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Editorial on the Research Topic 
Methods and application in cardiovascular and smooth muscle pharmacology: 2021

Despite significant advances in basic, translational, and clinical research tackling heart disease, cardiovascular pathologies remain among the leading causes of mortality and morbidity worldwide, being responsible for one-third of global deaths as estimated by the WHO (Organization, 2021). The complexity of risk factors and pathways underlying the development of cardiovascular disorders (CVDs) limits the efficacy of a given therapeutic intervention and necessitates combined pharmacological approaches, as well as lifestyle modification to provide a reasonable health impact (Arnett et al., 2019). Be that as it may, there remains a considerable room for scientific inquiry in pursuit of novel and more refined avenues to prevent, diagnose, mitigate, and reverse different forms of cardiovascular ailment, as well as optimize patient management. Indeed, such a need for research in this field was even further emphasized as the world faced heightened health challenges during the COVID-19 pandemic with cardiovascular complications being among the most serious consequences of SARS-CoV-2 infection (Wehbe et al., 2020).
In the current Research Topic in Frontiers in Pharmacology, we aimed to shed light on the latest experimental techniques and methods used to investigate fundamental questions in Cardiovascular and Smooth Muscle Pharmacology. The topic features several articles that span the spectrum of cardiovascular research from natural product and drug action, including their underlying mechanisms in functional disorders of the heart and blood vessels, to mathematical and machine learning models for diagnosis and prediction of therapy outcomes of CVDs. The article assortment also includes discussion of cutting-edge research on diagnostic markers, therapeutic targets, and treatment technologies.
Indeed, natural product pharmacology received significant attention in this topic. Chen et al. explored the potential mechanism of polydatin glycosides on pulmonary hypertension by modulating endothelial-to-mesenchymal transition. In related studies, Zhao et al. and Deng et al. investigated the effect of astragaloside and nuciferine, the principal component of Lotus leaf extract, on the chronic intermittent hypoxia-induced endothelial dysfunction and endothelium-dependent vasodilation, respectively. Along the same lines, Shao et al. provide an in-depth discussion of the protective and therapeutic effect of Taohong Siwu on ischemic myocardial injury. On the other hand, small molecule drug pharmacology was also tackled in this issue, where Mustafa et al. review the available data describing the molecular pathways underlying the impact of sacubitril/valsartan on cardiac remodeling in heart failure. On the same premise, Yuan et al. propose gut microbiota as a target for the modulation of diabetic cardiomyopathy.
From a different perspective, Fares et al. offer new insight on the role mathematical processing of heart rate and blood pressure signals as predictors of early cardiovascular dysfunction associated with metabolic disease. Relatedly, in their study, Jia et al. explored the clinical implications and the sex differences in the role of circulating PCSK-9 in the development of atherosclerosis and as a biomarker for the severity of cardiovascular and metabolic disease. Significantly, the current topic is not lacking in contributions addressing advances in biomedical technology. Whereas Marei et al. highlight recent innovations in strategies for biofunctionalization of stents to reduce stent thrombosis in diabetes, Dai et al. explored the use of internet-based medical services and machine learning models to improve clinical outcomes of anticoagulant therapy. In the review article by Marei et al., the authors discuss how thrombosis is one of the leading causes of stent failure in patients undergoing percutaneous coronary intervention (PCI). Stent thrombosis is primarily caused by impaired endothelialization of the stent lumen. Marei et al. discuss the mounting evidence supporting the use of circulating endothelial progenitor cells as a potential source for in situ endothelialization to prevent thrombosis and stent failure. This approach can have major implications in the treatment of coronary artery disease especially in type 2 diabetic patients who often presents with suboptimal outcomes following PCI or revascularization. Together, this research topic features novel developments in predicting cardiovascular dysfunction and provides insights into innovative interventions to alleviate cardiovascular insults that can pave the way for better diagnostic and therapeutic tools for CVDs.
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Taohong Siwu decoction (THSWD) is one of the classic prescriptions for promoting blood circulation and removing blood stasis. With the continuous in-depth excavation in basic and clinical research, it has been found that THSWD has made greater progress in the prevention and treatment of cardiovascular diseases. Mechanisms of the current studies have shown that it could prevent and treat the myocardial injury by inhibiting inflammatory reaction, antioxidant stress, inhibiting platelet aggregation, prolonging clotting time, anti-fibrosis, reducing blood lipids, anti-atherosclerosis, improving hemorheology and vascular pathological changes, regulating related signal pathways and other mechanisms to prevent and treat the myocardial injury, so as to protect cardiomyocytes and improve cardiac function. Many clinical studies have shown that THSWD is effective in the prevention and treatment of cardiovascular diseases related to myocardial injuries, such as coronary heart disease angina pectoris (CHD-AP), and myocardial infarction. In clinical practice, it is often used by adding and subtracting prescriptions, the combination of compound prescriptions and combinations of chemicals and so on. However, there are some limitations and uncertainties in both basic and clinical research of prescriptions. According to the current research, although the molecular biological mechanism of various active ingredients needs to be further clarified, and the composition and dose of the drug have not been standardized and quantified, this study still has exploration for scientific research and clinical practice. Therefore, this review mainly discusses the basic mechanisms and clinical applications of THSWD in the prevention and treatment of the myocardial injury caused by CHD-AP and myocardial infarction. The authors hope to provide valuable ideas and references for researchers and clinicians.
Keywords: taohong siwu decoction, cardiovascular diseases, myocardial injury, cardiomyocytes protection, mechanisms and applications
INTRODUCTION
Due to the change of people’s lifestyle and the improvement of living standards, the incidence of metabolic diseases, cardiovascular diseases and many other diseases is gradually increasing and showing a trend of youthfulness. Among them, cardiovascular diseases is the number one killer endangering human life and health (Chen and Gao, 2016; Benjamin et al., 2018). Myocardial injury (MI) can be caused by a variety of causes, resulting in the occurrence and development of many diseases, among which coronary heart disease angina pectoris (CHD-AP) and myocardial ischemia-reperfusion injury (MIRI) are the most common cardiovascular diseases leading to MI in clinical practice.
A series of traumatic changes such as myocardial ultrastructure, energy metabolism, cardiac function and electrophysiology caused by MIRI during ischemia are more prominent after vascular recanalization (Kalogeris et al., 2012; Kalogeris et al., 2016), and severe arrhythmias can lead to sudden death. At present, it is considered that the mechanisms of MIRI are mainly related to the production of a large number of oxygen free radicals, calcium overload, leukocyte inflammation and the lack of high-energy phosphate compounds (Sanada et al., 2011; Raedschelders et al., 2012; Jennings, 2013; Xu, 2014; Wang and Zhang, 2018; Xia and Dong, 2019; Gao et al., 2020). Coronary heart disease (CHD, coronary atherosclerotic heart disease) is a heart disease caused by myocardial ischemia, hypoxia and even necrosis (Kachur et al., 2017). CHD is a common and frequently-occurring disease among the middle and old aged people. However, its incidence is getting younger in recent years, which seriously threatens to human health and life. With the development of atherosclerotic plaque of CHD, the coronary artery will be blocked gradually, resulting in decline of cardiac functions, adaptive changes and even damage of cardiomyocytes. Moreover, stable angina pectoris (SAP) is easy to develop into unstable angina pectoris (UAP) and acute myocardial infarction clinically (Tegn et al., 2016).
Chinese medicine (CM) is a valuable natural resource in China’s drug inventory. Its multi-component, multi-pathway and multi-target characteristics have shown unique advantages in the prevention and treatment of MI (Li et al., 2021). Although the chemical composition of CM is very complex (there may be dozens or even hundreds of kinds), their characteristic is the material basis of its effect on the prevention and treatment of diseases (Zhang and Li, 2015). Under the guidance of the holistic concept of Traditional Chinese Medicine (TCM), the comprehensive pharmacological effects of multi-pathways and multi-targets shown by the effective components of CM (Jiang and Gao, 2018), correspond to the occurrence mechanism of the disease to a certain extent. CM can improve multiple links of myocardial ischemic injury and reperfusion injury at the same time, as well as protect undamaged tissues, which is the greatest advantage of TCM in the prevention and treatment of cardiovascular disease. In addition, CM and its compound prescription also have the characteristics of outstanding curative effect, small side effect, good economy and low cost, which provides the possibility for the popularization, standardization and internationalization of TCM. This review mainly discusses the basic mechanisms and clinical applications of Taohong Siwu decoction in the prevention and treatment of MI caused by CHD-AP and myocardial infarction, hoping to provide valuable ideas and references for researchers and clinicians.
TAOHONG SIWU DECOCTION
Taohong Siwu decoction (THSWD) was initially used exclusively as a basic prescription for gynecological menstruation regulation, then gradually expanded to other clinical treatments (Figure 1). Now it is widely used in internal medicine, surgery, gynecology, pediatrics, ophthalmology, otorhinolaryngology, and other clinical departments (Nie and Cheng, 2020). It can prevent and treat CHD-AP, myocardial infarction, stroke, migraine, epilepsy, chronic glomerulonephritis, diabetic peripheral neuropathy, functional uterine bleeding, dysmenorrhea, female climacteric syndrome, thromboangiitis obliterans, pediatric thrombocytopenic purpura, urticaria, fundus hemorrhage and other cardiovascular diseases, cerebral and renal vascular, blood and neurological diseases (Lian and Qin, 2010; Zhang and Peng, 2011; Zhang, 2014a; Deng, 2021).
[image: Figure 1]FIGURE 1 | Clinical applications and pharmacological effects of THSWD (THSWD: Tao Hong Siwu decoction).
THSWD, also known as Jiawei Siwu decoction, as one of the classic prescriptions for promoting blood circulation and nourishing blood, comes from the Heart Tips of Yizong Jinjian Gynecology (Volume 44) written by Wu Qian (Qing Dynasty) (Qian, 1980). The original article states that “if there are many lumps of blood, purple and sticky, there is blood stasis inside, with Siwu decoction (Chuanxiong Rhizoma, Angelicae sinensis radix, Paeoniae radix alba, Rehmanniae radix praeparata) plus Persicae semen, Carthami flos broken, which is called Taohong Siwu Decoction.” Modern pharmacological studies have shown that many active ingredients in THSWD have the effects of anti-inflammation (Mao, 2016; Liu, 2019a), improving hemorheology and microcirculation (Xie and Luo, 2008; Yi and Peng, 2011), reducing blood lipids, anti-atherosclerosis (Zhou, 2003; Xie and Luo, 2008), anti-myocardial ischemia, improving cardiac function, relaxing blood vessels, and inhibiting platelet aggregation (Han et al., 2010; Han and Peng, 2010), prolonging clotting time, anti-fibrosis (Tan et al., 2021), anti-hypoxia, anti-oxidation (Luo et al., 2019), anti-aging, anti-tumor, immunomodulatory, anti-fatigue (Li et al., 2012), anti-shock, anti-allergy, and supplement of trace elements (Wu, 2011; Zhang and Wang, 2011; Li and Guo, 2016; Wang, 2021; Xiang and Shi, 2021). The general clinical dosage of THSWD is 5–10 g Persicae semen, 3–10 g Carthami flos, 3–10 g Chuanxiong Rhizoma, 6–12 g Angelicae sinensis radix, 6–15 g Paeoniae radix alba, and 9–15 g Rehmanniae radix praeparata (Chinese Pharmacopoeia Commission, 2015; Ji and Lian, 2016; Gao and Zhang, 2017), but the specific dosage of medicinal ingredients needs to be determined according to specific symptoms of the disease (Figure 1).
MECHANISMS OF TAOHONG SIWU DECOCTION IN PREVENTION AND TREATMENT OF MI
The mechanisms of THSWD in prevention and treatment of MI inluding anti-inflammation, anti-oxidation, improving hemorheology and vascular pathology, anti-fibrosis, reducing blood lipids and anti-atherosclerosis, inhibiting platelet aggregation and prolonging clotting time, and regulting some signal pathways (Figure 2).
[image: Figure 2]FIGURE 2 | Mechanisms of THSWD in prevention and treatment of MI (THSWD: Taohong Siwu decoction, MI: myocardial injury, TNF-α: tumor necrosis factor-α, IL-1β: interleukin-1β, IL-6: interleukin-6, IL-8: interleukin-8, ROS: reactive oxygen species, MCP-1: monocyte chemoattractant protein-1, LPS: lipopolysaccharide, NF-κB: nuclear factor-κβ, hs-CRP: hypersensitive C-reactive protein, SOD: superoxide dismutase, PG: prostaglandins, LDL: low density lipoprotein, CK: creatine kinase, LDH: lactate dehydrogenase, MDA: malondialdehyde, bFGF: basic fibroblast growth factor, IGF-1: insulin-like growth factor-1, EPCs: endothelial progenitor cells, ET-1: endothelin-1, Ang-1: angiopoietin-1, VEGF: vascular endothelial growth factor, PAI: plasminogen activator inhibitor, ICAM-1: intercellular adhesion molecule-1, t-PA: tissue plasminogen activator, Caspase-3: cysteine aspartate protease-3, TGFBR1: transforming growth factor 1 receptor, SMAD2, 3: the phosphorylation of signal transduction protein 2,3, TC: total cholesterol, TG: triglyceride, LDL-c: low density lipoprotein-C, HDL-c: high density lipoprotein-C, TF: tissue factor, ApoA1: apolipoprotein A1, PLT: platelets, ADP: adenosine diphosphate, AD: adrenaline, TXA2: thromboxane A2, GMP-140: granule membrane protein-140, SA-PAR1: selective agonists of protease-activated receptor-1, HIF-1α: hypoxia inducible factor-1α, eNOS/NO: endothelial nitric oxide synthase/nitric oxide, Bcl-2: B lymphocyte tumor-2, Bax: Bcl-2-associated X protein, Nrf2: NF-E2 related factor 2, PI3K: phosphatidylinositol 3-kinase, ERK: extracellular regulated protein kinases, MAPK: mitogen-activated protein kinase).
Anti-Inflammation
Excessive inflammatory reaction is harmful to the human body. The inflammatory reaction is caused by the action of inflammatory factors on the body, resulting in local tissue and cell damage, even degeneration and necrosis. Among the many inflammatory cytokines, tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), interleukin-8 (IL-8) and so on play a major role in MI. THSWD can down-regulate the levels of serum inflammatory factors such as IL-6 and TNF-α (Liu, 2019a). The main mechanisms may be to inhibit the uncontrolled release of TNF-α and IL-6, remove inflammatory mediators, reduce inflammatory exudation, promote inflammatory absorption, thus inhibiting the progress of inflammatory reaction. The experiment showed that the serum-containing THSWD could significantly inhibit the increase of the content of reactive oxygen species (ROS) and the mRNA expression of TNF-α, IL-1β and monocyte chemoattractant protein-1 (MCP-1) induced by lipopolysaccharide (LPS) (Zhang, 2014b). Paeoniflorin, an intrinsic component of Paeoniae radix alba, can not only inhibit the expression of the above mRNA, but also reduce the LPS induced neutrophil/leukocyte infiltration (Zhou et al., 2013; Chen et al., 2015; Zhai and Guo, 2016). In addition, Kaempferol is a main component of Carthami flos, which could ameliorate inflammatory response in hyperglycemia-induced cardiac injury (Chen et al., 2018a). Oral adminstration of Carthami flos could induce macrophage activation (Choi et al., 2007), and baicalin, an ingredient of Carthami flos, could regulate macrophages polarization, thereby alleviating MIRI and inflammation (Xu et al., 2020).
Besides, inflammatory reaction significantly affects the formation and development of atherosclerosis (AS) plaques, and determines the formation speed and stability of plaques (Conti and Shaik-Dasthagirisaeb, 2015). Serum hypersensitive C-reactive protein (hs-CRP) is the most commonly used inflammatory marker in the clinical (Yayan, 2013). CRP can not only reflect the occurrence and development of AS, but also damage vascular endothelial cells through direct infiltration or indirect production of cytokines, and activate complements to aggravate myocardial injury (TIu et al., 2013; Zang and He, 2015). The study showed that the serum hs-CRP of the observation group decreased significantly after treatment with THSWD (Chu and Sun, 2014; Haoli, 2018; Lujuan and Wang, 2018), indicating that the inflammatory reaction was alleviated, but its mechanism is not clear. Furthermore, THSWD can enhance the activity of superoxide dismutase (SOD) (Luo and Zhou, 2014), inhibit the synthesis and release of prostaglandins (PG) and other inflammatory factors, thus improving inflammatory response, and preventing and repairing cell and tissue damage.
Anti-Oxidation
Oxidative stress refers to the state of imbalance between oxidation and anti-oxidation in vivo, which tends to oxidation, resulting in inflammatory infiltration of neutrophils, increased secretion of protease, and the production of a large number of oxidation intermediates. Oxidative stress is a negative effect produced by free radicals in the body, and is considered to be an important factor in aging and diseases. Reactive oxygen species (ROS), including free radicals and non-free radical oxygen intermediates, play a key role in vascular endothelial dysfunction, low-density lipoprotein (LDL) oxidation, and inflammatory events in the initiation and development of atherosclerotic lesions (Negre-Salvayre et al., 2020).
Compared with the control group, the THSWD group significantly reduced the division of mitochondria and the production of mitochondrial ROS (Luo et al., 2019), and both its ethanol extract and water extract had a scavenging effect on 1,1-diphenyl-2-picrylhydrazyl radical (Yang et al., 2011), thus inhibiting the oxidative stress reaction and reducing the damage of myocardial cells (Liu et al., 2011; Yu and Hong, 2016). THSWD can decrease the levels of serum creatine kinase (CK) and lactate dehydrogenase (LDH) in myocardial tissue during acute myocardial ischemia (Zhu and Zhang, 2003; Luo and Zhou, 2014), thus reducing myocardial cell necrosis. Meanwhile, its effective component paeoniflorin can reduce the content of malondialdehyde (MDA) and enhance the activity of SOD (Zhang and Zhu, 2003; Liu, 2018; Wu et al., 2020a; He and Wang, 2020). SOD has a strong antioxidant capacity, can quickly decompose excessive oxygen free radicals in the human body, eliminate lipid peroxidation in tissues and cells, and then prevent the injury of cardiomyocytes.
Furthermore, the study reveals that kaempferol could protect the mouse heart and H9c2 cells from pathological oxidative stress via antioxidant activity (Zhou et al., 2015; Feng et al., 2017). Luteolin from Carthami flos could improve cardiac function, alleviate mitochondrial injury, decrease oxidative stress (Luo et al., 2017), inhibited cardiac apoptosis and enhanced autophagy (Wu et al., 2020b). Quercetin from Carthami flos also appeared to affect heart mitochondrial function (Ruiz et al., 2015), and could relieve cardiac oxidative stress, so as to exhibit cardioprotective effects (Roslan et al., 2017). β-Sitosterol is widely found in Persicae semen, Carthami flos, Angelicae sinensis radix, Paeoniae radix alba, Rehmanniae radix praeparata. β-Sitosterol pretreatment could cause an increase in superoxide dismutase and glutathione activities and a decrease in malondialdehyde levels in the heart (Koc et al., 2021), indicating its cardioprotective effects were related to anti-oxidative stress. Moreover, β-Sitosterol produced an up-regulation of cellular glutathione redox cycling and protected against hypoxia/reoxygenation-induced apoptosis in H9c2 cells (Wong et al., 2014).
Improve Hemorheology and Vascular Pathology
Hemorheology includes the rheology of blood vessels, the fluidity, viscosity, deformability and coagulability of blood. THSWD can decrease the whole blood viscosity (Xie and Luo, 2008; Liu et al., 2014; Luo and Zhou, 2014; Zhou and Shu, 2017; Wang and Wang, 2018; Jinxia et al., 2021), plasma specific viscosity, serum specific viscosity and fibrinogen (Han and Xu, 2007; Lujuan and Wang, 2018), and significantly increase the expression of basic fibroblast growth factor (bFGF) and insulin-like growth factor-1 (IGF-1) (Luo et al., 2019). These cytokines can promote neovascularization and protect the activity of cardiomyocytes. Studies have shown that the decrease of the above-mentioned indexes may be due to the pharmacological effect of Carthamus tinctorius lutein (Li et al., 2009). Moreover, Chuanxiong Rhizoma and Angelicae sinensis radix had evident angiogenic effects by promoting the endothelial cell proliferation and stimulating quantity of vessels (Meng et al., 2008). The changes in hemorheology and the formation of neovascularization improve the microcirculation of the heart and the microenvironment of cardiomyocytes, which provide potential possibilities for the prevention and treatment of cardiomyocyte injury.
THSWD promotes the expression of IGF-1 (Luo et al., 2019). IGF-1 can dilate blood vessels, reduces vascular resistance and increase blood flow to the heart, thus protecting cardiomyocytes and improving cardiac function. In addition, the left ventricular end-systolic volume of the model rats was significantly decreased after 4 weeks of THSWD treatment, which increased the cardiac ejection fraction, and improved the left ventricular short-axis shortening rate and left ventricular systolic function (Zhu and Zhang, 2003; Luo et al., 2019). Its internal mechanism may be that paeoniflorin, one of its active components, alleviates the decline of cardiac function caused by myocardial ischemia (Zhai and Guo, 2016), and studies have shown that paeoniflorin can significantly attenuates chamber dilatation and dysfunction of left ventricle caused by pressure overload (Zhou et al., 2013).
In terms of vascular protection, since endothelial progenitor cells (EPCs) can repair the injury of vascular endothelium (Hunting et al., 2005; Briasoulis et al., 2011; Toya and Malik, 2012; Zhang et al., 2014; Hu et al., 2019; Leal et al., 2019), the researchers found that THSWD can reduce the damage of vascular endothelial cells and maintain the normal secretory function of blood vessels by improving the functional activity and increasing the number of EPCs (Li et al., 2014; Li et al., 2015; Wang and Jiang, 2019). The mechanism of vascular protection and repair may be related to regulation of endothelin-1 (ET-1), angiopoietin-1 (Ang-1), and vascular endothelial growth factor (VEGF) in serum (Wang and Han, 2017). It was found that the contents of ET with vasoconstriction, plasminogen activator inhibitor (PAI) and intercellular adhesion molecule-1 (ICAM-1) with fibrinolysis inhibition were decreased, while the contents of NO with vasodilation and tissue plasminogen activator (t-PA) with fibrinolysis promotion were increased after treating endothelial cells with serum of Modified THSWD (Wu et al., 2014). This suggests that Modified THSWD can obviously improve the dyssecretion of vascular endothelial cells caused by blood stasis and promote the migration of vascular endothelial cells, thus protecting the morphology and function of blood vessels. Furthermore, the serum containing THSWD can protect human umbilical vein endothelial cells from hydrogen peroxide damage and reduce the apoptosis rate of endothelial cells, and its mechanism of inhibiting apoptosis may be related to the decreased expression of cysteine aspartate protease-3 (Caspase-3) (Liu et al., 2013).
