessive proliferation and impaired apoptosis of pulmonary artery smooth muscle cells (PASMCs) contribute to vascular obstruction in pulmonary hypertension patients.

The role of Mfn-2 in pulmonary hypertension is complicated. Zhang et al. (2012) reported that hypoxia induced Mfn-2 expression and knock-down Mfn-2 suppressed hypoxia-induced PASMCs proliferation through the PI3K/Akt signaling pathway. However, other studies indicated that the expression of Mfn-2 was decreased in pulmonary hypertension models, and increasing the Mfn-2 level may be a therapeutic strategy (Ryan et al., 2013, 2015; Fang et al., 2016; Lu et al., 2016). Deletion of thrombospondin motifs 8 (ADAMTS8), a secreted protein specifically expressed in the lung and the heart, reduced PASMC proliferation with Mfn-2 upregulation and mitochondrial function improvement (Omura et al., 2019). Downregulation of Mfn-2 may cause more cells to enter the S + G2/M phase of the cell cycle and inhibit the mitochondrial apoptosis pathway. These effects were reversed in PASMCs by Mfn-2 overexpression (Roy et al., 2009), indicating that Mfn-2 could be a therapeutic target in pulmonary hypertension (Ryan et al., 2013). While these discrepancies need to be resolved in future studies, it is clear that Mfn-2 is a critical regulator for pathological pulmonary hypertension.

Recent studies revealed that miRNAs play an important role in the pathogenesis of pulmonary hypertension by regulating ASMC proliferation (Thum et al., 2008; Roy et al., 2009; Bauersachs, 2010; Castoldi et al., 2012; Chen et al., 2014). Several miRNAs have been identified to participate in fibrosis and smooth muscle cell proliferation via targeting Mfn-2 directly. Huang et al. (2018) reported that the expression level of miR-31 was increased significantly in the arterial walls of patients with atherosclerosis obliterans. In addition, miR-31 promoted the proliferation and migration of human arterial smooth muscle cells, at least partially, through directly interacting with Mfn-2. In another study, Lu et al. (2016) revealed that miR-17 was upregulated in human PASMCs from patients with pulmonary artery hypertension, and the function of miR-17 in PASMC proliferation and apoptosis was partially mediated by downregulation of Mfn-2.



MITOFUSIN-2 AND FIBROPROLIFERATIVE DISEASES

Fibroblasts are a crucial component of connective tissues in various organs. Fibroblast activation and proliferation is characterized by an excessive accumulation of fibrous connective tissues in response to various stimuli (Kendall and Feghali-Bostwick, 2014). Fibrosis is a key pathological process in the development of various fibroproliferative diseases, such as cardiovascular fibrosis, pulmonary fibrosis, liver cirrhosis, systemic sclerosis, and kidney fibrosis. Fibroblasts produce the structural proteins of extracellular matrix (ECM), such as fibrous collagen (Kendall and Feghali-Bostwick, 2014). Fibroblast activation and proliferation may cause the accumulation of ECM’s components, ultimately leading to disruption of the architecture in various tissues and dysfunction of the organs, such as end-stage liver disease and kidney failure. Mfn-2 could inhibit non-alcoholic fatty liver by interacting with phosphatidylserine (PS) directly. Mfn-2 deficiency could reduce PS transfer from the ER to the mitochondria, inducing mitochondrial dysfunction (Hernandez-Alvarez et al., 2019). Knockdown of Mfn-2 could rescue mitochondria Ca2+ transfer and inhibit cell proliferation in kidney cysts (Kuo et al., 2019). In addition, overexpressed Mfn-2 could alleviate glomerular mesangial cell proliferation via the MAPK/ERK and PI3K/Akt pathways (Wan-Xin et al., 2012; Chen et al., 2019). Mfn-2 regulates mitochondria fusion and intracellular lipid metabolism, which are tightly linked with lung fibrosis (Chung et al., 2019). Prediabetes is a common pathological condition characterized by increased ventricular mass and wall thickness, in which fibroblast proliferation is one of the key factors. Although this is a complicated biological process, Mfn-2 is considered to play a vital role in this process (Koncsos et al., 2016).

Endoplasmic reticulum stress (ERS) is a cellular state in which the protein folding capacity of ER is overwhelmed due to increased protein load or disruption of the protein folding environment (Berridge, 2002). It has been reported that ERS is involved in fibroblast activation and proliferation in many organs such as the liver (Shin et al., 2013), heart (Spitler and Webb, 2014), kidney (Chiang et al., 2011), and lung (Baek et al., 2012). Previous reports also identified the relationship between Mfn-2 and ERS. For example, in cardiac fibrosis, we found that the expression of Mfn-2 was decreased, and upregulating Mfn-2 inhibited fibroblast proliferation via the p-PERK/ATF4 pathway but not the IREα/Xbp1s or c-ATF6 signaling pathway (Xin et al., 2019). Ngoh et al. (2012) and Muñoz et al. (2013) also reported that Mfn-2 was an ERS-inducible protein. Philippe and Gary wrote a review discussing the role of Mfn-2 in inflammation-induced ERS (Delmotte and Sieck, 2019). Downregulation of Mfn-2 aggravated ERS, attributing to the proliferation of airway smooth muscle.

A study from Sun et al. (2015) showed that miR-214 mediated ISO-induced proliferation and collagen synthesis in cardiac fibroblasts through directly targeting Mfn-2 and activating the downstream ERK1/2 MAPK signaling pathway.



MITOFUSIN-2 AND CANCER

Abnormal cell proliferation could lead to the destabilization of chromosomal and genetic organization, resulting in the formation of neoplasm. This effect is regulated by a series of genes. Mutation of the genes will drive cells into tumor cells. The increase in glucose uptake and enhanced glycolytic rates indicate that metabolic alteration provides growth advantages for tumor cells (Lunt and Vander Heiden, 2011). In addition, tumor cells may exert different metabolic ways from normal cell proliferation. Warburg noticed that tumor cells exhibit a high rate of glycolysis even in the presence of oxygen (aerobic glycolysis) (Ortega et al., 2009). Some types of cancer, such as bladder cancer, cervical cancer, and breast cancer, are associated with altered mitochondrial morphology and metabolism (Filadi et al., 2018). The expression level of Mfn-2 is usually decreased in various types of cancer, and increasing Mfn-2 expression can suppress cell proliferation (Rehman et al., 2012), indicating that Mfn-2 is a tumor suppressor. One mechanism by which Mfn-2 suppresses cancer cell proliferation is inhibiting the metabolic flux to aerobic glycolysis by interreacting with pyruvate kinase 2 (PKM2) via the N-terminus (Li et al., 2009); phosphorylation of Mfn-2 enhances this interaction. Rictor is a subunit of mTORC1; Rictor deletion could block mitochondrial OXPHOS. Xu’s recent work showed that Mfn-2 plays a vital role in the inhibition of the mTORC2/Akt signaling pathway through the interaction with Rictor by binding its HR1 domain in breast cancer patients. Mfn-2 knockdown could enhance growth in breast cancer. All these evidence indicated that the mTORC/AKT pathway is closely linked with Mfn-2 in pathological cell proliferation.

Under physiological conditions, mitochondria take up calcium mainly from the ER. Calcium is released through inositol 1,4,5-trisphosphate (IP3) receptors (IP3R) and ryanodine receptors (RyRs) on the ER membrane (Marks, 1997) and enters mitochondria through voltage-dependent anion channels (VDACs). The relationship between calcium signaling pathway and cancer has been discussed in detail in previous reviews (Ivanova et al., 2017; Marchi et al., 2018). In this process, MAM play a vital role (Ivanova et al., 2017) because these harbor key calcium handling proteins such as IP3R, VDACs, and sigma-1 receptors (Hayashi and Su, 2007). In 2008, de Brito and Scorrano (2008) showed that Mfn-2 was required for mitochondrial calcium uptake, and Mfn-2 knockout MEFs exhibited a reduced calcium uptake rate. In addition, translation of the calcium signals is necessary for the regulation of cell death and survival. Lower ER calcium content could arouse the expression of anti-apoptotic protein expression, such as Bcl-2 (Pinton et al., 2001). Mfn-2 could restore calcium homeostasis and downregulate ER stress in mouse neuroblastoma N2a cells.

Besides the regulation of intracellular calcium transportation, Mfn-2 may also regulate other signaling pathways for cell proliferation. Transcription factor SP1 plays an essential role in the expression of PITPNM3 in cancer cells, and Mfn-2 was reported to have anti-tumor activity by interacting with transcription factor SP1 directly (Tang et al., 2020). Pang et al. (2019) found that Mfn-2 inhibited cell proliferation via the Wnt/β-catenin pathway in bladder cancer. Mfn-2 knockdown increased the translocation of β-catenin into the nucleus, resulting in larger tumor volumes and a higher proliferation index. Pharmacological inhibition of the Mfn-2/mTORC2/Akt pathway attenuated tumor growth (Xu et al., 2017). Several other studies also indicated that Mfn-2 interacted with the proapoptotic Bcl-2 family members Bax and Bak (Suen et al., 2008; Li et al., 2020).



FUTURE DIRECTIONS

Despite the significant advancements that deepened our understanding of the structure and functions of Mfn-2, several key questions remain to be elucidated:


(1)Although some evidence indicated that, in addition to fusion reaction, Mfn-2 has been reported to regulate cell proliferation via various signaling pathways, there are currently no studies that figured out whether these pathways are related to mitochondria fusion. More studies on this topic may be necessary in the future.

(2)Although there are many evidence about the role of Mfn-2 in neoplastic diseases, the microenvironment may change the impact of Mfn-2 in different types of cancers. In the future, a more detailed analysis of Mfn-2 may be necessary.

(3)Could altered Mfn-2 act as a potential biomarker in pathogenesis?





CONCLUSION

The machineries of mitochondrial fusion/fission and the significance of mitochondrial dynamics in regulating mitochondrial and cellular functions have been established. The mitochondrial fusion protein Mfn-2 regulates mitochondrial morphology, metabolism, calcium homeostasis, and mtDNA stability. Mfn-2 also plays a role via MAM formation and mitophagy to regulate cell proliferation and cell survival/death in different tissues. Many important questions await extensive investigation. In the future, studies on the role of Mfn-2 in cell proliferation may lead to the development of new strategies for treating various diseases, such as cancer and cardiovascular diseases.
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Background and aims: Atherosclerosis is an important cause of clinical cardiovascular events. Atherosclerotic plaques are hypoxic, and reoxygenation improves plaque phenotype. Central players in hypoxia are hypoxia inducible factors (HIF) and their regulators, HIF-prolyl hydroxylase (PHD) isoforms 1, 2, and 3. PHD inhibitors, targeting all three isoforms, are used to alleviate anemia in chronic kidney disease. Likewise, whole-body PHD1 and PHD2ko ameliorate hypercholesterolemia and atherogenesis. As the effect of whole-body PHD3 is unknown, we investigated the effects of germline whole-body PHD3ko on atherosclerosis.

Approach and Results: To initiate hypercholesterolemia and atherosclerosis low-density lipoprotein receptor knockout (LDLrko) and PHD3/LDLr double knockout (PHD3dko), mice were fed a high-cholesterol diet. Atherosclerosis and hypoxia marker pimonidazole were analyzed in aortic roots and brachiocephalic arteries. In contrast to earlier reports on PHD1- and PHD2-deficient mice, a small elevation in the body weight and an increase in the plasma cholesterol and triglyceride levels were observed after 10 weeks of diet. Dyslipidemia might be explained by an increase in hepatic mRNA expression of Cyp7a1 and fatty acid synthase, while lipid efflux of PHD3dko macrophages was comparable to controls. Despite dyslipidemia, plaque size, hypoxia, and phenotype were not altered in the aortic root or in the brachiocephalic artery of PHD3dko mice. Additionally, PHD3dko mice showed enhanced blood hematocrit levels, but no changes in circulating, splenic or lymphoid immune cell subsets.

Conclusion: Here, we report that whole-body PHD3dko instigated an unfavorable lipid profile and increased hematocrit, in contrast to other PHD isoforms, yet without altering atherosclerotic plaque development.
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INTRODUCTION

Atherosclerosis frequently stands at the origin of cardiovascular disease (CVD). Next to the major risk factors like inflammation (Tabas and Bornfeldt, 2016) and dyslipidemia (Plump et al., 1992; Zhang et al., 1992; Ishibashi et al., 1994), hypoxia contributes to the progression of atherosclerotic plaques (Marsch et al., 2014). Critical in this hypoxic signaling cascade are the hypoxia inducible factor (HIF) family members HIF1α and HIF2α. This master transcription factor family steers multiple cellular adaptations, in order to maintain normal cellular functions during hypoxic conditions. These adaptations include metabolic changes, affecting glucose (Samanta and Semenza, 2018) and lipid (Mylonis et al., 2019) metabolism. Also, inflammatory pathways are affected by HIF signaling, and multiple studies have shown that altered HIF1α signaling interferes with atherosclerotic plaque development (Ben-Shoshan et al., 2009; Christoph et al., 2014; Akhtar et al., 2015; Aarup et al., 2016; Jain et al., 2018). The HIFα subunits are constitutively expressed, but can only exert their functions upon translocation and subsequent dimerization with HIF1β in the nucleus. HIF activity is predominantly regulated in an oxygen-dependent manner by the egl-9 family hypoxia inducible factors (EGLN) family, hereafter referred to as HIF-prolyl hydroxylase enzymes PHD1, 2, and 3 (EGLN2, 1, and 3) (Kaelin and Ratcliffe, 2008). Each of these Fe2+ and 2-oxoglutarate-dependent dioxygenases shows a different intracellular localization and affinity for HIF1α and HIF2α (Berra et al., 2003; Appelhoff et al., 2004). Oxygen is used by the PHDs to hydroxylate a proline residue of the HIF1α and HIF2α subunits. Hydroxylated HIF is ubiquitinated by Von Hippel-Lindau proteins, rendering it a target for proteasomal degradation (Appelhoff et al., 2004). PHD2 is considered the most important isoform in vivo, as homozygous PHD2 knockout (ko) embryos die between day 12.5 and 14.5 of gestation (Takeda et al., 2006). PHD3 is the most strongly induced isoform in reaction to hypoxia, followed by PHD2 (Appelhoff et al., 2004; Aprelikova et al., 2004). This makes PHD3 an interesting target for further investigation in the hypoxic atherosclerotic plaque.

Recently, our group showed that whole-body PHD1 deficiency in atherosclerosis-prone low-density lipoprotein receptor knockout (LDLR-ko) mice reduced atherosclerotic plaque size and necrotic plaque content as a result of protective effects on extrahepatic lipid metabolism and macrophage oxygen consumption (Marsch et al., 2016). Another group reported reduced plasma lipid levels due to hepatic effects and protective autoantibodies against oxidized lipids in hypomorphic PHD2/LDLRC699Y mutant mice (Rahtu-Korpela et al., 2016). This resulted in ameliorated plaque size, indicating the importance of PHD proteins in metabolism and subsequent plaque development. In line, PHD inhibitors, targeting all three isoforms to alleviate anemia in chronic kidney disease, also ameliorated lipid metabolism in mice and humans, and atherogenesis in mice (Rahtu-Korpela et al., 2016; Chen et al., 2019a, b). Considering that CKD patients are at risk of CVD, plaques are hypoxic, PHDs can interfere with metabolism, and PHD3 is strongly upregulated during hypoxia. PHD3 is an attractive target to study in the context of atherosclerosis. Hence, we set out to study the effects of whole-body PHD3ko on plaque development.



MATERIALS AND METHODS


Animals and Atherosclerosis Model

All mouse experiments were approved by the regulatory authority of Maastricht University Medical Centre and performed in compliance with the guidelines described in the Directive 2010/63/EU of the European Parliament. All mice were bred at least nine generations on C57/JBl6 background, and male low-density lipoprotein receptor (LDLr) knockout (ko) mice were obtained from an in-house breeding colony, originating from Charles River (Wilmington, MA, United States) and refreshed every 10 generations to avoid genetic drift. All animals were housed in individually ventilated cages (GM500, Tecniplast) in groups of up to five animals per cage, with bedding (corncob, Tecnilab-BMI) and cage enrichment. Cages were changed weekly, reducing handling of the mice to once per week during non-intervention periods. Male PHD3 and LDLr double knockout (PHD3dko) and LDLrko littermates (n = 14 and 22, respectively, 11 weeks old) were fed a high-cholesterol diet (HCD) ad libitum (0.25% cholesterol, SDS 824171) for 10 weeks.



Atherosclerosis Quantification and Immunohistochemistry

One hour prior to sacrifice, all mice were intraperitoneally (i.p.) injected with the hypoxia-specific marker pimonidazole (100 mg/kg, hypoxyprobe Omni HP3 kit, Hypoxyprobe Inc., Burlington, MA, United States). Mice were euthanized with a pentobarbital overdose (100 mg/kg i.p.), and blood was withdrawn via the right ventricle for flow cytometry, absolute white and red blood cell counts (Coulter Ac.T diff, Beckman Coulter, United States), and total cholesterol analysis. Mice were perfused via the left cardiac ventricle with PBS containing sodium nitroprusside (0.1 mg/ml; Sigma-Aldrich, Seelze, Germany). Aortic root and all organs were subsequently excised and fixed in 1% PFA overnight, processed, and paraffin-embedded.

Aortic roots and arches were serially sectioned and stained with hematoxylin and eosin (H&E, Sigma) for plaque area and lipid core content quantification. Plaque stage was quantified on plaque characteristics such as foam cells (early), fibrous cap (intermediate), and necrotic core (advanced). Five consecutive H&E sections at 20 μm intervals were analyzed blindly using computerized morphometry (Leica QWin V3, Cambridge, United Kingdom) and averaged per mouse. Sections within this 100 μm interval were used for the remaining immunohistochemical stainings. If appropriate, antigen retrieval was performed at pH6 (Dako REAL target retrieval, Dako). Atherosclerotic plaques were characterized for macrophage content (MAC3 + area/total area, BD Cat# 553322, RRID:AB_394780). Hypoxia was detected in the aortic roots, using a rabbit polyclonal antibody (clone 2627, Cat# HP MAb-1, RRID:AB_2801307) directed against pimonidazole derivates, formed in vivo specifically in hypoxic but living cells (% pimonidazole/total plaque area). Liver inflammation was quantified as percentage CD45 + cells/total visible area (BD Cat# 553076, RRID:AB_394606).



Total and Hepatic Cholesterol and Triglycerides

Plasma was separated by centrifugation and stored at –80°C until further use. Standard enzymatic techniques were used to assess plasma cholesterol (cholesterol FS’10; Ref: 1 1300 99 10 021; Diagnostic Systems GmbH, Holzheim, Germany) and plasma triglycerides (TG) (FS5’ Ecoline REF 157609990314; DiaSys—Diagnostic Systems GmbH, Holzheim, Germany) automated on the Cobas Fara centrifugal analyzer (Roche). For hepatic cholesterol and TG content, livers were homogenized in SET buffer (250 mM sucrose, 2 mM EDTA, 10 mM Tris, pH 6.8). Upon two freeze-thaw cycles and suction of the homogenate through an insulin syringe, TG and cholesterol were measured in the homogenates using the kits described above. Cholesterol and TG levels were corrected for protein content assessed in the same homogenate using a BCA kit (Thermo Fisher Scientific, Cat. No. 23227).



Flow Cytometry and Blood Variables

Circulating cells were isolated from whole blood and analyzed using flow cytometry (n = 10 per group). Blood was subjected to erythrocyte lysis. The following specific antibodies were used to detect leukocyte subsets: leukocytes (CD45 +, BioLegend Cat# 103129, RRID:AB_893343), T cells (CD3ε +, NK1-1-; Miltenyi, eBioscience Cat# 12-5941-82, RRID:AB_466050), T helper cells (CD4 +, BD Cat# 560246, RRID:AB_1645236), cytotoxic T cells (CD8a +, BD Cat# 560776, RRID:AB_1937317), effector T cells (CD44high CD62low; BD Cat# 560568, RRID:AB_1727481, eBioscience Cat# 25-0621-82, RRID:AB_469633, resp.), B cells (B220 +; BD Cat# 561226, RRID:AB_10563910), NK cells (NK1-1 +, BD Cat# 557391, RRID:AB_396674), eosinophils (SiglecF +; BD Cat# 562681, RRID:AB_2722581), granulocytes (CD11bhigh Ly6Ghigh; BD Cat# 552850, RRID:AB_394491, eBioscience Cat# 12-5931-82, RRID:AB_466045), and monocytes (CD11bhigh Ly6Glow Ly6Chigh/intermediate/low; Miltenyi Cat# 130-093-136, RRID:AB_871571). Data were acquired using a FACS Canto II and analyzed with FACS diva software (BD). For erythropoietic variable analysis, whole blood was diluted 1:10 in Hepes buffer, pH 7.45 (10 mM Hepes, 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 0.1% glucose, 0.1% BSA) and subsequently measured on the XP3000 Sysmex analyzer (Sysmex, Chuo-ku Kobe, Japan).



Cell Culture

Bone marrow was isolated, and cells were cultured for 7 days in RPMI-1640 (Gibco with Glutamax, 2 g/L glucose) supplemented with 10% FCS, 100 U/ml penicillin–streptomycin, and 15% L929-conditioned medium to generate bone marrow-derived macrophages (BMDM).



Real-Time Quantitative PCR

Cells were cultured accordingly, and RNA was isolated and produced as described (Sluimer et al., 2007). qPCR analyses were performed from 10 ng cDNA using SYBR green (Bio-Rad), and gene-specific primer sequences are available on request (Eurogentec, Liege, Belgium). One housekeeping gene (18S) was used to correct for different mRNA quantities between samples.



Insulin ELISA

Insulin was measured in plasma of LDLrko and PHD3dko mice based on the manufacturers’ protocol (Mercodia, 10-1247-01).



Bone Marrow-Derived Macrophage Cholesterol Efflux

PHD3dko and LDLrko BMDMs were loaded overnight with acetylated LDL (50 μg/ml, Alfa Aesar J65029) and 1 uCi/mL H3-cholesterol with or without 2 ug/mL ACAT inhibitor (Sandoz 58-035, Sigma). To increase ABCA1 expression, BMDMs were incubated with 0.3 mmol/L cAMP (Sigma-Aldrich, C3912) for 6 h and were then exposed to purified human HDL 50 ug/mL (Alfa Aesar, Haverhill, MA, United States) in media for 4 h. After these 4 h, the HDL in media was removed, macrophages were lysed, and scintillation counting was used to quantify the amount of 3H-cholesterol in each compartment. We calculated the cholesterol efflux capacity as follows: [microcuries 3H in media containing human HDL/ApoA1—microcuries 3H in serum-free media/(total microcuries 3H in media and cell lysate)] x 100%. This value represents the total cholesterol efflux capacity. To be able to determine ABCA/G1-mediated cholesterol efflux capacity, we used the same protocol on BMDMs which are not treated with cAMP prior to HDL exposure. The difference between cAMP-induced (global) and non-cAMP-induced cholesterol efflux represents cAMP inducible or ABCA/G1-mediated cholesterol efflux.



Statistical Analysis

All data are presented as mean ± SEM. All variables were analyzed using independent sample tests and were tested for outliers and normal distribution using Grubs test and Shapiro–Wilk normality test, respectively. Variables with two groups were compared with student’s t-test or Mann–Whitney rank-sum test. In case of more than two groups, variables were analyzed using one-way ANOVA followed by Bonferroni’s multiple comparison test. A p-value of <0.05 was considered significant (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).




RESULTS


Vascular Cell Types Expressed PHD3 and PHD3 Deficiency Enhanced Red Blood Cell Count

PHD3 was expressed by all major cell types involved in atherosclerosis (Figure 1A) and its deletion might hence change the course of atherogenesis. PHD3 is an important regulator of HIF1α and HIF2α activities, the latter being the main driver of EPO production (Warnecke et al., 2004; Scortegagna et al., 2005; Kapitsinou et al., 2010). As expected, plasma erythrocyte, hematocrit, and hemoglobin were enhanced in PHD3dko compared to controls at the moment of sacrifice (Figures 1B–F). White blood cell count and platelets were not significantly different. These results confirm PHD3ko in our mice at functional level.


[image: image]


FIGURE 1. All vascular cells expressed PHD3 and increased Hb and Ht confirmed functional PHD3ko. (A) PHD3 mRNA expression in vascular cells involved in atherosclerosis in vitro (n = 4 replicates per group). Expression is depicted as relative expression, corrected for 18S. (B–F) Hematopoietic variables of LDLrko (n = 21) and PHD3dko (n = 14) mice measured from blood drawn upon sacrifice. (B) Red blood cells (RBC), (C) Hematocrit, (D) Hemoglobin, (E) White blood cells (WBC), and (F) Platelets. BMDM, bone marrow derived macrophage; SMC, smooth muscle cell; Fib, 3T3 fibroblast; EC, mouse cardiac endothelial cell. All results show mean ± SEM. ∗p < 0.05, ∗∗p < 0.01.





Whole-Body PHD3dko Increased Murine Body Weight and Circulating Lipids

Before the start of the high-cholesterol diet (t = 0) and prior to sacrifice (t = 10), body weight was measured. Unexpectedly, PHD3dko mice showed enhanced body weight both before and after the start of the diet (Figure 2A). Enhanced body weight at the end of the diet might not only be attributed to enhanced mass prior to the diet, as PHD3dko mice also showed a trend toward more weight gain during the study (p = 0.08) (Figure 2B). Increased body mass was accompanied by a small increase in circulating total cholesterol (+7.08%) and significantly elevated TG levels (+17.9%) after 10 weeks of diet, while baseline measurements showed no difference (Figures 2C,D). Lipid homeostasis is strongly influenced by hepatic uptake, synthesis, and biliary excretion of cholesterol and to a minor extent also by reversed cholesterol transport by macrophages (Afonso et al., 2018; Westerterp et al., 2018). Reversed cholesterol transport probably does not explain circulating lipid levels, as in vitro BMDM cholesterol efflux capacity was unchanged (Figure 2E). Hence, the hepatic phenotype was studied. Importantly, PHD3 was successfully knocked out in the livers of PHD3dko mice, without compensatory upregulation of other PHD isoforms (Figures 2F–H). Liver lipid content, weight, and inflammation were not different between both groups (Figures 2I–L). mRNA expression of multiple lipid homeostasis-related genes in PHD3dko and control livers revealed significant changes in fatty acid synthase (FAS) and Cyp7a1 (Figure 2N). As alterations in these genes lead to an imbalance in lipid profiles, this could be the explanation for our blood lipid phenotype. Next to lipid homeostasis, we also investigated genes related to glucose and insulin signaling in PHD3dko and control livers (Figure 2M). We observed an increase in insulin-independent and insulin-dependent glucose transporters, Glut1/Glut2 and Glut4, respectively. Despite the enhanced expression, we were unable to show an increase in insulin levels in the plasma (Supplementary Figure 1, data not shown).
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FIGURE 2. PHD3dko mice showed increased bodyweight and circulating lipids. (A) Body weight of PHD3dko and LDLrko mice at start and end of the diet. (B) Body weight gain measured after 10 weeks of diet. (C,D) Plasma cholesterol and TG levels at start of diet and 10 weeks of diet. (E) Global and cAMP-induced cholesterol efflux capacity of LDLrko and PHD3dko BMDMs. (F) Gene expression of PHD1, (G) PHD2, and (H) PHD3 in whole liver tissue of LDLrko and PHD3dko mice (n = 5/group). Expression is relative to LDLrko expression levels of respective gene of interest. (I,J) Hepatic cholesterol (PHD3dko n = 20, LDLrko n = 14) and TG (PHD3dko n = 20, LDLrko n = 13) content of mouse livers corrected for total amount of hepatic protein. (K) Liver weight corrected for total body weight. (L) Representative microphotographs of CD45 stained sections of liver. Scalebar represents 100 μm. (M) Hepatic inflammation as measured by CD45 positive cells per visible hepatic area (PHD3dko n = 21, LDLrko n = 14). (N) Gene expression of lipid and glucose homeostasis related genes in livers of PHD3dko mice. Expression depicted relative to LDLrko expression levels of respective gene of interest (LDLrko N = 9, PHD3dko N = 7). PPARγ, peroxisome proliferator-activated receptor gamma; SREBPc1, sterol regulatory element-binding protein; FAS, fatty acid synthase; CYP7a1/8b1, cytochrome P450 7a1/8b1; CD36, cluster of differentiation 36; Glut1/2/4, glucose transporter 1, 2, or 4; IRS1/2, insulin receptor substrate 1/2. Sample size n = 14 for PHD3dko and n = 22 for LDLrko groups unless otherwise stated. All results show mean ± SEM. *p < 0.05, **p < 0.01.





PHD3dko Did Not Affect Plaque Size Despite Inducing Hyperlipidemia

Given the increased plasma lipid levels, albeit modest, we expected a small aggravation of atherogenesis in PHD3dko mice. However, the plaque size and the necrotic plaque content in the aortic root were unchanged compared to controls (Figures 3A,B). We reasoned that we could not find an effect on atherogenesis, as plaques had progressed to a fulminant stage, where differences might not be observed anymore. This was confirmed in the plaque stage classification, illustrating that the majority of plaques are advanced, irrespective of PHD3 deletion (Figure 3C). Hence, we also assessed plaque size at a second location, the brachiocephalic artery, where plaque development starts at a later stage (Nakashima et al., 1994). In line with findings in the aortic root, no differences were observed in plaque size or necrotic core content of the brachiocephalic artery, with less advanced lesions than the aortic root (Figures 3D,E). Accordingly, plaque hypoxia, macrophage, and collagen content in the aortic root were not significantly different between both groups (Figures 4A–F). Since whole-body PHD1ko on an LDLrko background led to changes in circulating immune cell subsets, we checked whether PHD3dko could lead to similar effects. However, in line with unchanged macrophage content in the plaque, PHD3dko did not lead to changes in circulating leukocyte and lymphocyte subsets between both groups (Supplementary Figures 2A–L).
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FIGURE 3. PHD3dko did not change plaque size or necrotic content. (A) Representative microphotographs of H&E stained sections of aortic root (AR) (PHD3dko n = 18, LDLrko n = 10) and (B) quantification of plaque size and necrotic plaque content. (C) Plaque stage represented as early, intermediate, or advanced. (D) Representative microphotographs of H&E stained sections of brachiocephalic artery (BC) (PHD3dko n = 21, LDLrko n = 13), and (E) quantification of plaque size and necrotic plaque content. Scalebar represents 100 μm in AR and 200 μm in BC photographs.
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FIGURE 4. PHD3dko did not affect plaque hypoxia, macrophage or collagen content. (A) Representative microphotographs of aortic root sections stained for hypoxia content (pimonidazole), (B) quantification (PHD3dko n = 18, LDLrko n = 10), (C) macrophage content (MAC3), and (D) quantification (PHD3dko n = 16, LDLrko n = 10), (E) collagen content (Picro sirius red), and (F) quantification (PHD3dko n = 18, LDLrko n = 11). Scalebar represents 100 μm.






DISCUSSION

In this study, we set out to investigate the effects of whole-body PHD3 deficiency on atherosclerotic plaque development. Despite enhanced lipid and hematocrit levels in whole-body PHD3dko mice, we did not observe an effect on atherogenesis.

Our group and others already showed the significance of PHD proteins in regulating total circulating cholesterol and/or triglyceride levels, which are important contributors to atherogenesis. In our prior study, whole-body PHD1 deficiency was seen to decrease plasma cholesterol and TG levels by ∼30%, subsequently decreasing plaque size and necrotic plaque content in these mice (Marsch et al., 2016). Comparable findings were apparent in hypomorphic PHD2ko mice, with reduced plaque size and advantageous lipid homeostasis (Rahtu-Korpela et al., 2014, 2016). As opposed to PHD1 and PHD2 deficiency, here we report an increase in plasma lipids in PHD3dko mice, albeit only by 10–18%. This may simply be insufficient to alter atherogenesis. The clinical relevance of this moderate increase in cholesterol levels upon high-cholesterol diet feeding is unclear. In a clinical trial testing Vadadustat, a moderately selective PHD3 inhibitor, no changes were found in circulating cholesterol or triglyceride levels (Martin et al., 2017). However, Vadadustat also inhibits PHD2, albeit to a lesser extent. Considering that several PHD2 selective inhibitors reduced lipid levels in humans, the latter study might suggest that potentially harmful effects of PHD3 inhibition may have been masked by the co-inhibition of PHD2. This highlights that PHD3 influences metabolism in an essentially different way than the PHD1 and PHD2 isoforms.

Why whole-body PHD3dko acts hyperlipidemic instead of hypolipidemic, like PHD1 and PHD2, remains elusive. PHD3 deficiency may have led to HIF2α-mediated changes in lipid metabolism, as HIF2α is known to participate in lipid homeostasis. In hepatic PHD3ko mice, glucose tolerance and insulin sensitivity were increased in a HIF2α, but not HIF1α, dependent way by upregulating insulin receptor substrate 2 expression (Taniguchi et al., 2013). Increased insulin sensitivity is, however, expected to promote an advantageous lipid profile, which was not observed in our whole-body PHD3dko model. Moreover, a lack of increase in the plasma insulin and in the hepatic expression of insulin responsive genes suggests that insulin sensitivity was unchanged in whole-body PHD3dko mice. As high-fat diet with 60%kcal from fat, rather than high-cholesterol diet (21%kcal fat), would be needed to induce overt glucose intolerance, the current high-cholesterol study is not suitable to yield conclusions on glucose and/or insulin intolerance. Alternatively, CYP7a1 may underlie the observed effect. Interestingly, liver-specific pVHL knockout mice displayed hypercholesterolemia, an effect that was HIF2α dependent, and presumably involved an inhibition of Cyp7a1-mediated conversion of cholesterol into bile acids (Ramakrishnan et al., 2014). Of note, lack of Von Hippel–Lindau protein (pVHL) can also partly mimic PHD deficiency, since pVHL-deficient mice have a sustained activation of HIF1α and HIF2α, due to disrupted breakdown of HIF proteins. As we observe decreased Cyp7a1 expression, this may have been the underlying mechanism for enhanced plasma cholesterol in PHD3dko mice. In addition, an increase in fatty acid synthase (FAS) expression could be the cause of the increased triglyceride levels in PHD3dko mice. In cancer, it has been shown that hypoxia can induce FAS expression, possibly via sterol regulatory element-binding protein 1c (SREBP1c). However, the hepatic expression of SREBP1c did not differ between PHD3dko and controls, indicating that the activation of FAS might occur via a different route. One possible pathway could be the induction of Bcl2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3) in hypoxia, leading to the induction of FAS (Lee et al., 2017).

Interestingly, a recent study from Auvinen et al. investigated the relationship between Hb, body mass-index (BMI), and circulating metabolites in two Finnish cohorts: the Northern Finland Birth Cohort 1966 (Rantakallio, 1969; Jarvelin et al., 2004) and Young Finns Study (Raitakari et al., 2008). They found that increased Hb levels were positively associated with BMI (Auvinen et al., 2018). Moreover, Hb levels were positively associated with a unfavorable lipid profile and glucose intolerance, independent of BMI, sex, smoking, and physical activity. However, Mendelian randomization analyses could not establish a causal relationship between Hb and BMI; hence, additional research to address causality is warranted. Nevertheless, experiments in mice that underwent venesection and subsequently showed enhanced Hb levels after 2 weeks also displayed concurrent increase in body weight, circulating glucose and cholesterol levels (Auvinen et al., 2018). The observed increase in Hb with enhanced lipid levels and body weight phenocopied our findings in PHD3dko mice. The mechanistic interplay between Hb, plasma lipid levels and body weight are unfortunately still unchartered. Advancing insights about this relationship might be able to explain our findings in the near future.

The lack of effect on atherogenesis is surprising, considering altered lipid metabolism and the overt phenotypes of the other two isoforms, PHD1 and PHD2 (Rahtu-Korpela et al., 2014; Marsch et al., 2016). Functional effects of PHD3 deficiency in plaque cells may have counteracted the mild, systemic increase in lipids. In addition, cell type-specific effects may have counteracted each other, leaving the net plaque progression unaltered. Cell type-specific knockouts would be needed to convincingly prove this hypothesis. In contrast to our current findings, a study using a short hair-pin approach targeting PHD3 found a beneficial effect on atherogenesis (Liu et al., 2016). The apparent contrasting results may be explained by different methods, i.e., partial KD in adult mice is not similar to complete KO from embryonic stage. In addition, an ApoE knock-out model was used, which manifests in different atherogenic outcome measures compared to LDLrko mice in terms of inflammation, lipid profile, and plaque phenotype (Getz and Reardon, 2016; Oppi et al., 2019).

A third explanation for the lack of effect on atherogenesis may be the potential compensatory upregulation of other PHD isoforms in the arterial wall and other disease-relevant organs following whole-body PHD3 deletion. In our PHD3dko mice, hepatic Phd1 and Phd2 mRNA expression was not significantly different compared to controls. According to literature, compensatory upregulation of PHD1 or PHD2 in reaction to PHD3 deficiency and vice versa could occur in other cell types. The extent of these effects is, however, dependent on cell type and the targeted HIF isoform (Appelhoff et al., 2004; Mazzone et al., 2009; Minamishima et al., 2009; Walmsley et al., 2011; Taniguchi et al., 2013). For example, there seems to be an upregulation of PHD1 in MCF7 cells, a breast cancer cell line, treated with PHD3 siRNA (Appelhoff et al., 2004). In contrast, others claim there is no compensatory upregulation of PHD1 or PHD2 in neutrophils isolated from PHD3ko mice (Walmsley et al., 2011). It remains to be studied if this was the case in the arterial wall. Another surprise was that plaque hypoxic content was similar, despite a slight increase in hemoglobin and hematocrit in PHD3dko mice. PHD1 deficiency in atherosclerotic plaques and heart reduced oxygen consumption and tissue hypoxia (Aragones et al., 2008; Marsch et al., 2016). In summary, even though PHD3dko mice are mildly dyslipidemic and polycythemic, PHD3 deficiency does not worsen atherogenesis. These effects are in contrast to effect size and directionality of the other PHD isoforms, suggesting PHD isoform-dependent effects on cardiovascular disease metabolism.
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Hypoxia-induced mitogenic factor (HIMF), also known as resistin-like molecule α (RELMα) or found in inflammatory zone 1 (FIZZ1) is a member of the RELM protein family expressed in mice. It is involved in a plethora of physiological processes, including mitogenesis, angiogenesis, inflammation, and vasoconstriction. HIMF expression can be stimulated under pathological conditions and this plays a critical role in pulmonary, cardiovascular and metabolic disorders. The present review summarizes the molecular characteristics, and the physiological and pathological roles of HIMF in normal and diseased conditions. The potential clinical significance of these findings for human is also discussed.
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INTRODUCTION

Hypoxia-induced mitogenic factor (HIMF), also known as found in inflammatory zone 1 (FIZZ1) or resistin-like molecule α (RELMα), is a pro-inflammatory cytokine in mice. HIMF expression is markedly increased in the hyperplastic bronchial epithelium of mice with allergic pulmonary inflammation (Holcomb et al., 2000). Three years later, Teng et al. (2003) also reported a novel role for this molecule in the pathogenesis of hypoxia-induced pulmonary hypertension (PH). Hypoxia was found to induce HIMF expression, and the protein was upregulated in a murine chronic hypoxia model of pulmonary hypertension. The authors renamed this gene HIMF, as the recombinant protein stimulated the proliferation of rat pulmonary microvascular smooth muscle cells (PSMCs). Following investigations using a chronic hypoxia-induced PH mouse model uncovered a pluoripotent array of pathological roles played by HIMF, including in angiogenesis, vasoconstriction, inflammation and fibrosis. Together, these properties endow HIMF with a critical function in pulmonary vascular remodeling and, thus, in the development of PH after hypoxia. Notably, HIMF has also been linked to both cell survival and cell death, depending on the dose and cellular context. For example, despite the harmful effects of increased HIMF expression in lung disease, particularly in PH, basal expression of HIMF is required for normal lung development.

In addition to its involvement in pulmonary disease, a number of studies have demonstrated that HIMF also participates in the development of cardiovascular diseases and metabolic disorders in mice. Furthermore, recent studies by our group have uncovered a novel role for HIMF in the pathogenesis of pressure overload-induced cardiac hypertrophy and fibrosis (Kumar et al., 2018, 2019). These findings are of particular note because the two human homologs of HIMF, RELMβ, and resistin (hRETN), are also associated with cardiovascular diseases. For example, there is a positive correlation between resistin plasma levels and the incidence of cardiovascular events in patients with cardiovascular diseases (Zhang et al., 2011). Furthermore, studies in mice have revealed a causal relationship between the RELMβ expression and the pathogenesis of atherosclerosis (Kushiyama et al., 2013). Therefore, HIMF (and, by extension, its human homologs) may represent potential, clinically significant biomarkers or therapeutic targets for the diagnosis, prognosis and treatment of cardiovascular diseases. The pro-inflammatory properties of HIMF are of particular interest, as these contribute to metabolic complications which are closely associated with chronic low-grade inflammation. Similar to its function in lung tissue, HIMF regulates glucose and energetic metabolism in dose and cell-dependent manners. Increased HIMF expression results in metabolic disturbance, but basal levels of HIMF expression by a certain group of immune cells (CD301b+ mononuclear phagocytes) is required for the maintenance of metabolic homeostasis (Kumamoto et al., 2016).

This review summarizes the molecular characteristics of HIMF, including its molecular structure, tissue-specific distribution, transcription mechanisms and receptors. We primarily focus on the pluripotent physiological and pathological functions of HIMF, particularly in the pathogenesis of pulmonary, cardiovascular and metabolic disorders, alongside, the respective downstream signaling pathways. The potential clinical significance of HIMF is also discussed.



MOLECULAR CHARACTERIZATIONS


Structure

HIMF (RELMα, also known as FIZZ1) is a 9.4 kDa cysteine-rich secretory cytokine that belongs to the FIZZ/RELM family, which also includes RELMβ (FIZZ2) and RELMγ. RELMα, and FIZZ1, as well as RELMβ and FIZZ2 were discovered independently by separate, unrelated labs as different functional proteins, but finally proved to be the same. The RELM proteins share a similar cysteine composition and other signature features with resistin (known as FIZZ3 in mice). The RELM family proteins typically range from 105 to 114 amino acids in length and are composed of three domains: an N-terminal sequence containing a secretory signal peptide, a variable middle portion, and a unique, highly conserved C-terminal signature sequence that contains 10 cysteine residues (Banerjee and Lazar, 2001). Members of the RELM family show strong interspecies and intraspecies homology, especially at this cysteine-rich C-terminus.



Tissue-Specific Distribution

The expression of HIMF, as with other members of the RELM family, is uneven across different types of tissue. For example, expression of HIMF (FIZZ1) is 10-fold higher in murine lung tissue compared with heart tissue or skeletal muscle (Holcomb et al., 2000). Alongside the lung and heart, HIMF is also expressed in the tongue, but its expression is highest in adipose tissue (Steppan et al., 2001). In addition, HIMF has also been found to mediate myeloid cell chemotaxis (Su et al., 2007). Meanwhile, RELMβ (FIZZ2) is exclusively expressed in the gastrointestinal tract, specifically in actively replicating crypt endothelium of the colon and small bowel (Hogan et al., 2006), similar to the findings by Holcomb. RELMγ has been found to be expressed in hematopoietic tissues and lung in rodents (Gerstmayer et al., 2003), and FIZZ3 is expressed in white adipocytes throughout the body (Holcomb et al., 2000).

In addition to these initial findings, RELM proteins may also be expressed in other tissues under pathological conditions or during development. For example, HIMF and other RELM proteins are expressed in the murine liver during helminth-induced Th2-type immune responses (Pesce et al., 2009). HIMF is also expressed by macrophages, and increased HIMF levels can be used as a marker for alternatively activated (M2) macrophages in mice. RELMβb and resistin are homologs of HIMF, and the expression patterns of RELMβ in the human lung are similar to those of HIMF in mice. Human resistin is also expressed in myeloid cells, especially macrophages, with a similar expression pattern to murine HIMF. Advances in protein quantification techniques are also revealing novel expression sites for RELM proteins, with hResistin expression recently being characterized across normal human tissues using a newly developed monoclonal antibody (Lin et al., 2020). hResistin was found to be principally localized in the cytoplasmic granules of macrophages, which are present in the interstitial space of the majority of human tissues. Therefore, the functions of HIMF in rodents may indicate potential roles of human RELMβ and resistin depending on the induction site and the cellular source of the protein.



Transcription Mechanisms

The mechanisms involved in the induction of HIMF transcription remain to be fully characterized, and may vary between physiological and pathological conditions. However, its expression is altered during development. For example, HIMF expression is upregulated in embryonic mouse lung tissue, and is involved in normal lung development. The transcription factor Ets-1, which is also expressed in the developing mouse lung, has been found to contribute to developmental expression of HIMF (Li et al., 2007). In this study, Ets-1 was found to increase HIMF promoter luciferase activity in a heterogenous expression system, and chromatin immunoprecipitation (ChIP) assays revealed that Ets-1 bound to the HIMF promoter region in embryonic day (E) 20 lung tissues. Ets-1 is also known to participate in the transcriptional activation of vascular endothelial growth factor receptor-2 (Flk-1), in coordination with hypoxia-inducible factor 2α (HIF-2α), during vascular development and angiogenesis (Elvert et al., 2003). HIF-2α expression is co-localized with HIMF in the developing airway epithelial cells and alveolar type II cells, suggesting that it may also induce HIMF expression during lung development (Wagner et al., 2004).

Furthermore, signal transducers and activators of transcription 6 (STAT6) and C/EBP have been suggested to mediate HIMF induction during the Th2 inflammatory response (Yamaji-Kegan et al., 2010). Cellular experiments demonstrated that HIMF promoter reporter gene constructs respond to Th2-cytokines, IL-4, and IL-13 stimulation. In addition, the promoter region of the HIMF gene was found to contain functional binding sites for signal transducers and activators of transcription 6 (STAT6) and C/EBP. Point mutations in the STAT6 or the C/EBP sites led to the loss of cytokine responsiveness, indicating that Th2-related HIMF induction is orchestrated by the coordinated action of STAT6 and C/EBP. The involvement of STAT6 in the mediation of HIMF production has also been confirmed in a murine model of acute pulmonary inflammation, with HIMF found to be upregulated 6 h after antigen challenge. Notably, this effect was abolished by STAT6 gene ablation.

The potential role of hypoxia inducible factor-1α (HIF-1α) in HIMF induction, particularly in hypoxia-induced PH, has also generated a great deal of attention. HIF-1α is also activated during hypoxia, and serves a critical function in both hypoxic inflammation and Th2 immune activation in the lung. Previous experiments in HIF-1α heterozygous null (HIF-1α+/–) mice also found that HIMF induced HIF-1α expression, and HIMF-induced PH was significantly diminished in HIF-1α+/– mice (Johns et al., 2016). In addition, recent work by our group revealed that HIMF increases HIF-1α expression and cardiomyocyte hypertrophy, but HIF-1α activation has no impact on HIMF expression (Kumar et al., 2018). Taken together, these results suggest that HIF-1α is a critical downstream mediator of HIMF-induced PH and cardiac hypertrophy, rather than an upstream transcription factor controlling HIMF expression.



Receptors

Although a number of signaling pathways are activated by HIMF, the functional receptors for HIMF, resistin and other RELM proteins, remain unclear. Previous research has determined that HIMF induces the release of intracellular Ca2+ in pulmonary artery smooth muscle cells through the PLC-IP3 pathway (Fan et al., 2009). This suggests that HIMF may act as a ligand of G protein coupled receptors (GPCRs), the activation of which stimulates PLC-IP3 signaling. This previous study further revealed that the HIMF-induced Ca2+ response was attenuated by the tyrosine kinase inhibitor genistein. In addition, the pattern of Ca2+ release was altered by Gαq/11 knockdown, from sustained oscillatory Ca2+ transients with prolonged plateaus to a series of short Ca2+ transients. However, this effect was not elicited by Gαi or Gαs knockdown. These results led the authors to conclude that Gαq/11 protein-coupled receptors and a receptor tyrosine kinase are critical to HIMF-induced Ca2+ signaling. A more recent study from the same group demonstrated that Bruton’s tyrosine kinase (BTK) is a binding partner for HIMF (Lin et al., 2019a), providing further evidence to suggest that HIMF functions via intracellular receptor tyrosine phosphorylation. However, the exact GPCRs involved remain unknown.

A recent study has reported that extracellular calcium-sensing receptor (CaSR) acts as a receptor for intracellular HIMF (Zeng et al., 2017). Using a yeast 2-hybrid assay, the authors found that HIMF bound to the intracellular domain of CaSR, increasing the activity of the receptor. In turn, this mediated the hypoxia-induced proliferation of PSMCs, pulmonary vascular remodeling, and consequent pulmonary hypertension. However, CaSR appears to be a non-classical receptor for HIMF, mediating intracellular HIMF signaling only. Although the classical HIMF receptor remains to be identified, it is interesting that a synthesized, membrane-permeable peptide targeting the intracellular binding domain of CaSR for HIMF attenuated the development of hypoxia-induced PH.