Anti-Fibrosis
Fibrosis can occur in various tissues and organs, and its main pathological changes are the increase of fibrous connective tissue and the decrease of parenchymal cells. Continuous progress can lead to the destruction of organ structure, functional decline and even exhaustion, which seriously threatens human health and life. For the treatment of myocardial fibrosis after myocardial infarction, the latest researches have shown that THSWD can significantly reduce myocardial fibrosis and ensure stable cardiac function by inhibiting transforming growth factor 1 receptor (TGFBR1) (Yayan, 2013), reducing collagen deposition and inhibiting fibrosis proliferation (Luo et al., 2019). The underlying mechanism may be that paeoniflorin and other effective substances reduce the expression of collagen, inhibit the TGFBR1 signaling pathway and the phosphorylation of signal transduction protein 2,3 (SMAD2,3) (Zhou et al., 2013; Liu et al., 2019a; Tan et al., 2021). However, the overexpression of TGFBR1 can reduce or even reverse the anti-fibrosis effect of THSWD (Tan et al., 2021). In addition, the research has shown that THSWD can reduce myocardial interstitial collagen remodeling by inhibiting myocardial interstitial collagen fiber proliferation and collagen expression after myocardial infarction, and reducing the ratio of myocardial Ⅰ/Ⅲ collagen in a non-infarcted area (Zhou and Liu, 2011). Moreover, paeoniflorin not only could improve ventricular remodeling via inhibiting BNP, IL-6, TNF-α and increasing IL-10 levels (Chen et al., 2018b), but also could attenuate cardiac hypertrophy and cardiac fibrosis (Liu et al., 2019b).
Reduce Blood Lipids and Anti-Atherosclerosis
The basic pathological process of CHD is that coronary artery fixed stenosis or increased microvascular resistance leads to decreased coronary blood flow, unstable atherosclerotic plaque rupture, erosion or bleeding, secondary platelet aggregation or thrombosis, resulting in a sharp increase in the degree of coronary artery stenosis or closure, and/or coronary artery functional changes (such as spasm), causing in myocardial ischemia and hypoxia injury. However, the increase of serum lipid level is one of the independent risk factors of CHD (Bragg and Walling, 2015). AS is the appearance of yellow substances such as cholesterol and lipids in the intima of large and middle arteries, which is mostly caused by fat metabolism disorders and neurovascular dysfunctions, and often leads to thrombosis, blood supply disorders and so on. Studies have shown that THSWD plays a certain role in reducing total cholesterol (TC), triglyceride (TG), low-density lipoprotein-C (LDL-c), LDL-c/TC ratio, and increasing high-density lipoprotein-C (HDL-c), HDL-c/TC ratio (Chen and Wang, 2005; Xie and Luo, 2008; Luo and Zhou, 2014; Liu, 2015a; Haoli, 2018; Chen et al., 2019; Li and Yan, 2020). One of the mechanisms may be that peach kernel oil significantly downregulates the protein expression of tissue factor (TF) (Hao et al., 2019), thereby inhibiting the formation of atherosclerotic plaques. Moreover, THSWD could significantly decrease the ratio of serum TG/HDL-c and increase the content of serum apolipoprotein A1 (ApoA1) (Zhou, 2003). The decrease of TC, TG, LDL-c, and the increase of LDL-c, ApoA1 help to reduce blood lipids, thus inhibiting the occurrence and development of AS. In addition, baicalin could ameliorate atherosclerotic lesion progression via lipid modulation in ApoE−/− mice with high-cholesterol diet (Liao et al., 2014). A kind of active ingredients from Chuanxiong rhizoma, tetramethylpyrazine (Ligustrazine) also exhibited cardioprotective effects on atherosclerosis and MIRI (Guo et al., 2016).
Inhibit Platelet Aggregation and Prolong Clotting Time
The main functions of platelets (PLT) are coagulation, hemostasis and repair of damaged blood vessels. Since the surface sugar coating of platelets can absorb plasma proteins and coagulation factor Ⅲ, platelet granules also contain substances related to coagulation. Platelet activation consists of three steps: adhesion, aggregation and release. Activated platelets form platelet thrombus, which can cause thrombotic diseases such as acute myocardial infarction and ischemic stroke.
Studies have shown that THSWD can effectively reduce platelet adhesion rate in rats in a dose-dependent manner, and can inhibit platelet aggregation induced by adenosine diphosphate (ADP) and adrenaline (AD), and its effect is similar to that of aspirin (Han et al., 2010). Under the action of ADP (Liu et al., 2016), AD and other inducers, platelets can release a series of active substances, such as thromboxane A2 (TXA2), platelet granule membrane protein-140 (GMP-140), β-thromboglobulin, and platelet factor-4 to promote platelet aggregation (Liu and Yin, 2014). However, THSWD can significantly decrease the levels of plasma TXA2 and GMP-140 in rats (Han et al., 2010), thereby inhibiting platelet aggregation. In addition, within the range of 0.5–2.5 mg/ml, THSWD could inhibit platelet aggregation induced by thrombin and selective agonists of protease-activated receptor-1 (SA-PAR1) in a dose-dependent manner (Yin and Yang, 2012). The research has shown that THSWD can prolong thrombosis time and clotting time in rats (Liu and Yin, 2014), in which the prothrombin time is prolonged with the increase of the dose of Carthamus tinctorius lutein (Yin and Yang, 2012), showing an obvious anticoagulant effect. To sum up, THSWD can play a certain role in the three key links of platelet activation, and play the role of anti-platelet and prolonging clotting time.
Signal Pathway
It has been found that THSWD can inhibit inflammatory reaction by regulating the NF-kB signaling pathway, and its internal mechanism may be to inhibit the expression of NF-kBp65, TNF-α protein, and its mRNA in myocardial tissue, and reduce the contents of IL-1β and IL-6 in serum (Shen and Shi, 2019), thus effectively protecting the structure and function of the myocardium. Moreover, THSWD can protect human brain microvascular endothelial cells from ischemic injury, which may enhance the expression of VEGF and the ability of cell antioxidation through hypoxia-inducible factor-1α (HIF-1α) signal pathway (Zhaojie and Han, 2018). It can also promote endothelial cell proliferation by up-regulating endothelial nitric oxide synthase/nitric oxide (eNOS/NO) mediated signal pathway (Xiaoxia, 2010), since eNOS/NO is an important factor in promoting angiogenesis (Yasuda, 2008). Through activating Nrf2 mediated HIF-1α pathway, baicalin can protect cardiomyocytes from apoptosis induced by hypoxia (Yu et al., 2019). Besides, THSWD can increase the expression of B lymphocyte tumor-2 (Bcl-2) gene, decrease the expression of Bcl-2-associated X protein (Bax), alleviate cardiomyocyte injury, inhibit cardiomyocyte necrosis and apoptosis (Li and Wang, 2009), thus preventing the pathological changes of myocardial ischemia and maintain cardiac function.
In studies of the effective components of THSWD, ferulic acid can activate the signal pathways of transcription factor NF-E2 related factor 2 (Nrf2), phosphatidylinositol 3- kinase (PI3K) and extracellular regulated protein kinases (ERK) to play an antioxidant role, thus protecting vascular endothelial cells from oxidative damage (Ma et al., 2010). Cardioprotective potential of amygdalin from Persicae semen could inhibit cardiac hypertrophy, oxidative stress and inflammatory responses through modulation of Nrf2 and NF-κB activation (Kung et al., 2021). Paeoniflorin can also reduce the expression of related mRNA (Zhou et al., 2013; Chen et al., 2015), inhibit NF-kB signaling pathway and activate PI3K/Akt signaling pathway (Zhai and Guo, 2016), thereby exerting anti-inflammatory and anti-oxidation effects. Luteolin and quercetin could protect diabetic cardiomyopathy against inflammation and oxidative stress injury via NF-kB pathway inhibition (Patel et al., 2018; Li et al., 2019; Chen et al., 2020). Moreover, the findings demonstrated that cardioprotective effects of lactone component from Ligusticum chuanxiong were related to restoration of autophagic flux through the activation of PI3K/Akt/mTOR signaling pathway (Wang et al., 2018a), and ligustrazine from Chuanxiong rhizoma could exert cardio protection through multiple signaling pathways in MIRI (Zheng et al., 2018).
Paeoniforin could attenuate myocardial fibrosis and improve cardiac function in CHF rats by down-regulating the p38 MAPK signaling pathway (Liu et al., 2020). Hydroxysafflor yellow A (HSYA) in Carthami flos has a protective effect on vascular endothelial injury induced by hypoxia. It may be that HSYA can increase the level of NO under hypoxia, up-regulate the ratio of Bcl-2/bax, the expression of eNOS-mRNA and VEGF-mRNA and its protein, enhance the accumulation of HIF-1α protein and its transcriptional activity (Ji et al., 2008; Ji et al., 2009), thus improving the viability of vascular endothelial cells under hypoxia and promoting endothelial cell proliferation and angiogenesis through VEGF/VEGF receptor (Song et al., 2005).
CLINICAL APPLICATIONS OF TAOHONG SIWU DECOCTION IN PREVENTION AND TREATMENT OF MI
In the clinical prevention and treatment of myocardial injury related diseases, THSWD can decrease serum TC, increase coronary blood flow, reduce myocardial oxygen consumption, resist myocardial ischemia, inhibit platelet aggregation and enhance the activity of the fibrinolytic enzyme system (Yang, 2007). It can also effectively reduce blood viscosity and the level of serum inflammation, thus improving the clinical effect (Lujuan and Wang, 2018). In addition, THSWD can inhibit the level of serum ET-1 in patients with coronary spastic AP of qi stagnation and blood stasis type, and its improvement of AP may be related to the decrease of ET-1 level and the improvement of vascular endothelial function (Chen, 2013). However, the efficacy of THSWD will decrease with the increase of the degree of AP, and it may only have a certain curative effect on mild and moderate AP (Yang, 2007). Moreover, the current clinical practical applications are mostly carried out in the way of combination formulas and combined chemical drugs, and there are fewer examples of THSWD alone (Table 1).
TABLE 1 | Clinical applications of THSWD in prevention and treatment of MI.
[image: Table 1]Application of Combined Chemicals
Clinical research has shown that THSWD combined with conventional chemical drugs can decrease the levels of serum TC, TG and LDL in patients with UAP (He et al., 2011), thus playing a role in reducing blood lipid and preventing AS. In chemical drugs combination therapy, modified THSWD combined with sodium ozagrel for injection (Jing and Wang, 2009; Renhua and Li, 2017), or Shuxuening (Wang and Wang, 2008), Salvia miltiorrhiza injection (Yu, 2012), Agkistrodon halys antithrombotic enzyme (Rui, 2002), which can effectively improve microcirculation and myocardial ischemia, alleviate the symptoms of AP and prevent the occurrence of myocardial infarction in patients with UAP, and there are no obvious adverse reactions and toxic and side effects. For patients with SAP with qi deficiency and blood stasis syndrome (Liu and Zhang, 2014; Dai and Wu, 2017; Zhang, 2018; Yang, 2019; Wu and Su, 2020), integrated traditional Chinese and Western medicine has a clear therapeutic effect, which can obviously improve the treatment efficiency and the quality of life of patients, reduce the level of blood lipid and the degree and frequency of AP attack, so as to accelerate the relief of clinical symptoms and improve cardiac function. Studies have shown that THSWD combined with Baoyuan Decoction and Metoprolol can treat patients with AP of qi deficiency and blood stasis syndrome (Wang and Wang, 2018), relieve symptoms and improve left ventricular systolic function (Wang et al., 2018b; Wang and Jiang, 2019). The mechanism may be related to the regulation of hemorheology and the levels of N-terminal pro-brain natriuretic peptide (NT-proBNP) (Xiao et al., 2016), serum troponin I and MCP-1. Furthermore, THSWD combined with diltiazem has outstanding clinical efficacy in the treatment of coronary spasm AP, and which can significantly improve the level of blood lipid indexes compared with the control group (Liu, 2015a).
Besides, the researchers believe that on the basis of routine use of chemical drugs for anti-angina pectoris, THSWD combined with Gualou Xiebai Banxia Decoction is used to treat chest arthralgia of phlegm and blood stasis type (Yang et al., 2014; Wang, 2016), and THSWD combined with Chaihu Shugan Powder is added to treat UAP of qi stagnation and blood stasis type (Yuan and Fan, 2019), which has significant clinical efficacy, thus further controlling the attack of AP and improving the quality of life, reflecting the concept of prevention and treatment of both symptoms and root causes of disease in TCM. The combined prescription may have the effects of dilating blood vessels, anti-inflammation, reducing blood lipids, anti-shock, regulating immune function and reducing blood viscosity (Li et al., 2008), so as to relieve AP and protect myocardium. For the prevention and treatment of acute coronary syndrome (ACS includes UAP and myocardial infarction), the curative effect of THSWD combined with Gualou Xiebai Banxia Decoction plus low molecular heparin calcium (Zhu et al., 2011), and THSWD combined with Sini Powder plus conventional chemical drugs is more significant than that of chemical drugs alone (Gao, 2014). Other studies have found that Ginseng plus THSWD combined with rosuvastatin (Haoli, 2018), or Shengmai Powder combined with THSWD and isosorbide mononitrate in preventing and treating AP (Yan et al., 2012), can not only improve myocardial blood supply and heart function, but also reduce blood lipid, thereby alleviating the damage of myocardial cells. In addition, on the basis of routine chemicals treatment, THSWD combined with Shixiao Powder can improve the ischemic electrocardiogram (ECG) performance of chest obstruction caused by blood stasis (Liu, 2015b; Yu, 2015), THSWD combined with Zhishi Xiebai Guizhi decoction can alleviate the clinical manifestations of myocardial ischemia in chronic CHD (Chen, 2018; Cheng, 2019), and only taking THSWD also can improve the TCM syndrome and the quality of life of patients (Wang and Fu, 2017; Chen and Xia, 2018; Dong, 2018; Liu, 2019b; Jia, 2020). The clinical use of atorvastatin alone in the treatment of CHD has poor efficacy and large side effects, while adding THSWD and Xiebai Banxia Decoction can avoid these adverse reactions (Wang, 2018).
The above research showed that the integrated traditional Chinese and western medicine therapy may be superior to the single chemicals therapy in improving the pathological changes and clinical manifestations of cardiovascular diseases related to myocardial injury to a certain extent (Yu, 2015), (Huang, 2012; Yu, 2015; Yang et al., 2019; Yang and Zhou, 2019), but the specific mechanism needs to be further clarified.
Use of Combined Prescriptions
THSWD combined with Zhenwu decoction can reduce left ventricular end-diastolic and end-systolic diameter, plasma levels of brain natriuretic peptide (BNP) and matrix metalloproteinase-9 (MMP-9), increase left ventricular ejection fraction (LVEF) and tissue inhibitor of metalloproteinase-1 (TIMP-1) (Joung et al., 2003; Xiao and Chen, 2015; Xiao and Gao, 2017). It can improve the symptoms and signs of patients with chronic systolic heart failure (CSHF is the heart failure caused by SAP in ischemic heart disease) of yang deficiency and blood stasis, and suppresses the degradation of extracellular matrix (ECM) to delay the occurrence of ventricular remodeling. Among them, MMP-9 and TIMP-1 play an important role in the occurrence and development of ventricular remodeling and heart failure (Siwik et al., 2000). MMP-9 is a marker reflecting the degradation of myocardial ECM and ventricular remodeling (Martos et al., 2009). Under normal circumstances, TIMP-1 inhibits the activity of MMP-9 in a state of dynamic balance, and if unbalanced, ventricular remodeling will be aggravated (Chesler et al., 1999; Bradham et al., 2002; Fedak et al., 2004; Kassiri et al., 2005). In addition, clinical observation of CSHF with yang deficiency and blood stasis showed that Shenfu decoction combined with THSWD could significantly relieve symptoms such as palpitation, shortness of breath, wheezing, dyspnea and chest pain, increase LVEF and decrease the contents of NT-proBNP and BNP in plasma (Wang and Li, 2017).
Moreover, many researchers believe that THSWD combined with Baoyuan Decoction can significantly improve the clinical symptoms of patients with AP of qi-deficiency and blood-stasis type with higher safety (Song, 2010; Li and Zhang, 2018; Zhang, 2019). The pharmacological study of the combined prescription confirmed part of the action mechanism of Baoyuan decoction combined with THSWD (Li and Zhang, 2018), including coronary artery dilation, improvement of microcirculation, protection of damaged myocardium, enhancement of myocardial contractility, anti-platelet aggregation, inhibition of thrombosis and so on. In the treatment of SAP of phlegm and blood stasis type with THSWD combined with Gualou Xiebai Banxia decoction, several studies have shown that the combined prescription can improve myocardial ischemia and the high viscosity and hypercoagulable state of hemorheology (Xiong, 2014; Li et al., 2015; Li and Muhati, 2016; Wang and Zhai, 2016; Zhao, 2018), so as to protect cardiomyocytes from further injury. In addition, research has confirmed that THSWD combined with Shexiang Baoxin Pill has a certain prevention and therapeutic effect on AP of qi and blood stasis type (Yue, 2014).
In the clinical study of combined prescriptions, THSWD combined with other prescriptions has significant clinical effect in the treatment of cardiovascular disease, which can improve the TCM syndrome of patients and their quality of life. However, there are few cases in these clinical studies, and there is a lack of research and analysis of large clinical samples and standardization of syndrome types. Secondly, due to the limited observation time, there are few objective indicators selected in the study, so the inferences of results need to be further verified.
Add and Subtract Taohong Siwu Decoction
Early studies showed that after GE’s THSWD was used for SAP, the pain and ECG were obviously improved. Although there was no statistically significant difference compared with the chemicals control group, the improvement of clinical symptoms of the treatment group was better than that in the control group (Jiang, 2009). Moreover, THSWD can improve the clinical efficacy of conventional chemical drugs in the treatment of SAP complicated with heart failure, and further improve the indexes of serology, hemorheology and cardiac function in patients (Wang et al., 2020). At the same time, it also lowers blood lipids and alleviates inflammatory reactions, thus delaying the progress of heart failure. THSWD combined with Astragalus membranaceus were used to enhance the efficacy of routine drugs in the treatment of UAP (Zheng et al., 2010), by maintaining the function of vascular endothelium, regulating blood lipids and reducing the levels of plasma ET and hs-CRP, to improve ECG and clinical manifestation of the patients. Research have shown that Ginseng combined with THSWD in the treatment of AP patients with CHD can further increase the curative effect, improve the heart function and blood lipid status of patients and higher safety (Chen et al., 2019). Although the use of THSWD alone can improve the prevention and treatment of the MI caused by cardiovascular disease, there are few clinical studies, and there are still many internal mechanisms that are not clear.
SUMMARY AND DISCUSSION
As one of the classic prescriptions for promoting blood circulation and removing blood stasis, THSWD has certain effects on the prevention and treatment of cardiovascular diseases (CHD, myocardial infarction, etc.). On the whole, it aims to control or delay the progression of CHD, alleviate the symptoms and frequency of myocardial ischemia and AP, thereby improving the quality of life, preventing myocardial infarction and prolonging life (Montalescot et al., 20132013).
At present, many studies have shown that THSWD can protect cardiomyocytes and improve cardiac function by inhibiting inflammatory reaction, antioxidant stress, inhibiting platelet aggregation, prolonging clotting time, anti-fibrosis, reducing blood lipids, anti-atherosclerosis, improving hemorheology and vascular lesions, regulating related signal pathways and so on. These possible mechanisms not only provide some research paths for researchers, but also provide clinicians with beneficial choices in the prevention and treatment of cardiovascular diseases, which is also a kind of welfare and hope for patients with cardiovascular diseases!
However, there are still some limitations and uncertainties in the research of prescriptions. According to the current research, THSWD contains many active ingredients (Wu, 2011; Li and Guo, 2016; Wang and Peng, 2017; WangChen and Han, 2019; Zhao and Liu, 2019; Nie and Cheng, 2020), including ligustilide, catalpol, paeoniflorin (Zhang et al., 2012; Zhou et al., 2013; Chen et al., 2015; Chen et al., 2018b; Qian et al., 2015; Zhai and Guo, 2016; Liu et al., 2019b; Liu et al., 2020), paeonional lactonine, amygdalin (Kung et al., 2021), kaempferol (Zhou et al., 2015; Feng et al., 2017; Chen et al., 2018a), quercetin (Ruiz et al., 2015; Roslan et al., 2017; Patel et al., 2018; Chen et al., 2020), paeonol, ferulic acid (Dai and Wu, 2017), benzoic acid, coumaric acid, caffeic acid, gallic acid, and hydroxysafflor yellow A (Song et al., 2005; Ji et al., 2008; Ji et al., 2009), etc., (Table 2). However, the molecular biological mechanism of which or several components play a role needs to be further studied and elucidated. Moreover, there are still many unknown ingredients in THSWD that have not been discovered and studied, and the pharmacological effects and mechanisms of these ingredients still need to be explored. In addition, although there are many clinical studies on the prevention and treatment of cardiovascular disease with THSWD, due to the blind sampling selection, short-term follow-up time and drop-out, the long-term effect of the study cannot be determined. Moreover, due to the lack of clear mechanisms of action, the combined use of THSWD with other prescriptions and chemical drugs is ambiguous and confusing to some extent, and there is still a lack of clear systematic evaluation of its efficacy and safety in the prevention and treatment of cardiovascular diseases. In addition, the dosage of each Chinese medicine component of THSWD in the literature research was inconsistent, and the quality of TCM was uneven, which may adversely affect the results of the study. Therefore, the results of the study may have a certain degree of psychological comfort tendency, which is not universal, and as the drug composition and dose are not standardized and quantified, the conclusion may have errors.
TABLE 2 | The main active ingredients from THSWD in protection of cardiomyocytes.
[image: Table 2]To sum up, THSWD has shown a broad prospect in the prevention and treatment of myocardial injury caused by cardiovascular diseases, but there are still many uncertainties. In the basic research of prescriptions and drugs, scientific research institutions should strengthen the quality control of drugs and further clarify the molecular biological mechanism of prevention and treatment of myocardial injury. In clinical research, clinical researchers should carry out multicenter, large sample prospective cohort studies to fully clarify its clinical efficacy and safety, providing sufficient and reliable theoretical and practical basis for the clinical application of THSWD in the prevention and treatment of myocardial injury. After thousands of years of traditional Chinese medicine practice challenges, the preservation of THSWD is inseparable from its practical value and historical significance. THSWD deserves further exploration by more researchers, so as to provide more potential utility for the prevention and treatment of other diseases besides myocardial injury, creating social value and ensuring people’s health, and realizing standardization, quantification and internationalization.
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Objective: To study the effect of polydatin on the injury of pulmonary arterial hypertension (PAH) induced by monocrotaline (MCT).
Methods: SD rats were induced to develop PAH injury by a single subcutaneous injection of MCT (60 mg/kg). From the second day, rats in the administration group were orally given sildenafil (20 mg/kg) and polydatin (30 or 60 mg/kg) for 3 weeks. At the end of the experiment, right ventricular hypertrophy (RVH) index of SD rats was calculated, pathological damage was assessed by HE staining, transcription levels of target genes were detected by RT-PCR and Elisa, and expression levels of Endothelial-to-mesenchymal transition (EndMT) related proteins were detected by immunohistochemistry (IHC) and immunofluorescence (IF). Finally, molecular docking analysis was used to verify the interaction of polydatin on the main targets.
Results: Polydatin could significantly restore the body function, reduce MCT-induced PAH injury, reduce serum biochemical indices; polydatin could effectively inhibit EndMT process by decreasing the expression of N-cadherin, β-catenin and vimentin; polydatin could down-regulate TAGLN expression and increase PECAM1 expression to reduce pulmonary vascular remodeling. The interaction between polydatin and EndMT target was confirmed by molecular docking operation.
Conclusion: Pharmacological experiments combined with Combining molecular docking was first used to clarify that polydatin can reduce the pulmonary endothelial dysfunction and pulmonary vascular remodeling induced by MCT by inhibiting EndMT. The results of the study provide new ideas for the further treatment of PAH injury.
Keywords: polydatin, pulmonary arterial hypertension, EndMT, HIF-2α, Arg1
INTRODUCTION
Pulmonary hypertension (PAH) is still a progressive disease that seriously threatens the lives of patients. The initial symptoms of PAH are shortness of breath, fatigue and angina. With the increase of pulmonary vascular resistance, the load of right ventricle (RV) increases, which is pathologically manifested as right ventricular hypertrophy, pulmonary endothelial dysfunction and pulmonary vascular remodeling, and ultimately leads to right ventricular failure and death (del Valle and DuBrock, 2021). According to the latest global epidemiological research, the incidence of PAH are crudely estimated at 5 cases per million adults (Hoeper et al., 2016). Current therapeutic drugs, such as prostacyclin, endothelin, and nitric oxide pathways, mainly focus on improving vasodilator properties and improving cardiopulmonary function, but cannot prevent or reverse the development of PAH. The 1-year, 3-years, and 5-years survival rates of PAH patients receiving drug therapy are 85, 68, and 57%, respectively (Benza et al., 2012; Zheng et al., 2020). Therefore, exploring and elucidating the pharmacotherapy of PAH injury has profound significance for greatly reducing the incidence of PAH.
Within the settings of cardiovascular biology, Endothelial-mesenchymal transition (EndMT) plays a role in various diseases, including valvular heart disease, myocardial fibrosis, myocardial infarction and atherosclerosis. EndMT is also gradually implicated in the development and progression of PAH. Long-term chronic pressure and the internal environment of inflammatory mediators can trigger EndMT of endothelial cells. Specifically, it obtains mesenchymal cell markers, loses endothelial marker proteins (VE-cadherin, PECAM1, TIE1, and TIE2), and gains migration and invasion capabilities, ultimately contributing to the formation of obstructive intimal lesions (Good et al., 2015; Ranchoux et al., 2015). Vascular remodeling caused by endothelial cell proliferation disorder, endothelial barrier destruction and enhanced inflammatory cell infiltration are common features of PAH (Xue et al., 2020). A large number of studies have emphasized the important role of EndMT in the pathology of PAH, including human PAH and PAH experimental models (Van et al., 2014; Xue et al., 2020). The presence of transitional EndMT cells in the pulmonary vasculature of PAH patients, underscoring their important contribution to vascular remodeling and fibrosis (Thuan et al., 2018). Therefore, improving endothelial dysfunction and inhibiting EndoMT may become a new direction for research and treatment of PAH.
Polydatin, a natural stilbene compound extracted from the root of polygonum cuspidatum, possesses many pharmacological activities, such as antioxidant, anti-inflammatory and improvement of microcirculation, and it has significant protective effects on lung, liver, nervous system and cardiovascular system (Zou et al., 2018; Fakhri et al., 2021; Gu et al., 2021). A large number of studies have confirmed that polydatin can play a direct vascular therapeutic role by reducing atherosclerotic vascular damage and inflammation (Peng et al., 2019; Wu et al., 2020), and it also reduce PAH in rats and improve pulmonary vascular hemodynamics against hypobaric and hypoxic PAH (Qing et al., 2009; Meng et al., 2009). Noteworthy, the latest experiments confirmed that polydatin can reduce the expression of c-Myc in human cervical cancer, inhibit cell migration and invasion, and partially reverse the EndMT of cervical cancer cells (Bai et al., 2021), and polydatin can reduce ROS and EndMT in cells exposed to high glucose, which play a therapeutic role in diabetic retinopathy (Giordo et al., 2021). Based on these findings, there is a hypothesis and tested whether polydatin can play a beneficial role in MCT-induced PAH in rats by inhibiting EndoMT and improving endothelial function (Figure 1).
[image: Figure 1]FIGURE 1 | Scheme of the study.
METHODS
Animals
Specified pathogen-free (SPF) male Sprague-Dawley rats (180 ± 20 g) were purchased from Weitong Lihua Laboratory Animal Technology Co., Ltd. (Beijing, China). Rats were adaptively reared in groups of 8 per cage for 1 week under certain conditions (temperature: 25 ± 0.5°C, humidity: 55 ± 5%, 12 h: 12 h light-dark cycle), and freely available food and water were provided. The animal experiment procedures in this study were carried out in strict accordance with the guidelines of the “Guidelines for the Care and Use of Laboratory Animals” of the Ministry of Science and Technology of China.
Experimental Reagents
Endotoxin-free polydatin (Figure 2A, Purity ≧ 95%, CAS wkq21052105) purchased from Vikki Biotechnology Co., Ltd. (Sichuan, China). Monocrotaline (MCT) was purchased from Vikki Biotechnology Co., Ltd. (Sichuan, China). Sildenafil was purchased from Jinheng Pharmaceutical Co., Ltd. (Jilin, China). All reagents was dissolved in sodium chloride injection (NS 0.9%) and diluted to the corresponding concentration for subsequent treatment of SD rats.
[image: Figure 2]FIGURE 2 | Polydatin alleviates right ventricular hypertrophy induced by MCT in SD rats. (A) Chemical structure of Polydatin. (B) Weight of SD rats (n = 6). (C) Morphology of rat heart. (D) the ratio of RV/(LV + S) (n = 6). (E) Morphology of right ventricular hypertrophy. Data correspond to mean values ±standard error. Groups were compared using One-way ANOVA adjusted with Dunnett’s test. *p < 0.05 and **p < 0.01 versus control group. #p < 0.05 and ##p < 0.01 versus model group.
Animal Model and Experimental Protocol
The rats were randomly divided into a control group, a model group, and an intervention group. Except the control group, the other rats were injected with MCT (60 mg/kg, ig) dissolved in normal saline to induce PAH injury (Jundong et al., 2011). From the second day, rats in each group were given corresponding drugs once a day. Specifically, the control group and model group were given normal saline 2 ml/kg, the positive drug group was given sildenafil 20 mg/kg, and the paeoniflorin low-dose group Paeoniflorin was given 30 mg/kg, and the paeoniflorin high-dose group was given paeoniflorin 60 mg/kg for 3 weeks. The rats eat and drink freely throughout the experiment, and record the weight change and growth status of the rats once a week, and comprehensively evaluate the degree of the model and the therapeutic effect after the last intragastric administration. After confirming the success of the experiment, the rats were injected with 10% chloral hydrate for euthanasia, and blood samples, lungs and heart tissues were collected.
Histopathological Examination
The isolated lungs were fixed and stored in 10% neutral formalin buffer, then embedded in paraffin to prepared into 5 μm thick sections. Hematoxylin-eosin (H&E) staining was performed according to standard procedures to assess the degree of pathological damage, then calculated the Ratio of Pulmonary Vascular Remodeling (PVR) = Vascular Wall area/total vascular area.
Right Ventricular Hypertrophy Detection
The isolated rat heart retains the ventricular tissue after removing the atrium. Separate the right ventricle and the left ventricle + septum along the interventricular groove, and after the filter paper absorbs the water, weigh the right ventricle (RV), left ventricle (LV), and diaphragm (S) respectively, and calculate the right ventricle hypertrophy index (RVHI) = RV/(LV + S).
Real-Time Quantitative PCR for mRNA Expressions
RNA extracts from frozen rat stomach tissues were used for microarray analysis. According to the manufacturer’s protocol, total RNA was isolated using TRIzol reagent (Nordic Bioscience, Beijing,China) and converted into cDNA using a reverse transcription kit (Promega, Madison,United States). The primer sequences of BMPR2, PHD2, HIF-2α, Arginine1 (Arg1) are shown in Table 1. Add SYBR Green PCR Master Mix (Nordic Bioscience, Beijing,China) to the sample and perform RT-PCR analysis on the 7,500 fast real-time PCR system (Applied Biosystems, Foster City, CA, United States). Using GAPDH as the endogenous reference, calculate the relative amount of mRNA based on 2-ΔΔCT.
TABLE 1 | Primers sequences.
[image: Table 1]Immunohistochemistry and Immunofluorescence
Paraffin sections of lung tissue were stained with polyclonal anti-N-cadherin, anti-β-catenin, anti-vimentin, anti-PECAM1 and anti-TAGLN (Table 2). Use NIS Elements imaging software version 4.0 (Olympus, Japan) to shoot and collect images at 100×, 200× magnification.
TABLE 2 | Antibodies and other reagents.
[image: Table 2]Enzyme-Linked Immunosorbent Assay
According to the ELISA kit (MLBIO biotechnology Co., Ltd., Shanghai, China) manufacturer’s instructions, Synergy H1 Hybrid Reader (Biotech, United States) was used to determine the concentration of HIF-2α, Arg1 in rat serum. The indicated ligand concentration in the serum is calculated as pg of the ligand or ng/mL serum.
Molecular Docking Analysis
The 3D structures of the target protein and ligand are downloaded from the PDB database (https://www.rcsb.org/) and the ZINC database (https://zinc.docking.org/).Import AutoDockTools-1.5.6 to carry out the hydrogenation of the target protein and the removal of the water base of the ligand, and convert it into the PDBQT format. Use AutoDock vina software for molecular docking. The smaller the △G (Gibbs free binding energy) and Ki (Inhibit constant) values, the stronger the binding ability to the receptor. △G < -1.2 kcal/mol or △G < -5kj/mol indicates good binding affinity. Choose the model with the lowest free energy and use PyMOL for visual analysis.
Statistical Analysis
All measurement data were expressed as mean ± standard deviation (S.D.). One-way analysis of variance (ANOVA) was used for analysis in the SPSS software program (version 17.0; SPSS Inc., Chicago, IL, United States). The significance of the results was evaluated by the Bonferroni method. Specifically, p < 0.05 was considered statistically significant, and p < 0.01 was considered very significant. All results were visualized in GraphPad Prism software (version 6.02; Inc., San Diego, United States).
RESULTS
Polydatin Alleviates Right Ventricular Hypertrophy Induced by MCT in SD Rats
Right ventricular hypertrophy is a typical early injury of PAH. Previous studies have shown that one-time injection of MCT is an effective means to induce PAH injure in SD rats, and the disease will progress to severe stage by the third week. Therefore, the drug intervention was initiated in the administration group on the second day after MCT injection, and tested the disease model in the third week. During the whole experiment, MCT injection resulted in decreased activity and slow weight gain in SD rats (Figure 2B); the apex of the rat heart tissue was significantly rounded, and the right ventricular funnel was obviously bulged and congested (Figure 2C). Then, right ventricle and left ventricle + diaphragm were separated, and calculated the right ventricular hypertrophy index. The results showed that MCT injection caused right ventricular remodeling in rats; sildenafil and polydatin could effectively reduce right heart hypertrophy index (Figures 2D,E), suggesting that polydatin can significantly reduce the damage of PAH to heart, and enhance the self-regulation and protection of heart under pathological conditions, which is of great significance for maintaining circulatory function of the body.
Polydatin Ameliorates the Pathological Damage of PAH Induced by MCT in Rats
Consistent with clinical patients, progressive damage from PAH eventually accumulates in the lungs. In this study, injection of mct resulted in the formation of pleural and ascites in some rats, and the lungs were accompanied by congestive star spots (Figure 3A), indicating that MCT injection caused significant lung injury in SD rats. HE staining showed that the inner elastic membrane of the small pulmonary arteries of the model group was wavy, the distance between the inner and outer elastic fiber membranes was obviously widened, the thickness of the tube wall increased, the diameter of the blood vessel became smaller, and the inflammatory cells around the blood vessel showed significant Infiltration, indicating that MCT causes pulmonary vascular endothelial damage in rats, and the ratio of PVR in the model group was higher; after the intervention of sildenafil and polydatin, vascular remodeling and inflammatory cell infiltration were significantly relieved compared with the model group, and pulmonary vascular remodeling was effectively improved (Figure 3B), suggesting that polydatin can reduce the lung tissue damage induced by MCT in rats with PAH.
[image: Figure 3]FIGURE 3 | Polydatin ameliorates the pathological damage of PAH induced by MCT in SD rats. (A) Morphology of rat lung. (B) HE staining of rat lung tissue, Scale bar = 20 μm. (C–D) The mRNA expression levels of CXCL12 and CXCR4 (n = 6). Data correspond to mean values ±standard error. Groups were compared using One-way ANOVA adjusted with Dunnett’s test. *p < 0.05 and **p < 0.01 versus control group. #p < 0.05 and ##p < 0.01 versus model group.
Inflammation also plays an important role in the process of MCT induced PAH. MCT induced pathological observation of the model showed that there were a large number of inflammatory cells infiltrated in the lung tissue after modeling, mainly distributed around the blood vessels. The pro-inflammatory factor CXCL12 and its receptor CXCR4 were significantly increased, similar to the performance of vascular inflammation. After treatment with positive drugs and polydatin, inflammatory cell infiltration and inflammatory factors were significantly improved (Figures 3C,D), indicating that polydatin can effectively alleviate the vascular inflammation induced by MCT.
Polydatatin Inhibits MCT-Induced Activation of HIF-2ɑ/Arg1 Signaling Pathway
BMPR2 is the one that has been studied and found to be most related to PAH among all genes belonging to the TGF-β family, including familial primary PAH (Rol et al., 2018). BMPR2 counteracts the abnormal activation of HIF-2α, and the activity of HIF-2α is regulated by the degradation of proline-4-hydroxylase domain (PHD) protein (Kapitsinou et al., 2016; Morikawa et al., 2019). The active HIF-2α/Arg1 axis means the development of pulmonary vascular resistance and PAH (Cowburn et al., 2016). The results showed that MCT reduced the expression of BMPR2 and PHD2 (Figures 4A,B), while the mRNA expressions of HIF-2α and Arg1 were significantly increased (Figures 4C,D). In order to verify the experimental hypothesis, the expression and release detection of HIF-2α and Arg1 in SD rat serum were further tested. The results showed that compared with the control group, MCT caused up-regulation of HIF-2α levels (Figures 4A,E similar increase in Arg1protein release (Figure 4F), suggesting a significant enhancement of HIF-2α/Arg1 signaling. The intervention of sildenafil and polydatin can restore the normal expression of BMPR2 and PHD2, and block the HIF-2α/Arg1 dependent progress of PAH.
[image: Figure 4]FIGURE 4 | Polydatatin inhibits MCT-induced activation of HIF-2α/Arg1 signaling pathway. (A–D) The mRNA expression levels of BMPR2, PHD2, HIF-2ɑ and Arg1 (n = 6). (E–F) HIF-2ɑ and Arg1 expression and production was measured by ELISA (n = 6). Data correspond to mean values ±standard error. Groups were compared using One-way ANOVA adjusted with Dunnett’s test. *p < 0.05 and **p < 0.01 versus control group. #p < 0.05 and ##p < 0.01 versus model group.
Polydatin Improves Lung Endothelial Cell Dysfunction Induced by MCT
Endothelial dysfunction induced by EndMT is a contributing factor to the progression of PAH. The occurrence of EndMT breaks the tight connections between cells, causing them to lose their original stability and polarity, presenting the characteristics of loosely arranged mesenchymal cells. The results of this study showed that MCT enhanced the expression of mesenchymal cell markers in the lung tissue of the model group. For example, the expression of N-cadherin was up-regulated (Figures 5A,B), β-catenin (Figures 5C,D) and vimentin (Figures 5E,F) also showed similar strong fluorescence, suggesting endothelium the expression of intercellular connexin was inhibited. Attenuated endothelial barrier function supports higher cell migration. (Good et al., 2015). However sildenafil group and polydatin group could inhibit the expression of these mentioned mesenchymal cell markers to regain epithelial connexin, thereby preventing the migration and invasion of endothelial cells.
[image: Figure 5]FIGURE 5 | Polydatin improves lung endothelial cell dysfunction induced by MCT. (A–B) Representative immunohistochemical staining (100 × magnification) and gray mean values of N-cadherin expression in lung tissues. (C–D) Representative immunofluorescence staining (100 × magnification) and gray mean values of β-catenin expression in lung tissues. (E–F) Representative immunofluorescence staining (100 × magnification) and gray mean values of vimentin expression in lung tissues. Data correspond to mean values ±standard error. Groups were compared using One-way ANOVA adjusted with Dunnett’s test. *p < 0.05 and **p < 0.01 versus control group. #p < 0.05 and ##p < 0.01 versus model group.
Polydatin Improves Pulmonary Vascular Remodeling Induced by MCT
EndMT is an important mechanism of pulmonary vascular remodeling in animal PAH models and human PAH patients. Injured pulmonary vessels can trigger endothelial cell muscularization, which further leads to pulmonary arterial wall thickening and even the formation of occlusive neointima, representing an irreversible stage in the pathology of pulmonary hypertension. PECAM (ECs) cell marke and TAGLN (SMC marker) have been used to assess reendothelialization rate of endothelial cells in several cardiovascular disease studies (Hutter et al., 2003; Ouyang et al., 2021). This study showed that MCT-induced EndMT further promoted the increase in the expression of TAGLN in intraluminal obstruction in model group (Figures 6A,B), while the expression of PECAM1 (CD31) decreased or even lost (Figures 6C,D), suggesting the formation of pulmonary artery muscle tissue and neointima in model group; while the sildenafil and polydatin maintained the above-mentioned protein expression at a normal level, indicating that polydatin can effectively alleviate the pulmonary vascular remodeling induced by MCT.
[image: Figure 6]FIGURE 6 | Polydatin improves pulmonary vascular remodeling induced by MCT. (A–B) Representative immunohistochemical staining (100 × and 200 × magnification) and gray mean values of TAGLN expression in lung tissues. (C–D) Representative immunofluorescence staining (100 × and 200 × magnification) and gray mean values of PECAM1 expression in lung tissues. Data correspond to mean values ±standard error. Groups were compared using One-way ANOVA adjusted with Dunnett’s test. *p < 0.05 and **p < 0.01 versus control group. #p < 0.05 and ##p < 0.01 versus model group.
Molecular Docking Analysis of Polydatin to Key Targets of PAH
Pharmacological studies have shown that polydatin can inhibit EndMT triggered pulmonary endothelial dysfunction and pulmonary vascular remodeling, which may be mediated by inhibiting upstream targets. Therefore, molecular docking of polydatin with BMPRR2, PHD2, HIF-2α and Arg1 was performed to investigate whether polydatin is an effective inhibitor of PAH disease progression.
Figure 7 shows the conformation of the molecular docking experiment. Only the optimal docking between the compound and the active center site of the protein was screened and labeled. The hydrogen bonds were highlighted by yellow dotted lines, and dark green represented the amino acid residues closely linked to the compound in the active site of the protein, and finally marked the interatomic distance. Molecular docking calculation showed that VAL-100 of BMPR2 interacted with polydatin via hydrogen bond (△G = -9.08 kcal/mol Ki = 221.04 nM) (Figure 7A). ASP-254 of PHD2 interacts with polydine through hydrogen bond (△G = -7.84 kcal/mol Ki = 1.79 uM) (Figure 7B). THR 445, GLN-322 and GLN-447 of HIF-2α interact with polydatin via hydrogen bond (△G = −9.33 kcal/mol Ki = 145.91 nM) (Figure 7C). Lys-191 and ILe-58 of Arg1 interact with polydine through hydrogen bonds (△G = −8.02 kcal/mol Ki = 1.33 uM) (Figure 7D). The four protein targets showed good docking results with polydatin (△G < −1.2 kcal/mol). The Ki value of BMPR2 and HIF-2α docking with polydatin was lower than that of PHD2 and Arg 1, and even reached nanomolar level. Therefore, BMPR2, PHD2, HIF-2α and Arg1 proteins may be the main targets of polydatin against PAH injury.
[image: Figure 7]FIGURE 7 | Molecular docking analysis of polydatin to key targets of PAH induced by MCT. (A–D) Complex model of polydatin to human BMPR2 (A), PHD2 (B), HIF-2α (C) and Arg1 (D) rendered in backbone cartoon (left) or in molecular surface (right).
DISCUSSION
Polydatin is the product of the combination of resveratrol and glucose, also known as resveratrol glycosides. Polydatin and resveratrol have similar pharmacological effects, and they can be interconverted in vivo (Wang and Zhang, 2017). Polydatin tends to be more abundant than resveratrol in nature (Song et al., 2019). Therefore, many studies have been devoted to the conversion of polydatin to resveratrol, but the functional properties of polydatin with stronger antioxidant effects and metabolic stability have been ignored (Platella et al., 2019). Among the numerous pharmacological effects, antioxidant effect is undoubtedly the most important, and vascular damage caused by reactive oxygen species (ROS) also plays an important role in cardiovascular diseases (Krzemińska et al., 2022). Therefore, the biological properties and various pharmacological effects of polydatin make it have high research and application value, and it is expected to become a characteristic new drug for the prevention and treatment of cardiovascular diseases. This study confirmed for the first time that resveratrol glycosides can inhibit HIF-2α/Arg1 signaling by inhibiting the protein expression of BMPR2 and PHD2, thereby improving MCT-induced pulmonary endothelial dysfunction and pulmonary vascular remodeling (Figure 8). It is worth noting that the effect of high dose of polydatin in improving the pathological damage of PAH is inferior to that of low dose, and it has a slight pro-fibrotic effect. It is possible that polydatin at high concentration activates the pro-fibrosis factor (Liu et al., 2019), which damages its anti-fibrosis effect and aggravates lung injury induced by MCT. Therefore, the benefits of polydatin are varied and highly dose-dependent, but the mechanism by which high doses promote pulmonary fibrosis remains to be explored.
[image: Figure 8]FIGURE 8 | Polydatin improves MCT-induced PAH by inhibiting EndMT.
BMPR2 mutation is a key risk factor for hereditary pulmonary arterial hypertension (hPAH), and about 20% of carriers will get the disease (Thomson et al., 2000). The importance of BMPR2 dysfunction in PAH is supported by research in transgenic mice, and human patients also show more severe pulmonary vascular remodeling (Stacher et al., 2012). HIF is a key regulator of transcription factors and molecular responses to hypoxia. HIF-2α, as the direct target of BMPR2, is the mediating hub that regulates pulmonary vascular response. Transcription analysis of PAH-related gene expression suggests that HIF-2α mediates the differential expression of a large number of genes (Zhu et al., 2021). Prolyl hydroxylase domain protein (PHD) is the most important isoenzyme under normoxic conditions and is involved in a variety of hypoxic stress processes, such as angiogenesis and cardiac function. PHD2 can hydroxylate the conserved proline residues in HIF-2α and further mediate the degradation of the complex between von Hippel-Lindau protein (VHL) and HIF-2α. Therefore, BMPR2 and PHD2 together affect the protein abundance and activity of HIF-2α. Arg1, a HIF-2α dependent gene, is down-regulated in HIF-2α pulmonary endothelial mutants, leading to a reduction in NOS source and NO formation (Cowburn et al., 2016). In this study, the expression of PAH-related genes was abnormal after injection of MCT in SD rats, which indicated that MCT caused progressive damage to PAH in rats; After the intervention of polydatin, the expression levels of the above genes could be significantly recovered, suggesting that polydatin could resist MCT induced lung disease injury.