PLUORIPOTENT EFFECTS AND ASSOCIATED SIGNALING PATHWAYS


Mitogenesis

One of the most prominent functions of HIMF is its involvement in mitogenesis. Indeed, it was initially termed RELMα, but was renamed after it was found to induce PSMC proliferation (Teng et al., 2003). Subsequent studies demonstrated that HIMF can also induce the proliferation of endothelial and fibroblast cells. The activation of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway is critical during PSMC proliferation, with the inhibition of PI3K significantly suppressing Akt phosphorylation and PSMC proliferation. The PI3K/Akt pathway also contributes to the proliferation of HIMF-induced endothelial cells (ECs), by inducing the production of vascular endothelial growth factor (VEGF) through NF–κB (Tong et al., 2006a; Yamaji-Kegan et al., 2006). In addition, the mitogen-activated protein kinase (MAPK) pathway was also found to be involved in HIMF-induced EC proliferation, with the ERK inhibitor U0126 significantly inhibiting EC proliferation. A recent study by our group demonstrated that HIMF also stimulates cardiac fibroblast (CF) proliferation in a dose-dependent manner (Kumar et al., 2019). Here, IL-6 plays a key role, activating the MAPK and calcium/calmodulin-dependent protein kinase II (CaMKII)-STAT3 pathways (Figure 1).
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FIGURE 1. HIMF links multiple mitogenesis-associated pathways. Schematic representing the direct target genes involved in various signaling pathways associated with mitogensis that are induced by HIMF.




Angiogenesis

Angiogenesis involves a cascade of intricately regulated processes, including the dissolvement of the basement membrane and extracellular matrix, EC migration, and subsequent EC proliferation and vascular sprouting (Li et al., 2013). The stimulation of angiogenic growth factors, including VEGFs and fibroblast growth factors (FGFs), plays an important role in this process (Li et al., 2013). HIMF is also strongly associated with angiogenesis. Previous studies have shown that HIMF stimulates VEGF production in vascular ECs, and promotes the proliferation and migration of ECs and vascular sprouting (Tong et al., 2006c; Yamaji-Kegan et al., 2006). Furthermore, suppressing VEGF receptor-2 (VEGFR2) significantly inhibited HIMF-induced angiogenesis. HIMF has also been found to increase the production of Flk-1, which contributes to pulmonary angiogenesis (Tong et al., 2006b). Activation of the PI-3K/Akt-NF-κB signaling pathway has been suggested to mediate the induction of VEGF and Flk-1 expression (Tong et al., 2006a,b). Notably, in addition to targeting endothelial cells directly, HIMF has also been shown to stimulate angiogenesis through the activation of myoblasts (Su et al., 2017). HIMF increases IL-18 production through the PDK1/PI3K/Akt signaling pathway in myoblasts, which in turn promotes tube formation of the endothelial progenitor cells.

Angiogenesis is closely linked to inflammation. Pro-inflammatory cells, particularly macrophages, not only release large quantities of angiogenic factors under pathological conditions, but also indirectly promote angiogenesis through releasing inflammatory factors that recruit endothelial progenitor cells, which also promote vascular formation. HIMF has been found to recruit CD68-positive cells in mouse lungs and to stimulate the production of monocyte chemotactic protein-1 (MCP-1) and stromal cell-derived factor-1 (SDF-1), which are both angiogenesis-related inflammatory factors (Yamaji-Kegan et al., 2006). These effects were suppressed by treatment with a VEGFR2 inhibitor, providing further evidence to support a causal link between HIMF activity and VEGF-associated angiogenesis.



Inflammation

HIMF is a well-known marker of activated M2 anti-inflammatory macrophage. One of the most abundant neuropeptides in lung, calcitonin gene-related peptide (CGRP), has been found to attenuate lipopolysaccharide (LPS)-induced acute lung injury in rats. CGRP significantly reduced LPS-induced NLRP3 activation and increased the expression of HIMF, which was induced by IL-4 in macrophages (Duan et al., 2017). Similar results were reported in the liver of human cholestatic patients and bile duct-ligated mice. The activation of the NLRP3 inflammasome and increased numbers of M2 anti-inflammatory macrophages, as evidenced by increased HIMF expression, aggravated hepatic injury (Cai et al., 2020). Meanwhile, the inhibition of inflammation and induction of M2 macrophage polarization via the miR-223/TRAF6/NF-κB axis alleviated viral myocarditis (Xue et al., 2020).

Previous studies have shown that HIMF induces the production and release of an array of pro-inflammatory factors, including IL-4 (Yamaji-Kegan et al., 2014), IL-6 (Johns et al., 2016), IL-18 (Su et al., 2017), TNF-α (Song et al., 2012), HMGB1 (Lin et al., 2019a,b), vascular adhesion molecule-1 VCAM-1 (Tong et al., 2006d), MCP-1 and SDF-1 (Yamaji-Kegan et al., 2010). A single injection of recombinant HIMF induced IL-4 production and lung injury in mice, while ablation of IL-4 abolished the recruitment of macrophages to the lung and the pulmonary vascular inflammation caused by HIMF (Yamaji-Kegan et al., 2014). In hypoxia-induced PH, HIMF induced the recruitment of macrophages and α-SMA-production cells, and increased IL-6 production via HIF-1α activation (Johns et al., 2016). HIMF also upregulates VCAM-1 expression and mononuclear cell sequestration to the lung parenchyma in bacterial lipopolysaccharide (LPS)-induced acute lung injury, increasing its severity (Tong et al., 2006d). Furthermore, HIMF mediates EC-smooth muscle cell crosstalk, affecting HMGB1-RAGE signaling (Lin et al., 2019a), and induces macrophage-specific HMGB1/RAGE expression. This, in turn, increases the apoptosis-resistant proliferation of human pulmonary artery smooth muscle cells during pulmonary vascular remodeling (Lin et al., 2019b). The induction of the pro-inflammatory factors MCP-1 and SDF-1 by HIMF also results in vascular remodeling in PH. Meanwhile, in the heart, HIMF also stimulates IL-6 production in cardiomyocytes and cardiac fibroblasts via the activation of the MAPK and CaMKII–STAT3 pathways (Kumar et al., 2019).

Interestingly, HIMF appears to regulate T helper type 2 (Th2)-induced inflammation in a different fashion. HIMF expression is induced by the Th2 cytokines IL-4 and IL-13, and serves as a biomarker for the transformation of alternatively activated macrophages (AAMacs). The activation of AAMacs is the hallmark of several inflammatory conditions associated with parasite infection, allergy, diabetes and cancer (Nair et al., 2009). In a Schistosoma mansoni (Sm) eggs-induced mouse model of Th2 cytokine-dependent lung inflammation, HIMF suppressed Th2 cytokine-mediated pulmonary inflammation, and ablation of HIMF in mice exacerbated lung inflammation (Nair et al., 2009; Pesce et al., 2009). The effect of HIMF on the suppression of helminth-induced Th2-type immunity also occurs in other organs, such as the liver (Pesce et al., 2009). The underlying mechanism is related to the ability of HIMF inhibiting macrophage and CD4+ cells-mediated Th2 cytokine production in a Bruton’s tyrosine kinase-dependent manner (Nair et al., 2009).



Vasoconstriction

In addition to the aforementioned processes, HIMF is also involved in vasoconstriction of the pulmonary artery. For example, intravenous injection of HIMF is known to increase pulmonary arterial pressure and pulmonary vascular resistance in mice. Surprisingly, the constrictive effect of HIMF is even more potent than either endothelin-1 or angiotensin II (Teng et al., 2003). This effect has been attributed to regulation of the Ca2+ signal by HIMF, with recombinant murine HIMF increasing the intracellular Ca2+ concentration in a sustained, oscillatory manner in human pulmonary artery smooth muscle cells (SMCs). Notably, the Ca2+ increase is related to IP3-mediated intracellular Ca2+ release, but not extracellular Ca2+ influx. Inhibition of PLC-IP3 and tyrosine kinase abolished HIMF-induced Ca2+ signaling, while knockdown of Gαq/11 expression and ryanodine pre-treatment altered the pattern of Ca2+ release (Fan et al., 2009). Taken together, this suggests that HIMF stimulates intracellular Ca2+ release in human pulmonary artery SMCs through the PLC signaling pathway, in an IP3- and tyrosine phosphorylation-dependent manner. Furthermore, Gαq/11 protein-coupled receptors and ryanodine receptors are also involved in Ca2+ regulation.

However, whether HIMF exerts similar effects on systemic artery SMCs, and the potential roles of HIMF in regulation of blood pressure, remain to be fully elucidated and warrant further study.



HIMF AND DISEASES


Pulmonary Diseases


Pulmonary Hypertension (PH)

The most well-studied disease associated with HIMF is hypoxia-induced PH; a disease characterized by the progressive elevation of hypoxia-induced pulmonary vascular resistance, the development of right ventricular failure, and ultimately death. The elevation of vascular resistance is primarily attributed to pulmonary artery constriction and vascular remodeling in response to hypoxia. Vascular remodeling involves complicated pathological processes that include angiogenesis, muscularization, the thickening of small pulmonary vessels, inflammation, and fibrosis. HIMF is upregulated in the pulmonary vasculature, bronchial epithelial cells, and type II pneumocytes in hypoxia-induced PH (Teng et al., 2003). HIMF is also known to increase pulmonary vasoconstriction, and has a critical role in each pathological process of vascular remodeling. It enhances the angiogenic capacity of pulmonary myoblasts and the tubule formation of progenitor endothelial cells (Su et al., 2017). Furthermore, HIMF also induces the proliferation of pulmonary SMCs and fibroblast (FCs), as well as the differentiation of FCs, leading to muscularization, thickening of small pulmonary vessels, and lung fibrosis (Teng et al., 2003). In addition, HIMF induces lung inflammation, which promotes vascular remodeling and lung fibrosis (Liu et al., 2009; Angelini et al., 2013; Figure 2).


[image: image]

FIGURE 2. Role of HIMF in hypoxia-induced pulmonary hypertension. HIMF induces pulmonary vasoconstriction, which plays a critical role in pulmonary hypertension. Simultaneously, HIMF also induces the proliferation of pulmonary arterial endothelial cells, smooth muscle cells and fibroblasts, which leads to angiogenesis, muscularization, the thickening of small pulmonary vessels, fibrosis, and subsequent vascular remodeling. Furthermore, HIMF induces inflammation in the lungs, which also promotes vascular remodeling and lung fibrosis, contributing to the pathological process of pulmonary hypertension.


The human homolog of HIMF, RELMβ, has been shown to be upregulated in the lung tissue of patients with scleroderma-associated pulmonary hypertension (Angelini et al., 2009). RELMβ is primarily localized in the endothelium and vascular smooth muscle of remodeled vessels and in plexiform lesions, macrophages, T cells, and myofibroblast-like cells; similar to HIMF in hypoxia-induced PH in mice. Thus, clarifying the role of HIMF in the development of PH in mice may aid our understanding of the function of human RELMβ in the development of scleroderma-associated PH.



Allergic Asthma

HIMF was initially described as present in the bronchoalveolar lavage fluid in a murine allergic pulmonary inflammation model (Holcomb et al., 2000). HIMF production in antigen-challenged lungs has been suggested to be driven by either IL-4 or IL-13, involving transcription factors STAT6 and C/EBP (Stutz et al., 2003; Yamaji-Kegan et al., 2010). Since the activation of STAT6 signaling has a critical role in allergic pulmonary inflammation, the STAT6-dependent induction of HIMF in the alveolar epithelium during pulmonary inflammation and fibrosis suggests that HIMF is involved in asthma pathogenesis. Supporting this, HIMF expression has since been found to be increased in OVA-induced inflammation (Fan et al., 2015). Furthermore, another previous study demonstrated that HIMF inhibited the nerve growth factor (NGF)-mediated survival of rat embryonic dorsal root ganglion (DRG) neurons, in addition to suppressing NGF-induced CGRP gene expression in adult rat DRG neurons (Holcomb et al., 2000). HIMF may modulate the function of neurons innervating the bronchial tree, and thus alter the local tissue response to allergic pulmonary inflammation. Further studies to clarify the role of HIMF in the inflammatory response in allergic asthma are clearly warranted.



Cardiovascular Diseases


Cardiac Hypertrophy and Heart Failure

A number of recent studies have demonstrated that HIMF has a critical role in the development of pressure overload-induced cardiac hypertrophy. For example, HIMF is upregulated in both a phenylephrine (PE)-stimulated cell model of cardiomyocyte hypertrophy, and a transverse aortic constriction (TAC)-induced mouse model of cardiac hypertrophy (Kumar et al., 2018). In this study, cardiomyocyte hypertrophy was induced by HIMF overexpression in cardiomyocytes, while knockdown of HIMF expression inhibited this process. In the TAC-induced mouse model, ablation of the HIMF gene attenuated TAC-induced cardiac hypertrophy and fibrosis, and improved cardiac function. The activation of HIF-1α and Ca2+-activated calcineurin (CaN)–nuclear factor of activated T cell (NFAT), as well as the MAPK pathway, contributed to the hypertrophic growth of cardiomyocytes. Interestingly, HIMF is not expressed by cardiac fibroblasts. However, the extracellular application of recombinant HIMF protein and conditioned medium from cultured cardiomyocytes overexpressing HIMF still induced fibroblast proliferation, differentiation, and migration. This indicates that HIMF produced in cardiomyocytes during the development of cardiac hypertrophy activates adjacent cardiac fibroblasts via paracrine signaling, inducing fibrosis (Kumar et al., 2019). Another previous study also demonstrated that serum levels of resistin, the human homolog of HIMF, are positively correlated with the severity of heart failure and the risk of adverse cardiac events in patients with heart failure (Zhang et al., 2011). While HIMF is not expressed in humans, the effects of HIMF on the development of cardiac hypertrophy and deterioration of cardiac function in mice may serve as a model for the function of resistin in the human heart under pathological conditions.



Myocardial Infarction

Recently, HIMF has been found to be involved in inhibiting apoptosis and increasing proliferation in cardiac fibroblasts, which result in cardiac fibrosis in a myocardial infarction (MI) mouse model. Furthermore, HIMF knockout conferred cardioprotective features on mice, with the suppression of cardiomyocyte apoptosis, fibroblast proliferation (Kim et al., 2021). These are contributed by adiponectin-enriched unsorted bone marrow cells (UBCs). Similarly, HIMF deficiency has also been found to reduce myocardial infarct size and improve cardiac function after MI (Li et al., 2021). HIMF overexpression also directly increased CHOP expression in BMDM and RAW264.7 cells, and regulated macrophage polarization (Li et al., 2021). Taken together, these studies suggest a complex role for HIMF during cardiac injury.



Atherosclerosis

HIMF increases EC and VSMC proliferation and, thus, angiogenesis. In addition, HIMF also induces vascular inflammation, which increases vascular permeability and cell adhesion to the endothelium. These functions suggest HIMF may also participate in the development and progression of atherosclerosis, although this has not been confirmed in vivo. However, resistin and RELMβ, the two human homologs of HIMF, have been shown to play critical roles in atherosclerosis. Resistin is expressed in atherosclerotic plaque in patients (Jurin et al., 2018; Liberale et al., 2018), and its plasma level is linked to both coronary heart disease (Pourmoghaddas et al., 2020) and future cardiovascular-associated mortality (Park et al., 2017). At the cellular level, resistin upregulates the expression of inflammatory cytokines and adhesion molecules in human ECs (Macdonald et al., 2017), induces SMC proliferation and migration, and promotes foam cell formation (Park et al., 2017). In vivo experiments on rabbits have also provided direct evidence that resistin aggravates atherosclerosis by stimulating monocytes, endothelial cells, and vascular smooth muscle cells, inducing vascular inflammation (Cho et al., 2011). Another previous study has also revealed the involvement of RELMβ in atherosclerotic progression (Kushiyama et al., 2013). RELMβ was abundantly expressed in foam cells within plaques from human samples. Furthermore, ablation of RELMβ significantly reduced lipid accumulation in the aortic root and wall in apolipoprotein E-deficient mice, and the inflammatory response of primary cultured peritoneal macrophages. This indicated that RELMβ contributes to atherosclerosis development via lipid accumulation and inflammatory facilitation. RELMβ has also previously been reported to contribute to the regulation of local immune responses in both gut (Ahmed et al., 2019) and bronchial epithelial cells (Fang et al., 2012). The discovery that it is also expressed in foam cells suggests that the tissue-specific distribution of RELM family members may not be particularly strict, and that these proteins can be expressed in unexpected tissues under pathological conditions.



Metabolic Disorders

The prolonged intraperitoneal administration of HIMF has been found to significantly increase insulin resistance in mice, but the mechanisms remain unknown (Al-Azzawi et al., 2007). Chronic low-grade inflammation is associated with metabolic complications associated during obesity, including insulin resistance. HIMF was readily detected in the serum at baseline, and its level was regulated by energy uptake, strongly suggesting that HIMF has a metabolic role. A previous study in a murine model of dextran sodium sulfate (DSS)-induced colitis and glucose disorder suggested that inflammation may be the mechanism underlying HIMF-induced dysregulation of glucose metabolism and energy balance (Munitz et al., 2009). HIMF serum levels were upregulated in DSS-induced colitis, and ablation of HIMF both decreased inflammation in situ and ameliorated DSS-induced colitis. The suppression of the inflammatory response leads to restoration of glucose tolerance, which is impaired in DSS-induced colitis, and protects the mice from hyperglycemia induced by glucose challenge. It support that HIMF contributes to glucose metabolism when it is induced during the setting of specific intestinal inflammatory conditions and the host is exposed to increased pro-inflammatory cytokines and high glucose intake.

While the lack of metabolic phenotype reported in HIMF knockout mice under steady-state conditions, these animals seem to have developed a compensatory mechanism to maintain normal metabolic homeostasis, as they maintain lower leptin concentrations in the sera despite their normal body weight and normal weight gain upon HFD feeding. Leptin plays an important role in regulating energy intake and expenditure, and has a pro-inflammatory role in colitis. The effect of HIMF to regulate leptin levels may also contribute to its overall pro-inflammatory role in vivo.

As HIMF serum levels increased in low-density lipoprotein receptor-deficient mice fed a high fat diet, HIMF exerted a favorable cholesterol-lowering effect and conferred protection against atherosclerosis by increasing cholesterol excretion as bile acids (Lee et al., 2014). As demonstrated in a recent study (Kumamoto et al., 2016), a subset of CD11b+CD11c+CD11c+MHCII+ mononuclear phagocytes (MNP) characterized by the expression of CD301b (CD301b+), participate in the maintenance of normal glucose metabolism and energy balance through HIMF secretion. Deletion of CD301b+ MNPs in vivo leads to reduced HIMF expression, significant weight loss and increased insulin sensitivity. Reconstitution of HIMF expression in CD301b+ MNP-ablated mice restores body weight and serum glucose level, and maintains the whole body metabolism. How HIMF secreted by CD301b+ MNP controls feeding behavior and energy balance remains to be determined. These results suggest that the beneficial and detrimental roles of HIMF in inflammatory diseases are likely influenced by the type of immune stimulus, the duration of the stimulus exposure and the tissue type. However, the exact mechanisms underlying the involvement of HIMF in metabolic diseases remain to be clarified in full.



CONCLUSION AND PERSPECTIVES

As a secreted protein, HIMF exerts potent pro-inflammatory effects, is enriched at sites of inflammation, and its expression is correlated with markers of inflammatory disease. In recent years, the functional diversity of RELM proteins, such as HIMF, has generated increased attention. Mice are the main animal model used to manipulate the expression of these genes and to study their function. However, this also represents the biggest challenge faced when researching the role of RELM proteins and resistin in the pathogenesis of disease. The expression patterns of these proteins differ between humans and rodents; indeed, humans do not express HIMF at all. However, studies in mice do provide a solid starting point when investigating the function of RELM proteins in humans. HIMF has been suggested to play functional roles similar to those of human resistin, due to their similar expression patterns (Nair et al., 2006). If this is the case, the involvement of HIMF in the development of cardiovascular diseases and metabolic disorders in mice may be comparable to that of resistin in human disease. Using HIMF knockout mice could provide useful data that might indicate the role of resistin in these diseases. However, the situation may be different in the respiratory system. Here, HIMF appears to serve similar roles as human RELM beta: namely, inducing vascular remodeling and pulmonary fibrosis in pulmonary diseases, particularly in PH. Therefore, HIMF data obtained in mice should be cautiously translated to human diseases, depending on the tissue localization and pathological context.

Early research has primarily focused on the involvement of HIMF in pulmonary vasoconstriction, vascular remodeling, pulmonary inflammation and angiogenesis, which are key pathophysiological processes that occur during the development of PH. HIMF has also been reported to be involved in the development of lung maturation, pulmonary fibrosis, acute lung injury and bronchial asthma. The expression and distribution of HIMF could contribute to the initiation of diseases via multiple signaling pathways, which may cross-talk with each other in the development of pulmonary hypertension. A growing body of evidence also indicates a significant role for HIMF in lung disease. However, the underlying molecular mechanisms remain unclear in both pulmonary hypertension and other diseases. Additional studies are required to provide a more definitive account. Alternatively, whether HIMF is involved in other lung diseases, such as lung cancer, pneumonia, or chronic obstructive pulmonary disease (COPD) with emphysema, also warrants further investigation. A more thorough understanding of these mechanisms will be necessary in order to characterize HIMF, and its human homologs, as specific targets for the treatment of lung disease.

More recently, the study of RELM proteins in physiology and disease has expanded to include cardiovascular diseases. Clinical investigations and experimental studies have identified a positive correlation between circulating levels of resistin and the risk of MI. In mice, HIMF deficiency is known to facilitate M2 macrophage transformation and to increase collagen formation and fibrin deposition in the infarct region, preventing the myocardial wall from expansion and rupture. This helps preserve contractility after acute MI (Li et al., 2021). However, HIMF also induces cardiac fibroblast proliferation, migration and differentiation during cardiac hypertrophy and heart failure (Kumar et al., 2019). Additionally, HIMF may serve pathogenic functions in hypercholesterolemia (Lee et al., 2014) and immune-mediated liver injury (Pai and Njoku, 2021). Thus, future studies on the pathogenic functions of HIMF should be extended to other pathological conditions. The main details of the studies focusing on the role of HIMF in diseases are demonstrated in Table 1.


TABLE 1. Presentation of the studied diseases relating to HIMF.

[image: Table 1]At present, the receptors for resistin and RELM proteins are not known. A recent study revealed a non-classical receptor for HIMF, CaSR, which mediates intracellular but not extracellular HIMF signal (Zeng et al., 2017). A synthesized membrane-permeable peptide designed to flank the binding domain of CaSR for HIMF significantly attenuated hypoxia-induced PH progression. The therapeutic effect of this peptide on PH is quite inspiring, and there may be potential for its use to be extended to other HIMF-associated diseases. However, future studies focused on discovering the receptors and associated signaling pathways of RELM proteins will be required to fully understand its translational medical role in human diseases.
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Endothelin, encoded by ET1, is a vasoactive substance primarily synthesized in vascular endothelial cells (VECs). Elevation of endothelin levels, due to transcriptional hyperactivation, has been observed in a host of cardiovascular diseases. We have previously shown that serum response factor (SRF) is a regulator of ET1 transcription in VECs. Here we report that angiotensin II (Ang II) induced ET1 transcription paralleled activation of glycogen synthase kinase 3 (GSK3) in cultured VECs. GSK3 knockdown or pharmaceutical inhibition attenuated Ang II induced endothelin expression. Of interest, the effect of GSK3 on endothelin transcription relied on the conserved SRF motif within the ET1 promoter. Further analysis revealed that GSK3 interacted with and phosphorylated SRF at serine 224. Phosphorylation of SRF by GSK3 did not influence its recruitment to the ET1 promoter. Instead, GSK3-mediated SRF phosphorylation potentiated its interaction with MRTF-A, a key co-factor for SRF, which helped recruit the chromatin remodeling protein BRG1 to the ET1 promoter resulting in augmented histone H3 acetylation/H3K4 trimethylation. Consistently, over-expression of a constitutively active GSK enhanced Ang II-induced ET1 transcription and knockdown of either MRTF-A or BRG1 abrogated the enhancement of ET1 transcription. In conclusion, our data highlight a previously unrecognized mechanism that contributes to the transcriptional regulation of endothelin. Targeting this GSK3-SRF axis may yield novel approaches in the intervention of cardiovascular diseases.
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INTRODUCTION

The vascular endothelium not only functions as a physical barrier separating the circulation from the basal lamina but synthesizes and secretes a host of substances contributing to the maintenance and regulation of internal microenvironment either locally (via paracrine) or systemically (via endocrine) (Rafii et al., 2016). Endothelin, encoded by ET1, is a polypeptide derived from endothelial cells (Yanagisawa et al., 1988). Endothelin primarily signals through one of the two cognate receptors, ETRA and ETRB. Whereas binding of endothelin to ETRA leads to contraction of vascular smooth muscle cells, the endothelin-ETRB interaction is thought to trigger endothelin clearance and vasorelaxation (Abman, 2009). Elevated plasma endothelin levels have been observed in patients with hypertension (Letizia et al., 1997), pulmonary hypertension (Rubens et al., 2001), atherosclerosis (Hasdai et al., 1997), diabetes (Cardillo et al., 2002), and heart failure (Wei et al., 1994). Concordantly, ETR antagonists have been demonstrated to be effective in the intervention of a host of cardiovascular and metabolic diseases (Enevoldsen et al., 2020).