A complete pulmonary endothelial barrier is indispensable for maintaining vascular homeostasis. EndMT is an important process for cells to acquire mesenchymal properties and movement, and plays a key role in the progression of the disease. N-cadherin and vimentin are considered to be typical mesenchymal markers, which are usually used to reflect the progress of EndMT (Ranchoux et al., 2015). β-catenin binds and dissociates cytoskeleton proteins to promote cell migration by regulating cytoskeleton and intercellular co-adhesion (Zhang et al., 2017). In this study, MCT induced up-regulation of N-cadherin, vimentin and β-catenin in lung tissue of SD rats, suggesting that endothelial injury triggered endothelial cell proliferation and migration to restore endothelial barrier integrity and vascular homeostasis. Polydatin could effectively maintain the integrity of the cell-cell connection complex and reduce the expression of mesenchymal markers.
Progressive pulmonary vascular remodeling is one of the main causes of disease progression in almost all PAH patients. A series of studies relying on autopsy samples of severe PAH have emphasized pulmonary vascular alterations, showing pulmonary endothelial cell growth disorder, leading to plexiform lesions (Wagenvoort et al., 1970; Zhang et al., 2017). Muscularization after endothelial cell injury is an important factor in determining the size of neovascularization (Tuder et al., 2007). In this study, MCT induced pulmonary vascular endothelial cells (EC) to undergo EndMT, which showed that EC cells acquired the smooth muscle cell (SMC) marker (up-regulated in TAGLN expression) and lost the EC marker (down-regulated in PECAM1 expression), suggesting that PAH-related stress promoted the formation of pulmonary vascular neointima in SD rats. As expected, polydatin effectively prevented phenotypic transformation of pulmonary endothelial cells and reversed PAH-associated pulmonary vascular remodeling.
Perivascular inflammation also plays an important role in vascular remodeling and ultimately drives the progression of PAH (Rabinovitch et al., 2014). CXCL12, also known as stromal cell-derived factor 1 (SDF1), is an angiogenic chemokine that acts by binding to its homologous receptor CXCR4 or CXCR7. CXCL12 promotes the formation of new blood vessels in multiple organs, including the development of skeletal muscle and heart arteries, while promotes tumor and leukemia progression and accelerates atherosclerosis under pathological conditions (McCullagh et al., 2015; Yi et al., 2021). Earlier studies showed that CXCL12 was elevated in plasma and CXCR4 was significantly upregulated in hypoxia-induced PAH rats, and the same trend was observed in clinical samples; pharmacological inhibition of CXCR4 reversed RV hypertrophy, pulmonary artery middle layer hypertrophy and pulmonary vascular remodeling in PAH rats (Xu et al., 2021). In this study, CXCL12 was highly expressed in MCT injected SD rats, and CXCR4 was also significantly upregulated. However, CXCL12/CXCR4 was significantly inhibited after 3 weeks of treatment with polydatin, suggesting that polydatin can effectively improve perivascular inflammation induced by MCT in SD rats.
Next, molecular docking analysis confirmed the interaction of polydatin with key targets of PAH. Abnormal expression of BMPR2 and PHD2 has been included in the progression of EndMT - related diseases in early studies (Sun et al., 2020; Guan et al., 2021), which together regulated the abundance and activity of HIF-2ɑ protein. Targeting HIF2α/AGR1 is considered as a novel treatment strategy for PAH, and Arg1 overexpression has been reported to be positively correlated with the viability and invasion ability of hepatocellular carcinoma cells (You et al., 2018; Macias et al., 2021). Therefore, it is reasonable to believe that focusing on improving the EndMT process can help prevent the progression of PAH disease. The results of molecular docking operations confirmed that polydatin could deeply bound to BMPR2, PHD2, HIF-2α and Arg1 protein, and established a strong interaction network on the HIF2α/Arg1 signal axis, which effectively inhibited EndMT process and ameliorated MCT-induced PAH progressive damage.
At present, no toxicological and safety reports of polydatin have been found in literature search. More importantly, polydatin can be fully absorbed by human body through passive diffusion and active transport (Yee, 1997). Lv et al. (2006) confirmed that Wistar rats could be rapidly absorbed into the blood after orally taking 50 mg/kg of resveratrol glycoside, reaching the maximum concentration in most tissues within 10 min, and reaching the peak content in the heart 30 min later. These studies laid a foundation for the protective effect of polydatin on cardiovascular system and provided guidance for clinical practice. To investigate the ameliorative effect of polydatin on PAH injury, this study established MCT-induced PAH related injury, including right ventricular compensatory hypertrophy, CXCL12/CXCR4 dominated pro-inflammatory environment, impairment of HIF-2ɑ/Arg1 pathway, endothelial dysfunction, and vascular remodeling. Interestingly, clear associations have been reported between these disease-related states and EndMT. Next, the infection of individuals who routinely ingest polydatin from natural or supplementary sources is simulated. Data showed that polydatin significantly inhibited EndMT process, ultimately improved perivascular and interstitial inflammatory infiltration, blocked HIF-2ɑ/Arg1 signaling pathway, improved pulmonary endothelial dysfunction and alleviated pulmonary vascular remodeling.
CONCLUSION
In summary, the present study supported that polydatin exerted protective effect on on MCT-induced PAH injury. Polydatin attenuates MCT-induced right ventricular compensatory hypertrophy and CXCL12/CXCR4 related inflammatory response, improves pulmonary endothelial dysfunction and inhibits pulmonary vascular remodeling. The underlying mechanism may involve inhibition of EndoMT by blocking HIF-2ɑ/Arg1 signaling. Overall, these experimental data indicate suggest that polydatin has great potential and specific therapeutic value for the development of innovative drugs to ameliorate PAH related injury.
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Diabetic patients present established cardiovascular disease at the onset of diagnostic metabolic symptoms. While premature autonomic and vascular deterioration considered risk factors for major cardiovascular complications of diabetes, present in initial stages of metabolic impairment, their early detection remains a significant challenge impeding timely intervention. In the present study, we examine the utility of beat-to-beat blood pressure variability (BPV) parameters in capturing subtle changes in cardiac autonomic and vascular control distinguishing between various risk categories, independent of the average BP. A rat model of mild hypercaloric (HC) intake was used to represent the insidious cardiovascular changes associated with early metabolic impairment. Invasive hemodynamics were used to collect beat-to-beat BP time series in rats of either sex with different durations of exposure to the HC diet. Linear (standard deviation and coefficient of variation) and nonlinear (approximate entropy, ApEn, and self-correlation of detrended fluctuation analysis, α) BPV parameters were calculated to assess the impact of early metabolic impairment across sexes and feeding durations. HC-fed male, but not female, rats developed increased fat:lean ratio as well as hyperinsulinemia. Unlike linear parameters, multivariate analysis showed that HC-fed rats possessed lower ApEn and higher α, consistent with early changes in heart rate variability and blunting of parasympathetic baroreceptor sensitivity, particularly in males. Moreover, logistic regression demonstrated the superiority of nonlinear parameters of diastolic BPV in predicting a prediabetic disease state. Our findings support the use of nonlinear beat-to-beat BPV for early detection of cardiovascular derangements in the initial stages of metabolic impairment.
Keywords: blood pressure variability, approximate entropy, self-correlation, metabolic challenge, autonomic dysfunction
INTRODUCTION
Average blood pressure (BP) values have long been used to characterize overt changes in vascular function and BP control mechanisms associated with hypertension. However, a recent understanding of cardiovascular signals emphasizes variability in cardiovascular parameters as an indicator of the cardiovascular and autonomic control of hemodynamics (Parati et al., 2013a). BP spontaneously fluctuates in the long, short, and very short term conferring week-to-week, diurnal and beat-to-beat BP variability (BPV), respectively (Parati et al., 2013b). Significantly, abnormal long- and short-term BPV are reported to detect hidden and early changes in various pathophysiological states, establish risk stratification within the same condition, and predict prognosis independent of mean systolic (SBP) and diastolic BP (DBP) (Hsu et al., 2016; Chowdhury et al., 2018; Palatini et al., 2019).
Continuous BPV captures the intricacies of BP dynamics which are not otherwise collected by intermittent BP monitoring (Webb and Rothwell, 2014; Wei et al., 2014; Webb et al., 2018). Linear and nonlinear parameters describe different aspects of beat-to-beat BPV. Linear time-domain parameters are mainly measures of dispersion frequently reported to increase in pathological conditions (Parati and Ochoa, 2019). Indeed, aberrant beat-to-beat BPV is associated with end-organ damage related to excursions in perfusion (Wei et al., 2014). Alternatively, nonlinear parameters quantify complexity and regularity that decreases and increases in disease states, respectively (Bakkar et al., 2021). Despite the value of linear parameters of variability, fluctuations of the cardiovascular system are described as nonhomogeneous, that is, different parts of the signal exhibit distinctive scaling properties, and are thus believed to be better quantified using nonlinear parameters (Ivanov et al., 2001). Indeed, entropy and detrended fluctuation analysis of the beat-to-beat BP time series are shown to possess superior power of discriminating among patient groups compared to conventional parameters of variability and average BP (Bakkar et al., 2021).
Research on beat-to-beat BPV remains a relatively new field with a potential early diagnostic value for premature changes prior to overt symptomatic manifestations (Wu et al., 2017). Particularly, studies of beat-to-beat BPV in the context of metabolic diseases remain limited (Bakkar et al., 2021), with previous studies, not directly measuring beat-to-beat BPV, in adults with metabolic syndrome, indicating possible changes in these parameters (Chang et al., 2016). Hence, it is prudent to study continuous BPV in transition states like prediabetes (Chang et al., 2016) and prehypertension (Pal et al., 2015) and its sex-specific evolution over time.
In this regard, we demonstrated in our previous work that 12 weeks of mild hypercaloric (HC) feeding led to subtle metabolic impairment characterized by hyperinsulinemia, hyperlipidemia, and altered body composition in the absence of hyperglycemia, hypertension, and increased body weight recapitulating the early stages of prediabetes (Al-Assi et al., 2018; Alaaeddine et al., 2019; Elkhatib et al., 2019; Fakih et al., 2020; Hammoud et al., 2021a). Such metabolic alterations were associated with cardiac-, renal-, and cerebral-vascular dysfunction as well as cardiac autonomic deterioration only discernible upon considerably invasive hemodynamic interventions. Nevertheless, our results demonstrated the ability of nonlinear metrics of beat-to-beat BPV to describe the progression from prediabetes to type 2 diabetes with worsening of baroreflex function (Bakkar et al., 2020). We also showed the ability of nonlinear metrics to discriminate between hypertensive and nonhypertensive rats switching from low- to high-salt diet while linear parameters remained unchanged across groups and experimental conditions (Fares et al., 2016).
Our present study aimed to examine the role of BPV as a novel cardiovascular risk factor discriminating between subjects as to the presence or absence of a subtle underlying vascular pathology. For this purpose, we utilized our established model of mild metabolic challenge as a representation of the transition state of early cardiometabolic dysfunction to offer the much-needed pathophysiological insight. An implied hypothesis is that rats exposed to the mild HC challenge will exhibit different BPV profiles evolving disparately with sex over time, irrespective of mean BP. We also aimed to compare the powers of linear and nonlinear BPV parameters in predicting this early altered metabolic state.
METHODS
Ethical Approval
Experimental procedures were performed according to a protocol approved by the Institutional Animal Care and Use Committee at the American University of Beirut in accordance with the Guide for Care and Use of Laboratory Animals of the Institute for Laboratory Animal Research of the National Academy of Sciences (National Research Council (US) Committee for the Update of the Guide for the Care and Use of Laboratory Animals, 2011).
Experimental Design
Beat-to-beat BP time series were derived from two groups of Sprague–Dawley rats: a control group (N = 28) fed with a normal chow containing 3 kcal/g and HC-fed group (N = 23) receiving a HC diet providing 4.035 kcal/g. The normal chow contained 32% of calories from protein, 14% from fat (0.9% of weight saturated fat), and 54% from carbohydrates, while the HC diet was prepared in-house, as described previously, to contain 15.66% of calories from protein (15.8% by weight), 38.68% from fat (18.06% by weight of which 5% was saturated fat), and 45.73% from carbohydrates (46.13% by weight) (Al-Assi et al., 2018; Alaaeddine et al., 2019; Elkhatib et al., 2019; Fakih et al., 2020; Hammoud et al., 2021a). Rats of both sexes (24 males and 27 females) were received at 5 weeks of age, housed individually at standard temperature and humidity conditions with a 12-h dark/light cycle, and randomly divided into control and HC groups fed the corresponding diet ad libitum for a duration of either 12 weeks (22 rats) or 24 weeks (29 rats). The selection of feeding duration was based on our previous results where the end of week 12 was the earliest time point at which manifestations of metabolic dysfunction, which mimic prediabetes, started to appear in our rat model (Elkhatib et al., 2019). Particularly, hyperinsulinemia and dyslipidemia as well as perivascular adipose tissue inflammation started at week 12 (Al-Assi et al., 2018; Elkhatib et al., 2019). Signs of early cardiovascular (Alaaeddine et al., 2019; Elkhatib et al., 2019), cerebrovascular (Fakih et al., 2020), renovascular (Hammoud et al., 2020; Al-Saidi et al., 2021) deteriorations, as well as cardiac autonomic neuropathy (Al-Assi et al., 2018), were also evident at 12 weeks. No signs of overt cardiac or vascular dysfunction manifested up to 12 weeks of HC feeding, as indicated by echocardiography and noninvasive blood pressure monitoring performed biweekly starting from baseline (Al-Assi et al., 2018). Starting week 24, our data showed that fasting and random blood glucose as well as HbA1C levels begin to rise gradually, possibly marking the progression to type 2 diabetes (Elkhatib et al., 2019; Fakih et al., 2020). As such, we have chosen these two time points to represent compensated versus decompensated metabolic disease states in an attempt to assess the diagnostic, and rather discriminatory, capacity of beat-to-beat BPV parameters in this context (Bakkar et al., 2020).
Our experimental design targeted a typical group size of 5–7 animals shown to yield enough statistical power and an allocation strategy described in detail in our previous work (Elkhatib et al., 2019). The number of control female rats fed for 24 weeks was exceptionally duplicated due to an ordering error that occurred during the period of pandemic-related lockdowns. To avoid potential selection bias, their results were added. At the end of the designated feeding duration, the control group comprised 12 male rats (six 12-week and six 24-week) and 16 female rats (five 12-week and eleven 24-week), while the HC group had 12 male rats (six 12-week and six 24-week) and 11 female rats (five 12-week and six 24-week). Calorie intake was determined for each rat based on the amount of food consumed daily. Anesthetized rats were sacrificed by decapitation after 12 (age = 17 weeks) or 24 weeks (age = 29 weeks) of feeding (Dwaib et al., 2020).
Echocardiography
In order to assess the heart structure and function, echocardiography along the parasternal long axis M- and B-modes was performed 1 day before sacrifice using SonixTouch Q+ ultrasound (BK ultrasound, Peabody, MA, United States) on rats sedated with a mixture of ketamine and xylazine (80% of 1.5 mg/ml/kg of ketamine followed by 80% 0.375 mg/ml/kg of xylazine for complete sedation). Images were acquired at a probe frequency of 20.0 MHz. For structural left ventricular (LV) parameters, interventricular septum thickness (during systole and diastole), posterior wall thickness (during systole and diastole), and LV diameters (during systole and diastole) were measured. LV end systolic volume, end diastolic volume, as well as LV mass were automatically estimated based on experts’ recommendations (Belenkie et al., 1973; Gibson, 1973; Teichholz et al., 1976; Oh et al., 2006). All structural indices were normalized to body weight and tibia length. As for functional parameters, the device automatically calculates ejection fraction (EF), fractional shortening, and stroke volume, according to standard formulas from Terry Reynold’s The Echocardiographer’s Pocket Reference.
Body Composition Analysis, Blood Glucose Levels, and Serum Insulin Concentrations
The rat fat:lean ratio was measured using the LF10 Minispec nuclear magnetic resonance (NMR) machine (Bruker, MA, United States) detecting different tissue densities as previously described (Fakih et al., 2020). On the other hand, similar to our previous work (Bakkar et al., 2020), random blood glucose levels (BGLs) were measured using an Accu-Chek glucometer (Roche Diagnostics, Basel, Switzerland) by lateral tail vein puncture on the day of sacrifice, before anesthesia induction for the surgical procedure. Serum insulin concentrations were measured using ELISA kit (Cat. no. ERINS), according to the manufacturer’s protocol (Thermo Scientific, Walter, MA, United States).
Invasive Hemodynamic Recording in Anesthetized Rats
Rats were anesthetized and instrumented for invasive hemodynamic monitoring as previously described (Al-Assi et al., 2018; Bakkar et al., 2020). Briefly, rats were intraperitoneally injected with thiopental (50 mg/kg) to induce light anesthesia, followed by phenobarbital (10 mg/kg) for maintenance. A paw pinch test was performed prior to surgical intervention to confirm total loss of sensation. A similar dose of barbiturate was shown to preserve mechanisms of cardiovascular modulation, like BPV, HRV, vasopressor and vasodepressor responses, as well as baroreceptor sensitivity (BRS) (Yang et al., 1996; Bencze et al., 2013). It is thus believed to be suitable for use in hemodynamic experiments (Kuo et al., 2005; Bencze et al., 2013). Importantly, such a level of anesthesia was shown to maintain BP levels within the same range previously recorded invasively in conscious rats of the same model using the same experimental setup (Elkhatib et al., 2019). Prior to carotid catheterization, tracheostomy was performed in order to facilitate ventilation and prevent overaccumulation of respiratory secretions (Yang et al., 1996; Kuo et al., 2005). BP signals were obtained using a pressure transducer (SP844, Cat. no. 32030, MEMSCAP, Norway) connected to the carotid catheter. Acquiring beat-to-beat BP signals under such conditions (carotid catheterization of anesthetized rats) is an alternative to a more complex and elaborate procedure (involving tunneling and femoral catheterization) requiring extensive manipulation. While the effect of anesthesia on beat-to-beat BPV cannot be underestimated, the latter puts the rat under increased stress and infection risk, two factors which might affect beat-to-beat BPV and introduce confounders to its analysis.
PowerLab (Model ML870, AD Instruments Ltd., Dunedin, New Zealand) was used for data acquisition and LabChart Pro 8 (AD Instruments Ltd., Dunedin, New Zealand) software for recording. After stabilization and prior to BRS assessment, 25 min of signal acquisition was conducted. Then, SBP and DBP recordings for a stable 5-min time series were acquired at a sampling rate of 1,000 Hz corresponding to approximately 300,000 data points. At such a sampling rate, every heart beat would be represented by 150–200 data points. BP time series were then extracted and downsampled by 20× (50 Hz) to obtain approximately 15,100 data points (8–10 data points/heart beat) for beat-to-beat BPV analysis.
Baroreceptor Sensitivity
BRS was determined using the vasoactive method as described previously (Al-Assi et al., 2018; Bakkar et al., 2020). After 30 min of signal stabilization, rats were intravenously (through a catheterized jugular vein) injected with increasing doses of the vasopressor, phenylephrine (ICN Biochemicals) (PE 0.25, 0.5, 0.75, 1, and 2 μg), followed by increasing doses of the vasodepressor, sodium nitroprusside (Sigma-Aldrich, 228710-5G) (SNP 0.5, 1, 2, 4, and 8 μg), in order to assess the functionality of the parasympathetic and the sympathetic arms of BRS in decreasing and increasing HR, respectively. Changes in the heart rate (ΔHR) were plotted as a function of the corresponding changes in mean arterial pressure (ΔMAP) in response to the vasoactive drugs. GraphPad Prism for Mac OS version 8 was used to calculate the BRS of the parasympathetic and sympathetic nervous system (PSNS and SNS, respectively) as the best-fit slope of the linear regression of ΔHR vs. ΔMAP in response to PE and SNP, respectively.
Linear Beat-to-Beat HRV and BPV Measures
The standard deviation (SD) and coefficient of variation (CV) of beat-to-beat HR and BP values were calculated. SD was determined as a measure of dispersion around the mean, while CV was used to reduce the dependence of SD on the mean value (Di Rienzo et al., 1983; Jinadasa et al., 2018).
Approximate Entropy Analysis
Approximate entropy (ApEn) was computed using a MATLAB (Mathworks, Natick, MA, United States) code derived in our laboratory. ApEn was determined as a measure reflecting system complexity or self-similarity in a time series (Bakkar et al., 2020). By definition, ApEn is the negative natural logarithm of the conditional probability that a sequence similar for m values remains similar at the next point within a tolerance r (Pincus, 1991; Pincus and Goldberger, 1994). ApEn was calculated for m = 2 and r = 0.2, where r is conventionally recommended to be in the range of (0.1–0.25) times the standard deviation of the given time series (Pincus, 1991; Chon et al., 2009). In our control rats, the SD of the systolic and diastolic BP time series ranged from ∼1.5 to 4, thus implicating a potential r value ranging from 0.15 to 1. Based on our previous work (Fares et al., 2016), we expected a decrease in entropy measures in disease states, and thus we opted for an r value toward the lower end of the range (0.2) to maximize ApEn value and increase the sensitivity of detection of differences among different groups. Importantly, at a heart rate of approximately 300 BPM, a series length of L = 1,500 cardiac beats and N = 15,100 data points were used for ApEn calculations. It is worth mentioning that the use of such a lengthy time series overcomes the potential “bias toward regularity” associated with ApEn (Bakkar et al., 2021). Indeed, as mentioned by Porta et al. (2007), the bias of counting self-matches is particularly a concern in short signals consisting of a “few hundreds of samples” or around 300 beat-to-beat samples (Porta et al., 2007), which is far below the number of samples we are considering. As such, the contribution of self-matches becomes minimal.
Detrended Fluctuation Analysis
Detrended fluctuation analysis (DFA) is a measure of system correlation (Peng et al., 1995) on varying ranges (short- and long-term) (Fares et al., 2016). Briefly, the original time series is integrated and detrended and the root mean square fluctuation of the detrended time series is calculated over different box sizes (n). A correlation coefficient, α, is then calculated as the linear slope of the logarithm of root mean square fluctuation versus the logarithm of box size (n). α quantifies fractal scaling of beat-to-beat signals and reflects long-term self-correlation in multicomponent systems (Goldberger et al., 2002). In fact, fractal scaling emerges from complex and rather nonlinear coupling processes (Goldberger et al., 2002). As such, the fractal scaling exponent, α, assesses temporal characteristics, that is, correlations, of a time series with nonlinear control mechanisms (Ivanov et al., 2001). Thus, while α in itself might not be a nonlinear value, it rather depicts changes in nonlinear processes, the assessment of which in the context of early metabolic disease was the intent of the present study. DFA correlations were computed, for the same series length of 1,500 cardiac beats (5×300BPM) sampled at 50 Hz (15,100 data points), using a MATLAB code developed in our laboratory (Fares et al., 2016).
Statistical Analysis
Normality was tested using the Shapiro–Wilk test. Continuous variables and variability metrics were summarized using means and standard errors (SEs) and were compared univariately across groups using the independent samples t-test or the Mann–Whitney U test. Three-way ANOVA was used for subgroup analysis to compare the changes in different parameters across dietary groups for different sexes and feeding durations. Sidak’s multiple comparison test was used for post hoc comparisons. Bootstrap multivariable linear regression models were conducted to determine the adjusted associations among sex, diet type and duration, and average BP and BPV metrics to test their interactions with independent variables irrespective of the average BP. Due to the small sample size, the nonparametric bootstrap technique was used to estimate SEs, 95% confidence intervals (CIs), and p-values for the regression coefficients. In the bootstrap analysis, 1,000 samples of the same size as the original sample were drawn, with replacement from the original data set. Logistic regression was carried out to determine and compare the powers of BPV parameters in predicting disease state, represented by the presence or absence of HC feeding. Odds ratio (OR), SEs, and 95% CIs were reported. All tests were two-tailed, and p-values < 0.05 were considered significant. Statistical analyses were performed using Stata version 13.1 for Windows and GraphPad Prism for iOS.
RESULTS
Metabolic Impact of HC Feeding
As expected, HC feeding for different durations was associated with increased caloric intake compared to the corresponding rat group receiving control diet, albeit being generally less in female compared to male rats (Figure 1A). Similar to our previous results (Al-Assi et al., 2018; Elkhatib et al., 2019; Fakih et al., 2020; Hammoud et al., 2021a), the increased calorie intake in HC-fed rats was not associated with an increase in neither body weight (Figure 1B) nor random blood glucose level (Figure 1C), yet HC-fed rats generally showed altered body composition as depicted by an increased fat:lean ratio across sexes and along different feeding durations (Figure 1D) confirming the occurrence of the previously demonstrated metabolic impairment. Interestingly, commensurate with the lower caloric intake in female rats, both their body weight and fat:lean ratio were lower than those of the male rat groups (Figures 1B,D). On the other hand, HC feeding was globally associated with hyperinsulinemia, mainly driven by significant increases in serum insulin levels in male rats fed HC diet for 12 or 24 weeks compared to their NC-fed counterparts (Figure 1E). Importantly, HC-fed female rats exhibited significantly lower serum insulin levels than their male counterparts.
[image: Figure 1]FIGURE 1 | Metabolic parameters of different rat groups. Cumulative calorie intake (A), body weight (B), blood glucose level (C), fat:lean ratio (D), and serum insulin concentration (E) in control and hypercaloric diet (HC)-fed rats of either sex in different feeding duration groups. Statistical analysis was performed by three-way ANOVA followed by Sidak’s multiple comparison test. * denotes p < 0.05 vs. control group of the same sex and feeding duration group (control vs. HC), while # denotes p < 0.05 vs. the corresponding male group (males vs. females).
Gross Myocardial and Cardiac Autonomic Function Changes
Similar to our previous studies (Al-Assi et al., 2018; Bakkar et al., 2020), no changes were detected in baseline hemodynamics and myocardial structure or function across different diet groups. Indeed, Figure 2A shows the representative echocardiographic images without alteration in ejection fraction (Figure 2B). Similarly, there was no difference in MAP among control and HC rats of either sex or feeding duration group, albeit with female rats showing a lower MAP (Figure 2C). Significantly, an impaired cardiac autonomic activity, particularly on the parasympathetic side, was revealed following a hemodynamic challenge using a vasopressor agent. This was observed as a reduced parasympathetic BRS following HC feeding in both 12-week and 24-week male rats, but not in female rats (Figure 2D), and not in the sympathetic arm of baroreflex (Figure 2E). Consistently, a significant interaction appeared between sex and diet (p = 0.0003), whereby males were more prone to the effect of diet on parasympathetic BRS.
[image: Figure 2]FIGURE 2 | Gross myocardial, hemodynamic, and cardiac autonomic functions in response to HC-feeding as a function of feeding duration and sex. (A) Representative electrocardiograms of M-mode images (scale bar corresponds to 1 mm), (B) ejection fraction (EF) assessed by echocardiography, (C) average mean arterial pressure (MAP) assessed by invasive carotid artery catheterization, and slope of the best-fit linear regression of reflex bradycardic responses to a rise in mean arterial pressure (MAP) following increasing doses of phenylephrine (PE) or sodium nitroprusside (SNP) reflecting (D) parasympathetic nervous system (PSNS) or (E) sympathetic nervous system (SNS) activity, respectively, of control and hypercaloric diet (HC)-fed rats of either sex in different feeding duration groups. Statistical analysis was performed by three-way ANOVA followed by Sidak’s multiple comparison test. * denotes a p < 0.05 vs. control of the same sex and feeding duration group (control vs. HC), while # denotes a p < 0.05 vs. the corresponding male group (males vs. females).
Linear and Nonlinear Heart Rate Variability Indices
Examination of beat-to-beat HR tracing revealed that female rats collectively exhibited significantly lower average HR than males (Figure 3A). Particularly, healthy female rats demonstrated significantly lower average HR than their male counterparts (NC-fed for 12 weeks). Regarding HRV, no significant differences in linear fluctuations of HR, assessed by SD and CV, were observed among rats from either sex, on either diet for the different feeding durations (Figure 3B). Interestingly, alterations in nonlinear parameters of beat-to-beat HRV were exclusively observed in male rats on HC diet for 12 weeks, reflected by a decrease in ApEn and an increase in α of DFA with respect to their NC-fed counterparts (Figures 3C,D, respectively). Additionally, HC-fed rats collectively exhibited higher α of DFA than those fed an NC diet (Figure 3D). Importantly, significant interactions existed between feeding duration and diet for ApEn (p = 0.0004) and α (p = 0.014) of HR, indicating a more pronounced decrease and increase, respectively, in 12-week HC-fed rats. Another significant interaction was found between sex and feeding duration for α of HR (p = 0.027), reflecting a stronger effect of feeding duration on males.
[image: Figure 3]FIGURE 3 | Impact of HC feeding on average HR and linear and nonlinear parameters of beat-to-beat HRV in rats of either sex in different feeding duration groups. (A) Average, (B) standard deviation (SD), (C) coefficient of variation (CV), (D) approximate entropy (ApEn), and (E) α of detrended fluctuation analysis of HR in control and HC-fed rats of either sex in different feeding duration groups. Statistical analysis was performed by three-way ANOVA followed by Sidak’s multiple comparison test. * denotes a p < 0.05 vs. control of the same feeding duration and sex (control vs. HC), while # denotes a p < 0.05 vs. the corresponding male group (males vs. females).
Linear Beat-to-Beat Blood Pressure Variability Indices
Figure 4 depicts BP tracings of the raw (Figures 4A,B) and downsampled signals (Figures 4C,D). Examination of beat-to-beat BP tracings revealed that despite equal average BP values, rats from different groups might demonstrate disparate variability patterns (Figure 4). Whereas female rats had lower average and linear BPV parameters for SBP, univariate analysis showed that the average beat-to-beat SBP, SD, and CV did not differ with respect to diet type and duration (Table 1). Other than an increased SD of DBP in HC-fed rats, no differences were observed in average DBP or CV for DBP by univariate analysis across sexes or with diet type or duration (Table 1). While further subgroup analysis using three-way ANOVA confirmed the broad changes across sexes for SBP parameters, 24-week control female rats had lower average SBP and 12-week HC-fed female rats showed lower values for SD and CV than their male counterparts (Figures 5A,C,E). No differences were observed for the average DBP or SD and CV values for DBP across sexes, diet type, or duration (Figures 5B,D,F).
[image: Figure 4]FIGURE 4 | Representative beat-to-beat blood pressure and heart rate tracings of selected rats. Raw arterial pressure, heart rate, and systolic and diastolic blood pressure recordings in 12-week and 24-week control and HC-fed (A) male and (B) female rats. (C) Downsampled beat-to-beat diastolic blood pressure (BP) tracing of control and HC-fed male rats of different feeding duration groups showing equal average, SD, and CV values for all groups with reduced ApEn values in 12-week HC-fed rats. (D) Beat-to-beat systolic blood pressure (BP) tracing of control and HC-fed female rats of different feeding duration groups showing equal average, SD, and CV values for all groups with reduced ApEn and α values compared to male rats.
TABLE 1 | Univariate analysis of linear variability parameters of beat-to-beat systolic blood pressure(SBP) and diastolic blood pressure (DBP) time series across different rat groups. Statistical analysis was determined using t-test or Mann–Whitney U test based on the results of the Shapiro–Wilk test of normality. *denotes p < 0.05 for 12 weeks vs. 24 weeks, males vs. females, or control vs. HC.
[image: Table 1][image: Figure 5]FIGURE 5 | Impact of HC-feeding on average and linear parameters of beat-to-beat systolic and diastolic blood pressure (SBP and DBP, respectively) in rats of either sex in different feeding duration groups. (A,B) Average, (C,D) standard deviation (SD), and (E,F) coefficient of variation (CV) of SBP and DBP, respectively, in control and HC-fed rats of either sex in different feeding duration groups. Statistical analysis was performed by three-way ANOVA followed by Sidak’s multiple comparisons test. * denotes a p < 0.05 vs. control of the same feeding duration and sex (control vs. HC), while # denotes a p < 0.05 vs. the corresponding male group (males vs. females).
Nonlinear Beat-to-Beat Blood Pressure Variability Indices
Univariate examination of nonlinear BPV indices revealed a lower ApEn for SBP and α for both SBP and DBP in female rats compared to their male counterparts (Table 2). Moreover, a reduction and an increase in ApEn and α for DBP, respectively, were observed in HC-fed rats compared to those receiving the control chow (Table 2). Subgroup analysis confirmed a lower ApEn for SBP and α for both SBP and DBP in female rats (Figures 6A,C,D). For ApEn, while HC-feeding reduced the values for DBP across sex and feeding duration groups, 12-week HC-fed rats were particularly vulnerable to that effect for both SBP and DBP (Figures 6A,B). Indeed, there was a significant interaction between feeding duration and diet for ApEn of both SBP and DBP (p = 0.0041 and p = 0.01, respectively). On the other hand, α for DBP was increased for HC-fed rats across sex and feeding duration groups without a specific trend in one subgroup over the other (Figure 6D).
TABLE 2 | Univariate analysis of nonlinear variability parameters of beat-to-beat systolic and diastolic blood pressure (SBP and DBP, respectively) time series across different rat groups. Statistical analysis was determined using t-test or Mann–Whitney U test based on the results of the Shapiro–Wilk test of normality. *denotes p < 0.05 for 12 vs. 24 weeks, males vs. females, or control vs. HC.
[image: Table 2][image: Figure 6]FIGURE 6 | Impact of HC-feeding on nonlinear parameters of beat-to-beat systolic and diastolic blood pressure (SBP and DBP, respectively) in rats of either sex in different feeding duration groups. (A,B) Approximate entropy (ApEn) and (C,D) α of detrended fluctuation analysis of SBP and DBP, respectively, in control and HC-fed rats of either sex in different feeding duration groups. Statistical analysis was performed by three-way ANOVA followed by Sidak’s multiple comparisons test. * denotes a p < 0.05 vs. control of the same feeding duration and sex (control vs. HC), while # denotes a p < 0.05 vs. the corresponding male group (males vs. females).
Adjusted Associations Between Study Variables and Linear Parameters of BPV Based on Bootstrap Linear Regression
Bootstrap multivariable linear regression models were conducted to determine the adjusted associations between average BP, sex, diet type and duration, and BPV metrics. Interactions among sex, and diet type and duration were examined to determine whether the associations with BPV metrics vary across the different rat categories, while that with average BP was performed to examine whether these parameters are affected by baseline BP. For the linear parameters, average SBP (BSBP = 0.03, p < 0.001) and sex (BSBP = 0.63, p = 0.014) were significantly associated with SD of the SBP and resulted in an adjusted R2 of 0.3. As expected by the subgroup analysis, significantly higher values of SD were found in rats with higher average SBP and in males (Figures 5A,C), while no such associations were found with SD of the DBP. On the other hand, CV of the SBP series showed a significant interaction with feeding duration and sex resulting in an increase in CV in males only in the 12-week rats (BSBP = 0.74, p = 0.008), possibly driven by the lower CV values observed in young HC-fed females (Figure 5E). The model, however, had an adjusted R2 of 0.19 only. Average SBP was not associated with CV of the SBP. Alternatively, CV of the DBP was associated with average DBP (BDBP = −0.42, p = 0.01) with an adjusted R2 of 0.4. Surprisingly, a decrease in mean DBP was associated with an increase in CV.
Adjusted Associations Between Study Variables and Nonlinear Parameters of BPV Based on Bootstrap Linear Regression
As opposed to findings related to SD for SBP, no association was observed for any of the nonlinear parameters with average BP. For ApEn regression models, significant interactions were found with diet type and duration for both SBP and DBP series (p = 0.005 and p = 0.005, respectively). Adjusted R2 for the overall models with these interactions were 0.39 for SBP and 0.43 for DBP. After running separate models for 12-week and 24-week rats, ApEn was found to decrease in 12-week HC-fed rats only (BSBP = −0.08, p = 0.005 and BDBP = −0.1, p < 0.001) similar to observations in subgroup analyses (Figures 6A,B). No changes in ApEn across diets and sex were observed in the 24-week rats. No significant interactions were found with α of both BP series. Adjusted R2 for the overall models were 0.36 for SBP and 0.23 for DBP. α was higher in males in both series (BSBP = 0.13, p = 0.001 and BDBP = 0.12, p = 0.001) (Figures 6C,D) and in DBP for HC-fed rats (BDBP = 0.07, p = 0.039) (Figure 6D) similar to what was concluded from the subgroup analysis.
BPV Parameters in Predicting Early Disease State
Since ApEn and α for DBP were found in subgroup analysis and bootstrap regression to consistently decrease and increase, respectively, in different rat groups following HC-feeding, logistic regression was carried out to determine and compare the powers of BPV parameters in predicting a prediabetic disease state induced by HC feeding and associated with subtle yet significant cardiovascular and autonomic impairment. The overall logistic regression model was significant (p-value = 0.0159, Pseudo R2 = 17.4%). As expected, a 0.1 unit increase in ApEn or α of DBP was associated with an OR of 0.27 ± 0.16 (CI: 0.09–0.85, p = 0.026) or 1.69 ± 0.43 (CI: 1.03–2.79, p = 0.040), respectively, for the incidence of early cardiovascular involvement and metabolic impairment associated with HC feeding (Table 3). Linear parameters of DBP, SD and CV, did not significantly predict disease stage with ORs of 1.2 ± 0.77 (CI: 0.34–4.25, p = 0.773) and 0.7 ± 0.44 (CI: 0.21–2.4, p = 0.574) for a 0.1 unit increase in SD and CV of DBP, respectively.
TABLE 3 | Odds ratio reflecting the potential predictive capacity of linear and nonlinear diastolic blood pressure variability parameters for early cardiovascular dysfunction associated with a mild metabolic challenge triggered by HC-feeding.
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Despite significant advances in care for diabetic patients in the past decade, evidence has long indicated that glycemic control was not sufficient to reduce cardiovascular complications (Giorgino et al., 2013; Hayward et al., 2015; Barer et al., 2018). Indeed, the deleterious process culminating in overt cardiovascular dysfunction as diabetic patients progress along the course of the disease appears to start much earlier than the initial diagnosis of hyperglycemia, extending the elevated cardiovascular risk to the prediabetic stage (Fowler, 2008; DeFronzo and Abdul-Ghani, 2011; Wasserman et al., 2018). In this regard, one of the greatest challenges would be the detection of changes in cardiovascular function triggered by early metabolic impairment leading to increased risk of morbidity and mortality, especially since many of these changes are subtle or asymptomatic, and an onset point of metabolic impairment lacks an unequivocal definition. Here, we propose the use of nonlinear BPV parameters as potential predictors of the earliest signs of cardiovascular involvement in the course of metabolic disease. To the best of our knowledge, ours is the first study to assess the impact of early metabolic challenge on linear as well as nonlinear parameters of beat-to-beat BPV in a nonobese prediabetic model. While our experimental method collected BP data series using an invasive technique, calculation of such parameters is equally feasible using noninvasive recording methods (Bakkar et al., 2021).
In this context, we measured linear and nonlinear BPV parameters in control and HC-fed rats of either sex exposed to different feeding durations. Indeed, 12 weeks of mild hypercaloric challenge were shown to induce an early state of nonobese metabolic dysfunction characterized by hyperinsulinemia associated with increased fat:lean ratio and localized adipose tissue inflammation in male rats, while lacking hyperglycemia and signs of systemic inflammation (Al-Assi et al., 2018; Alaaeddine et al., 2019; Elkhatib et al., 2019; Fakih et al., 2020; Hammoud et al., 2021a). While these rats lacked signs of gross cardiovascular dysfunction, with no hypertension or cardiac remodeling seen with echocardiography, renal and vascular endothelial, cerebrovascular, and parasympathetic cardiac autonomic dysfunction demonstrated as suppressed measures of time-domain and frequency-domain parameters of heart rate variability (HRV) together with reduced BRS, as well as markers of cardiovascular oxidative stress and inflammation, were seen upon molecular profiling (Al-Assi et al., 2018; Alaaeddine et al., 2019; Elkhatib et al., 2019; Fakih et al., 2020; Hammoud et al., 2021a). Thus, we believe that HC-fed rats would serve as a reasonable model for mild metabolic impairment with early cardiovascular involvement lacking baseline gross diagnostic signs.
Importantly, the association between metabolic syndrome and cardiac autonomic dysfunction is well documented and thought to underlie the increased risk of incidence of other cardiovascular disorders (Fowler, 2008). In this regard, the study of the considerable and characteristic degree of change associated with various physiological signals such as heart rate (HR) and BP due to the competitive interaction between different reflex control mechanisms might offer a means of detecting autonomic dysfunction. While cardiorespiratory and baroreceptor reflexes reflect as variability in both HR and BP, a main advantage of BPV over HRV analysis is its capacity to depict an integrative view of vascular and autonomic control. Specifically, vascular properties like reactivity (Xu et al., 2017), elasticity, and compliance (Webb and Rothwell, 2014; Xia et al., 2017), together with autonomic input through BRS, were shown to affect beat-to-beat BP dynamics (DeBoer et al., 1987; Grilletti et al., 2018). As such, it became prudent to investigate the capacity of BPV parameters to reflect and predict early cardiovascular dysfunction in a prediabetic disease state (Chang et al., 2016).
Univariate analysis of our present results showed that changes in nonlinear BPV parameters indicative of cardiovascular pathology occurred in HC-fed rats more so than those in linear parameters. Indeed, a reduction in DBP beat-to-beat signal complexity, manifested as a lower ApEn, and increased self-correlation, measured as a higher α for DBP, were observed in HC-fed rats of either sex at different feeding durations. Only an increased beat-to-beat DBP SD was observed for HC-fed rats. Interestingly, multivariate subgroup analyses revealed that these changes persisted only for the nonlinear parameters, ApEn and α, but not for SD. Moreover, adjusted bootstrap analysis confirmed that, unlike linear parameters, nonlinear BPV parameters appeared to be affected by intake of HC diet and hence early metabolic impairment. Our results are in line with observations from different human studies revealing that various pathological conditions are associated with a similar trend of beat-to-beat BP aberrations (Bakkar et al., 2021).
Despite the fact that HRV is believed to be more complex owing to cardiac parasympathetic innervation and antagonistic firing (Porta et al., 2012), the paradigm of pathological increase in signal predictability, reflected by migration of ApEn and α to lower and higher values, respectively, typically observed with HRV (Goldberger et al., 2002), seems to hold for BPV. In fact, although beat-to-beat BPV is essentially under sympathetic control, vagal activity was found to have an indirect effect on BPV by modulating HRV. For example, Castiglioni et al. (2011) showed that parasympathetic outflow alters BP scaling exponents by increasing white noise in HR time series. As such, beat-to-beat BPV analysis is complementary to HRV assessment (Porta et al., 2012). Indeed, our study reveals similar HC-induced changes in nonlinear HRV and BPV in 12-week-fed male rats.
Interestingly, neither ApEn nor α seemed to be affected by BP as opposed to SD for SBP. Given the lack of difference in BP among control and HC-fed rats observed in our present as well as previous studies (Al-Assi et al., 2018; Alaaeddine et al., 2019; Elkhatib et al., 2019; Fakih et al., 2020; Hammoud et al., 2021a), this latter finding suggests that nonlinear parameters might be a more reliable reflection of the cardiovascular status in early metabolic impairment. Indeed, the values of α of DFA remained approximately equal to 1 in HC-fed rats indicating the presence of pink noise which typically describes healthy time series that are essentially complex with a degree of long-term self-correlation (Peng et al., 1995; Goldberger et al., 2002). However, slight yet significant differences in α of BPV were observed between the different groups according to their propensity to early cardiovascular impairment.
Significantly, logistic regression indicated a solid ability of nonlinear diastolic BPV parameters to predict the cardiovascular status associated with the mild metabolic impairment triggered by the HC diet. A 0.1 unit decrease or increase in DBP ApEn or α corresponded to an increased risk of such a state by 73% or 69%, respectively. This was not the case with DBP SD or CV as linear parameters of BPV. Such an outcome would not be surprising since nonlinear parameters are based on the postulation that erratic cardiovascular processes stem from competitive autonomic signals, which feed into a system whose components do not sum up to the whole (Subramaniam et al., 2014). In this regard, it is plausible that the altered sympathovagal balance observed in HC-fed rats (Al-Assi et al., 2018), together with the impaired endothelial function (Alaaeddine et al., 2019; Fakih et al., 2020) and increased sensitivity to vasoconstrictors (Elkhatib et al., 2019), have interacted to confer these changes in ApEn and α. Indeed, these latter observations suggest that HC-fed rats are prone to furnish an increased peripheral vascular resistance commonly reflected by DBPV as a surrogate measure (Carrara et al., 2018).
From a different perspective, the results of the present study showed that females exhibited a more favorable beat-to-beat BPV profile compared to males reflecting the sex-based disparity where females are postulated to require a more profound metabolic deterioration prior to significant cardiovascular risk involvement (de Ritter et al., 2020). Consistently, female rats seemed resistant to diet-induced hyperinsulinemia and fat accumulation and thus had preserved BRS and HRV. Univariate analysis revealed that females possessed lower average and linear fluctuations (SD and CV) of SBP and a lesser degree of self-correlation in SBP and DBP time series. Particularly, on subgroup comparisons, 24-week control female rats were shown to possess lower average SBP than males of the same group. Such observations could be possibly attributed to vascular and/or autonomic sex-specific characteristics. On the vascular level, α-adrenergic vasoconstriction was shown to be masked by β-adrenergic vasodilation in females (Hart et al., 2012). Additionally, vagal activity was found to predominate in females as opposed to sympathetic firing in males (Dart et al., 2002; Du et al., 2006).
On the other hand, sex segregation revealed that HC-induced alterations in beat-to-beat BPV were more pronounced in males. Along the same lines, diet-induced sympathovagal imbalance in response to HC feeding (Al-Assi et al., 2018; Hammoud et al., 2021b) can possibly explain sex differences in propensity to aberrations in vascular dynamics (Laitinen et al., 1999). Indeed, augmented sympathetic activity is associated with increased total peripheral resistance in men but not in women (Hart et al., 2012). The latter is concordant with the observation that changes in diastolic BPV significantly predicted prediabetic disease state. Consistent with our results, such a discrepancy was related to differential fat distribution along with less variable glucose homeostasis and kidney function in women (Barajas Martínez et al., 2021).