Increased production of endothelin is primarily achieved through transcriptional activation of the ET1 gene, which is localized on chromosome 6 in the human genome (Stow et al., 2011). The proximal ET1 promoter is responsive to a number of stimuli including angiotensin II (Ang II), hypoxia, transforming growth factor (TGF), thrombin, and tumor necrosis factor (TNF) (Imai et al., 1992; Delerive et al., 1999; Yamashita et al., 2001; Castanares et al., 2007; Wort et al., 2009). The stimulatory effects of these humoral factors on ET1 transcription are mediated by different sequence-specific transcription factors. For instance, we and others have shown that activator protein 1 (AP-1) is recruited to the -115/-108 region of the ET1 promoter in response to Ang II and mediates ET1 trans-activation in endothelial cells (Lee et al., 1991; Imai et al., 1992; Weng et al., 2015a). Hypoxia-induced ET1 trans-activation can be mediated by, according to Yamashita et al. (2001), a complex that contains HIF-1α, AP-1, and GATA-2. Alternatively, we have previously shown that serum response factor (SRF) can be detected on the proximal ET1 promoter and mediates hypoxia induced ET1 trans-activation (Yang et al., 2013).

In the vasculature, SRF is known to regulate the transcription of contractile genes in vascular smooth muscle cells by recognizing the so-called CArG box [CC(A/T)6GG] located on its target promoters (Miano, 2010). The role of SRF in the regulation of endothelial function is relatively less well defined. It has been demonstrated independently by Franco et al. (2008) and by Holtz et al. (Holtz and Misra, 2008) that endothelium-specific deletion of SRF in mice results in embryonic lethality owing to defective angiogenesis/vasculogenesis and hemorrhaging. Transcrptionally, SRF is essential for the activation of E-Cadherin (CDH5) and β-actin (ACTAB) to maintain endothelial homeostasis. The transcriptional activity of SRF is subject to multiple layers of modulation including post-translational modifications (PTMs). Matsuzaki et al. (2003), for instance, have discovered that lysine residue 147 of SRF can be SUMOylated, which suppresses its transcriptional activity likely by interfering with its DNA binding potential. More recently, Kwon et al. (2021) have reported that lysine residue 165 of SRF can be methylated by SET7 and de-methylated by KDM2B; dynamic SRF methylation is proposed to regulate its affinity for target promotes and contribute to muscle differentiation. By far, phosphorylation represents the most extensively characterized PTM for SRF. There is evidence to support a host of kinases, including MK2 (Heidenreich et al., 1999), PKA (Blaker et al., 2009), CaMKII (Ely et al., 2011), GSK3β (Li et al., 2014), and PKC (Iyer et al., 2006), using SRF as a substrate. Whether or not SRF phosphorylation can contribute to ET1 transcription is yet to be examined. Here we report that GSK3β mediated SRF phosphorylation facilitates its interaction with key co-factors to mediate Ang II induced endothelin expression in endothelial cells.



MATERIALS AND METHODS


Cell Culture

Immortalized human endothelial cells (EAhy926) were maintained in DMEM supplemented with 10% FBS as previously described (Chen et al., 2020c). ET1 promoter-luciferase constructs (Yang et al., 2013), SRF expression constructs (Li et al., 2014; Kong et al.,2019a,b) have been previously described. Constitutively active GSK3β, in which serine 9 was substituted by alanine (S9A), dominant negative GSK3β, in which arginine 96 was substituted by alanine (R96A), phosphorylation-defective SRF, in which serine 224 was substituted by alanine (S224A), and phosphorylation mimetic SRF in which serine 224 was substituted by aspartic acid (S224D), were generated by a QuikChange kit (Thermo Fisher Scientific, Waltham, MA, United States) and verified by direct sequencing as previously described (Bechard and Dalton, 2009). Angiotensin II was purchased from Sigma (St. Louis, MO, United States). LY2090314 were purchased from Selleck (Houston, TX, United States). Small interfering RNAs were purchased from Dharmacon (Lafayette, CO, United States): siGSK3B#1, AAGTAATCCACCTCTGGCTAC; siGSK3B#2, GUAAUCCACCUCUGGCUAC; siMRTFA#1, GUG UCUUGGUGUAGUGU; siMRTFA#2, CUGCGUGCAU AUCAAGAAC; siBRG1#1, AACATGCACCAGATGCAC AAG; siBRG1#2, GCCCATGGAGTCCATGCAT. Transient transfections were performed with Lipofectamine 2000 (for DNA plasmids, Thermo Fisher Scientific, Waltham, MA, United States) or Lipofectamine RNAiMax (for siRNAs, Thermo Fisher Scientific, Waltham, MA, United States). Cells were harvested 48 h after transfection and reporter activity was measured using a luciferase reporter assay system (Promega, Madison, WI, United States) as previously described (Wu X. et al., 2020; Hong et al., 2021).



Protein Extraction, Immunoprecipitation, and Western Blotting

Whole cell lysates were obtained by re-suspending cell pellets in RIPA buffer (50 mM Tris pH7.4, 150 mM NaCl, 1% Triton X-100) with freshly added protease inhibitor (Roche, Basel, Switzerland) as previously described (Chen et al.,2020a,b,c, 2021; Dong et al., 2020, 2021; Fan et al., 2020; Li N. et al., 2020; Li et al.,2020a,b; Lv et al., 2020; Mao et al., 2020; Sun et al., 2020; Wu T. et al., 2020; Wu X. et al., 2020; Yang et al., 2020; Hong et al., 2021; Kong et al., 2021; Zhang et al., 2021). Specific antibodies were added to and incubated with cell lysates overnight before being absorbed by Protein A/G-plus Agarose beads (Santa Cruz, Santa Cruz, CA, United States). Precipitated immune complex was released by boiling with 1X SDS electrophoresis sample buffer. Proteins were separated by 8% polyacrylamide gel electrophoresis with pre-stained markers (Bio-Rad, Hercules, CA, United States) for estimating molecular weight and efficiency of transfer to blots. Proteins were transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA, United States) in a Mini-Trans-Blot Cell (Bio-Rad, Hercules, CA, United States). The membranes were blocked with 5% milk powder in Tris-buffered saline buffer (0.05% Tween 20, 150 mM NaCl, 100 mM Tris-HCl pH7.4) at 4°C overnight. Western blot analyses were performed with anti-GFP (Proteintech, 50430-2, Wuhan, China), anti-FLAG (Sigma, F3165, St. Louis, MO, United States), anti-GSK3β (Cell Signaling Tech, 12456, Danvers, MA, United States), anti-phospho-Ser9-GSK3β (Cell Signaling Tech, 5558), anti-GSK3α (Proteintech, 13419-1, Wuhan, China), anti-phospho-Ser21-GSK3α (Cell Signaling Tech, 9316, Danvers, MA, United States), anti-phospho-(S/T)F (Cell Signaling Tech, 9631, Danvers, MA, United States), anti-SRF (Cell Signaling Tech, 5147, Danvers, MA, United States), and anti-β-actin (Sigma, A2228, St. Louis, MO, United States) antibodies. For densitometrical quantification, densities of target proteins were normalized to those of β-actin as previously described (Sun et al., 2020; Wu T. et al., 2020). Data are expressed as relative protein levels compared to the control group which is arbitrarily set as 1.



RNA Isolation and Real-Time PCR

RNA was extracted with the RNeasy RNA isolation kit (Qiagen, Hilden, Germany). Reverse transcriptase reactions were performed using a SuperScript First-strand Synthesis System (Invitrogen, Waltham, MA, United States) as previously described (Zhang et al., 2020; Liu et al., 2021). Real-time PCR reactions were performed on an ABI Prism 7500 system with the following primers: ET1, 5′-AGAGTGTGTCTACTTCTGCCA-3′ and 5′-CTTCCAAGTCCATACGGAACAA-3′; GSK3B, 5′-GG CAGCATGAAAGTTAGCAGA-3′ and 5′-GGCGACCAGT TCTCCTGAATC-3′. Ct values of target genes were normalized to the Ct values of housekeeping control gene (18s, 5′-CGCGGTTCTATTTTGTTGGT-3′ and 5′-TCGTCTTCGAAACTCCGACT-3′ for both human and mouse genes) using the ΔΔCt method and expressed as relative mRNA expression levels compared to the control group which is arbitrarily set as 1.



Chromatin Immunoprecipitation (ChIP)

Chromatin immunoprecipitation (ChIP) assays were performed essentially as described before. In brief, chromatin in control and treated cells were cross-linked with 1% formaldehyde. Cells were incubated in lysis buffer (150 mM NaCl, 25 mM Tris pH 7.5, 1% Triton X-100, 0.1% SDS, 0.5% deoxycholate) supplemented with protease inhibitor tablet and PMSF. DNA was fragmented into ∼200 bp pieces using a Branson 250 sonicator (Brookfield, CT, United States). Aliquots of lysates containing 200 μg of protein were used for each immunoprecipitation reaction with anti-MRTF-A (Santa Cruz, sc-10768), anti-SRF (Cell Signaling Tech, 5147, Danvers, MA, United States), anti-BRG1 (Abcam, ab110641, Cambridge, United Kingdom), anti-acetyl histone H3 (Millipore, 06-599, Burlington, MA, United States), and anti-trimethyl H3K4 (Millipore, 07-442, Burlington, MA, United States). Precipitated genomic DNA was amplified by real-time PCR with the following primers: ET1 proximal promoter, 5′-GGCGTCTGCCTCTGAAGT-3′ and 5′-GGGTAAACAGCTCCGACTT-3′. A total of 10% of the starting material is also included as the input. Data are then normalized to the input and expressed as% recovery relative the input as previously described (Chen et al.,2020b,c). All experiments were performed in triplicate wells and repeated three times.



Enzyme-Linked Immunosorbent Assay (ELISA)

Secreted endothelin in the culture media was measured by ELISA using a commercially available kit (R&D, DET100, Minneapolis, MN, United States) per vendor recommendations.



Statistical Analysis

Sample sizes reflected the minimal number needed for statistical significance based on power analysis and prior experience. Two-tailed Student’s t-test was performed using an SPSS package. Unless otherwise specified, p-values smaller than 0.05 were considered statistically significant.



RESULTS


Ang II Induced Endothelin Expression Parallels GSK3 Activation

When cultured endothelial cells were exposed to Ang II treatment, ET1 expression levels were significantly up-regulated as measured by qPCR (Figure 1A) and ELISA (Figure 1B) in keeping with previous findings (Weng et al.,2015a,b; Yu et al., 2015). Of note, although GSK3β expression levels were not altered by Ang II treatment, GSK3β activity, as measured by loss of serine 9 phosphorylation, was up-regulated by Ang II treatment (Figures 1A,C). GSK3α is the other GSK3 isoform that shares similar structure with GSK3β but possesses distinct functions (Liang and Chuang, 2006). By comparison, neither expression nor activity of GSK3α was altered by Ang II treatment (Figures 1A,C).
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FIGURE 1. Ang II induced endothelin expression parallels GSK3 activation. EAhy926 cells were treated with Ang II (0.1 μM) and harvested at indicated time points. Endothelin expression levels were examined by qPCR (A) and ELISA (B). GSK3 phosphorylation was examined by Western (C). Error bars represent SD (*p < 0.05, two-way Student’s t-test). All experiments were repeated three times and one representative experiment is shown.




GSK3 Is Essential for Ang II Induced Endothelin Expression

We asked whether GSK3 activation and endothelin expression was correlative or causative. In the first set of experiments, endogenous GSK3 was depleted with two separate pairs of siRNAs; GSK3 knockdown markedly attenuated Ang II induced endothelin expression (Figures 2A,B). In the second set of experiments, a specific GSK3 inhibitor (LY2090314) was added to the cells in the presence of Ang II; GSK3 inhibition by LY2090314 ameliorated endothelin induction in a dose-dependently manner (Figures 2C,D).
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FIGURE 2. GSK3 is essential for Ang II induced endothelin expression. (A,B) EAhy926 cells were transfected with siRNAs targeting GSK3β or scrambled siRNA (SCR) followed by treatment with Ang II (0.1 μM) for 48 h. Endothelin expression was examined by qPCR and ELISA. (C,D) EAhy926 cells were treated with Ang II (0.1 μM) with or without LY2090314 for 48 h. Endothelin expression was examined by qPCR and ELISA. (E) An ET1 promoter-luciferase construct was transfected into EAhy926 cells with indicated GSK3 expression constructs followed by treatment with Ang II (0.1 μM) for 48 h. Luciferase activities were normalized by protein concentration and GFP fluorescence. (F) Wild type or mutant ET1 promoter-luciferase construct was transfected into EAhy926 cells with indicated GSK3 expression constructs followed by treatment with Ang II (0.1 μM) for 48 h. Luciferase activities were normalized by protein concentration and GFP fluorescence. Error bars represent SD (*p < 0.05, two-way Student’s t-test). All experiments were repeated three times and one representative experiment is shown.


Next, we asked whether regulation of endothelin expression by GSK3 occurred at the transcriptional level. To this end, an ET1 promoter-luciferase construct was transfected into EAhy926 cells with or without a constitutively active (CA) GSK3β (S9A) or a dominant negative (DN) GSK3β (S9D). As shown in Figure 2E, over-expression of GSK3β CA enhanced the activation of the ET1 promoter whereas over-expression of GSK3β DN dampened the activation of the ET1 promoter. Interestingly, the effect of GSK3β on the ET1 promoter seemed to rely on the SRF site located between −48 and −41 relative to the transcription start site (Yang et al., 2013) as mutagenesis of this site completely abrogated the response of the ET1 promoter to GSK3β over-expression (Figure 2F).



GSK3 Interacts With and Phosphorylates SRF in Endothelial Cells

Previously, Li et al. (2014) have reported that SRF can be phosphorylated by GSK3β in neurons to promote axonal growth. Immunoprecipitation assay was performed to verify GSK3β could interact with SRF in endothelial cells. EAhy926 cells were transduced with adenovirus carrying FLAG-tagged SRF and/or GFP-tagged GSK3β. An anti-FLAG could precipitate both SRF and GSK3β only when both were over-expressed thus confirming that SRF and GSK3β could interact with each other in endothelial cells (Figure 3A). Although Ang II treatment did not affect SRF expression levels in endothelial cells (Figures 1A,C), it significantly up-regulated SRF phosphorylation levels (Figure 3B). Based on these observations, we hypothesized that GSK3β might phosphorylate SRF to participate in ET1 transcription. As shown in Figure 3C, over-expression of GFP-tagged GSK3β CA alone was sufficient to augment SRF phosphorylation in the absence of Ang II whereas over-expression of GFP-tagged GSK3β DN suppressed Ang II-induced SRF phosphorylation. In addition, knockdown of endogenous GSK3β by siRNAs or GSK3β inhibition by a small-molecule compound (LY2090314) comparably attenuated SRF phosphorylation by Ang II treatment (Figures 3D,E).
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FIGURE 3. GSK3 interacts with and phosphorylates SRF in endothelial cells. (A) EAhy926 cells were transduced with FLAG-tagged SRF and GFP-tagged GSK3β followed by treatment with Ang II (0.1 μM). Immunoprecipitation was performed with anti-FLAG. (B) EAhy926 cells were treated with Ang II (0.1 μM) and harvested at indicated time points. Immunoprecipitation was performed with anti-SRF. (C) EAhy926 cells were transduced with adenovirus carrying GFP-tagged GSK3β CA or GSK3β DN followed by treatment with Ang II (0.1 μM). Immunoprecipitation was performed with anti-SRF. (D) EAhy926 cells were transfected with siRNAs targeting GSK3β or scrambled siRNA (SCR) followed by treatment with Ang II (0.1 μM) for 48 h. Immunoprecipitation was performed with anti-SRF. (E) EAhy926 cells were treated with Ang II (0.1 μM) with or without LY2090314 for 48 h. Immunoprecipitation was performed with anti-SRF.




Phosphorylation of SRF by GSK3 Is Essential for Ang II Induced Endothelin Expression

Next, we evaluated the relevance of GSK3β-mediated SRF phosphorylation in ET1 transcription. In the reporter assay, it was observed that over-expression of a phosphomimetic SRF (S234D) enhanced trans-activation of the ET1 promoter by Ang II whereas over-expression of a phosphor-defective SRF (S234A) weakened ET1 trans-activation (Figure 4A). Next, endogenous SRF in endothelial cells was depleted by siRNAs followed by re-introduction of ectopic SRF via adenviral transduction (Figure 4B). As shown in Figures 4C,D, whereas SRF depletion attenuated Ang II induced ET1 expression, introduction of SRF S234D more than compensated for the loss of endogenous SRF by restoring ET1 induction; SRF S234A, however, failed to recover the reduction of ET1 expression. In the next set of experiments, wild type (WT) or the phosphomimetic (S234D) SRF was over-expressed in SRF-depleted endothelial cells followed by GSK3β knockdown or inhibition. Whereas GSK3β knockdown or inhibition completely deprived the ability of WT SRF to rescue ET1 expression in SRF-depleted endothelial cells, the phosphomimetic SRF was refractory to the manipulation of GSK3β expression/activity (Figures 4E–H). Taken together, these data point to an interplay between SRF and GSK3β that contributes to Ang II induced ET1 trans-activation.
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FIGURE 4. Phosphorylation of SRF by GSK3 is essential for Ang II induced endothelin expression. (A) An ET1 promoter-luciferase construct was transfected into EAhy926 cells with indicated SRF expression constructs (S224A or S224D) followed by treatment with Ang II (0.1 μM) for 48 h. Luciferase activities were normalized by protein concentration and GFP fluorescence. (B–D) EAhy926 cells were transfected with siRNA targeting SRF followed by transduction with adenoviral SRF expression constructs (S224A or S224D) and treatment with Ang II (0.1 μM) for 48 h. SRF expression was examined by Western. Endothelin expression was examined by qPCR and ELISA. (E,F) EAhy926 cells were transfected with siRNA targeting SRF/GSK3β followed by transduction with adenoviral SRF expression constructs (WT or S224D) and treatment with Ang II (0.1 μM) for 48 h. Endothelin expression was examined by qPCR and ELISA. (G,H) EAhy926 cells were transfected with siRNA targeting SRF followed by transduction with adenoviral SRF expression constructs (WT or S224D) and treatment with Ang II (0.1 μM) and LY2090314 for 48 h. Endothelin expression was examined by qPCR and ELISA. Error bars represent SD (*p < 0.05, two-way Student’s t-test). All experiments were repeated three times and one representative experiment is shown.




Phosphorylation of SRF by GSK3 Is Essential for Co-factor Recruitment

Consistent with our prior observation (Yang et al., 2013), chromatin immunoprecipitation (ChIP) assay showed that Ang II treatment significantly enhanced the occupancies of SRF (Figure 5A) and MRTF-A (Figure 5B), a key co-activator of SRF, on the ET1 promoter. GSK3β depletion did not affect SRF binding (Figure 5A) but markedly dampened the binding of MRTF-A (Figure 5B). Typically, active transcription is associated with enrichment of trimethylated H3K4 (H3K4Me3) on the gene promoters (Shilatifard, 2012). On the contrary, transcriptional repression can be measured by enrichment of dimethylated H3K9 (H3K9Me2) on the gene promoters (Piunti and Shilatifard, 2021). Previous studies have shown that SRF interacts with MRTF-A to regulate transcription by differentially modulating histone methylation levels (Kong et al.,2019a,b). ChIP assays showed that Ang II treatment triggered an increase in H3K4Me3 (Figure 5C) and a simultaneous decrease in H3K9Me2 (Figure 5D) on the ET1 promoter, both of which were reversed by GSK3β depletion. Consistently, the epigenetic factors involved in catalyzing these characteristic histone modifications, namely BRG1 (Figure 5E), SET1 (Figure 5F), and JMJD1A (Figure 5G), were similarly recruited to the ET1 promoter upon Ang II treatment but disrupted by GSK3β knockdown. In the second set of experiments, LY2090314 was added to the endothelial cells to inhibit GSK3β activity: GSK3b inhibition similarly led to dampened recruitment of MRTF-A (Figure 5I), BRG1 (Figure 5L), SET1 (Figure 5M), and JMJD1A (Figure 5N), erasure of trimethyl H3K4 (Figure 5J), and accumulation of dimethyl H3K9 (Figure 5K) without influencing SRF binding (Figure 5H) to the ET1 promoter.
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FIGURE 5. GSK3 knockdown or inhibition attenuates recruitment of co-factors to the ET1 promoter. (A–G) EAhy926 cells were transfected with siRNAs targeting GSK3β or scrambled siRNA (SCR) followed by treatment with Ang II (0.1 μM) for 48 h. ChIP assays were performed with anti-SRF, anti-MRTF-A, anti-H3K4Me3, anti-H3K9Me2, anti-BRG1, anti-SET1, and anti-JMJD1A. (H–N) EAhy926 cells were treated with Ang II (0.1 μM) with or without LY2090314. ChIP assays were performed with anti-SRF, anti-MRTF-A, anti-H3K4Me3, anti-H3K9Me2, anti-BRG1, anti-SET1, and anti-JMJD1A. Error bars represent SD (*p < 0.05, two-way Student’s t-test). All experiments were repeated three times and one representative experiment is shown.


Next, we performed Re-ChIP assay to evaluate whether GSK3-mediated SRF phosphorylation might be necessary for the assembly of a transcriptional complex on the ET1 promoter. As shown in Figure 6A, in the presence of WT SRF, Ang II treatment stimulated the assembly of an SRF-centered complex that contained MRTF-A, BRG1, SET1, and JMJD1A. When replaced by a phosphorylation-defective SRF (S234A), incorporation of co-factors into this transcriptional complex was severely compromised. Taken together, these data support a model wherein GSK3-mediated SRF phosphorylation licenses the assembly of a transcriptional complex to activate endothelin expression (Figure 6B).


[image: image]

FIGURE 6. GSK3-mediated SRF phosphorylation licenses the assembly a transcriptional complex to activate endothelin expression. (A) EAhy926 cells were transfected with siRNA targeting SRF followed by transduction with adenoviral SRF expression constructs and treatment with Ang II (0.1 μM) for 48 h. Re-ChIP assays were performed with indicated antibodies. Error bars represent SD (*p < 0.05, two-way Student’s t-test). All experiments were repeated three times and one representative experiment is shown. (B) A schematic model.




DISCUSSION

Post-translational modifications play a key role in the regulation of cardiovascular diseases (Smith and White, 2014; Gajjala et al., 2015; Fert-Bober et al., 2018). Alteration of SRF activity contributes to the disruption of cardiovascular homeostasis and is associated with a wide range of cardiovascular diseases (Miano, 2010). SRF relies on its interaction with co-factors to orchestrate specific transcriptional events and participate in disease pathogenesis (Onuh and Qiu, 2020). Based on our findings here, we propose a model in which phosphorylation of SRF by GSK3β mediates Ang II induced ET1 transcription (Figure 6B).

We show here that GSK3β is activated by Ang II treatment in endothelial cells. This observation is consistent with a previous report by Zhang et al. (2017) showing that Ang II treatment activates GSK3β in human primary umbilical endothelial cells. Similarly, blockade of Ang II signaling by a specific angiotensin II receptor antagonist Telmisartan inhibits GSK3β activity in endothelial cells (Song et al., 2017). On the contrary, Ang II infusion seems to have an inhibitory effect on GSK3β in cardiomyocytes (Li et al., 2005) and smooth muscle cells (Cuevas et al., 2015). One possible explanation could be that differential expression levels of angiotensin receptor 1 (AT1) and 2 (AT2) in these cells because AT1 and AT2 often exert opposing roles once engaged by angiotensin II (Kaschina et al., 2017).

Our data suggest that GSK3β may contribute to ET1 transcription via SRF phosphorylation. These data, however, leave the door open to alternative interpretations. First, SRF phosphorylation status is influenced by multiple kinases other than GSK3β. For instance, SRF can be phosphorylated by MK2 at serine residue 103, which enhances its DNA binding activity (Heidenreich et al., 1999). Because MK2 can be placed downstream of Ang II and MK2 completely abrogates Ang II induced organ damage in vivo (Bao et al., 2007), it is plausible that Ang II may induce ET1 transcription through MK2-mediated SRF phosphorylation. Alternatively, phosphorylation of SRF at threonine residue 160 by CaMKII potentiates its DNA binding (Fluck et al., 2000). Mounting evidences suggests that CaMKII signaling plays an essential role mediating the pathophysiological effects of Ang II (Li et al., 2010; Prasad et al., 2015; Basu et al., 2019). It is reasonable to speculate that the ability of SRF to trans-activate ET1 expression may be attributable, at least in part, to CaMKII-catalyzed T160 phosphorylation. Second, other components of the SRF-centered transcriptional complex may be subject to GSK3β mediated phosphorylation. The Treisman laboratory has previously systemically profiled the phosphorylation status of MRTF-A in MEF cells with the finding that several serine/threonine residues may be targeted by GSK3β; collective mutation of these sites blocks nuclear trans-location of MRTF-A (Panayiotou et al., 2016). BRG1, SET1, and JMJD1A all have been demonstrated to be phosphorylated under specific circumstances (Cheng et al., 2014; Padilla-Benavides et al., 2017) although it remains to be determined whether GSK3β makes a contribution.