Women are more likely to store fat subcutaneously and on their lower extremities, whereas men are more likely to store fat in the abdominal region (Power and Schulkin, 2008). Not only is visceral adiposity associated with worse metabolic outcomes (Karelis et al., 2004), but it was also correlated to increased pro-inflammatory cytokine production (Beasley et al., 2009) potentially suggesting a worsened inflammatory-driven cardiovascular outcome in males. Significantly, estrogen receptor α deletion in mice was shown to increase diet-induced adipose inflammation, to which control mice were relatively resistant (Ribas et al., 2010). Moreover, estrogen signaling was found to produce antiadipogenic and anti-inflammatory effects in perivascular adipose tissues which were associated with amelioration of endothelial function (Sun et al., 2020).
Interestingly, diet-induced changes in BPV parameters appeared to be driven mainly by 12-week male rats despite a similar decrease in parasympathetic BRS in 24-week male rats compared to their control counterparts. This suggests that while BRS reflects cardiovascular involvement in prediabetic metabolic dysfunction, it correlates weakly with beat-to-beat BP dynamics with increasing age. This could be attributed to age-dependent increases and decreases in vascular stiffness and reactivity, respectively, which are stronger determinants of beat-to-beat BPV.
Results from our study show that different linear and non-linear parameters of beat-to-beat BPV possess varying sensitivities to sex and early metabolic impairment. Indeed, nonlinear parameters of beat-to-beat BPV, namely ApEn and α, are superior in predicting the early signs of cardiovascular and autonomic dysfunction. These results support the use of beat-to-beat BPV assessment as a screening tool for insidious autonomic and vascular dysfunction in early stages of metabolic conditions including prediabetes. Interestingly, our previous work indicates worsening control of beat-to-beat BPV on establishment of type 2 diabetes in the same rat model (Bakkar et al., 2020).
Significantly, a limitation of the present study is that the results reflect the processing of data collected by invasive techniques from anesthetized rats. Future work using telemetry recording methods has the potential to reveal more details on the diurnal changes of these parameters in early metabolic dysfunction and thus further highlight these differences. Additionally, direct assessment of sympathetic nerve activity has the capacity to provide insight into the pathophysiological determinants of beat-to-beat BPV changes in early metabolic disease (Kuo et al., 2005). Yet, the resilience of the detected differences in face of anesthesia emphasizes the potential diagnostic value of the nonlinear BPV metrics. Indeed, the availability of noninvasive methods to monitor beat-to-beat BP in patients, such as finger plethysmography and tonometry (Kemmotsu et al., 1991), makes the utility of beat-to-beat BPV attractive, especially in the light of studies indicating the validity of noninvasive techniques in comparison to invasive methods (Gibson et al., 2019).
Moreover, the discrepant effect of anesthesia in rats with different fat:lean ratios secondary to HC diet feeding cannot be precluded. Distribution of anesthesia into fat tissues can alter the final effective concentration in HC-fed rats (Brandon and Baggot, 1981). However, in our hands, rats from the different groups reached the same sedative levels before the surgical procedure. It is worth mentioning that studies have indicated that invasive, perioperative beat-to-beat BPV assessment under similar conditions (anesthesia and arterial catheterization) provides valuable information for risk appraisal, making such an assessment reasonably acceptable (Subramaniam et al., 2014; Jinadasa et al., 2018; Putowski et al., 2022). Extensive future work will be required for the appropriate translation of such findings to clinical practice.
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Vascular endothelial dysfunction (VED) is linked with the pathogenesis of obstructive sleep apnea (OSA) comorbidities, such as cardiovascular disease. Astragaloside IV (As-IV) has exhibited significant improvement for endothelial dysfunction. Nonetheless, the protective mechanism is not clear. Therefore, the present study investigated the potential mechanism of As-IV on VED. Calpain-1 knockout and wild-type C57BL/6 mice exposed to chronic intermittent hypoxia (CIH) were established and treated with As-IV (40, 80 mg/kg) for 4 weeks. Human coronary artery endothelial cells (HCAECs) subjected to CIH exposure were pretreated with As-IV, MDL-28170 (calpain-1 inhibitor) and SRT1720 (SIRT1 activator) for 48 h in vitro. The endothelial function, inflammation, oxidative stress and mitochondrial function were measured to evaluate VED. Our data revealed that As-IV treatment ameliorated CIH-induced endothelial-dependent vasomotion and augmented nitric oxide (NO) production. As-IV administration suppressed the secretion of inflammation, oxidative stress and mitochondrial dysfunction. As-IV treatment reduced the expression of calpain-1 and restored the downregulated expression of SIRT1 and Thr172 AMPK and Ser1177 eNOS phosphorylation. The effects of calpain-1 knockout and SRT1720 were similar to the effect of As-IV on VED. These findings demonstrated that As-IV ameliorated VED induced by chronic intermittent hypoxia via the calpain-1/SIRT1/AMPK signaling pathway.
Keywords: Astragaloside IV, chronic intermittent hypoxia, vascular endothelial dysfunction, oxidative stress, calpain-1
INTRODUCTION
Obstructive sleep apnea (OSA) is a sleep breathing disorder that is manifested as the partial or complete collapse of the upper airway during sleep (Baltzis et al., 2016). OSA affects 14% and 5% of adult males and females in the US, respectively (Chang et al., 2020), and it is an independent and significant factor of cerebrovascular and cardiovascular disease (CVD). Previous studies showed that chronic intermittent hypoxia (CIH) was the major pathophysiological characteristic of vascular endothelial dysfunction (VED) in OSA, which may lead to CVD by initiating nitric oxide (NO) unavailability, oxidative stress and vascular inflammation (Feng et al., 2012). As the first-line treatment of OSA patients, continuous positive airway pressure (CPAP) has a low compliance rate and poor prevention effect on cardiovascular events (Mcevoy et al., 2016; Arnaud et al., 2020). Therefore, there is an urgent need for other treatments to acquire an improvement in preventing cardiovascular complications and quality of life of OSA patients.
SIRT1 is an NAD+-dependent deacetylase that has crucial role in mediating inflammation, oxidative stress and mitochondrial function (Mihanfar et al., 2021). SIRT1 is involved in maintaining vascular endothelial homeostasis and protecting VED (Ministrini et al., 2021). SIRT1 and AMPK stimulate NO production by increasing endothelial NO synthase (eNOS) activity (Xia et al., 2014). Calpain is a conserved family of calcium-activated cysteine proteases that widely exist in mammals. Calpain-1, is the major isoform, and it is primarily expressed in endothelial cells and participates in many pathophysiological processes (Liu et al., 2020). Early studies showed that VED was associated with calpain overactivation in chronic vascular diseases (Miyazaki and Miyazaki, 2018). Calpain-1 also contributes to oxidative stress, inflammation and adhesiveness to leukocytes (Xu C. et al., 2021). Calpain is involved in the AMPK/eNOS signaling pathway in VED (Etwebi et al., 2018). Although previous studies demonstrated that activation of calpains caused a reduction in SIRT1 protein levels (Biel et al., 2016), whether the calpain-1/SIRT1/AMPK signaling pathway is a major factor of VED was not reported.
Astragaloside IV (As-IV) is a major natural molecule compound isolated from Astragalus membranaceus that exerts diverse cardiovascular pharmacological activities, including anti-inflammatory, anti-fibrosis, anti-oxidative stress and immune regulation activities (Chen et al., 2021; Deng et al., 2022). Our previous studies demonstrated that As-IV protected against hyperglycemia-induced VED by inhibiting calpain-1 overactivation (Nie et al., 2019). As-IV also attenuates CIH-induced myocardial injury and inflammation (Chen et al., 2020; Jiang et al., 2020). However, the potential mechanism of As-IV activity against CIH-induced VED is not clear. Therefore, we used calpain-1 knockout in vivo and in vitro to further study the effect of As-IV on CIH-induced VED and the potential mechanism.
MATERIALS AND METHODS
Reagents
As-IV were obtained from Nanjing Jingzhu Biotechnology Co. Ltd. (Nanjing, China). Assay kits for Cell Counting Kit-8, NO nitrate reductase, dihydroethidium (DHE), GSH-px, MDA, SOD, JC-1, DAF-FM diacetate (DAF-FM DA) and MitoSOX were obtained from Beyotime Biotechnology (Shanghai, China). Calpain-1, SIRT1 and β-actin were obtained from Proteintech (Wuhan, China). Ser1177 eNOS phosphorylation, total endothelial nitric oxide (eNOS), Thr172 AMPK phosphorylation, total 5’ AMP activated protein kinase (t-AMPK), vascular cell adhesion molecule 1 (VCAM-1) and intracellular adhesion molecule 1 (ICAM-1) were obtained from ABclonal (Wuhan, China). Phenylephrine (PE) and acetylcholine (Ach) were obtained from Sigma Aldrich (Shanghai, China). MDL-28170, SRT1720 and L-NAME were obtained from Selleck (Houston, TX, United States).
Animal experiments
Eight-to twelve-week-old male wild-type mice (Liaoning Changsheng Biotechnology Co. Ltd.) and mice deficient in calpain-1 (Capn1 EK684−/−, Cyagen Biosciences Inc.) with a mean body weight of 25 g were used. Both wild-type and Capn1−/− mice are the C57BL/6 background, and the same strain. All mice were grown in a normal environment at a controlled temperature (25 ± 2°C) under a 12-h light/dark cycle. The Animal Ethics Committee of Jinzhou Medical University approved all animal procedures. Wild-type mice were randomly divided into four groups (n = 10): control group (Con), chronic intermittent hypoxia group (CIH), CIH + As-IV 40 mg/kg/d (AL) and CIH + As-IV 80 mg/kg/d (AH). Capn1−/− mice were also divided randomly into two groups (n = 10): the control group (CK) and the chronic intermittent hypoxia group (MK). The model of CIH exposure established in this study was reported previously (Jiang et al., 2020). Briefly, the mice were exposed to cages of automated, computer-controlled O2 concentration exchange systems (Proox-100, Shanghai Tow-Int Tech Ltd.) to achieve a similar oxyhemoglobin saturation (SpO2) nadir (50∼60%) in moderate to severe patients based on previous studies (Zhou et al., 2014; Hu et al., 2021; Li et al., 2021). The mice were exposed to 20 hypoxic events/h (90 s of 21% O2 and 90 s of 10% O2) for 8 h/day for 4 weeks. The control mice breathing normal gas were housed in the same environment. During the CIH interval, mice received a gastric injection of As-IV (dissolved in 5% sodium carboxymethyl cellulose) at 40 or 80 mg/kg per day for 4 weeks. The special gavage needle for mice is used for intragastric administration of mice, and the volume of intragastric administration does not exceed 0.2 ml. After 4 weeks, corresponding samples (thoracic aortas and serum) were collected for subsequent experiments.
Cell culture
Human coronary artery endothelial cells (HCAECs) were purchased from BLUEFBIO and grown in DMEM supplemented with 15% fetal bovine serum (HyClone, Logan, Utah, United States) in a CO2 incubator as described previously (Lv et al., 2019). The model of CIH in HCAECs was implemented by alternating cycles of 1% O2 for 5 min followed by 20% O2 for 5 min (3 cycles/h) at 37°C for 24 h in a chamber through automated, computer-controlled O2 concentration exchange systems (GC-CT, Heilongjiang MAWORDE Industry and Trade Ltd.) as described previously (Jiang et al., 2020; Xu H. et al., 2021; Yan et al., 2021). Cells were incubated with As-IV (100 µM), MDL-28170 (calpain-1 inhibitor, 20 µM) and SRT1720 (SIRT1 activator, 4 µM) for 48 h before CIH exposure.
Vascular reactivity
After sacrifice, the thoracic aorta was fully exposed, quickly removed and placed in ice-cold physiological salt solution (PSS) that included the following: NaCl (130 mM), KCl (4.7 mM), KH2PO4 (1.18 mM), MgSO4 (1.17 mM), CaCl2 (1.16 mM), NaHCO3 (14.9 mM), EDTA (0.026 mM), and glucose (11.1 mM). The thoracic aorta was cut into rings approximately 2 mm in length without fat and connective tissue under a microscope. Changes in the tension of rings were measured using DMT (720 M, Danish Myotechnology, AÅrhus, Denmark). The rings of all groups were incubated in chambers with 95% O2 and 5% CO2 at 37 °C. Before the formal experiment, we used K-PSS (60 mM KCl in PSS solution; equimolar substitution of KCl for NaCl) to activate the rings. If the difference change in tension of rings was less than 10%, the vasoconstriction was considered relatively stable and rings were used in subsequent experiments. The rings were precontracted with PE (10−5 M), and ACh was added after the contraction was stable in the range of concentration (10−8 M - 10−5 M). The endothelium-dependent relaxation (EDR) response to ACh is expressed as the percentage of maximal contraction amplitude induced by PE. To test the effect of NO on vascular relaxation, the aortic rings of all groups were incubated with the nitric oxide synthase inhibitor NG-nitro-l-arginine (L-NAME, 100 µM) for 30 min before PE-induced constriction. To verify the role of SIRT1 on VED, the rings from the control group and the CIH group were incubated with SRT1720 (4 μM, dissolved in DMSO) for 24 h in chambers with 95% O2 and 5% CO2 at 37°C. DMSO (0.1% v/v) did not modify agonist-induced responses. Following incubation, the rings were used to measure vascular reactivity as mentioned above.
Determination of intracellular ROS production and NO imaging
The level of intracellular ROS in aortas and HCAECs was detected using DHE staining. Frozen sections of aortas (embedded in OCT and 5 μm thick) and cells were incubated with 5 µM DHE for 30 min at room temperature in the dark. Rosup was used as a positive control to detect intracellular ROS expression. The sections and cells were stained with Hoechst 33342 for 4 min and washed 3 times with PBS. NO imaging experiments in aortas and cells were performed as described previously (Lee et al., 2020). Briefly, frozen sections of aortas and cells were incubated with 20 µM DAF-FM DA for 20 min at 37°C. The sections were stained with Hoechst 33342 for 4 min. Images were viewed under a Leica DMI3000B fluorescence microscope, and the relative fluorescence intensity was analyzed using ImageJ software.
Immunofluorescence staining
Four% paraformaldehyde-fixed, paraffin-embedded aortic tissues were cut into 5-μm thick slices. Then the slices were deparaffinized, rehydrated, and incubated in 5% BSA for 1 h. The slices were incubated with primary antibodies against calpain-1 (1:100) and SIRT1 (1:100) at 4°C overnight. The relative secondary antibody was incubated with the slices for 1 h at 37°C in the dark. Nuclei were marked using Hoechst 33342. Quantification of the images was analyzed by ImageJ Software from each group.
Western blot
The collected sample proteins were homogenized in lysis buffer, and the concentration of total proteins was measured using the BCA method. The prepared samples were separated using 8%–10% SDS–PAGE then transferred to PVDF membranes. Membranes were blocked with 1% BSA for 1.5 h and subsequently incubated with calpain-1 (1:1,000), SIRT1 (1:4,000), t-AMPK (1:1,000), Thr172 phosphorylated AMPK (1:1,000), eNOS (1:1,000), ICAM-1 (1:1,000), VCAM-1 (1:1,000), Ser1177 phosphorylated eNOS (1:1,000) and β-actin (1:10,000) overnight at 4°C. After washing with TBST, membranes were incubated with HRP-conjugated secondary antibody for 2 h at room temperature. The intensity of the bands was determined using ImageJ software.
Measurements of SOD, MDA, GSH-px
MDA, SOD, and GSH-px assay kits were used to measure MDA and GSH-px levels and SOD activity in the serum and culture supernatant according to the manufacturer’s protocol. The NO levels in serum and culture supernatant were tested using the nitrate reductase method according to the manufacturer’s protocol.
Enzyme-linked immunosorbent assay
The levels of IL-6 and TNF-α in serum and culture supernatant were analyzed using ELISA kits according to the manufacturer’s instructions.
Cell viability assay
The cell viability of HCAECs was assessed using a Cell Counting Kit-8 (CCK-8 kit) as previously described (Yan et al., 2021). Briefly, HCAECs under the indicated times and different conditions were seeded in 96-well plates at the density of 2×104 cells/well and were added with 10 µl CCK-8 reagent for 1 h. The absorbance at 450 nm was measured with a microplate reader (BioRad, United States). Cell viability was calculated based on the percentage of the optical density relative to that of untreated controls.
Assessment of mitochondrial function
The cells were incubated with 10 μg/ml JC-1 and 5 µM MitoSOX. The mitochondrial membrane potential was determined using JC-1 staining as previously described (Umbaugh et al., 2021). Briefly, the cells were incubated with JC-1 at 10 μg/ml for 15 min at 37°C, CCCP was set as the positive control of mitochondrial membrane potential decline, and then the images were observed by fluorescence microscopy. Increased monomer (green) fluorescence levels and decreased J-aggregate (red) fluorescence levels indicate mitochondrial membrane potential collapse. All images were analyzed by ImageJ software. Mitochondrial reactive oxygen species (mitoROS) were determined using MitoSOX as previously described (Zhou et al., 2021). Briefly, the cells were incubated with 5 µM MitoSOX for 10 min at 37°C in the dark. Then the images were captured using fluorescence microscopy and analyzed using ImageJ software.
Statistical analysis
All the data are represented as the means ± standard deviation (SD) and analyzed by SPSS 26.0 software. Statistical analyses of all data were performed using One-way analysis of variance (ANOVA) followed by Duncan’s LSD. p < 0.05 was considered statistically significant.
RESULTS
Effects of As-IV, Capn1 knockout and SRT1720 on VED in mice exposed to CIH
EDR is the most widely used assay for the assessment of VED (Figures 1A, B). The reactivity of isolated thoracic aortic rings to ACh was evaluated in CIH-exposed mice after treatment with As-IV for 4 weeks. As shown in Figure 1C, As-IV attenuated the damaged ACh-induced EDR in isolated thoracic aortic rings of mice exposed to CIH. To determine the effect of SIRT1 on CIH-induced VED, aortic rings from the control group and CIH group were incubated with SRT1720 (4 µM) for 24 h in vitro. Our studies showed that SRT1720 ameliorated relaxation to ACh in CIH-exposed mice (Figure 1D). To investigate the role of calpain-1 on CIH-induced VED, we detected ACh-induced dilation after PE preconstriction in the CK group and MK group. Our data indicated that the aortic rings from Capn1−/− mice slightly but statistically improved CIH-induced VED compared to CIH-exposed mice (Figure 1E). And vascular relaxation to ACh was completely abolished by eNOS inhibitor L-NAME in all groups.
[image: Figure 1]FIGURE 1 | Effects of As-IV, Capn1 knockout and SRT1720 on VED in mice exposed to CIH. (A,B) The reactivity of PE-preconstricted aortic rings from all groups to ACh-mediated relaxation with or without L-NAME (C) The effect of As-IV treatment on ACh-induced vasodilation in aortas of CIH-exposed (90 s of 21% O2 and 90 s of 10% O2) mice (n = 5). (D) The effect of SRT1720 (4 µM) incubation on ACh-induced vasodilation in aortas of CIH-exposed mice (n = 5). (E) The effect of Capn1 knockout treatment on ACh-induced vasodilation in aortas of CIH-exposed mice (n = 5). Data are presented as the means ± SD, **p < 0.01, vs. CIH group.
Effects of As-IV and Capn1 knockout on CIH-induced oxidative stress and NO levels
To verify the effect of As-IV on VED in mice exposed to CIH, DHE staining, MDA, SOD, and GSH-px assay kits and the nitrate reductase method were performed. Compared to the control group, the levels of intracellular ROS and MDA were increased, the activity of SOD and the levels of GSH-px and NO were significantly inhibited in the CIH group. After treatment with As-IV (40 or 80 mg/kg) for 4 weeks, the activity of SOD and the production of NO and GSH-px were higher than the CIH group. The levels of intracellular ROS and MDA were lower than the CIH group. The effect of Capn1 knockout mice was similar to the above effect of As-IV (Figure 2).
[image: Figure 2]FIGURE 2 | Effects of As-IV and Capn1 knockout on CIH-induced oxidative stress and NO levels. (A,B) The level of intracellular ROS in aortas was measured using DHE staining (×200 magnification; n = 3). DHE dye (red), Hoechst 33342 (blue). (C–E) The activity of SOD and the levels of MDA and GSH-px in serum were determined using kits (n = 8). (F) NO production in serum was evaluated using the nitrate reductase method (n = 8). (G,H) The level of NO in aortas was measured using DAF-FM DA fluorescence staining (×100 magnification; n = 3). DAF-FM DA dye (green), Hoechst 33342 (blue). Data are presented as means ± SD. ns. **p < 0.01, vs. CIH group.
Effects of As-IV and Capn1 knockout on CIH-induced inflammation
Inflammation and adhesion molecules, such as VCAM-1 and ICAM-1, are vital for the development of VED. Our data indicated that the contents of TNF-α and IL-6 were enhanced in the CIH group, and As-IV and Capn1 knockout inhibited the levels of inflammation (Figures 3A, B). The mice exposed to CIH showed high expression of VCAM-1 and ICAM-1, and As-IV treatment and Capn1 knockout significantly abolished these changes at the protein level (Figures 3C-E).
[image: Figure 3]FIGURE 3 | Effects of As-IV and Capn1 knockout on CIH-induced inflammation. (A,B) The levels of TNF-α and IL-6 were detected using ELISA (n = 8). (C–E) Quantitative Western blot analysis of the protein levels of VCAM-1 and ICAM-1 (n = 3). Data are presented as means ± SD. **p < 0.01, vs. CIH group.
Effects of As-IV and Capn1 knockout on calpain-1, SIRT1, AMPK, and eNOS protein expression in CIH-induced mice
To investigate whether calpain-1 regulates VED via the SIRT1/AMPK/eNOS signaling pathway in mice exposed to CIH, western blot analysis and immunofluorescence staining were conducted. Our findings revealed that compared with the control group, the expression level of calpain-1 was only reduced in the CK group, the other indexes were not statistically significant. CIH resulted in higher levels of calpain-1 and lower levels of SIRT1, Thr172 AMPK phosphorylation and Ser1177 eNOS phosphorylation. In contrast, treatment with As-IV and Capn1 knockout downregulated the level of calpain-1 and upregulated the levels of SIRT1, Thr172 AMPK phosphorylation and Ser1177 eNOS phosphorylation (Figure 4).
[image: Figure 4]FIGURE 4 | Effects of As-IV and Capn1 knockout on the SIRT1/AMPK/eNOS signaling pathway in CIH-induced mice. (A–F) Western blot analysis of calpain-1, SIRT1, Thr172 AMPK phosphorylation, t-AMPK, Ser1177 eNOS phosphorylation and eNOS protein expression in all groups with quantification (n = 3). (G–J) Representative fluorescence images and fluorescence intensity of calpain-1 and SIRT1 in all groups of aortic sections (×400 magnification; n = 3). Calpain-1 (green), SIRT1 (red), Hoechst 33342 (blue). Data are presented as means ± SD. #P < 0.05, vs. Con group, **p < 0.01, *P < 0.05, vs. CIH group.