There are a few unsolved issues that warrant further investigation. First, we focused in the present study on the effect of SRF S234 phosphorylation on ET1 transcription. It is not clear how genomewide gene expression levels would be affected by this specific modification. A recent study by Li et al. have shown that dynamic regulation of SRF serine 103 phosphorylation by RSK3 and PP2A significantly impacts phenylephrine-induced gene transcription in cardiomyocytes. Specifically, the authors demonstrate, using ChIP-seq and PRO-seq, that the phosphomimetic SRF S103D appears to promote the association of SRF with enhancers, facilitate the recruitment of the basal transcription machinery, and preferentially augment the expression of early response and hypertrophic genes (Li J. et al., 2020). Similar strategies could exploited to determine how the SRF S234D mutant influence the endothelial transcriptome. Second, the functional relevance of the present study is not entirely clear. Global deletion of GSK3β exacerbates myocardial hypertrophy possibly due to hyperproliferation of cardiomyoblast (Kerkela et al., 2008). On the other hand, GSK3β hypomorphic mice are protected from dilated cardiomyopathy and heart failure (Mohamed et al., 2016). Endothelial-specific role for GSK3β is yet to be determined. Third, although our model suggests that SRF is a primary substrate for GSK3β, it does not rule out the possibility that GSK3β may indirectly regulate SRF activity. Both SRF and its most importantly cofactor MRTF-A are modulated by cytoskeletal remodeling (Olson and Nordheim, 2010). GSK3β, by targeting multiple components of cytoskeleton, is considered a key mechanosensor in endothelial cells (Gaetani et al., 2020). Therefore, it is conceivable that GSK3β may contribute to ET1 transcription by relaying the mechanic signal to the SRF complex. Finally, although we focused the effect of SRF phosphorylation on its interaction with histone methyltransferase/demethylase, the potential involvement of histone acetyltransferases/deacetylase cannot be excluded. Several histone acetyltransferases with distinct substrate specificities including PCAF (Puttagunta et al., 2014), p300 (Kong et al., 2019b), CBP (Qiu and Li, 2002), and KAT8 (Kong et al., 2019a), have been shown to interact with SRF and participate in SRF-mediated transcriptional events. Previous studies have implicated p300 and CBP in the regulation of ET1 transcription in endothelial cells (Yamashita et al., 2001; Cianfrocca et al., 2016). It would be of interest to determine whether recruitment of CBP and/or p300 might be affected by SRF phosphorylation.



CONCLUSION

In conclusion, our data portray GSK3β as a regulator of Ang II-induced ET1 transcription in endothelial cells by licensing the assembly of an phospho-SRF-MRTF-A-BRG1-SET1-JMJD1A complex. Further investigations are needed to solidify the role of this complex in regulating endothelial function and eventually devise novel therapeutic strategies by targeting this complex.
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Background: The protein 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB3) is a key stimulator of glycolytic flux. Systemic, partial PFKFB3 inhibition previously decreased total plaque burden and increased plaque stability. However, it is unclear which cell type conferred these positive effects. Myeloid cells play an important role in atherogenesis, and mainly rely on glycolysis for energy supply. Thus, we studied whether myeloid inhibition of PFKFB3-mediated glycolysis in Ldlr–/–LysMCre+/–Pfkfb3fl/fl (Pfkfb3fl/fl) mice confers beneficial effects on plaque stability and alleviates cardiovascular disease burden compared to Ldlr–/–LysMCre+/–Pfkfb3wt/wt control mice (Pfkfb3wt/wt).

Methods and Results: Analysis of atherosclerotic human and murine single-cell populations confirmed PFKFB3/Pfkfb3 expression in myeloid cells, but also in lymphocytes, endothelial cells, fibroblasts and smooth muscle cells. Pfkfb3wt/wt and Pfkfb3fl/fl mice were fed a 0.25% cholesterol diet for 12 weeks. Pfkfb3fl/fl bone marrow-derived macrophages (BMDMs) showed 50% knockdown of Pfkfb3 mRNA. As expected based on partial glycolysis inhibition, extracellular acidification rate as a measure of glycolysis was partially reduced in Pfkfb3fl/fl compared to Pfkfb3wt/wt BMDMs. Unexpectedly, plaque and necrotic core size, as well as macrophage (MAC3), neutrophil (Ly6G) and collagen (Sirius Red) content were unchanged in advanced Pfkfb3fl/fl lesions. Similarly, early lesion plaque and necrotic core size and total plaque burden were unaffected.

Conclusion: Partial myeloid knockdown of PFKFB3 did not affect atherosclerosis development in advanced or early lesions. Previously reported positive effects of systemic, partial PFKFB3 inhibition on lesion stabilization, do not seem conferred by monocytes, macrophages or neutrophils. Instead, other Pfkfb3-expressing cells in atherosclerosis might be responsible, such as DCs, smooth muscle cells or fibroblasts.

Keywords: myeloid cells, PFKFB3, macrophage, dendritic cell, glycolysis, atherosclerosis, neutrophil, glycolysis inhibition


INTRODUCTION

Myeloid cells [i.e., monocytes, macrophages, neutrophils and dendritic cells (DCs)] play an active role in atherogenesis. Early pathogenesis of atherosclerotic plaques is characterized by activation of intimal endothelial cells (ECs) in arteries, followed by extravasation of low-density lipoprotein (LDL) cholesterol (Tabas et al., 2007). In the subendothelial space, LDL is oxidized (oxLDL) by reactive oxygen species (ROS) and enzymes (Tabas et al., 2007). This results in a pro-inflammatory response that triggers myeloid cell recruitment (Moore and Tabas, 2011; Silvestre-Roig et al., 2020). Recruited myeloid cells act in parallel to stimulate inflammation through cytokine secretion and other mechanisms. Recruited, activated neutrophils further stimulate monocyte recruitment and macrophage activation. Furthermore, neutrophils contribute to the pro-inflammatory environment by secretion of ROS and neutrophil extracellular traps (NETs), and to LDL oxidation by secreting myeloperoxidase (Silvestre-Roig et al., 2020). DCs modulate T cell responses in atherosclerosis. Additionally, recruited monocytes can differentiate into macrophages or monocyte-derived DCs (moDCs), which ingest oxLDL and become lipid-laden foam cells (Moore and Tabas, 2011; Subramanian and Tabas, 2014; Zernecke, 2015). Excess uptake of oxLDL can result in leukocyte apoptosis. In advanced disease stages, accumulation of apoptotic leukocytes in combination with decreased phagocytic clearance contributes to formation of a detrimental necrotic core (Moore and Tabas, 2011). Moreover, during atherogenesis, smooth muscle cells (SMCs) migrate into the plaque and synthesize collagen, forming a stabilizing fibrous cap. Secretion of matrix metalloproteinases, serine proteases and NETs by macrophages and neutrophils can cause fibrous cap thinning (Moore and Tabas, 2011; Silvestre-Roig et al., 2020). This increases the risk of plaque rupture, which can have detrimental consequences.

Activated neutrophils, DCs and pro-inflammatory macrophages highly depend on glycolysis for their energy production and function (Galván-Peña and O’Neill, 2014; Kumar and Dikshit, 2019; Wculek et al., 2019). During glycolysis, glucose is metabolized to pyruvate, yielding ATP and NADH (Lunt and Heiden, 2011). A rate-limiting step of glycolysis is the conversion of fructose-6-phosphate into fructose-1,6-bisphosphate, catalyzed by phosphofructokinase-1 (PFK-1). Another enzyme, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB3), catalyzes the conversion of fructose-6-phosphate into fructose-2,6-bisphosphate, which is an allosteric activator of PFK-1. Thus, PFKFB3 is a potent stimulator of glycolytic rate (Lunt and Heiden, 2011), and possibly an attractive target to interfere with myeloid cell function in atherogenesis.

A few studies have indeed assessed the effect of systemic administration of 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO) or derivatives to partially inhibit PFKFB3 in atherosclerosis. These studies reported decreased total plaque burden (Perrotta et al., 2020) and increased plaque stabilization, respectively (Beldman et al., 2019; Poels et al., 2020). However, as these studies entailed systemic pharmacological PFKFB3 inhibition, it is unclear which cell type confers these positive effects. Although Pfkfb3 expression in atherosclerotic DCs and neutrophils remains to be assessed, Tawakol et al. (2015) reported increased Pfkfb3 expression in macrophages incubated with atherosclerosis-relevant stimuli in vitro. This effect was exacerbated by hypoxia. Still, the in vivo effect of partial inhibition of PFKFB3-mediated glycolysis, specifically in myeloid cells, on atherogenesis has not been studied. Thus, we studied the hypothesis that myeloid inhibition of PFKFB3-mediated glycolysis in Ldlr–/–LysMCre+/–Pfkfb3fl/fl (Pfkfb3fl/fl) mice confers beneficial effects on plaque stability and alleviates cardiovascular disease burden compared to Ldlr–/–LysMCre+/–Pfkfb3wt/wt control mice (Pfkfb3wt/wt).



MATERIALS AND METHODS


Single-Cell Gene Expression Analysis

Single-cell RNA-sequencing (scRNA-seq) datasets from atherosclerotic plaques were collected from Gene Expression Omnibus (GEO) database or requested to corresponding authors: Wirka et al., 2019 (4 human specimens, GSE131780), Zernecke et al., 2020 (meta-analysis from 9 mice datasets), and van Kuijk et al., 2021 (11 pooled Ldlr–/– LysMCre+/– mice, GSE150089). Seurat R package (v3.0.1) was used as toolbox for analysis (Stuart et al., 2019) in R (v3.6.1). Single-cell gene expression was normalized by library size, multiplied by a scaling factor of 10,000 and log-transformed. Original cell cluster annotations were used for analysis. HIF1α/Hif1α (hypoxia-inducible factor 1-alpha) transcription factor (TF) activity was estimated using DoRothEA1 (Garcia-Alonso et al., 2019), using the TF regulons of A, B, and C confidence classes as previously described (Holland et al., 2020). For 2-group comparison between cells undergoing and not undergoing hypoxia response, cells were stratified by the third quartile (Q3) of HIF1A/Hif1a TF activity within each cell cluster (high > Q3, low ≤ Q3). Differential PFKFB3/Pfkfb3 expression was performed using Wilcoxon Rank Sum test. No test was performed when the sample size of any condition was lower than 5 observations. P-values were adjusted for multiple testing using the Benjamini and Hochberg method. R effect sizes from Wilcoxon Rank-Sum test were calculated as Z divided by the square root of total observations. The greater the absolute r value, the greater the effect size, with positive values for an effect in cells with High HIF1A/Hif1a activity. Dot plots show the percentage of cells within cell clusters that express the gene (size), and average expression of each cluster scaled across clusters. Violin plots show the normalized gene expression level of each cell cluster with individual observations (each cell) as data points, 50th percentile of the distribution as a horizontal line, and sample sizes (number of cells) at the bottom. For 2-group comparisons, violin plots are split by hypoxia response stratification, with Wilcoxon test statistics of FDR-adjusted p-values and r effect sizes at the top. Analysis code is available at https://github.com/saezlab/Myeloid_PFKFB3_atherosclerosis.



Experimental Animals

Mouse experiments were approved by regulatory authorities of Maastricht University Medical Centre and performed in compliance with Dutch governmental guidelines and European Parliament Directive 2010/63/EU on protection of animals used for scientific purposes. Mice with a loxP-flanked Pfkfb3 gene (Pfkfb3lox/lox) (De Bock et al., 2013) were crossed to mice with both a LDL receptor knockout (Ldlr–/–) to ensure atherosclerosis susceptibility, and hemizygous Cre-recombinase expression under control of the Lyz2 gene promoter (LysMCre+/–). Lyz2 is highly expressed in macrophages, monocytes and neutrophils, and to a lower extent in DCs (Supplementary Figure 1A; Faust et al., 2000). Thus, myeloid-specific Cre-mediated excision of the Pfkfb3 gene could be ensured. Resulting mice (Ldlr–/–LysMCre+/–Pfkfb3fl/fl) are referred to as Pfkfb3fl/fl. Ldlr–/–LysMCre+/–Pfkfb3wt/wt mice were used as controls (Pfkfb3wt/wt). Mice were housed in the Maastricht University laboratory animal facility under standard conditions, in individually ventilated cages (GM500, Techniplast) with up to 5 animals per cage, with bedding (corncob, Technilab-BMI) and cage enrichment. Cages were changed weekly, reducing handling of mice during non-intervention periods.



Induction of Atherosclerosis and Tissue Collection

To induce atherosclerosis, 11-week-old male Pfkfb3wt/wt and Pfkfb3fl/fl mice were fed a high cholesterol diet (HCD) for 12 weeks ad libitum, containing 0.25% cholesterol (824171, Special Diet Services). Mice were euthanized by intraperitoneal pentobarbital injection (100 mg/kg). Blood was withdrawn from the right ventricle and centrifuged (2,100 rpm, 10 min, 4°C). Plasma aliquots were stored at −80°C. Brachiocephalic arteries (BCAs) and hearts were dissected, fixed in 1% PFA overnight and paraffin-embedded.



Plasma Cholesterol and Triglyceride Levels

Plasma cholesterol (Cholesterol FS Ecoline, 113009990314; DiaSys Diagnostic Systems GmbH) and triglyceride (FS5’ Ecoline, 157609990314; DiaSys Diagnostic Systems GmbH) levels were assessed by standard enzymatic techniques, automated on the Cobas Fara centrifugal analyzer (Roche).



Histology and Immunohistochemistry

Paraffin-embedded BCA and aortic root (AR) were serially sectioned (4 μm) and stained with hematoxylin and eosin (H&E) to quantify plaque size and necrotic core content. For ARs, five consecutive H&E sections with 20 μm intervals were blinded and analyzed using computerized morphometry (Leica QWin V3, Cambridge, United Kingdom). The sum of plaque within three valves was averaged per mouse. Total plaque burden was quantified in BCA (Σ total plaque length/Σ total vessel length). Furthermore, AR atherosclerotic plaques were analyzed for macrophage content (MAC3+ area/plaque area, 553322, BD), collagen content (Sirius Red+ area/plaque area, 09400, Polyscience) and neutrophil content (Ly6G+ cells/plaque area, 551459, BD). Antigen retrieval was performed with pepsin digestion (Ly6G) or at pH 6 (MAC3, Target Retrieval Solution, S2031, DAKO). Stainings were analyzed using Leica Qwin software (V3, Cambridge United Kingdom) or QuPath V0.2.3 (Bankhead et al., 2017).



Isolation and Differentiation of Bone Marrow Cells

Femur and tibia of Pfkfb3wt/wt and Pfkfb3fl/fl mice on standard laboratory diet were dissected. Bones were flushed with PBS and cells passed through a 70 μm cell strainer.

To obtain bone marrow-derived macrophages, bone marrow cells were cultured in RPMI 1640 medium (72400047, Gibco), with 15% L929-conditioned medium, 10% fetal calf serum (FCS, FBS-12A, Capricorn Scientific) and 1% penicillin-streptomycin (15070-063, Gibco). After 7-day differentiation, BMDMs were detached with lidocaine and plated for downstream assays. For pro-inflammatory polarization of BMDMs, cells were incubated with LPS (10 ng/ml, L2880, Sigma) and IFN-γ (100 units/ml, HC1020, Hycult Biotech) for 24 h after overnight attachment.

To obtain bone marrow-derived DCs, bone marrow cells were cultured in IMDM medium (21980032, Thermo Fisher Scientific), with 5% FCS, 0.029 mM 2-mercaptoethanol, 150 ng/ml Flt3 ligand (472-FL, R&D Systems) and 1% penicillin-streptomycin for 8 days. After differentiation, DCs were detached by rinsing.



Quantitative PCR

RNA was isolated with TRIzol reagent (15596026, Thermo Fisher Scientific) according to manufacturer’s protocol. RNA concentrations were determined by NanoDrop 2000 (Thermo Fisher Scientific) and reverse transcription performed following manufacturer’s protocol (1708890, Bio-Rad and 04379012001, Roche). Real-time qPCR was performed using 10 ng cDNA, SYBR Green Supermix (1708885, Bio-Rad) and specific primer sets (Supplementary Table 1). One housekeeping gene (18s rRNA) was used to correct for different mRNA quantities between samples.



Lactate and Glucose Levels

Lactate and glucose levels in Pfkfb3wt/wt and Pfkfb3fl/fl BMDM cell culture medium were assessed after 26 h of conditioning, using a GEM Premier 4000 Analyzer and the manufacturer’s protocol (Instrumentation Laboratory).



Seahorse

BMDMs were plated onto XF96 tissue culture microplates. Growth medium was replaced with glucose-free assay medium (RPMI-1640 (R1383, Sigma), 143 mM NaCl, 3 mg/L Phenol Red, 2 mM L-glutamine, in dH2O, pH 7.35) and cells were incubated in a non-CO2 incubator for 1 h. Thereafter, the assay was performed according to manufacturer’s protocol (103020-100, Agilent), using a 10 mM glucose stimulus, with a Seahorse XF96 Analyzer (Agilent).



Statistical Analyses

Data are represented as mean ± SEM. For results besides single-cell analysis, ROUT outlier analysis was performed and subsequently, normality (Shapiro-Wilk) and equal variances (F-test) analysis and corresponding parametric or non-parametric testing were performed for two-independent groups. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.



RESULTS


Expression of PFKFB3/Pfkfb3 in Human and Murine Plaques in Both Immune and Stromal Cells

We first sought to assess PFKFB3/Pfkfb3 expression patterns in human and murine atherosclerotic plaques. The scRNA-seq dataset from human atherosclerotic coronary arteries by Wirka et al. (2019) showed PFKFB3 expression mainly in macrophages, but also in ECs, fibroblasts and other leukocytes such as T cells (Figure 1A). This confirms PFKFB3 expression in human atherosclerosis, and particularly in macrophages.
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FIGURE 1. Expression pattern of PFKFB3/Pfkfb3 in human and murine atherosclerosis. (A) Violin plot of PFKFB3 expression in single-cell populations of human atherosclerotic coronary arteries (Wirka et al., 2019). (B) Violin plot of Pfkfb3 expression in single-cell populations of murine atherosclerotic myeloid cells (Zernecke et al., 2020). (C) Violin plot of Pfkfb3 expression in single-cell populations of murine Ldlr– /– LysMCre+/– aortic arch lesions (van Kuijk et al., 2021). (D) Split violin plot of PFKFB3 expression in cells with high versus low HIF1α signature from human atherosclerotic coronary arteries (Wirka et al., 2019). (E) Split violin plot of Pfkfb3 expression in murine atherosclerotic myeloid cells, with high versus low Hif1α signature (Zernecke et al., 2020). In (D,E), Wilcoxon test statistics of FDR-adjusted p-values and r effect sizes are indicated at the top. Sample sizes per cell type indicated under (split) violin plots. CD, cluster of differentiation; cDC, conventional dendritic cell; EC, endothelial cell; HIF1α, hypoxia-inducible factor 1-alpha; IFNIC, interferon-inducible; Mac, macrophage; moDC, monocyte-derived dendritic cell; NK cell, natural killer cell; pDC, plasmacytoid DC; SMC, smooth muscle cell; TREM2, triggering receptor expressed on myeloid cells 2. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.


Next, we analyzed murine Pfkfb3 expression in myeloid cells specifically, from the scRNA-seq meta-analysis by Zernecke et al. (2020) including data from 9 atherosclerosis studies of murine aorta. Traditionally, macrophages were classified into pro-inflammatory M1 and anti-inflammatory M2 macrophages (Mantovani et al., 2009). However, the rise of single-cell techniques has shown that macrophage phenotypes are diverse and has led to identification of 5 main macrophage subsets in atherosclerosis: resident-like macrophages, inflammatory macrophages, foamy “triggering receptor expressed on myeloid cells” (TREM2hi) macrophages, interferon (IFN)-inducible macrophages, and so-called cavity macrophages, whose transcriptome resembles that of peritoneal macrophages (Willemsen and de Winther, 2020; Zernecke et al., 2020). Furthermore, DCs can be broadly classified into moDCs, plasmacytoid DCs (pDCs) and conventional DCs (cDCs) (Eisenbarth, 2019). Interestingly, of all myeloid cells, Pfkfb3 expression was highest in mature DCs and pDCs. Furthermore, Pfkfb3 was expressed across the 5 main macrophage subsets, albeit by a low percentage of cells (Figure 1B). Aside from the aforementioned DC and macrophage subsets, Pfkfb3 expression was confirmed in monocytes, neutrophils, cluster of differentiation (CD) 209a + moDCs and cDCs.

The meta-analysis dataset contains only myeloid data from several murine atherosclerosis models. Considering the use of Ldlr–/–LysMCre+/– mice in the current study, we confirmed Pfkfb3 expression in a scRNA-seq dataset from Ldlr–/–LysMCre+/– aortic arch lesions by van Kuijk et al. (2021). Although the number of cells in this Ldlr–/–LysMCre+/– dataset is low, in accordance with the meta-analysis and human datasets, Pfkfb3 was expressed in a wide range of plaque cells, including macrophage subsets, monocytes, neutrophils, DCs and lymphocytes, but also ECs, SMCs and fibroblasts (Figure 1C).

In line with in vitro analysis of HIF1α-dependent expression of PFKFB3 (Tawakol et al., 2015), in vivo PFKFB3/Pfkfb3 expression was significantly increased in both human and murine atherosclerotic macrophages with high HIF1α/Hif1α signatures (Figures 1D,E). However, next to macrophages, a high HIF1α/Hif1α signature was associated with increased PFKFB3/Pfkfb3 expression in human ECs, fibroblasts, B cells, neurons, NK cells, pericytes and plasma cells, and in murine CD209a+ moDCs and cDCs. Although cell number is low in some populations, these data suggest that hypoxia regulates PFKFB3/Pfkfb3 expression in vivo, both in humans and mice, in a wide range of cell types.



Decreased Glycolysis and Pro-inflammatory Profile in Pfkfb3fl/fl Macrophages

To study if myeloid cells were indeed responsible for the observed effects of systemic PFKFB3 inhibition, we generated Ldlr–/– LysMCre+/–Pfkfb3fl/fl (Pfkfb3fl/fl) mice, using Ldlr–/– LysMCre+/–Pfkfb3wt/wt mice as controls (Pfkfb3wt/wt). Partial myeloid Pfkfb3 knockdown was confirmed in Pfkfb3fl/fl versus Pfkfb3wt/wt BMDMs (50%, Figure 2A). As available antibodies are non-specific, confirmation of PFKFB3 knockdown on a protein level was prevented. Therefore, we further sought to obtain functional confirmation of Pfkfb3 knockdown. The (near-)complete inhibition of glycolysis (≥ 80%) induces cell death (Schoors et al., 2014). Thus, partial glycolysis inhibition is desirable to affect cell function, without compromising cell viability. Seahorse analysis after glucose dosing revealed decreased basal extracellular acidification rate (ECAR) in Pfkfb3fl/fl BMDMs compared to controls (Figure 2B), indicating partially decreased glycolytic rates. During glycolysis, glucose is metabolized into pyruvate. Pyruvate can either be utilized in the tricarboxylic acid cycle to generate ATP, or metabolized into organic acids such as lactate (Lunt and Heiden, 2011). As expected based on glycolysis disruption, residual glucose levels were increased, whereas lactate levels were decreased in Pfkfb3fl/fl BMDM-conditioned medium (Figures 2C,D).
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FIGURE 2. Decreased Pfkfb3 expression and decreased glycolysis in Pfkfb3fl/fl bone marrow-derived macrophages. (A) Pfkfb3 mRNA expression in Pfkfb3fl/fl (FL) relative to Pfkfb3wt/wt (WT) bone marrow-derived macrophages (BMDM). (B) Extracellular acidification rate (ECAR, percentage of baseline) of Pfkfb3fl/fl and Pfkfb3wt/wt BMDMs after 10 mM glucose stimulus, as assessed with a Seahorse XF Analyzer. (C) Glucose and (D) lactate levels in Pfkfb3fl/fl and Pfkfb3wt/wt BMDM culture media after 26 h of culture. (E) Il10 mRNA expression in unstimulated Pfkfb3fl/fl relative to Pfkfb3wt/wt BMDMs. (F) Pfkfb3 mRNA expression in Pfkfb3fl/fl relative to Pfkfb3wt/wt BMDMs after pro-inflammatory stimulation with LPS and IFN-γ. (G) Il6 and (H) Il12b mRNA expression in Pfkfb3fl/fl and Pfkfb3wt/wt BMDMs cultured without additions (ctrl; control) or stimulated with LPS and IFN-γ. Expression is relative to unstimulated Pfkfb3wt/wt BMDMs. (I) Pfkfb3 mRNA expression in Pfkfb3fl/fl relative to Pfkfb3wt/wt bone marrow-derived dendritic cells. The graphs represent mean ± SEM. * p < 0.05, ** p < 0.01. Data were analyzed using Mann-Whitney U test. ECAR; extracellular acidification rate.