Effects of As-IV, MDL-28170 and SRT1720 on VED in HCAECs subjected to CIH
To test the effect of As-IV on VED, we measured the viability of HCAECs under normoxia or CIH exposure for the indicated times. Compared to the control group, cell viability decreased with prolonged CIH administration (Figure 5A). The NO level in the HCAEC supernatant after CIH exposure was also reduced in a time-dependent manner (Figure 5B). However, the As-IV, MDL-28170 and SRT1720 groups exhibited increased cell viability and NO levels in HCAECs compared to the CIH group (Figures 5C–F).
[image: Figure 5]FIGURE 5 | Effects of As-IV, MDL-28170 and SRT1720 on HCAEC viability and the production of NO. (A) Cell viability of HCAECs subjected to CIH (1% O2 for 5 min–20% O2 for 5 min) at the indicated times at the indicated times (n = 5). (B) NO level in HCAEC supernatant subjected to CIH at the indicated times (n = 8). (C) Cell viability of HCAECs in different groups (n = 5). (D) NO levels in HCAEC supernatants from different groups (n = 8). (E,F) Representative images and fluorescence intensity of NO in HCAECs of different groups (×200 magnification; n = 3). DAF-FM DA dye (green). Data are presented as means ± SD. ##p < 0.01, #P < 0.05, vs. Con group, **p < 0.01, *P < 0.05, vs. CIH group.
Effects of As-IV, MDL-28170 and SRT1720 on oxidative stress in HCAECs exposed to CIH
Oxidative stress is an indispensable element of the earlier periods of endothelial damage. Our data indicated that compared to the control group, CIH exposure facilitated the levels of intracellular ROS and MDA in HCAECs and decreased the level of GSH-px and the activity of SOD. The administration of AS-IV suppressed the levels of intracellular ROS and MDA in HCAECs compared to the CIH group and enhanced the activity of SOD and the level of GSH-px. The effect of AS-IV on oxidative stress was similar to MDL-28170 and SRT1720 (Figure 6).
[image: Figure 6]FIGURE 6 | Effects of As-IV, MDL-28170 and SRT1720 on oxidative stress in HCAECs exposed to CIH. (A,B) Representative fluorescence images and fluorescence intensity of intracellular ROS in HCAECs of different groups (×200 magnification; n = 3). DHE dye (red), Hoechst 33342 (blue). (C–E) The activity of SOD and the levels of MDA and GSH-px in HCAEC supernatant were detected using kits (n = 8). Data are presented as means ± SD. **p < 0.01, vs. CIH group.
Effects of As-IV, MDL-28170 and SRT1720 on mitochondrial dysfunction in HCAECs exposed to CIH
Mitochondria are the primary producers of intracellular ROS. To test whether As-IV ameliorated CIH-induced mitochondrial dysfunction, JC-1 and MitoSOX staining were conducted. The results showed an apparent increase in the level of mitoROS and a decline in the membrane potential of HCAECs exposed to CIH compared to the control group. As-IV, MDL-28170 and SRT1720 treatment restored the increased level of mitoROS and the reduced membrane potential (Figure 7).
[image: Figure 7]FIGURE 7 | Effects of As-IV, MDL-28170 and SRT1720 on mitochondrial dysfunction in HCAECs exposed to CIH. (A,C) Representative fluorescence images and fluorescence intensity of mitoROS in HCAECs of different groups (×200 magnification; n = 3). MitoSOX dye (red). (B,D) Representative fluorescence images of JC-1 staining indicating the mitochondrial membrane potential in HCAECs of different groups (×200 magnification; n = 3). Monomer (green), J-aggregates (red). Data are presented as means ± SD. **p < 0.01, *P < 0.05, vs. CIH group.
Effects of As-IV, MDL-28170 and SRT1720 on inflammation in HCAECs exposed to CIH
To evaluate the effect of As-IV, MDL-28170 and SRT1720 on inflammation, ELISA and Western blot experiments were performed. ELISA indicated that the levels of TNF-α and IL-6 was increased in the supernatants of HCAECs subjected to CIH, and As-IV, MDL-28170 and SRT1720 treatment reduced the secretion of inflammatory factors (Figures 8A, B). The levels of VCAM-1 and ICAM-1 protein were enhanced by CIH exposure compared to the control, and the administration of As-IV, MDL-28170 and SRT1720 partially abolished the upregulated secretion of inflammatory factors in HCAECs exposed to CIH (Figures 8C–E).
[image: Figure 8]FIGURE 8 | Effects of As-IV, MDL-28170 and SRT1720 on inflammation in HCAECs. (A,B) The levels of TNF-α and IL-6 was detected using ELISA (n = 8). (C–E) The levels of VCAM-1 and ICAM-1 were measured using Western blot (n = 3). Data are presented as means ± SD. **p < 0.01, vs. CIH group.
Effects of As-IV, MDL-28170 and SRT1720 administration on calpain-1, SIRT1, AMPK, and eNOS protein expression in HCAECs
To verify the effects of As-IV, MDL-28170 and SRT1720 administration on calpain-1, SIRT1, AMPK, and eNOS protein expression in HCAECs, Western blot experiments were performed. The data indicated that the expression level of calpain-1 protein was increased and the levels of SIRT1 protein expression, Thr172 AMPK phosphorylation and Ser1177 eNOS phosphorylation were reduced in HCAECs after CIH exposure. Treatment with As-IV, MDL-28170 and SRT1720 reversed the protein expression levels (Figure 9).
[image: Figure 9]FIGURE 9 | Effects of As-IV, MDL-28170 and SRT1720 administration on calpain-1, SIRT1, AMPK, and eNOS protein expression in HCAECs. (A–F) The protein expression levels of calpain-1, SIRT1, Thr172 AMPK phosphorylation, t-AMPK, Ser1177 eNOS phosphorylation and eNOS were analyzed using Western blots (n = 3). Data are presented as means ± SD. **p < 0.01, *P < 0.05, vs. CIH group.
DISCUSSION
The vascular endothelium is formed from a monolayer of endothelial cells that regulate vascular hemostasis, maintains permeability and controls vascular tone. VED is linked with reduced nitric oxide (NO) production or bioavailability and damaged endothelial-dependent vasomotion (Cyr et al., 2020; Xu S. et al., 2021). OSA characterized by intermittent hypoxemia, is a main independent and important risk factor for the occurrence of cardiovascular disease (CVD). Numerous studies demonstrated that VED played a key role in the pathogenesis of OSA comorbidities, such as cardiovascular and metabolic diseases (Baltzis et al., 2016). After 4 weeks of exposure to intermittent hypoxemia in mice, we found that CIH decreased endothelial-dependent vasomotion to ACh, and As-IV reversed this response. CIH inhibited relative viability, Ser1177 eNOS phosphorylation and NO production in HCAECs, and As-IV rescued these changes. HCAECs were used in the current study since coronary endothelium expresses a pathologic gene pattern compared to aortic endothelium, and were commonly used in cell model of CIH (Dancu and Tarbell, 2007; Zychowski et al., 2016). However, this is also the limitation of this study. The differences between different species and tissues should be taken into account in future studies. These results suggested that As-IV ameliorated CIH-induced VED via the NO pathway. OSA is associated with the excessive generation of inflammatory mediators and the overproduction of adhesion molecules in the development of VED (Baltzis et al., 2016). Previous studies indicated that increased levels of the inflammatory factors TNF-α and IL-6 are primarily responsible for inflammatory responses in OSA patients (Kiernan et al., 2016). The upregulation of adhesion molecules, such as ICAM-1 and VCAM-1, stimulates endothelial activation by promoting leukocyte adhesion to endothelial cells when inflammation occurs (Sun et al., 2019). An activated endothelium results in decreased NO bioavailability and impaired vascular tone, which further cause VED. Intermittent hypoxia accelerated the activation of ICAM-1 and VCAM-1, which was demonstrated in human endothelial cells and animal models (Feng et al., 2012). The overactivation of ROS and mitochondrial dysfunction, which result in oxidative stress, play a crucial role in producing VED and ultimately increases cardiovascular risk in OSA (Baltzis et al., 2016; Incalza et al., 2018). According to previous studies, the increased production of ROS correlates with higher interaction with NO and ROS, which form peroxynitrite in one of the earlier periods of endothelial damage (Badran et al., 2014). Mitochondrial dysfunction is associated with the loss of mitochondrial membrane potential and excess production of mitochondrial reactive oxygen species (mitoROS) (Rizwan et al., 2020). Previous studies demonstrated that oxidative stress biomarkers (SOD, GSH-px, and MDA) were increased in rats exposed to CIH (Joseph et al., 2020). Our data confirmed these effects and indicated that As-IV suppressed the activation of inflammation, oxidative stress and mitochondrial dysfunction.
SIRT1 is one of the most extensively studied and vital members of the sirtuin family, and it is an NAD+-dependent deacetylase that is highly expressed in endothelial cells (Kida and Goligorsky, 2016). Many studies showed that SIRT1 activators degraded the expression of inflammatory factors and leukocyte adhesion in the aortas of mice and consequently improved VED in cardiovascular diseases (Kida and Goligorsky, 2016; Parsamanesh et al., 2021). SIRT1 also could suppress the development of oxidative stress and mitochondrial dysfunction in endothelial cells (Yuan et al., 2016). A number of recent findings mentioned that SIRT1 mediates eNOS expression via the SIRT1/AMPK pathway (Liu et al., 2016). Our data demonstrated that CIH reduced the level of SIRT1 protein and Thr172 AMPK and Ser1177 eNOS phosphorylation in the aortas of mice and HCAECs, which were restored by As-IV treatment. To investigate whether SIRT1 was involved in the development of VED, we used isolated aortic rings from control and CIH-exposed mice to measure changes in vascular tension with or without incubation using the SIRT1 activator SRT1720. Treatment with SRT1720 attenuated the impaired EDR to ACh in CIH-exposed aortic rings, and increased the production of NO in HCAECs. SRT1720 treatment also reversed Thr172 AMPK and Ser1177 eNOS phosphorylation in CIH-treated HCAECs, and the protein expression of total AMPK and eNOS remained unchanged. SRT1720 treatment restrained the increase in inflammatory factors, the activation of oxidative stress and mitochondrial dysfunction in the CIH environment. These results suggested that As-IV suppressed inflammation, oxidative stress and mitochondrial dysfunction via the SIRT1/AMPK/eNOS signaling pathway and eventually ameliorated CIH-induced VED. Calpain-1 is a Ca2+-sensitive intracellular cysteine protease that widely exists in endothelial cells (Tang et al., 2015). The overactivation of calpain is involved in VED via the AMPK/eNOS signaling pathway (Miyazaki and Miyazaki, 2018). Convincing evidence revealed that calpains regulate SIRT1 depletion (Biel et al., 2016). Calpain-1 contributes to oxidative stress, mitochondrial dysfunction, inflammation and adhesiveness to leukocytes (Xia et al., 2014; Liu et al., 2020; Dang et al., 2022). Our laboratory and other laboratories reported that calpain-1 aggravated diabetes-induced and arsenic-induced VED (Cai et al., 2019; Nie et al., 2019). However, sufficient evidence to determine whether calpain-1 is participated in CIH-induced VED is lacking. Our study indicated that the expression level of calpain-1 was enhanced in aortas and HCAECs subjected to CIH, and As-IV decreased calpain-1 expression. To test the role of calpain-1 in CIH-induced VED, the thoracic aortic rings in control and CIH-exposed mice with Capn1 knockout were placed in standard organ chambers for isometric tension recording. The results demonstrated that Capn1 knockout improved the EDR impairment induced by CIH. Capn1 knockout reversed NO levels, SIRT1 protein expression and Thr172 AMPK and Ser1177 eNOS phosphorylation. Notably, Capn1 knockout suppressed the secretion of inflammatory factors, oxidative stress and mitochondrial dysfunction. Taken together, our studies indicated that As-IV ameliorated VED induced by CIH via the calpain-1/SIRT1/AMPK signaling pathway.
CONCLUSION
In conclusion, these findings confirmed that As-IV ameliorated VED induced by CIH via the calpain-1/SIRT1/AMPK signaling pathway, which suppressed inflammation, oxidative stress and mitochondrial dysfunction, and ultimately protected against the impaired EDR (Figure 10). Our results further provide a novel understanding of AS-IV as a potential treatment for OSA-associated VED.
[image: Figure 10]FIGURE 10 | As-IV ameliorates endothelial dysfunction induced by chronic intermittent hypoxia through the calpain-1/SIRT1/AMPK signaling pathway.
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Cardiovascular diseases have become a major clinical burden globally. Heart failure is one of the diseases that commonly emanates from progressive uncontrolled hypertension. This gives rise to the need for a new treatment for the disease. Sacubitril/valsartan is a new drug combination that has been approved for patients with heart failure. This review aims to detail the mechanism of action for sacubitril/valsartan in cardiac remodeling, a cellular and molecular process that occurs during the development of heart failure. Accumulating evidence has unveiled the cardioprotective effects of sacubitril/valsartan on cellular and molecular modulation in cardiac remodeling, with recent large-scale randomized clinical trials confirming its supremacy over other traditional heart failure treatments. However, its molecular mechanism of action in cardiac remodeling remains obscure. Therefore, comprehending the molecular mechanism of action of sacubitril/valsartan could help future research to study the drug’s potential therapy to reduce the severity of heart failure.
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1 INTRODUCTION
Heart failure following long-standing uncontrolled hypertension and myocardial infarction (MI) remains a significant public health problem worldwide. Hypertrophic cardiomyopathy can also evolve into heart failure (Brieler et al., 2017). Despite emerging medical advancements in the therapy of cardiovascular disease, death and disability due to heart failure have raised enormously (Bhattacharya and Sil, 2018). Cardiac remodeling is generally accepted as a determinant of the clinical course of heart failure, and is now recognized as an important aspect of cardiovascular disease progression that is therefore emerging as a therapeutic target in heart failure of all etiologies (Mann, 2005).
Cardiac remodeling is a complex structural transformation marked by changes in the size and shape of myocardium. At the beginning, remodeling is an adaptive response to preserve normal heart function in circumstances such as chronic hypertension and MI (Nakamura and Sadoshima, 2018). Continuous remodeling is maladaptive, however, resulting in left ventricular dilation, hypertrophy, and dysfunction, involving molecular and cellular alterations such as cardiomyocyte hypertrophy, fibrosis, changes in cardiac extracellular matrix, and gene expression. These alterations within the myocyte are followed by cell death induced by apoptosis or necrosis, while in progressed compensated hypertrophy to dilated heart failure, the alterations result in myocyte lengthening, extracellular matrix remodeling, chamber dilation, and impaired systolic or diastolic functions (Gajarsa and Kloner, 2011).
Many pharmacological therapies have been used to treat and decrease the severity of heart failure for patients with reduced ejection fraction (HFrEF). Among them angiotensin-converting enzyme (ACE) inhibitors, β-blockers, mineralocorticoid receptor antagonists, and angiotensin receptor blockers, as well as two new classes of drugs—angiotensin receptor-neprilysin inhibitor (ARNI) and sodium-glucose co-transporter 2 (SGLT2) inhibitors (Burnett et al., 2017; Balan et al., 2021). Analysis has suggested that ARNI monotherapy is more effective than angiotensin receptor blockers or ACE inhibitors monotherapy (Burnett et al., 2017). Currently, sacubitril/valsartan (Figure 1), formerly known as LCZ696, and marketed by Novartis International AG as Entresto∗, is the only drug that belongs to the ARNI group (Hubers and Brown, 2016).
[image: Figure 1]FIGURE 1 | Chemical structure of sacubitril/valsartan.
Sacubitril is a neprilysin inhibitor, while valsartan is an angiotensin II (Ang II) type 1 receptor (AT1R) blocker. Neprilysin is an enzyme involved in the breakdown of circulating natriuretic peptides that have a blood pressure-lowering property (Vilela-Martin, 2016). Therefore, the combination drug acts by simultaneously maintaining circulating natriuretic peptides and blocking the renin-angiotensin-aldosterone system (RAAS) (Cuthbert et al., 2020). Studies have revealed that inhibition of neprilysin by sacubitril alone failed to improve the prognosis of heart failure. This is likely due to its counterbalance effect (Cleland and Swedberg, 1998; Greenberg, 2020; Sutanto et al., 2021), resulting from an accumulation of vasoconstrictors Ang II and endothelin-1, which are also broken down by neprilysin (Vilela-Martin, 2016). Both vasoconstrictors could promote the development of cardiac hypertrophy (Miyauchi and Sakai, 2019; Siti et al., 2021a). Simultaneous inhibition of RAAS and neprilysin produces more effective neurohormonal modulation, preventing clinical deterioration in patients with heart failure (Choi and Shin, 2020; Książczyk and Lelonek, 2020).
Sacubitril/valsartan is the first drug with a double-acting pharmaceutical design conveying two pharmacological effects synchronously (Abumayyaleh et al., 2020). It was approved by the European Medicine Agency and the United States Food and Drug Administration in 2015 (Vilela-Martin, 2016; Chrysant and Chrysant, 2018), and was included a year later as a Class I recommendation, indicated for chronic heart failure patients with HFrEF (Kaplinsky, 2016). The drug is tolerated well and linked to a low incidence of angioedema due to a smaller increase in bradykinin in patients as compared with ACE inhibitors such as enalapril (Desai et al., 2015; McCormack, 2016; Yandrapalli et al., 2017; Myhre et al., 2019; Tanase et al., 2019). The drug is reported to be superior to enalapril in decreasing the risk of mortality in patients with heart failure (Desai et al., 2015). Moreover, omapatrilat, the first dual inhibitor of both neprilysin and ACE, produced a higher incidence of potentially life-threatening angioedema than enalapril, despite its greater efficacy in reducing blood pressure. Hence, further development of omapatrilat as an antihypertensive was terminated (Greenberg 2020; Pascual-Figal et al., 2021).
In addition to neprilysin inhibition and AT1R blockade, sacubitril/valsartan inhibits multiple targets such as signaling pathways involved in cardiac fibrosis, matrix remodeling, and apoptosis. This review provides updates on the molecular mechanisms of sacubitril/valsartan in cardiac remodeling modulation, with the goals of better understanding the drug combination’s role in the management of patients with heart failure and promoting future studies.
2 EFFECTS OF SACUBITRIL/VALSARTAN ON RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM AND THE NATRIURETIC PEPTIDE SYSTEM
Neprilysin, a component of RAAS, is predominantly expressed in the kidneys, lungs, heart, and brain (Bellis et al., 2020; Nalivaeva et al., 2020). Even though the kidneys execute an important role in regulating the enzyme in systemic circulation (Pavo et al., 2020), the heart is the main origin of soluble circulating neprilysin (Arrigo et al., 2018). Surprisingly, myocardial expression of the enzyme decreased in heart failure (Pavo et al., 2020) and following repeated episodes of heart ischemia-reperfusion (Pavo et al., 2017) in animal experiments. To the best of our knowledge, the expression of the enzyme in a failing human heart has not been reported. Augmenting the natriuretic peptide system is the rationale for inhibiting circulating neprilysin in patients with HFrEF (Singh et al., 2017). As previously mentioned, sacubitril/valsartan simultaneously inhibits neprilysin and RAAS. Circulating natriuretic peptides—atrial (ANP), B-type (BNP) and C-type (CNP) natriuretic peptides (Kuwahara, 2021)—as well as Ang II and endothelin-1 levels are increased following neprilysin inhibition (Ferro et al., 1998; Khder et al., 2017; Pavo et al., 2020) by sacubitril (Figure 2). However, the detrimental efffects of Ang II on the heart and vascular system are blocked by valsartan (Kaplinsky, 2016). Sacubitril/valsartan was also reported to decrease the expresssion of hepatic endothelin-1 (Hsu et al., 2020) and its plasma level (Clements et al., 2019) in hypertensive rats. The inhibition of neprilysin was confirmed by a significant time-dependent reduction in plasma activity of soluble neprilysin as well as an elevation of ANP levels in patients with chronic heart failure after receiving sacubitril/valsartan for 30 and 90 days. BNP and N-terminal pro-BNP (NT-pro-BNP)—a prohormone of BNP with a longer half-life than BNP—levels remained stable in these patients (Nougué et al., 2019). Unlike BNP, NT-pro-BNP is not a substrate of neprilysin (Haynes et al., 2018).
[image: Figure 2]FIGURE 2 | Schematic representation of mechanisms of sacubitril/valsartan on renin-angiotensin-aldosterone system and natriuretic peptide system. ACE, angiotensin converting enzyme; Ang, angiotensin; ANP, atrial natriuretic peptide; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor-neprilysin inhibitor; AT1R, angiotensin type 1 receptor; BNP, B-type natriuretic peptide; CNP, C-type natriuretic peptide; HFrEF, heart failure with reduced ejection fraction; NP natriuretic peptide; RAAS, renin-angiotensin-aldosterone system; ↑, increase.
Additionally, the apelinergic system (composed of apelin and elabela as well as APJ receptors) is believed to be a promising target for the treatment of cardiovascular disease. Both apelin and elabela possess inodilator properties (Sainsily et al., 2021). However, the effects of sacubitril/valsartan on apelin and elabela have not been studied. Neprilysin cleaves apelin (McKinnie et al., 2016). Therefore, it could be hypothesized that the drug would increase the level of apelin. Apelin promotes ACE2 expression—in other words, it stimulates formation of vasodilating substrates—and antagonizes Ang II (Chatterjee et al., 2020). These properties of apelin would be beneficial for patients with heart failure.
Even though sacubitril/valsartan exerts beneficial effects in the management of cardiovascular disease, there is a concern regarding its effects on Alzheimer’s disease. Neprilysin is known to be involved in the degradation of β-amyloid peptide in the brain. Therefore, inhibition of the enzyme would promote deposition of β-amyloid peptide, a hallmark pathology in Alzheimer’s disease diagnosis (Murphy and LeVine, 2010; Nalivaeva et al., 2020). Possible effects of sacubitril/valsartan in patients with heart failure and Alzheimer’s disease should be investigated further.
3 MECHANISTIC ROLES OF SACUBITRIL/VALSARTAN IN CARDIAC REMODELING
3.1 Effects on cardiac function
In heart failure patients, left ventricular ejection fraction (LVEF) and left ventricular volumes reflect global left ventricular systolic performance and are associated with left ventricular remodeling. Initiation of sacubitril/valsartan therapy in these patients has been shown to induce reverse remodeling of left ventricle, with a significant improvement of ventricular volume overload and dimension indices which subsequently resulting in an augmented LVEF (Liu L. W. et al., 2020; Hu et al., 2020; Karagodin et al., 2020; Mazzetti et al., 2020; Rezq et al., 2021). The improvement was observed with the reduction in left ventricular end-diastolic (LVEDV) and end-systolic (LVESV) volume, left atrial volume index, and estimated mean pulmonary capillary wedge pressure (PCWP) (Januzzi et al., 2019; Martín-Garcia et al., 2020; Masarone et al., 2020). Sacubitril/valsartan also exerts beneficial effects on right ventricular function, marked by increases in peak systolic S wave and tricuspid anular plane systolic excursion (TAPSE), as well as decreases in medium pulmonary artery pressure (mPAP) and pulmonary artery systolic pressure (PASP) (Masarone et al., 2020; Yenerçağ et al., 2021) (Table 1).