We previously mentioned that pro-inflammatory macrophages rely on glycolysis for their energy supply (Galván-Peña and O’Neill, 2014). As PFKFB3 silencing using siRNA previously reduced glycolysis and pro-inflammatory activation of human macrophages (Tawakol et al., 2015), we studied the effect of Pfkfb3 knockdown on BMDM cytokine gene expression. Indeed, already in unstimulated Pfkfb3fl/fl BMDMs, we observed increased expression of anti-inflammatory Il10 (Figure 2E). Thereafter, we stimulated Pfkfb3fl/fl and Pfkfb3wt/wt BMDMs with LPS and IFN-γ to mimic the plaque pro-inflammatory phenotype of these cells and showed that partial Pfkfb3 knockdown was maintained (60%, Figure 2F). Moreover, pro-inflammatory Il6 and Il12b expression were decreased in Pfkfb3fl/fl versus Pfkfb3wt/wt BMDMs after pro-inflammatory stimulation (Figures 2G,H). These results indicate a decreased pro-inflammatory profile in Pfkfb3fl/fl macrophages, and thus confirm a role of Pfkfb3 in pro-inflammatory macrophage polarization.

In our mouse model, Cre-recombinase expression is under control of the Lyz2 promoter. Compared to macrophages, monocytes and neutrophils, Lyz2 gene expression is low in DCs (Supplementary Figure 1A). Nevertheless, we assessed if DCs were targeted by our model, as Pfkfb3 expression was abundant in this cell type (Figures 1B,C). We differentiated DCs from bone marrow cells and confirmed protein expression of the DC marker CD11c by flow cytometry (Supplementary Figure 1B). As expected based on lower Lyz2 gene expression, DCs were not targeted in our model, as Pfkfb3 expression was unchanged between Pfkfb3fl/fl and Pfkfb3wt/wt DCs (Figure 2I).



No Effect of Partial Myeloid Pfkfb3 Disruption on Atherosclerosis

After confirming partial Pfkfb3 knockdown, functional disruption of glycolysis and a decreased pro-inflammatory profile in macrophages in vitro, we studied the effects of myeloid Pfkfb3 disruption on atherosclerosis. Therefore, Pfkfb3fl/fl and Pfkfb3wt/wt mice were fed a HCD for 12 weeks. We observed advanced atherosclerotic plaques in ARs with a necrotic core and fibrous cap (Figure 3A). Body weight and plasma cholesterol and triglyceride levels were similar between Pfkfb3fl/fl and Pfkfb3wt/wt mice after HCD (Figures 3B–D).
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FIGURE 3. No effect of partial myeloid Pfkfb3 disruption on advanced atherosclerotic lesions in aortic roots. (A) Setup of mouse experiment using Ldlr– /– LysMCre+/–Pfkfb3fl/fl (Pfkfb3fl/fl, n = 20) and Ldlr– /– LysMCre+/–Pfkfb3wt/wt (Pfkfb3wt/wt, n = 17) mice. (B) Cholesterol and (C) triglyceride levels in Pfkfb3wt/wt (WT) and Pfkfb3fl/fl (FL) plasma. (D) Body weight of Pfkfb3wt/wt and Pfkfb3fl/fl mice after 12 weeks of high cholesterol diet. (E) H&E, (F) MAC3, (G) Sirius Red and (H) Ly6G staining in Pfkfb3wt/wt and Pfkfb3fl/fl AR lesions and corresponding quantifications. The graphs represent mean ± SEM. Scale bars 200 μm. Data in B and H were analyzed using Mann-Whitney U test. Data in C–G were analyzed using Student’s t-test.


Unexpectedly, plaque and necrotic core size, as well as plaque macrophage and collagen content were unaffected in Pfkfb3fl/fl advanced AR lesions compared to controls (Figures 3E–G). Moreover, Ly6G+ neutrophil content was also unchanged between Pfkfb3wt/wt and Pfkfb3fl/fl AR lesions (Figure 3H). Similarly, no changes in plaque or necrotic core size were observed in early lesions without or with very little necrosis in BCA (Supplementary Figure 2A). Besides plaque size, total plaque burden, as measured by plaque index (Perrotta et al., 2020), was also unaffected in Pfkfb3fl/fl BCA (Supplementary Figure 2B).



Pfkfb Isoenzyme Expression in Plaque Myeloid Cells

To study potential genetic compensation by other Pfkfb isoenzymes keeping glycolytic rate above a certain threshold, we assessed expression of these isoenzymes in murine plaque myeloid cells. Expression of Pfkfb1 and Pfkfb2 was minimal in myeloid cells of the meta-analysis (Figures 4A,B) and Ldlr–/– LysMCre+/– datasets (Supplementary Figures 3A,B). Similarly to Pfkfb3, Pfkfb4 was expressed in macrophage and DC subsets, monocytes and neutrophils, albeit in a small proportion of cells (Figure 4C and Supplementary Figure 3C). To assess possible genetic compensation, we determined expression of Pfkfb1, Pfkfb2, and Pfkfb4 in Pfkfb3fl/fl versus Pfkfb3wt/wt BMDMs, which was unaffected (Figure 4D). Thus, genetic compensation by other Pfkfb isoenzymes seems absent in BMDMs.
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FIGURE 4. Expression of Pfkfb isoenzymes in plaque cells. Violin plot of (A) Pfkfb1, (B) Pfkfb2, and (C) Pfkfb4 expression in murine atherosclerotic myeloid cells (Zernecke et al., 2020). (D) Pfkfb1, Pfkfb2, and Pfkfb4 mRNA expression in Pfkfb3fl/fl (FL) relative to Pfkfb3wt/wt (WT) BMDMs. Data in (D) were analyzed using Two-way ANOVA. Sample sizes per cell type indicated under violin plots. CD, cluster of differentiation; cDC, conventional dendritic cell; IFNIC, interferon-inducible; Mac, macrophage; moDC, monocyte-derived dendritic cell; pDC, plasmacytoid DC; TREM2, triggering receptor expressed on myeloid cells 2.




DISCUSSION

The current study assessed the effect of partial myeloid Pfkfb3 disruption on atherosclerosis in vivo, after 12 weeks of HCD. Collectively, our findings suggest that although myeloid Pfkfb3 disruption decreases the pro-inflammatory macrophage profile in vitro, it does not affect atherosclerosis development in vivo, neither in advanced, nor early lesions. No effects on circulating lipids, plaque size and composition, or total plaque burden were observed.

A few studies have looked into partial pharmacological inhibition of glycolysis in atherosclerosis by targeting PFKFB3, using 3PO(-derivatives). Similar to the current study, no effect on plaque size was reported (Beldman et al., 2019; Perrotta et al., 2020; Poels et al., 2020). Although plaque size was unchanged, total plaque burden over the aorta length was reduced in 3PO-treated ApoE–/– and ApoE–/– Fbn1C1039G± mice (Perrotta et al., 2020). This decreased plaque occurrence was independent of changes in plaque composition, such as macrophage content, necrosis, fibrosis or angiogenesis.

In contrast, other studies did report effects of 3PO treatment on plaque composition. Plaque stability was increased, as indicated by decreased necrotic core area and a thicker fibrous cap, in Ldlr–/– mice treated with 3PO-derivative PFK158 (Poels et al., 2020). While Perrotta et al. (2020), hypothesized that decreased plaque burden after 3PO treatment was linked to decreased expression of EC adhesion molecules during early lesion development, no changes in EC adhesion molecules were observed in PFK158-treated Ldlr–/– mice (Poels et al., 2020). It was suggested that glycolysis inhibition in macrophages and monocytes could be responsible for the observed plaque stabilization.

On the contrary, here, we show that partially decreased PFKFB3-mediated glycolysis in monocytes, macrophages and granulocytes does not affect atherogenesis. Possibly, opposing effects of Pfkfb3 knockdown within myeloid cells and subsets, result in an absence of net effect. However, we did not observe changes in neutrophil and macrophage numbers. Thus, positive effects reported after systemic 3PO treatment are likely conferred by other myeloid or stromal cell types, that are affected by inhibition of PFKFB3-mediated glycolysis and are important in atherogenesis, such as DCs, SMCs and fibroblasts. Indeed, we show that our model does not induce Pfkfb3 knockdown in DCs. However, Pfkfb3 expression is high in atherosclerotic DCs, and DCs play a fundamental role in atherogenesis by contributing to activation of adaptive immunity, foam cell formation and pro-inflammatory cytokine secretion (Zhao et al., 2021). Next to DCs and other myeloid cells, through analysis of scRNA-seq datasets, we showed that fibroblasts and SMCs, but also ECs and lymphocytes express PFKFB3/Pfkfb3 in human and murine atherosclerosis. Importantly, increased αSMA + cells, i.e., SMCs and fibroblasts, were observed upon PFK158-treatment in Ldlr–/– and upon 3PO-treatment in ApoE–/– mice (Beldman et al., 2019; Poels et al., 2020). Additionally, EC activation and dysfunction are at the center of atherogenesis, while ECs also highly depend on glycolysis (De Bock et al., 2013; Eelen et al., 2015). Both specific PFKFB3/Pfkfb3 knockdown in ECs and 3PO treatment reduced EC sprouting in vivo and in vitro, by affecting EC migration and proliferation (De Bock et al., 2013; Schoors et al., 2014). Moreover, 3PO decreased EC activation and increased endothelial barrier stability in vitro. However, while increasing plaque stability, 3PO treatment in ApoE–/– mice did not affect plaque endothelial barrier function (Beldman et al., 2019). Except for myeloid-specific Pfkfb3 knockdown in the current study, effects of other cell-specific Pfkfb3 knockdowns in atherosclerosis have not been studied yet. This could shine additional light on cell-specific effects of disrupted PFKFB3-mediated glycolysis on atherogenesis.

Another factor that might explain the lack of effect on atherosclerosis compared to studies utilizing 3PO treatment, is recent evidence that 3PO inhibits glycolysis through intracellular acidification, rather than specific PFKFB3 inhibition (Burmistrova et al., 2019; Emini Veseli et al., 2020). Thus, one should take possible unintended off-target effects of intracellular acidification into consideration when using 3PO(-derivatives). Small molecule AZ67 does bind to PFKFB3 specifically (Boyd et al., 2015; Emini Veseli et al., 2020) and might be an interesting pharmacological inhibitor for future in vivo atherosclerosis studies, while keeping in mind that effects are likely not mediated by monocytes, macrophages or neutrophils.

In addition to greater relevance of PFKFB3-mediated glycolysis in other cell types in atherosclerosis, or off-target effects of reported inhibitors, other factors may explain the observed lack of effect of myeloid Pfkfb3 inhibition on atherosclerosis.

Firstly, Pfkfb3 knockdown in Pfkfb3fl/fl BMDMs is only partial (∼50–60%). The LysMCre-loxP system often results in ≥ 70% deletion efficiency in myeloid cells (Clausen et al., 1999). Efficiency of the Cre-lox system in our model could be complicated by Pfkfb3 gene locus (Murray and Wynn, 2011). Moreover, it should be noted that although we report expression of Pfkfb3 in atherosclerotic myeloid cells, the percentage of monocytes, neutrophils and macrophages that express Pfkfb3 is low (∼10–20%, Supplementary Figure 4A). Furthermore, as PFKFB3 is merely one of several stimulators of glycolytic flux (Mor et al., 2011), Pfkfb3 inhibition reduces glycolysis only partially, in line with previous studies that targeted PFKFB3-mediated glycolysis (De Bock et al., 2013; Schoors et al., 2014; Yetkin-Arik et al., 2019). Nevertheless, glycolysis inhibition by 3PO treatment in vivo is also partial (Schoors et al., 2014; Poels et al., 2020), and a similar, partial approach was very successful to change EC function in vivo (De Bock et al., 2013; Beldman et al., 2019).

Indeed, we focus only on PFKFB3-mediated glycolysis in the current study. Atherosclerotic plaques are associated with increased glycolytic activity (Ali et al., 2018). As glycolysis is controlled at different levels, other glycolytic regulators than PFKFB3 might be involved in this association, such as hexokinase 2, glucose transporter 1 or enolase 2, which should be studied in the future (Berg et al., 2002; Ali et al., 2018).

Another factor that could explain the lack of effect, is the possible role of other PFKFB isoenzymes. Although we showed that Pfkfb1, Pfkfb2, and Pfkfb4 expression was unaffected in Pfkfb3fl/fl BMDMs, PFKFB isoenzyme activity could still be increased, independent of expression (Macut et al., 2019).

Finally, differences in experimental setup, gender, HCD length and composition, and vascular sites assessed may cause differences in observed effects between the current and previous studies (Supplementary Table 2; VanderLaan et al., 2004; Getz and Reardon, 2006; Man et al., 2020). Moreover, glycolysis inhibition using chronic gene silencing by LysMCre from embryonic stage versus acute pharmacological protein inhibition or siRNA silencing in adult mice may result in different functional outcomes and may also explain a lack of effect in the current study (Knight and Shokat, 2007). As mentioned, the selectivity of pharmacological agents is often not entirely clear.

In conclusion, we showed that partial myeloid knockdown of PFKFB3 does not affect atherosclerosis development. Positive effects of systemic, partial glycolysis inhibition on lesion stabilization or total plaque burden that were previously reported, might be conferred by other Pfkfb3-expressing cells such as DCs, fibroblasts, SMCs and lymphocytes. Possibly, more severe reduction of myeloid glycolysis may be needed.
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INTRODUCTION

Endothelial cells (ECs), as the “gatekeeper” by controlling the extravasation of circulating cells into tissues, play an essential role in regulating tissue homeostasis (Eelen et al., 2018). By altering their production of cytokines, chemokines, and adhesion molecules, endothelial cells control the traffic of immune cells into injury sites (Gerhardt and Ley, 2015). Injury or dysfunction of ECs is known to contribute to many pathologies, including metabolism-related disease, in which loss of the glycolytic activator phosphofructokinase-2/fructose-2,6-bisphosphatase isoform 3 in ECs impairs vessel formation (Li et al., 2019). Besides, ECs also contribute to homeostasis and regeneration via “angiocrine” signaling (Ding et al., 2014; Cao et al., 2016; Rafii et al., 2016), which secretes “angiocrine” cytokines for tissue regeneration.

Lactate (2-hydroxypropanoic acid) is divided into two types, L-lactate and D-lactate. The former is the focus of this review; L-lactate means lactate. Lactate is stored in the body and is the terminal product of anaerobic metabolism, considered a metabolic waste. In recent years, it has been discovered that lactate is not simply waste but fertilizer. However, EC's function on lactate metabolism for peripheral tissue regeneration remains to be fully elucidated.

This paper focuses on the role of endothelial–lactate interactions in regulating metabolic microenvironment on tissue regeneration and propose that endothelial–lactate interactions affect the microenvironment through two pathways except for the classical angiogenesis pathway; (1) lactate uses endothelium as a gatekeeper to regulate the microenvironment through immune cells, affecting the regeneration of the damaged tissues; (2) ECs secrete lactate to repair the organ regeneration caused by the damaged tissues.



ENDOTHELIAL CELLS “GATEKEEPER” FUNCTION FOR TISSUE REGENERATION

The role of “gatekeeper” is a vital role for ECs. ECs play an essential role in the chemotaxis of neutrophils by inflammation and the recruitment of macrophages for homeostasis. Former studies focused on the classical hypothesis that cancer cells ensure sufficient oxygen and nutrient supply for proliferation through lactate-induced secretion of vascular endothelial growth factor (VEGF), forming the new vessels (form a barrier for “gatekeeper”) (Kumar et al., 2007; Longchamp et al., 2018). Lactate uses the “lactate shuttle” in ECs to shuttle between cells and affect cell differentiation in cancers (de la Cruz-López et al., 2019). Even under quiescent conditions, ECs can use glycolysis to convert glucose into lactate (De Bock et al., 2013). Simultaneously, lactate as a metabolizable anion may lead to Cl− egress from ECs, giving rise to ECs swelling and functional barrier changes (Hoffmann et al., 2009).

In recent years, that lactate promotes organ regeneration through ECs and that the classic lactate enhances ECs angiogenesis have been put on the agenda. ECs and lactate transporter play an essential role in lactate-induced tissue regeneration. The brain is an excellent example of lactate going through ECs for tissue regeneration for the “gatekeeper” role. Exercise can increase lactate production from skeleton muscle and promote lactate penetration through the blood–brain barrier. Morland et al. (2017) reported that high-intensity exercise induces the release of lactate from the muscle strains through the vascular endothelial lactate receptor (hydroxycarboxylic acid receptor 1) receptor. Previous studies have also suggested that cerebral vascular ECs highly express monocarboxylate transporter (MCT), a lactate transporter, allowing lactate to shuttle through the ECs' cell membrane, which works as a path for the lactate-induced metabolism of the entire brain (Zhang et al., 2014). Lactate in the blood can be transferred into ECs through MCT1 and then transported to the brain. After lipopolysaccharide stimulation, MCT-1 of the ECs decreased, and interleukin 1β accumulates in the brain, followed by a rise in lactate content (Boitsova et al., 2018). Lev-Vachnish et al. (2019) blocked the expression of MCT2 in ECs in vivo, which transports lactate to the brain, and finally found that mouse brain neuron regeneration was enhanced. Therefore, the lactate transporter plays a “gatekeeper” role in transporting lactate through the endothelial barrier to the damaged organ.

The mechanism of how the “gatekeeper” function of ECs on lactate affects the brain's cognitive function through supporting tissue regeneration is also worth discussing. Wang et al. (2019) illustrated how the brain ECs maintained lactate homeostasis and contributed to adult hippocampal neurogenesis and cognitive functions. Conditional phosphatase and tensin homolog (PTEN) knockout in ECs increased the outflow of lactate from the blood through ECs to nearby tissue, and administering lactate to wild-type animals impaired adult hippocampal neurogenesis. Thus, the brain lactate was upregulated, suggesting that ECs can maintain the lactate-induced metabolic homeostasis. Simultaneously, the expression of MCT1 decreased with the knockout of PTEN in ECs, and neurocognitive function also declined in the hippocampus of mice, indicating that PTEN of ECs regulates the metabolism of lactate in the brain by upregulating the expression of MCT1. Moreover, deletion of Akt1 in ECs restored MCT1 expression, decreased lactate levels, and normalized hippocampal neurogenesis and cognitive function in PTEN mutant mice. As a virtual channel of “gatekeeper,” lactate transporter carries lactate in the blood to neurons through critical signal transduction pathways of ECs to improve neurogenesis and cognitive functions.

Therefore, based on these particular steps of metabolism, ECs can reprogram the lactate and promote the regeneration of the damaged tissue. Finally, lactate is released and transported through the lactate transporter on ECs, passing through the endothelial barrier to the damaged tissues for tissue repair (Figure 1A).


[image: Figure 1]
FIGURE 1. (A) ECs are the “gatekeepers” of lactate. Lactate metabolism plays a vital role in the regeneration of tissues (especially in the nervous system). The accumulation of lactate often leads to neurodegenerative diseases. The primary mechanism of action is the “gatekeeper” function of ECs as a metabolite, allowing lactate to be carried through the bloodstream to the site that needs damage and repair with the transporter (HCAR1 and MCT1) on ECs, thereby affect the damage and repair of tissues. (B) Flow chart describing “classical” ECs release lactate for local metabolism and tissue regeneration. The endothelium itself is a high-metabolic organ, causes lactate accumulation through endothelial activation, which affects the regeneration and repair of surrounding tissues. The primary mechanism is that lactate (after exercise) undergoes anaerobic metabolism in ECs and finally changes from glucose to lactate, following an amount of lactate accumulated in ECs. Through ECs' transporter, such as MCT1, the lactate is released from ECs to recruit immune cells such as macrophages. The macrophages release VEGF and other cytokines to the surrounding ischemic tissues (such as muscle tissue), producing regeneration and repair. HCAR1, lactate receptor Vascular endothelial growth factor; MCT1, monocarboxylate transporter 1; ECs, endothelial cell.




LACTATE “ANGIOCRINE” FUNCTION IN ENDOTHELIAL CELLS FOR TISSUE REGENERATION

ECs act as a “gatekeeper,” controlling lactate secretion for organ-like brain regeneration in previous reports. ECs also can maintain lactate homeostasis and facilitate tissue repair and regeneration via “angiocrine” signaling. For instance, Jag1 derived from lung ECs ensures control of the lung regeneration after bleomycin injection (Cao et al., 2016); in the mouse brain, quiescence of neural stem cells can be sustained by neurotrophin-3 released from the brain endothelium (Ottone et al., 2014).

ECs relied on glycolysis rather than on oxidative phosphorylation for adenosine triphosphate production, and the loss of the glycolytic activator phosphofructokinase-2/fructose-2,6-bisphosphatase isoform 3 (PFKFB3) in ECs impaired vessel formation. EC's activation enhanced the glycolytic regulator PFKFB3 when along with glucose, it was oxidized during glycolysis. Deletion of PFKFB3 in ECs prevents revascularization and lactate reprogramming, and the addition of the lactate to PFKFB3-knockdown cells rescued the suppression of EC proliferation and migration (De Bock et al., 2013; Schoors et al., 2014; Xu et al., 2014). Dual inhibition of PFKFB3 and VEGF normalized tumor vasculature, reduced lactate production, and improved chemotherapy in glioblastoma (Zhang et al., 2020b). Moreover, the lactate promoted EC proliferation and migration in PFKFB3-knockdown cells. Eventually, PFKFB3 can control lactate secretion in ECs. However, whether the ECs acted as a “reservoir” for lactate through PFKFB3 is rarely reported.

The function of macrophages to promote fibrosis and regeneration has been well-studied (Cui et al., 2021). However, few studies on ECs regulate macrophages by releasing lactate and macrophages as mediators for tissue regeneration and repair. Zhang et al. (2020a) exploited lactate–EC metabolic communication that contributes to tissue regeneration uniquely. They found that endothelial PFKFB3 is required for ischemia-induced muscle revascularization and regeneration and that knocking PFKFB3 in muscle ECs impairs muscle function upon ischemia. Loss of endothelial PFKFB3 in ECs increased monocyte recruitment during ischemia but dampened M2 macrophage polarization. Muscle ECs use lactate as a signal of sprouting within the muscle microenvironment, promoting M2-like macrophage functional polarization and augmentation VEGF secretion from macrophages. Eventually, macrophages create a positive feedback loop that can stimulate EC's angiogenesis further.

It is novel that ECs metabolically collaborate with macrophages to repair muscle, efficiently sharing the energetic substrate glucose via the glycolysis to lactate. Finally, ECs are no longer a simple barrier but are activated by tissue damage and activated ECs, which become a reservoir of metabolites such as lactate. ECs with a large amount of lactate are used as raw material and fuel to combine with the lactic acid transporter of immune cells to promote the release of cytokines, amplifying the repairing effect of immune cells in damaged tissues (Figure 1B).

Traditionally, ECs are the blood barrier in which oxygen, nutrients, and metabolites can be transported and exchanged with the blood flow, among which lactate is a vital metabolite shuttled through the “switch” action of ECs. Lactate passes through the transporter of ECs, allowing the lactate produced by other tissues (such as muscles) to be carried through the blood to the targeted organs (such as neurons), promoting tissue regeneration. However, ECs can also serve as a “reservoir” for the release of lactate, allowing the lactate with “angiocrine” function to be released from ECs, and the damaged tissue can be repaired with lactate. Therefore, the “gatekeeper” role of ECs can allow activated ECs to act as a gated channel to release lactate when repairing other tissues. However, the angiocrine function of ECs is achieved by endothelial activation. Then, lactate is released, and immune cells are recruited, which are undergoing tissue regeneration and repair.



CONCLUSION AND FUTURE PROSPECTS

Here, in addition to the angiogenesis effect of lactate on ECs, this paper further discusses the “gatekeeper” function effect of ECs on the metabolism of lactate for tissue regeneration and how lactate penetrates ECs to affect the surrounding tissues of blood vessels, such as the formation of brain nerves. More interestingly, we also discuss the ECs as a “reservoir” of lactate, which can secrete lactate from ECs, thus affecting the regeneration of nearby tissues.

In EC microenvironment, lactate contributes metabolic crosslinks between immune cells and stromal cells, acting as a “lactate-shuttle” in the damaged tissue. Lactate is no longer a waste product derived from anaerobic metabolism; instead, it is a powerful molecule tool that contributes to EC's angiocrine function, favoring tissue regeneration. Thus, new tools, including tracing lactate location and consumption and transporting lactate to damaged tissue, deserve further study.

Although several profoundly illustrated mechanisms have been identified as causes of organ regeneration in lactate-related microenvironments, limited evidence supports metabolic cross talk between immune cells or supportive tissues and ECs, which is obviously another challenge for future research in the EC metabolism field. Despite the scarcity of researches related to ECs' molecular function of regulating lactate, translational research on lactate metabolism in ECs has transferred some fundamental aspects of the regeneration-related disease to the clinical aspects. Clinical researchers working in regeneration disease are encouraged to utilize lactate metabolism to treat ischemia or neuron degeneration.

In summary, ECs can promote blood vessel formation in an environment with high lactate levels and act as a gate of lactate, controlling lactate secretion and affecting tissue regeneration. Finally, activated ECs also serve as a storehouse of lactate, and the activated ECs can secrete lactate to promote the regeneration of surrounding tissues.
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Chemokine is a structure-related protein with a relatively small molecular weight, which can target cells to chemotaxis and promote inflammatory response. Inflammation plays an important role in aging. C-C chemokine receptor 9 (CCR9) and its ligand C-C chemokine ligand 25 (CCL25) are involved in the regulating the occurrence and development of various diseases, which has become a research hotspot. Early research analysis of CCR9-deficient mouse models also confirmed various physiological functions of this chemokine in inflammatory responses. Moreover, CCR9/CCL25 has been shown to play an important role in a variety of inflammation-related diseases, such as cardiovascular disease (CVD), rheumatoid arthritis, hepatitis, inflammatory bowel disease, asthma, etc. Therefore, the purpose of this review gives an overview of the recent advances in understanding the roles of CCR9/CCL25 in inflammation and inflammation-associated diseases, which will contribute to the design of future experimental studies on the potential of CCR9/CCL25 and advance the research of CCR9/CCL25 as pharmacological inflammatory targets.
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INTRODUCTION

Chemokines are a large family of small cytokines and generally have low molecular weight ranging from 7 to 15 kDa (Palomino and Marti, 2015). Chemokines can interact with different chemokine receptors that control the residence and migration of immune cells. When the body is stimulated by antigen, chemokines can be secreted by various cells such as endothelial and dendritic cells (DCs) (Vassilatis et al., 2003). Currently, more than 50 chemokines have been discovered, which can be divided into four categories according to the position of two cysteines at the N-terminus: C subfamily, CC subfamily, CXC subfamily, and CX3C subfamily (Figure 1; Bleul et al., 1996). Moreover, according to the expression of chemokines and their functions in the immune system, chemokines can be also divided into homeostatic and inflammatory chemokines (Table 1; Moser et al., 2004). Chemokines expression is regulated via a variety of factors such as interleukin (IL)-10 and glucocorticoids, which can inhibit the secretion of chemokines, while IL-1 and tumor necrosis factor (TNF)-α can increase chemokines expression (Cocchi et al., 1995; Oberlin et al., 1996; Zlotnik and Yoshie, 2012). The chemokine receptor is a G-protein coupled receptor of the seven-transmembrane receptor family, which contains seven transmembrane segments and is widely expressed on white blood cells surface derived from bone marrow such as neutrophils and macrophages (Schulz et al., 2016). In addition, chemokine receptors have also been shown to be expressed in epithelial cells, vascular endothelial cells, and other tissue cells. The combination of chemokines and their corresponding receptors can involve in normal body development, and also participate in various pathological and physiological processes such as leukocyte activation, angiogenesis, aging, breast cancer resistance, and autoimmune diseases (Zhong et al., 2015).
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FIGURE 1. Structure of members of the chemokine family.



TABLE 1. Classification, structural features, function, and location of the chemokine family members.
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C-C chemokine ligand 25 (CCL25) is also considered a thymus expressed chemokine, and the gene is located on chromosome 19p13.2 (Figure 1; Qiuping et al., 2004). Tu et al. (2016) confirmed that CCL25 is mainly expressed in the thymus and intestinal epithelium, and also produced by vascular endothelial cells and other parenchymal cells, which can migrate immature T cells into the thymus to mature and release (Table 1). C-C chemokine receptor 9 (CCR9) was discovered in 1996 as a G protein-coupled receptors expressed on the cell membrane of dendritic cell, neutrophils, lymphocytes, monocyte macrophages, and vascular endothelial cells (Yu and Stamenkovic, 2000). However, in the 3 years after the discovery of CCR9, its ligand has not been found, so it was once called "orphan receptor." It was not until 1999 that CCL25 was found to be one-to-one combined with CCR9 (Zaballos et al., 1999). CCR9 belongs to the β-chemokine receptor family, and its gene is located on chromosome 3 p21.31 (Tu et al., 2016). CCR9 is mainly distributed in immature T lymphocytes and intestinal cells surface, and after binding to its specific ligands, plays a key role in T lymphocyte development and tissue-specific homing (Wermers et al., 2011; Wu et al., 2014). Further study found that CCL25 promoted proliferation and chemotaxis of inflammatory cells that expressed its specific receptor CCR9 (Igaki et al., 2018).

CCR9 and CCL25 are members of the CC subfamily of chemokines that are involved in a variety of inflammatory diseases and promote inflammatory responses. Over the years, the role of CCR9/CCL25 in inflammation and related diseases has become increasingly clearness, including cardiovascular disease (CVD), hepatitis, arthritis (Yokoyama et al., 2014), inflammatory bowel disease (Kalindjian et al., 2016), and asthma. This study provides abundant evidence that CCR9/CCL25 can be a potential target for a variety of inflammatory diseases. Therefore, the focus of this review is to evaluate the latest findings on the role of CCR9/CCL25 in inflammatory disease. The structure and physiological function of CCR9/CCL25 were briefly introduced. The various roles of CCR9/CCL25 in the development of inflammatory disease were described (Figure 2), and some different insights were put forward concerning the CCR9/CCL25 pathway.
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FIGURE 2. Schematic diagram illustrating the regulation of molecular mechanisms of CCR9/CCL25 in inflammatory diseases. CCR9/CCL25 exerts multiple effects in a variety of inflammatory diseases by regulating molecular mechanisms, such as molecules associated with apoptosis and inflammation. CCR9, C-C chemokine receptor 9; CCL25, C-C chemokine ligand 25; Bcl-2, B-cell lyumphoma-2; Bax, Bcl-2 Associated X-protein; IL-6, interleukin-6; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-α; mTOR, mechanistic target of rapamycin; GSK3β, glycogen synthase kinase 3-beta; p70S6K, p70 S6 kinase; IL-10, interleukin-10; MMP3, matrix metalloproteinase-3; TNF-β, tumor necrosis factor-β; IL-17, interleukin-17; CCL11, C-C chemokine ligand 11; Th1/Th17, helper T1/helper T17; IFN-γ, interferon-gamma; IL-2, interleukin-2; IL-17A, interleukin-17A.




CCR9 AND CCL25 EXPRESSION IN TISSUE

Vicari et al. (1997) isolated CCL25 cDNA from the thymus of recombinase activation gene-1 (RAG-1) deficient mice and were designated thymus-expressed chemokine (TECK). Moreover, they also found that CCL25 appeared weak sequence homology to other members of the CC chemokine family and located on mouse chromosome 8 (Vicari et al., 1997). Besides the thymus, mRNA encoding CCL25 was detected at substantial levels in the small intestine and at low levels in the liver (Vicari et al., 1997; Zabel et al., 1999; Kunkel et al., 2000). However, studies found that CCL25 is highly expressed in the small intestinal epithelium and thymus, which can regulate trafficking of gut-specific memory/effector T cells via upregulation of the integrin homing receptor α47 and CCR9 (Stenstad et al., 2006; Wurbel et al., 2000, 2007). Meanwhile, the source of CCL25 in the thymus was determined to be thymic dendritic cells; in contrast, bone marrow-derived dendritic cells do not express CCL25. The murine CCL25 recombinant protein showed chemotactic activity for activated macrophages, dendritic cells, and thymocytes. These research results fully demonstrated that CCL25 represents a novel thymic dendritic cell-specific CC chemokine that is possibly involved in T cell development. Within the intestines of normal mice, CCL25 expression was highest in the proximal small intestine, lowest in the distal small bowel, and no or almost no expression in the colon (Svensson et al., 2002; Rivera-Nieves et al., 2006; Stenstad et al., 2007; Wermers et al., 2011; Wurbel et al., 2011).

In circulating white blood cells, CCR9 expression is limited to activated B cells and a certain proportion of CD4 and CD8 T cells (Zabel et al., 1999; Kunkel et al., 2000; Papadakis et al., 2000, 2001, 2003). CCR9 has been identified in plasmacytoid dendritic cells in mice, but there is a lack of relevant data in humans (Wendland et al., 2007; Hadeiba et al., 2012). Similarly, despite the fact that a few papers describe the expression of CCR9 on mouse macrophages, there is a lack of human data (Nakamoto et al., 2012). In the peripheral tissues, CCR9+ cells are mostly concentrated in colon, thymus, and small intestine (Zabel et al., 1999; Kunkel et al., 2000; Papadakis et al., 2000). Intraepithelial lymphocytes are mainly CD8+, most of which express CCR9 surface (Zabel et al., 1999; Kunkel et al., 2000).



THE ROLE OF CCR9/CCL25 IN INFLAMMATORY DISEASES

Inflammation underlies many physiological and pathological processes. In particular, chronic inflammation is attributed to the pathophysiological basis of various modern diseases. Of note, inflammatory diseases are characterized by wide coverage, complex pathogenesis, and large difference in prognosis (Guo et al., 2015). Therefore, we mainly focus on the effect of CCR9/CCL25 in inflammatory diseases as well as elaborate on their mechanism of action in related diseases.


Cardiovascular Disease

Cardiovascular disease, also known as circulatory disease, is a series of diseases involving the circulatory system, including the heart and blood vessels, which have always been at the forefront of human major causes of death (Jokinen, 2015). Heart failure, cardiac hypertrophy, and atherosclerosis are belong to CVD and are also a chronic vascular inflammatory disease, which have high morbidity, high mortality, and high disability rate, and thus, seriously threaten human health (Van Camp, 2014).

In CCR9 knockout CCR9+/+ mice, surgical ligation of the left anterior descending coronary artery caused myocardial infarction (MI), and found that the expression of CCR9 in the heart of mice was significantly up-regulated after MI. Down-regulation of CCR9 expression can improve survival rate and left ventricular dysfunction, reduce infarct size, and improve cardiac function after MI. In addition, abolish of CCR9 in the mouse MI heart significantly increased Bcl-2 expression, while the expression of Bax and cleaved caspase 3 was remarkably reduced, thereby attenuating the apoptosis of cardiomyocytes. Inflammation is considered the most vital pathological response to damage and repair, and abolish of CCR9 can decrease pro-inflammatory cytokines mRNA levels (IL-6, IL-1β, and TNF-α) and suppress the inflammatory response after MI. In addition, CCR9 is involved in structural remodeling mainly by interfering with NF-κB and MAPK signaling pathways (Figure 2). These results confirmed that CCR9/CCL25 may exert a positive role in MI (Huang et al., 2016).

Heart failure is the leading cause of death in many countries, particularly in an aging population (Kumarswamy and Thum, 2013). Currently, heart failure is widely recognized as a clinical syndrome caused by cardiac hypertrophy and remodeling that involves changes of structural and functional in the left ventricle (Zhang et al., 2014). Study found that CCR9 protein levels have significantly increased in failing human hearts and mice or cardiomyocyte hypertrophy model. The loss of CCR9 in mice can reduce the hypertrophy caused by pressure overload. The results show that heart weight/body weight, lung weight, and heart weight/tibia length ratios of CCR9-deficient mice are significantly lower than those of the control group. And aortic banding treated CCR9-deficient mice were characterized by decreased Left ventricular (LV) end diastolic and systolic diameters and increased fractional shortening, demonstrating smaller LV dimensions and elevated systolic function. Moreover, the hypertrophic response of the CCR9-deficient mice was remarkably attenuated compared with controls, and these animals manifested decreased heart size and cardiomyocyte cross sectional area as well as alleviation of interstitial fibrosis. The mRNA levels of hypertrophic and fibrotic markers were also reduced significantly in the CCR9 deficient mice. Notably, overexpression of CCR9 in mice reversed the result of the appeal (Xu et al., 2016). In terms of mechanism, they further found that the expression levels of MAPK lack difference between the two groups, while the phosphorylation levels of AKT/protein kinase B and downstream effectors (mTOR, GSK3b, and p70S6K) were remarkably reduced in CCR9 knockout mice and increased in CCR9 transgenic mice after aortic surgery (Figure 2). These results suggested that CCR9 could promote hypertrophy mainly due to the protein kinase B mammalian target of the rapamycin GSK-3β signaling cascade, rather than through the MAPK signaling pathway, which indicates that CCR9 can be used as a new regulator of myocardial hypertrophy and may provide a novel therapeutic target for suppressing myocardial hypertrophy in the future (Xu et al., 2016).

In conclusion, the knockout of CCR9/CCL25 serves as a novel modulator of pathological progression for inhibiting the development of MI and heart failure (Table 2). However, the role of CCR9/CCL25 in other CVD has not been reported, so further research is needed.


TABLE 2. The role of CCR9/CCL25 in inflammatory-associated diseases.
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Hepatitis

Hepatitis usually refers to various pathogenic factors, including parasites, viruses, drugs, bacteria, and autoimmune factors, which cause damage to liver cells and functions, thereby causing a series of uncomfortable symptoms of the body and abnormal liver function indicators (Crispe, 2003; Thomson and Knolle, 2010; Linder and Malani, 2017).

As well known, various immune cells in the liver involve in the pathogenesis of liver diseases. Inflammatory macrophages play a key role in liver injury and then liver fibrosis and canceration. Nakamoto et al. (2012) previous research suggests that CCR9+ inflammatory macrophage triggers acute liver injury by interacting with helper T 1 (Th1) cells in the inflamed liver. Subsequently, they found that macrophages expressing CCR9+CD11b+ aggravated liver damage through production of inflammatory cytokines and the promotion of Th1 cell development during the concanavalin A-induced murine acute liver injury and human acute hepatitis (Nakamoto, 2016). Further analysis using liver-shielded radiation and bone marrow transplantation mouse models revealed that these CCR9+CD11b+ macrophages were originated from bone marrow-derived monocytes, but not liver resident macrophages. In addition, in contact with hepatic stellate cells, these CD11b+ inflammatory macrophages participated in the pathogenesis of experimental liver fibrosis by knocking out CCR9 gene. The results with further verification in human samples clarified the pathogenic role of CCR9/CCL25 axis as therapeutic target of a variety of liver diseases (Nakamoto, 2016). Similarly, Amiya et al. (2016) also demonstrated that in acute liver injury, inflammatory macrophages originated from bone marrow and became locally differentiated and proliferation through interaction with hepatic stellate cells by knocking out CCR9 gene (Figure 2).

Primary sclerosing cholangitis (PSC), as a chronic inflammatory liver disease, is characterized by progressive bile duct destruction and is also a parenteral complication of inflammatory bowel disease (IBD). In addition, PSC is a non-suppurative autoimmune granulomatous inflammation of the small bile ducts in the liver that can lead to chronic progressive cholestasis and eventually cirrhosis and liver failure (Chapman, 1991). In the healthy liver, the expression of CCL25 is very low or even undetected (Vicari et al., 1997; Zabel et al., 1999; Eksteen et al., 2004). However, in PSC, the expression of CCL25 was increased in the liver, mainly through hepatic sinusoidal endothelial cells and portal DCs expression (Eksteen et al., 2004). The hepatic inflammation in PSC was related to the increase of CCR9 positive T cells. Other study proposed that long-lived memory gut homing cells that expressed CCR9 and α4β7 and were early activated during episodes of IBD could exacerbate PSC through interactions with hepatic endothelial that ectopically expressed CCL25 (Eksteen et al., 2004). Notably, they also demonstrated for the first time that T cells activated in the intestine can be recruited to extra-intestinal site of disease in humans and provide basic research to explain the pathogenesis of extra-intestinal complications of IBD (Eksteen et al., 2004; Table 2).



Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory disease that can cause a large number of macrophages, T cells, and B cells to accumulate in the synovium (Firestein, 1991; Kinne et al., 2000), and the accumulation of these cells can further participate in the development of inflammation, joint destruction, and pain. However, biological agents (TNF blockers and IL-6 receptor antagonists) are effective in RA patients (Feldmann, 2002; Nishimoto et al., 2004; Smolen et al., 2010).

A large number of mononuclear/macrophages accumulate in the rheumatoid synovium, which play a promotive role in inflammation and joint destruction. Identifying the molecules involved in its accumulation and differentiation is essential for the development of therapeutic strategies (Mulherin et al., 1996; Haringman et al., 2005; Nishimoto and Takagi, 2010). Cluster of differentiation (CD) 14 and CD68 co-localize with CCR9 or CCL25 to identify macrophages. Other studies have confirmed that the augment CD68+ cells in the substratum of RA are one of the characteristic pathological changes of synovial membrane in early RA (Singh et al., 2004). Other study demonstrated that CCR9 was expressed by PB monocytes/macrophages in RA and healthy donors, and increased in RA. Moreover, in the synovium of RA and non-RA patients, CCR9 colocates with CD14+ and CD68+ macrophages and was more abundant in RA synovium. Therefore, the percentage of CCR9+ monocytes in the synovium of RA (81%) is increased compared to that in blood (40%), and the percentage of CCR9+ monocytes in the synovium of non-RA (66%) is greater than that in blood (16%). Meanwhile, CCL25 could be detected in both RA and non-RA synovia, which can be co-localized within CD14+ and CD68+ cells (Schmutz et al., 2010). Furthermore, CCL25 induced stronger monocyte differentiation in RA. CCL25 induced significant chemotaxis of peripheral blood monocytes, however, which was inconsistent between different individuals. These results indicate that monocyte-induced CCR9/CCL25 expression is significantly increased in RA. CCL25 may be involved in the differentiation of monocytes to macrophages particularly in RA (Haringman et al., 2005). Moreover, CCR9 and CCL25 are expressed at higher levels in RA synovial tissues compared to osteoarthritis synovial tissues. Most CD68+ macrophages in RA synovial tissue express CCR9 and CCL25 revealed by immunohistochemical. CCR9 was expressed in macrophage, fibroblast-like synoviocytes, and DCs of synovial tissues. CCL25 stimulated the production of IL-6 and MMP-3 in RA fibroblast-like synoviocytes, and also increased the production of IL-6 and TNF-α in peripheral blood monocytes (Figure 2). Collagen-induced arthritis was inhibited in CCR9–/– mice. CCR9 antagonist (CCX8037) also suppressed collagen-induced arthritis and decreased the migration of CD11b+ splenic cells to synovial tissues. These results suggested that the interaction between CCL25 and CCR9 may promote cell infiltration and production of inflammatory mediator in RA synovial tissues. Blocking CCL25 or CCR9 may represent a strange new safety therapy for RA, and provide theoretical basis for further research a novel safe therapy for RA (Yokoyama et al., 2014; Table 2).



Inflammatory Bowel Disease

Inflammatory bowel disease is a group of chronic, non-specific inflammatory bowel diseases whose etiology has not yet been clarified, mainly including ulcerative colitis (UC) and Crohn’s disease (CD). UC is a continuous inflammation of the colonic mucosa and submucosa that first affects the rectum and gradually spreads to the entire colon. CD can affect the entire digestive tract and is a discontinuous full-layer inflammation, most commonly involving terminal ileum, colon, and perianal (Loftus, 2004; Molodecky et al., 2012).

Wurbel et al. (2011) study the acute inflammation and recovery in WT and CCR9–/– mice in a model of dextran sulfate sodium (DSS)-induced colitis. The results show that CCL25 and CCR9 are both expressed in the large intestine and are upregulated during DSS colitis. CCR9–/– mice are more susceptible to DSS colitis than WT littermate controls as shown by higher mortality, increased IBD score, and delayed recovery. During recovery, the CCR9–/– colonic mucosa is characterized by the accumulation of activated macrophages and added Th1/Th17 inflammatory cytokines levels. Activated plasmacytoid dendritic cells (pDC) accumulate in the mesenteric lymph nodes of CCR9–/– animals, changing the local proportion of DC subsets. The T cells separate from these mesenteric lymph nodes were stimulated again, which were significantly higher levels of TNF-α, IFN-γ, IL-2, IL-6, and IL-17A while down-regulating IL-10 production (Figure 2). These results suggest that the CCR9/CCL25 interaction regulates the inflammatory immune response of the intestinal mucosa by balancing different dendritic cell subsets (Wurbel et al., 2011).

As mentioned before, CCR9–/– and CCL25–/– mice are more susceptible to acute DSS colitis than WT controls. As human ulcerative colitis is associated with signs of chronic colonic inflammation, they investigated whether the increased susceptibility to acute inflammation associated with defective CCL25/CCR9 interactions would also translate into increased susceptibility to chronic inflammation, and found that chronic DSS exposure results in exacerbated colitis in mice deficient for either CCR9 or CCL25 when compared with WT control mice. Although CCR9–/– T cells traffic to the colon and induce severe colitis similar to WT T cells, naive WT T cells induce more severe disease in recipient animals devoid of CCL25 expression. Moreover, compared with WT control mice, there was no significant difference in the total number of pDC and conventional dendritic cells (cDC), and the pro-inflammatory and anti-inflammatory subgroups of cDC were regulated by the CCR9/CCL25 interaction. In the end, the CCR9/CCL25-dependent innate immune cell lineage specificity and lineage-dependent function will be remarkably assisted via targeting the loss of CCR9/CCL25 in innate immune cell and/or epithelial compartment. These results suggested that CCR9/CCL25 interactions have protection against large intestinal inflammation in chronic colitis (Wurbel et al., 2014). Moreover, Papadakis et al. (2001) demonstrated that the proportion of peripheral blood CCR9+ CD4+ cells rose remarkably in active small bowel CD compared with normal groups, but not in patients with purely colonic Crohn’s. It is worth noting that GSK/Chemocentryx has advanced its CCR9 antagonist CCX282-B (also known as vercirnon) to a pivotal phase III clinical trial. It was unfortunate that due to poor efficacy of IBD, the clinical project was terminated at the end of 2013 (Zhang et al., 2015).

The pathophysiological characteristics of necrotizing enterocolitis (NEC) include excessive inflammation and necrosis, which can affect any part of the gastrointestinal tract (especially the small intestine) (Neu and Walker, 2011; Nino et al., 2016). The imbalance caused by the decrease in tolerogenic Foxp3+ regulatory T (Treg) cells and the increase in the production of Th17 cells in the lamina propria pro-inflammatory il-17 leads to the NEC-induced excessive inflammatory response (Weitkamp et al., 2013; Liu et al., 2014; Egan et al., 2016). Moreover, another study has shown that in the peripheral blood of NEC patients and mice, the proportion of CCR9+ CD4+ T cells was significantly elevated. Increased CCR9+ CD4+ T cells were mainly CCR9+ IL-17-producing Treg cells, which are characteristic of common Treg cells, but their inhibitory activities were seriously damaged and passively correlated with the serious of intestinal tissue injury. Treg cells that produce CCR9+ IL-17 may be an important biomarker, improving NEC by regulating the balance of lymphocytes (Ma et al., 2019). In summary, these results demonstrated that CCR9+ IL-17-producing Treg cells could be an important biomarker, but further research is needed for clinical use (Table 2).



Asthma

Asthma, as a lung disease, is characterized by reversible airway obstruction, airway inflammation, and increased airway responsiveness to a variety of stimuli (Hahn, 2009; Mims, 2015). Chemokine receptors have been confirmed to be involved in leukocyte recruitment, and are closely related to asthma pathology (DeKruyff et al., 2014; Griffith et al., 2014). An ovalbumin (OVA)-induced allergic inflammation model was established in CCR9–/– mice, and the expression of CCR9 and CCL25 in eosinophils and T lymphocytes was found 6 h post-OVA challenge. Meanwhile, compared with wild-type mice, the peribronchial infiltration in CCR9-deficient mice was significantly reduced (nearly 50%), while the total number of eosinophils recruited in bronchoalveolar fluid (BALF) was decreased (30%). Moreover, in CCR9–/– mice, OVA administration can reduce the recruitment of inflammatory cell, which modifies IL-10, CCL11, and CCL25 expression at 24 h after OVA (Lopez-Pacheco et al., 2016). Interestingly, expression of TGF-β and IL-17 was elevated in OVA-stimulated CCR9-deficient mice compared to WT mice, whereas IL-10, as an anti-inflammatory chemokine, was significantly reduced (more than 60%). In addition, there was an increase in the expression of CCL25 in the WT mice as early as 6 h after ova-challenge. Meanwhile, CCL25 expression was decreased at all time test in CCR9–/– mice (Figure 2). The above results confirm that CCR9 deficiency has a positive regulatory effect on eosinophils and lymphocytes in the early stage of inflammation induction, suggesting that they may be potential targets for regulating asthma inflammation in asthma (Lopez-Pacheco et al., 2016).

Natural killer T (NKT) cells are the main operators in the development of asthma. Multiple NKT cells migrate and aggregate in the airway, producing a Th2 bias effect that directly or indirectly promotes asthma. Studies have found that the recruitment of NKT cells depends on the high expression of CCR9 and the connection of CCR9/CCL25 (DeKruyff et al., 2014; Griffith et al., 2014). In patients with allergic asthma, the CCR9/CCL25 binding method selectively induces chemotaxis of NKT cells, whereas in healthy volunteers, normal NKT cells are not able to induce. Further studies have confirmed that the pathways for NKT cells regulate the development of asthma. In the process of migrating from blood vessels to airway bronchial mucosa, NKT cells may directly contact CD3+ T cells, making them polarized toward Th2. This regulatory function depends on DC participation and CCR9/CD226 coordinated activation. The adhesion molecule CD226 is overexpressed in asthmatic NKT cells. The CCR9/CCL25 linkage can directly phosphorylate CD226, and the lack of CD226 can block the Th2 bias effect induced by NKT cells. These results indicate that CCR9/CCL25 signaling pathway could interact with CD226 signals to activate asthmatic NKT cells, leading to airway hyperresponsiveness and inflammation, aggravating asthma (Sen et al., 2005). In addition, Castan et al. (2018) demonstrated that CCR9 knock-out mice eliminated the aggravation of lung symptoms in consecutive food and respiratory allergies, which were featured by a rose in lung resistance and a higher Th17/Treg ratio in solely asthmatic-like mice. Moreover, to better understand the mechanism underlying the food allergy-induced aggravation of asthma and the role of CCR9, they performed adoptive transfer of CD4+ T cells from food-allergic mice into naïve mice, which were subsequently sensitized to house dust mites. They found that asthmatic mice received food-sensitized CD4+ T cells and had more severe inflammation than asthmatic mice that received non-sensitized CD4+ T cells. Interestingly, when mice received food allergen-sensitized lymphocytes from CCR9–/– mice, the exacerbation of asthma caused by food allergen CD4+ lymphocytes was eliminated. These results show that CCR9 is a driving factor for the worsening of lung inflammation in food allergic mice (Castan et al., 2018), and confirm its application potential in the development of treatment strategies for allergic diseases (Table 2).



Autoimmune Diseases

Toll-like receptor 4 (TLR4) is an important part of innate immunity and has been linked to central nervous system (CNS) inflammatory diseases (Ureña-Peralta et al., 2020). Zhang et al. (2019) have shown that TLR4–/– mice were inadequate to induce experimental autoimmune encephalomyelitis (EAE), which is featured by reducing low clinic score, weight loss, demyelinating, and spinal cord inflammatory cell infiltration. The deletion of TLR4 in the lesion area of EAE mice can decrease inflammatory cytokines and CCL25 secretion. After transformation, CCR9 expression is reduced in TLR4–/– Th17 cells, and the chemotaxis and migration ability are weakened. In summary, TLR4 may play an important role in the infiltration of Th17 during the pathogenesis of EAE by CCL25/CCR9 signaling pathway (Zhang et al., 2019). Kadowaki et al. (2019) also demonstrate that in the mice model of experimental autoimmune encephalomyelitis, CCR9+ memory T cells preferentially infiltrate the inflammatory CNS and express lymphocyte activation 3 gene (LAG3) in the late stage. Antibiotic treatment can alleviate the symptoms of experimental autoimmune encephalomyelitis, which is supported by a significant rise in peripheral blood CCR9+ memory T cells. Generally speaking, they postulate that the alterations in CCR9+ memory T cells observed, caused by either the gut microbiota changes or ageing, may lead to the development of secondary progressive multiple sclerosis (Kadowaki et al., 2019). Moreover, the CCL25/CCR9 was also powerful to authorize effector/memory T cells to access anatomic sites (Evans-Marin et al., 2015). Binding of CCR9 to CCL25 inhibits CD4 T cells differentiating to Tregs. In autoimmunity, CCR9+ T helper cells induce diabetes by secreting IL-21 and promote the expansion and survival of CD8t cells (McGuire et al., 2011).

Omenn syndrome is resulted from a mild rag mutation, which is featured by severe immunodeficiency and similar manifestations of autoimmunity (Villa et al., 1998; Khiong et al., 2007). Rigoni et al. (2016) confirmed that long-term use of broad-spectrum antibiotics in Rag2 (R229Q) mice can ameliorate intestinal and systemic autoimmunity by reducing mucosal and circulating gut-tropic CCR9(+) Th1 and Th17 T cells frequency. In addition, during the allergic reaction, CCL25 drives the mobilization of IL-17+ γδ T cells to inflamed tissues through α4β7 integrin, and regulates the level of IL-17 (Costa et al., 2012). The above studies have proved that CCR9/CCL25 plays an important role in autoimmune diseases.



Cancer

In microenvironment, tumor formation and immune system are mutually restricted, and chemokines also play an important role between tumor formation and immune system (Fan et al., 2019; Rossi et al., 2019; Lei et al., 2020). T cells are one of the main functional cells of the anti-cancer immune response. CD4+ T cells have an important regulatory effect, and CD8+ T cell stem cell-like subgroups have the potential to self-proliferate and differentiate toward effector cells, which can produce durable anti-tumor immune response and specifically kill tumor cells (Borst et al., 2018; Farhood et al., 2019; He et al., 2019; Brightman et al., 2020).

Studies have found that T cell function depends on the expression of CCR9. CD4+ CCR9+ T helper cells express high amounts of interleukin 21 and induce T cell costimulatory factor, transcription factor B cell CLL/lymphoma 6 (Bcl-6), and Maf, which are local features of autoimmune diseases that affect the accessory organs of the digestive system (McGuire et al., 2011). The CCR9 signal transmitted during the startup of naïve T cells promotes the differentiation of memory CD4+ T cells that produce α 4 β + 7 IFN-γ, increasing the immune microenvironment in gastrointestinal tissues, thereby affecting effector immunity in infections and cancer (Fu et al., 2019). Notably, Chen et al. (2020) used tumor acidity-responsive nanoparticle delivery system (NP-siCD47/CCL25) to discharge CCL25 protein and CD47 siRNA in tumors to enhance CD47 targeted immunotherapy.

In the study, NP-siCD47/CCL25 remarkably increased the invasiveness of CCR9+CD8+ T cells, inhibited the expression of CD47 in tumor cells, and inhibited tumor cells metastasis and growth by T-cell-dependent immunity (Chen et al., 2020). In addition, Khandelwal et al. (2015) pointed out that CCR9 regulates the STAT signal in T cells and inhibits the secretion and cytotoxicity of T lymphocytes type 1 cytokines. This study shows that inhibiting CCR9 expression may promote tumor-specific T cell immunotherapy (Khandelwal et al., 2015). In conclusion, targeting CCR9/CCL25 is expected to be a new approach for treating tumors, by suppressing or treating tumor patients with an autoimmune system that produces a lasting antitumor response.




CONCLUSION AND POTENTIAL FUTURE DIRECTIONS

Inflammatory diseases have become a serious threat to the health of the global population. Inflammatory diseases involve lesions of multiple tissues and organs in the body, which are characterized by tissue damage caused by excessive or persistent inflammation, such as CVD, hepatitis, asthma, RA, and inflammatory bowel diseases. However, the common features of these diseases are abnormal regulation of inflammatory response and imbalance of immune pathways. Chemokines are a family of small molecule cytokines whose receptors are seven-transmembrane glycoproteins, mainly expressed on the surface of inflammatory cells. Previous studies have shown that as members of the chemokine CC subfamily, CCR9 and CCL25 have been related to various inflammatory diseases as well as could promote inflammatory responses. Recently, the roles of CCR9/CCL25 in inflammation and related diseases have become clearer. CCR9/CCL25 is participated in many inflammatory diseases, including CVD, hepatitis, RA, IBD, and asthma (Table 2). Although the functional studies regarding CCR9/CCL25 in inflammatory diseases have gradually deepened, the understanding of CCR9/CCL25 has become more comprehensive. However, studies on the mechanisms of CCR9/CCL25 underlying inflammatory diseases are mostly restricted to the theoretical basic, and their clinical application is few.

Although several lines of evidence have clarified the specific mechanism of CCR9/CCL25 signaling in inflammation-associated diseases, the development of successful treatment of CCR9/CCL25 is still in further study stage. CCX282-B is bioavailable in the circulation following oral administration, and which has high specificity for CCR9 with negligible binding to any other chemokine receptor, have been evaluated in murine models of IBD as well as in clinical trials. Meanwhile, related studies have confirmed that the use of an oral antagonist for CCR9 (CCX282-B) was also evaluated in phase II and phase III clinical trials with mixed results, but the results were not as expected. Therefore, to make further progress in delineating the potential clinical role of CCR9 in human disease, detailed mechanistic studies and well-designed proof-of-concept human trials are now required. Further investigation is likely to focus on (1) studying the effects of blocking CCR9 on the activation state of circulating and tissue-infiltrating lymphocytes, (2) investigating disease remission in CD remains a strong indication for CCR9 antagonist treatment, and any future clinical trials should include patients with UC and with PSC, (3) investigating whether the clinical application of CCR9 antagonism has any suboptimum efficacy, and (4) continuing to study CCR9/CCL25 upstream and downstream molecules, which are possible future potential therapeutic targets for inflammatory diseases. In conclusion, this review presents a comprehensive picture of the role of CCR9/CCL25 in inflammatory diseases and proposes a new underlying therapeutic mechanisms and target for the future treatment of inflammatory diseases.
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HIMF inhibited the nerve growth factor (NGF)-mediated survival of rat embryonic
dorsal root ganglion (DRG) neurons and NGF-induced CGRP gene expression
in adult rat DRG neurons. HIMF may modulate the function of neurons
innervating the bronchial tree, and thus alter the local tissue response to allergic
pulmonary inflammation.

IL-4 signaling may play a significant role in HIMF-induced lung inflammation and
vascular remodeling.

STATG directly regulates IL-4- and IL-13-triggered induction of HIMF expression
at the transcriptional level by cooperation with C/EBP.

The expression of HIMF increased typically in OVA-induced pulmonary
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The results are presented as the mean + SEM of 8-9 animals. *

'Indicates a significant difference from the control group (one-way ANOVA followed by Dunnett's post-test), p < 0.05.
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Age

Gender (Male, %)

Systolic blood pressure, mmHg
BMI, kg/m?

Current smoker (yes, %)
Cholesterol lowering medication (yes, %)
Total cholesterol, mmol/L
HDL-cholesterol, mmol/L
LDL-cholesterol, mmol/L
Triglycerides, mmol/L
Lipoprotein(a), nmol/L
Glucose, mmol/L

Plaque vulnerability index

Fibrous (n = 10)

73.1(7.5)
6 (60.0)
148.3 (33.6)
26.8 (4.5)
2(20.0)
9(90.0)
3.9(0.7)

1.0 (0.3)
2.0(0.3)
1.7[1.3,2.5]
21.4[11.1, 44.6]
5.9 (2.1)
0.0(0.0)

Fibro-Atheromatous (n = 10)

67.7 (8.7)
8(80.0)
174.7 (45.6)
26.0 (2.5)
4 (40.0)

8 (80.0)
4.3(0.9)
1.1(0.3)
2.3(1.0)
1.4[1.0, 1.8]
49.4[14.0, 121.5]
6.7 (3.5)

1.4 (0.5)

Atheromatous (n = 10)

69.4 (7.4)
8(80.0)
176.7 (37.9)
27.2 (3.8)
4 (40.0)
8(80.0)
4.0(1.3)

1.0 (0.2)
2.0(1.1)
1.3[0.9, 1.8]
14.2 [12.2, 47.0]
6.8(3.0)
3.8(0.4)

P-value

0.308

0.506

0.316

0.768

0.549*
0.787

0.607

0.5687

0.709

0.399

0.464

0.794
<0.001

*Chi-Square test, 1-sided. Data are presented as mean (SD), n (%) or median [IQR]. BMI, body-mass index; HDL, high density lipoprotein; LDL, low-density lipoprotein.
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CVvD

Hypertension

Vascular
calcification

Cardiac valve
calcification

Atherosclerosis

LVH and VF

Underlying mechanisms

o Activation of SNS (Mizuno et al., 2016)

e Increasing renin expression leading to increased circulating
angiotensin levels (Bozic et al., 2014)

e Acute impairment of endothelium-dependent vasodilation (Six
etal., 2014)

e Increase endothelin-1 production via up-regulation of aortic
endothelin converting enzyme-1 expression (Olmos et al., 2017)

e Down-regulating a-klotho expression in the kidney (Hu et al.,
2015)

e Deterioration in renal function (Da et al., 2015; Yoon et al.,
2017)

e Up-regulate the expression of pit (Shobeiri et al., 2014)

e Up-regulate osteogenic transcription of VSMCs (Singh et al.,
2019; Voelkl et al., 2019; Bao et al., 2020; Chang et al., 2020;
Takashi and Fukumoto, 2020b)

e Pro-inflammatory cytokines (Voelkl et al., 2019; Alesutan
etal., 2020)

o Apoptosis and autophagy (Shroff et al., 2008; Liu et al., 2017;
Ciceri et al., 2019; Voelkl et al., 2019)

e Reduction of fetuin-A (Voelkl et al., 2019)

e Remodeling of extracellular matrix (Voelkl et al., 2019)

o Oxidative stress (Voelkl et al., 2019)

e a-klotho deficiency (Singh et al., 2019)

o Activation of NF-kB-AKT/ERK pathway (Li et al., 2017; Shuvy
etal., 2019; Zhou et al., 2020)

e Increased expression of pit-1 (Husseini et al., 2013)

e Reduction of eNOS and promotes ROS in endothelial
(Stevens et al., 2017; Roumeliotis et al., 2020)

e Increase of FGF-23 and a-klotho deficiency (Hu and Moe,
2012; Mencke et al., 2015; Richter et al., 2016; Verkaik et al.,
2018)

e Endothelial cell apoptosis (Roumeliotis et al., 2020)

o FGF-23 related dyslipidemia (Ellam and Chico, 2012)

e Reduction of calcitriol promoting ox-LDL uptake in
macrophages (Oh et al., 2009)

o a-klotho independent binding of FGF-23 with FGFR4 (Faul
etal., 2011; Grabner et al., 2015; Leifheit-Nestler et al., 2016)
o Ca?t dependent cardiomyocyte hypertrophy (Ca2-CAMK II-
IP3 pathway) (Mhatre et al., 2018)

e FGF-23 induced ROS and RAAS (Bockmann et al., 2019;
Dong et al., 2019)
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Regulatory variant

9.41737274T > C (rs533895008)
g9.41737144A > G
0.41736987C > T
9.41736806C > T

9.41736635T > C (rs975050638)
0.41736544C > T

Sex

-l =l <l

Age (years)

56
66
62
81
63
52

TG (mmol/L)

0.84
1.38
1.26
0.94
1.79
1.36

TC (mmol/L)

5.20
3.60
2.83
3.02
3.99
5.25

HDL (mmol/L)

1.41
0.80
1.38
1.28
0.85
0.93

LDL (mmol/L)

3.20
2.40
2.30
1.60
2.60
3.60
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Variants

g9.41737274T > C

g.41737144A > G

g9.41736987C > T

g.41736806C > T

0.41736635T > C

9.41736544C > T

Oligonucleotide sequences

5'-CTGATCTGCTCCAAA
(T/C)TGGGAGCAGGAGGG-3
5'-CTGCTCTGGTGGCTC
(A/G)GTTGGCCTATGAGC-3
5'-CAACGGCTACTGCAC
(C/T\GTGGGAGTCGAGCC-3'
5'-TTCCTCTTGACCCTG
(C/T)ACCCTCCTAGGGCA-3
5'-GTGGGTCACTGTGAT
(T/C)CTAAGAGAAATGGG-3'
5'-CCTGGAAAGGGAAGA
(C/T)AGTGGTAGCGCCAT-3

Locations

41737289

41737169

41737002

41736821

41736650

41736559
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Controls (n = 337) AMI (n = 352) P-value

Age (years, mean % SD) 51.25 + 12.28 61.29 + 12.01 <0.01
Male (n, %) 167 (49.55%) 267 (75.85%) <0.01
Hypertension (n, %) 63 (18.69%) 122 (34.66%) <0.01
Diabetes (n, %) 12 (3.56%) 68 (19.32%) <0.01
Smoking (n, %) 24 (7.12%) 189 (53.69%) <0.01
BMI (kg/M2) 25.12 + 3.51 25.02 £3.73 0.783
TG (mmol/L) 1.74 £0.98 1.32 £ 1.00 <0.01
TC (mmol/L) 488 +£0.92 4324113 <0.01
HDL (mmol/L) 124 £0.25 110+ 0.26 <0.01
LDL (mmol/L) 2.95 +0.85 2,62 +0.84 <0.01

BMI, body mass index; TG, triglyceride; TC, total cholesterol; HDL, high-density
lipoprotein cholesterol: LDL, low-density lipoprotein cholesterol. Tquantitative data
including age, BMI, TG, TC, HDL, and LDL were expressed as M + SD.
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Regulatory variants

9.41737451T7 > G

g.41737274T > C (rs533895008)
g.41737144A > G

g.41737034G > C (rs73733015)

9.41737034G > A (rs73733015)
9.41737034G > C/G > A (rs73733015)
9.41737005G > A (rs149166358)
9.41736987C > T (rs760293138)
0.41736981A > G

9.41736806C > T (rs748537297)
9.41736740C > A

9.41736635T > C (rs975050638)
0.41736544C > T

9.41736407C > T

9.41736218T > G

Genotypes

TG
TC
AG
GG
GC
CC
GA
CA
GA
CT
AG
CT
CA
TC
CT
CT
TG

Locationt

—1192 bp
—1015 bp
—885 bp
—775bp

—775bp
—775bp
—746 bp
—728 bp
—722 bp
—547 bp
—481 bp
—376 bp
—285 bp
—148 bp
+42 bp

Controls (n = 337)

1
0
0

209

111

4 4 00 2020 = 4 =3

AMI (n = 352)

0

1

1
196
136

N
o

O W o e e i D = O O =

P-value

t, variants are located upstream (-) to the transcription start site of TFEB gene at 41736259 (NC_000006.12).
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Inflammation  Expression of Model Effect of CCR9/CCL25 Outcome References
disease CCR9 or CCL25

Myocardial Increased CCR9  Model of myocardial ~ Down-regulation of CCR9 expression can improve CCR9/CCL25 axis may play an Huang et al.,
infarction infarction induced by  survival rate, left ventricular dysfunction, cardiac important role in inflammatory cell 2016
ligation of left anterior  function, reduce infarct size, meanwhile, infiltration and cardiac remodeling after
descending coronary  significantly attenuate the apoptosis of myocardial infarction.
artery of CCR9~/~ cardiomyocytes, and inhibit the inflammatory
and CCR9*/+ mice  response after myocardial infarction.
Hepatitis = Concanavalin Macrophages expressing CCR9TCD11b™ Inflammatory macrophages originated Amiya et al.,
A-induced murine aggravated liver damage through production of from bone marrow and became locally 2016;
acute liver injury and  inflammatory cytokines and the promotion of Th1  differentiated and proliferated by Nakamoto,
human acute hepatitis  cell development. interaction with hepatic stellate cells 2016

via knocking out CCR9 gene during
acute liver injury.
Rheumatoid  Increased CCR9  In the synovium of RA  Stimulation with CCL25 increased IL-6 and MMP-3 The interaction between CCL25 and ~ Yokoyama
arthritis and CCL25 and non-RA patients  production from RA fibroblast-like synoviocytes, CCR9 may promote cell infiltration etal, 2014
and also increased IL-6 and TNF-a production from and production of inflammatory
peripheral blood monocytes. Collagen-induced mediator in RA synovial tissues.
arthritis was suppressed in CCR9-deficient mice.
Inflammatory  Increased CCR9  DSS-induced acute CCR9~/~ mice are more susceptible to DSS colitis CCR9/CCL25 interaction regulates Waurbel et al.,
bowel disease and CCL25 colitis than WT littermate controls as shown by higher the inflammatory immune response of 2011
mortality, increased IBD score, and delayed the intestinal mucosa by balancing
recovery. During recovery, the CCR9~/~ colonic  different dendritic cell subsets.
mucosa is characterized by the accumulation of
activated macrophages and elevated levels of
Th1/Th17 inflammatory cytokines.
Inflammatory  Increased CCR9  DSS-induced acute The mice lacking the interaction of CCR9/CCL25  CCR9/CCL25 interactions have Waurbel et al.,
bowel disease and CCL25 colitis showed enhanced adhesion promoting ability of  protection against large intestinal 2014
coli after the transfer of naive T cells, and regulated inflammation in chronic colitis.
the pro-inflammatory and anti-inflammatory

subgroups of cDC.

Asthma Increased CCL25 OVA-induced model of In challenged CCR9-deficient mice, cell recruitment CCR9 and CCL25 expressions are Lopez-Pacheco
allergic inflammation  was impaired at peribronchial and perivenular induced in the early stages of airway et al., 2016
within CCR9 deficient levels. OVA administration in CCR9-deficient mice  inflammation and they have an
mice leads to a less inflammatory cell recruitment, which important role in modulating eosinophils

modifies the expression of IL-10, CCL11, and and lymphocytes recruitment at the first
CCL25 after OVA challenge. stages of inflammatory process.
Asthma Increased CCR9  NKT cells In patients with allergic asthma, the CCR9/CCL25 CCR9/CCL25 signal can interact with  Sen et al., 2005

binding method selectively induces chemotaxis of  CD226 signaling to activate asthmatic

NKT cells. And NKT cells may be in direct contact NKT cells, leading to airway

with CD3* T cells, polarizing them to a Th2 bias.  hyperresponsiveness and inflammation,
aggravating asthma.

Compelling evidence has indicated that alterations of CCR9 or CCL25 expression are also involved in inflammatory-associated diseases, including myocardial infarction,
hepatitis, rheumatoid arthritis, inflammatory bowel disease, and asthma.

CCR9, C-C chemokine receptor 9; CCL25, C-C chemokine ligand 25; RA, rheumatoid arthritis; IBD, inflammatory bowel disease; DSS, dextran sulfate sodium;
DCs, dendritic cells; IL-6, interleukin-6; IL-10, interleukin-10; MMP3, matrix metalloproteinase-3; TNF-a, tumor necrosis factor-o; NKT, natural killer T; DCs, dendritic
cells; Th, helper T.
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Family Structural features Function Location Chemokines

CXC The CXC family has a single amino acid residue CXC chemokines have the highest ability to attract 4912-13 CXCL1-8
in between the first two cysteines. neutrophils and monocytes. 4921.21 CXCL9-11
10g11.1 CXCL12
4921 CXCL13
5p31 CXCL14
17p13 CXCL1
CC The CC chemokine family has the first two CC chemokines are mainly responsible for the 17g11.2 CCL1-15
cysteine residues adjacent to each other. recruitment of lymphocytes. 7911.23 CCL16
16g13 CCL17
17g11.2 CCL18
9913 CCL19
20g33-3 CCL20
9913 CCL21
16013 CClL22 CCL23
11gt11.2 CCL24
7q911.23 CCL25
19p13.2 CCL26
7911.23 ccLar
9913 CCL28
59
C The C family there is only one cysteine residue C chemokine has chemotactic activity for lymphocytes, 1923 XCL1-2
and only one disulfide chain. CD4* and CD8™ T cells, and NK cells.
CX3C The CX3C chemokine family three amino acid CX3C chemokines can induce chemotaxis of 16913 CX3CLA1
residues separate the first two cysteines. monocytes and cytotoxic T cells.

The spacing of two conserved cysteine residues at the N-terminus determines the nomenclature and classification of the chemokine family members; in CXC, CC, C, and
CX3C chemokines. Moreover, according to the classification of chemokines, these four types also have different functions and localizations.
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Mechanotransduction

Biophysical sensors

Biochemical sensors

Function

Maintain cellular shape, Resist external
mechanical force, Link up inner and outer
cellular

Regular cardiogenesis and hypertrophic
cardiomyopathy, maintain heart
development under stress, Ca?*-channel
reguiation, mediating
contraction-excitation coupling and heart
rhythm

Components
Integrins, desmosome, adherens junctions
Ras-like small GTP-binding proteins, Ras

superfamily including Ras, Rho, Ran, and
Rab families

Signal pathways

Akt, c-Jun N-terminal
kinase,
MAPK-ERK-p38
RAS/RAF-dependent
MAPK signaling, RhoA
signaling
RAP-Hippo-YAP
pathway
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