TABLE 1 | The effects of sacubitril/valsartan on cardiac function in human studies.
[image: Table 1]In terms of diastolic function, diastolic dysfunction alters the relationship between early diastolic filling velocity (E) and late left ventricular filling (A). E/A ratio is defined as the ratio of peak velocity blood flow from left ventricular relaxation in early diastole to peak velocity flow in late diastole caused by atrial contraction. Sacubitril/valsartan improved E/A ratio in patients with HFrEF (Romano et al., 2019; Nakou et al., 2020; Russo et al., 2020). However, the use of ratio of mitral inflow velocity to mitral annular relaxation velocity (E/E’) ratio is more sensitive than E/A ratio for measuring left ventricular diastolic function. A significant improvement in E/E’ ratio was seen with sacubitril/valsartan therapy in heart failure patients (Kang et al., 2019; Hu et al., 2020; Nakou et al., 2020). Measurement of myocardial performance index (Tei index) provides an evaluation of both systolic and diastolic function simultaneously, as does global longitudinal strain, a relatively novel measure of myocardial contractility which is superior to LVEF in predicting cardiovascular outcomes (Ashish et al., 2019). Therapy with sacubitril/valsartan was shown to improve Tei index (Gokhroo et al., 2021) and global longitudinal strain in heart failure patients (Valentim Gonçalves et al., 2019; Valentim Gonçalves et al., 2020a; Mirić et al., 2021). In addition, sacubitril/valsartan improves fractional shortening, cardiac output, load-dependent indices of left ventricular contractility (dp/dtmax), and relaxation (dp/dtmin) in animal heart failure models (Maslov et al., 2019b; Ge et al., 2020; Liu Y. et al., 2021; Raj et al., 2021) (Table 2).
TABLE 2 | The effects of sacubitril/valsartan on cardiac function in animal studies.
[image: Table 2]Combination therapy of sacubitril/valsartan therapy with SGLT2 inhibitors—originally developed as anti-diabetic drugs—has shown additional benefits in patients with diabetic cardiomyopathy (Kim et al., 2021; Karabulut et al., 2022). The combination exhibits synergistic effects through independent mechanisms that offer greater prominent improvements in cardiac function, observed with the augmented LVEF and reduction in E/E’ ratio, as well as a decrease in the risk of cardiovascular death. Additional cardiovascular benefits observed in the patients are suggested to be conferred by SGLT2 inhibitors via their natriuretic and osmotic diuretic effects, along with an amelioration of myocardial bioenergetics (Kim et al., 2021; Lin et al., 2022). However, two other clinical trials reported no significant combinatory effects of SGLT2 inhibitors (dapagliflozin or empagliflozin) and sacubitril/valsartan in patients with heart failure, even though the effect magnitudes were numerically bigger than in those receiving SGLT2 inhibitor alone (Solomon et al., 2020; Packer et al., 2021). One possible reason could be small sample size (508 and 727 patients, respectively). Further studies are needed to achieve a conclusive finding. To the best of our knowledge, no clinical trial has been performed to investigate possible combinatory effects of other antidiabetic drugs and sacubitril/valsartan on heart failure.
Calcium levels regulate myocardial contraction in cardiomyocytes, which is significantly altered in failing hearts. Na+/K+-ATPase, Na+/Ca2+ exchanger (NCX), ryanodine receptor 2 (RyR2), and sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) are among the calcium regulators (Salim et al., 2020). Sacubitril/valsartan increased LVEF without affecting the expressions of NCX, RyR2 or SERCA, but downregulated phosphorylated calmodulin-dependent protein kinase II (CaMKII-p) expression in a MI-heart failure rabbit model (Chang et al., 2020). Increased intracellular calcium activates CaMKII, resulting in phosphorylation of the L-type calcium channel and increases in SERCA calcium cycling. CaMKII is upregulated in heart failure (Beckendorf et al., 2018). A study by Eiringhaus et al. (2020) demonstrated that sacubitril/valsartan diminished diastolic calcium-spark frequency (limited sarcoplasmic reticulum calcium release events) and sarcoplasmic reticulum calcium leaks in isolated mouse cardiomyocytes that were exposed to catecholaminergic stress, as well as in human left ventricular cardiomyocytes isolated from explanted hearts of patients with end-stage heart failure. Similar effects were also observed in cardiomyocytes treated with sacubitril alone, but they were lacking when valsartan was used alone, suggesting the direct effects of sacubitril on improving calcium homeostasis in failing cardiomyocytes. The study also reported that sacubitril did not compromise systolic calcium release, sarcoplasmic reticulum calcium transient kinetic and load, as well as SERCA activity (Eiringhaus et al., 2020). Therefore, the findings convey that sacubitril/valsartan promotes cardiac function partly by improving myocardial calcium homeostasis.
Collectively, therapy with sacubitril/valsartan has shown beneficial effects on systolic and diastolic function in patients with heart failure and in animal studies, likely via improvement of myocardial contractility, leading to increased ejection fraction. The role of the drug on calcium handling such as Na+/K+-ATPase in other heart failure models should be studied further. Certain genes that play a role in the progression of hypertrophy—SUZ12/PRC2-MEF2A, EZH2-CaMKI, and miR-675-CaMKIId (Liu L. et al., 2020)—should also be explored. Sarcomere is the “motor” of cardiomyocyte mechanotransduction that generates force transmission. Cysteine rich protein 3 (also known as muscle LIM protein) and titin are the proteins that participate in force transmission within sarcomere (Lyon et al., 2015); sacubitril/valsartan may modulate these proteins.
3.2 Effects on cardiac structure and hypertrophy
Cardiac hypertrophy is an adaptive and compensatory mechanism (characterized by an increase in cardiomyocyte size and thickening of ventricular walls) that involves alterations in cell structure and protein synthesis (Zhang et al., 2003; Siti et al., 2020). The development of pathological cardiac hypertrophy is usually accompanied by increased expression of typical cardiac genes ANP and BNP (Tham et al., 2015; Siti et al., 2021b). Thus, the plasma level of these peptides are measured as indicators for cardiac dysfunction, including cardiac hypertrophy (Moyes and Hobbs, 2019). Other than these peptides, NT-pro-BNP and cardiac troponin T are more routinely used to assess cardiac function (Berardi et al., 2020).
The effectiveness of sacubitril/valsartan therapy in patients with HFrEF has been appraised in many studies. The drug reduced plasma levels of NT-proBNP, high-sensitivity cardiac troponin T (hs-cTnT), and soluble suppressor of tumorigenicity 2 (sST2) in the patients, high levels of which reflect ventricular wall stress and myocardial injury (Nougué et al., 2019; Murphy et al., 2021) (Table 3). NT-proBNP level and left ventricular mass are positively correlated, and this fact is useful for identifying patients with cardiac hypertrophy (Morillas et al., 2008; Kahveci et al., 2009).
TABLE 3 | The effects of sacubitril/valsartan on cardiac structure and biomarkers of cardiac hypertrophy in clinical studies.
[image: Table 3]The beneficial effects of sacubitril/valsartan were also demonstrated in animal models. Its administration has resulted in decreased heart weight to body weight ratio in spontaneous hypertensive rats and in rats with induced cardiac hypertrophy (Chang et al., 2019; Zhao et al., 2019; Nordén et al., 2021). It inhibited left ventricular hypertrophy in various models of cardiac hypertrophy, which was confirmed echocardiographically and histologically. Echocardiographic analysis revealed that sacubitril/valsartan decreased left ventricular wall thickness as shown by decreased interventricular septum thickness diameter, left ventricular posterior diastolic wall thickness, left ventricular mass, and left ventricular end-systolic diameter (Chang et al., 2019; Zhao et al., 2019; Tashiro et al., 2020), leading to improved cardiac geometry (Sung et al., 2020). Meanwhile, histological analysis showed that the increases in cardiomyocyte size induced by Ang II was significantly attenuated by the treatment (Tashiro et al., 2020). However, a detailed molecular mechanism of sacubitril/valsartan inhibition on left ventricular hypertrophy was not fully characterized. Table 4 summarizes the findings of sacubitril/valsartan on cardiac structure and biomarkers of cardiac hypertrophy in animal studies.
TABLE 4 | The effects of sacubitril/valsartan on cardiac structure and biomarkers of cardiac hypertrophy in animal studies.
[image: Table 4]Sacubitril/valsartan administration lowers blood pressure in patients with chronic HFrEF, primarily by reducing blood volume and enhancing natriuresis (Böhm et al., 2017). However, studies have indicated that the antihypertrophic effects of sacubitril/valsartan were independent of blood pressure. Tashiro et al. (2020) exhibited that the fewest hypertrophic changes—interventricular septum thickness diameter, left ventricular posterior wall thickness diameter and cardiomyocyte cross-sectional area—took place in the sacubutril/valsartan-treated mice treated with Ang II, despite the similar blood pressure-lowering effect of sacubitril/valsartan, enalapril, and valsartan (Tashiro et al., 2020). A similar finding was also noted in a rat model of heart failure with preserved ejection fraction (HFpEF) (Nordén et al., 2021). In the study, sacubitril/valsartan had no significant effect on mean arterial pressure in the rats exposed to cardiac pressure overload, as opposed to reduced effect by valsartan. However, the left ventricular weight of the former group was significantly lower than the latter and vehicle-treated groups (Nordén et al., 2021). The findings of both studies suggest that sacubitril/valsartan provides a direct cardioprotection against hypertrophic changes.
Sacubitril/valsartan also demonstrated a potential to inhibit right ventricular hypertrophy in a rat model of pulmonary hypertension. In studies, oral sacubitril/valsartan (34 and 68 mg/kg/day) was administered for 21 (Sharifi Kia et al., 2020) or 42 days (Clements et al., 2019) in rats induced with pulmonary hypertension, resulting in a reduction of right ventricular hypertrophy with reduced right ventricular longitudinal and circumferential stiffness as well as reduced right ventricular free wall thickness. The protective effect was possibly owing to a mitigation of pulmonary artery pressure which subsequently improved right ventricular afterload, leading to regression in right ventricular hypertrophy (Clements et al., 2019). Collectively, post-treatment of sacubitril/valsartan decreases left and right ventricular hypertrophy and cardiac associated release of biomarkers. The findings are confirmative of the therapeutic effects of the drug on cardiac hypertrophy, as seen in patients with HFrEF.
Studies have further explored the possible mechanism of the protective effects of sacubitril/valsartan on cardiac hypertrophy. Its effect on extracellular signal-regulated kinase (ERK) was investigated in mice with pregnancy-associated cardiomyopathy (PAC) treated with lentiviruses stably transfected with sh-ERK for silencing ERK. This treatment resulted in reduced expression of ERK compared to its negative control group (treated with sh-NC) and was associated with a lower heart size (Wang et al., 2019a). However, ERK silencing had no effect on phosphorylated ERK (pERK). Sacubitril/valsartan did not affect ERK expression in PAC mice that were treated with sh-NC, but it did reduce pERK, whereas in the groups given sh-ERK, the drug significantly reduced the expression of both ERK and pERK. Mice that were treated with the drug had smaller hearts than the control group, regardless of whether they were treated with sh-NC or sh-ERK. However, sacubitril/valsartan further reduced heart size in the group given sh-ERK, compared to the group treated with the drug and sh-NC. Other hypertrophic markers were also inhibited (Wang et al., 2019a). Similar findings were also observed in cardiomyocytes that were transfected with sh-ERK and exposed to Ang II to induce hypertrophy before treatment with sacubitril/valsartan. In the same study, it was also noted that the drug increased the expression of ACE-2 in the Ang II-treated cells (Wang et al., 2019a). ACE2 converts Ang II into Ang 1–7, a heptapeptide which has antiremodeling and cardioprotective properties, by suppressing the synthesis of cardiac fibroblast extracellular matrix and release of hypertrophic growth factors (Iwata et al., 2011; Arendse et al., 2019). However, the possible role of the drug on the peptide level has not been reported. In summary, the findings suggest that role of ERK in the pathogenesis of cardiac hypertrophy is crucial and sacubitril/valsartan protects the heart by blocking the activation of ERK and inhibiting the Ang II receptor pathway (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic regulatory mechanisms for sacubitril/valsartan during cardiac remodeling. AMPK, AMP-activated protein kinase; ANP, atrial natriuretic peptide; ASC, apoptosis-associated speck-like protein containing a caspase; ATP, adenosine triphosphate; BNP, B-type natriuretic peptide; BP, blood pressure; cGMP, cyclic guanosine monophosphate; CNP, C-type natriuretic peptide; CTGF, connective tissue growth factor; Drp1, Dynamin‐related protein one; Dv1, signal transduction molecule disheveled; ECM, extracellular matrix; ERK, extracellular signal-regulated kinase; GPx, glutathione peroxidase; GSH, glutathione; GTP, guanosine triphosphate; IL, interleukin; JNK, c-Jun N-terminal kinases; MAPK, mitogen-activated protein kinase; MDA, malondialdehyde; MFN2, Mitofusin-2; β-MHC, β-myosin heavy chain; MMPs, matrix metalloproteinases; MnSOD, manganese suoeroxide dismutase; mPTP, mitochondrial permeability transition pore; NF-κB, nulear factor-κB; NLRP3, NOD-like receptor protein three; NOS, nitric oxide synthases; NPR-A, natriuretic peptide receptor A; NPR-B, natriuretic peptide receptor B; PGC-1α, peroxisome proliferator-activated-receptor-1α; NT-proBNP, N-terminal pro-BNP; RAAS, renin-angiotensin-aldosterone system; SIRT, mitochondria sirtuin; TGF-βR, transforming growth factor β receptor, TLRs, Toll-like receptors.
3.3 Effects on cardiac fibrosis and matrix remodeling
Cardiac fibrosis is one of the features in cardiac remodeling underlying the progression of heart failure. It occurs due to an imbalance in extracellular matrix production and degradation in the myocardium, and arises from pathological attempts to repair tissue injury in various cardiac diseases including MI and diabetic hypertrophic cardiomyopathy (Hinderer and Schenke-Layland, 2019; Siti et al., 2020). It involves increased synthesis of matrix metalloproteinases (MMP) and collagen that occurs during inflammation, resulting in fibrosis (Nattel, 2017). Fibrotic tissues become stiffer and less compliant, thus predisposed to the progression of cardiac dysfunction. Therefore, the balance between extracellular matrix synthesis and degeneration is crucial for maintaining cardiac structural integrity (Ma et al., 2018).
The effects of sacubitril/valsartan on cardiac fibrosis through the regulation of transforming growth factor-β1/small mothers against decapentaplegic (TGF-β/Smad) signaling pathways were investigated using numerous animal models and cardiac fibroblast cells (Table 5). TGF-β1 is a molecular mediator that plays a role in the development of cardiac fibrosis (Khan et al., 2014; Yue et al., 2017). It is activated following a cardiac injury (Annes et al., 2003) via Smad proteins after binding to its receptor, leading to the recruitment and activation of downstream mediators, mainly Smad2 and Smad3 (Ma et al., 2018). The effects of sacubitril/valsartan on collagen synthesis, TGF-β1, and phosphorylated Smad3 (p-Smad3) expressions were consistent in various animal models on cardiac failure such as streptozotocin-induced diabetic cardiomyopathy (Ai et al., 2021) and left anterior descending (LAD) coronary artery ligation-induced MI (Wu M. et al., 2021) rat models. Sacubitril/valsartan effectively decreased protein expression of TGF-β1 and p-Smad3 in infarcted areas and myocardial types I and III collagen in these models (Ai et al., 2021; Wu M. et al., 2021). Apart from that, the drug (10–7−10–5 M) also inhibited cell proliferation and collagen synthesis in neonatal rat myocardial fibroblast cells exposed to hypoxia and TGF-β1 to induce collagen synthesis (Wu M. et al., 2021). Histologically, oral administration of 68 mg/kg/day sacubitril/valsartan for 5 weeks in LAD coronary artery ligation-induced MI rats significantly decreased myocardial interstitial fibrosis accompanied by reduced connective tissue growth factor (CTGF) expression, a known mediator of TGF-β activity during fibrosis (Pfau et al., 2019). Clinically, patients with chronic HFpEF and HFrEF who were treated with sacubitril/valsartan had significantly lower plasma profibrotic biomarkers assessed by the levels of aldosterone, MMP-9, sST2, tissue inhibitor of metalloproteinase-1 (TIMP-1), N-terminal propeptide of collagen I (PINP), and N-terminal propeptide of collagen III (PIIINP) after 8 and 12 months. The effects of sacubitril/valsartan on the profibrotic biomarkers were superior to that of valsartan or enalapril (Zile et al., 2019; Cunningham et al., 2020a).
TABLE 5 | The effects of sacubitril/valsartan on myocardial fibrosis in animal studies.
[image: Table 5]The antifibrotic effect of sacubitril/valsartan was also demonstrated in other cardiac fibrosis rat models induced by doxorubicin toxicity (Boutagy et al., 2020) and high-salt diet-induced HFpEF (Zhang et al., 2021a). In these models, concurrent oral administration of sacubitril/valsartan (68 mg/kg) with doxorubicin for 6 weeks attenuated MMP activity and highly contractile protein α-smooth muscle actin (α-SMA) expression (Boutagy et al., 2020), while intragastric administration of sacubitril/valsartan (68 mg/kg/day) for 4 weeks mitigated cardiac fibrosis, associated with decreases in types I and III collagen protein and mRNA expressions, as well as MMP-2 protein expression (Zhang et al., 2021a). Tissue inhibitor of metalloproteinase-2 (TIMP-2) and Smad7 expression—an inhibitory regulator of TGF-β (Ma et al., 2018)—were increased in the rats (Zhang et al., 2021a), suggestive of a strong suppressive effect of the drug on myocardial fibrosis production.
There is considerable evidence that shows that the secreted frizzled-related protein 1 (sFRP-1)/Wnt/β-catenin signaling pathway plays a role in TGF-β-mediated fibrosis in cardiac remodeling (Akhmetshina et al., 2012; McMurray et al., 2014). Wnt proteins bind to frizzled receptors to activate signal transduction molecule disheveled (Dvl), which curbs glycogen synthase kinase-3β (GSK-3β) and increases β-catenin expressions (Piersma et al., 2015). Post-treatment of oral sacubitril/valsartan (60 mg/kg) for 4 weeks alleviated myocardial fibrosis by inhibiting the Wnt/β-catenin signal transduction pathway in a mouse model of MI. A mitigation of the expression of β-catenin and Dvl-1, along with overexpression of its inhibitor, sFRP-1, was observed in the sacubitril/valsartan-treated mice (Liu J. et al., 2021). This modulation in turn attenuated cardiac fibrosis by reducing the fibrotic area, α-SMA, TGF-β, types I and III collagen (Figure 3). As expected, treatment of sacubitril/valsartan (30 μmol/L) in primary myocardial fibroblasts stimulated with Ang II produced similar results (Liu J. et al., 2021).
Taken together, the findings suggest that sacubitril/valsartan attenuates cardiac fibrosis by inhibiting the TGF-β1/Smad3 and Wnt/β-catenin signaling pathways. Sacubitril/valsartan may also modulate the phosphatidylinositol 3-kinase/protein kinase B/glycogen synthase kinase-3β (PI3K/Akt/GSK-3β) and hypoxia-induced mitogenic actor (HIMF)-IL-6 signaling pathways, and this aspect should be studied further. These pathways play a role in regulating cardiac fibrosis. Activation of the PI3K/Akt/GSK-3β pathway results in diminished cell growth and proliferation (Syamsunarno et al., 2021), while HIMF-IL6 promotes the opposite effect, leading to fibrosis (Kumar et al., 2018).
3.4 Effects on myocardial mitochondrial function and apoptosis
Bioenergetic reserve capacity (also known as spare respiratory capacity) can abruptly increase mitochondrial respiration to a maximum for synthesizing more ATP to maintain cellular functions (Sansbury et al., 2011). Impaired mitochondrial activity decreases its energy production, leading to mitochondrial dysfunction which plays an important role in the development of cardiac remodeling and heart failure (Ramaccini et al., 2021). Oral administration of sacubitril/valsartan (68 mg/kg/day) for 10 weeks increased mitochondrial maximal respiration capacity and spare respiration capacity in rats with left ventricular pressure overload, suggesting a beneficial effect of the drug on mitochondrial bioenergetics (Li et al., 2021). A similar finding was also noted in dogs with intracoronary microembolization-induced chronic heart failure following oral doses of sacubitril/valsartan (100 mg) for 3 months. Myocardial bioenergetics was improved in the dogs’ failing myocardium, likely due to improved mitochondrial function, evidenced by marked increases in mitochondrial maximal rate of ATP synthesis and membrane potential, as well as decreased opening of the permeability transition pore (mPTP) (Sabbah et al., 2020). Alterations in mitochondrial structure and function in a remodeled heart disrupt mitochondrial membrane integrity and potential. These events trigger the opening of mPTP, leading to ATP depletion (Sharov et al., 2000; Sharov et al., 2007; Sabbah et al., 2020; Yeh et al., 2021b).
In experimental heart failure, mitochondrial complex I and IV activities involved in ATP synthesis were inhibited. Post-treatment with sacubitril/valsartan (100 mg, twice daily) for 3 months restored the activities of these complexes, thus improving oxidative phosphorylation. The drug also normalized the levels of nitric oxide synthase (NOS) isoforms—endothelial NOS (eNOS) and inducible NOS—and peroxisome proliferator-activated receptor coactivator-1α (PGC-1α), proteins involved in regulation of mitochondrial biogenesis and respiration (Sabbah et al., 2020) (Figure 3). eNOS generates nitric oxide which then activates guanylate cyclase to produce cyclic guanosine monophosphate (cGMP). cGMP transmits signals to the nucleus that lead to an induction of PGC-1α gene transcription and mitochondrial biogenesis (Jornayvaz and Shulman, 2010).
Peng et al. (2020) demonstrated that post-treatment with sacubitril/valsartan (20 mg/kg/day) for 4 weeks in mice with pressure overload-induced heart failure distinctly reversed the downregulation of manganese superoxide dismutase (MnSOD), sirtuin-3 (SIRT3), and phosphorylated 5' adenosine monophosphate-activated protein kinase (p-AMPK) expression. The protective effect of sacubitril/valsartan on MnSOD and p-AMK was abolished in SIRT3 deficiency, indicating it was via a SIRT3-dependent pathway. SIRT3 has a prominent role in mitochondrial metabolism, thus it is profoundly present in tissues with high energy metabolisms, like the heart (Cao et al., 2022). The activation of PGC-1α indirectly enhances SIRT3 expression that promotes mitochondrial function, thus protecting the organelle against damage (Brandauer et al., 2015), while MnSOD is a deacetylation target of SIRT3, which also controls its expression (Koentges et al., 2016).
Similar effects of sacubitril/valsartan were also exhibited in an obesity-related metabolic heart disease model. The administration of the drug at 100 mg/kg/day for 4 months improved cardiac energetics reflected by an elevation of rate pressure product (RPP), indicative of increased cardiac energy reserve (an index of myocardial oxygen consumption), as well as a decrease in the slope of decline phosphocreatine normalized for ATP (PCr/ATP) relative to RPP in isolated beating hearts of C57BL/6J mice (Croteau et al., 2020). The slope of change in PCr/ATP relative to RPP measures energetic expense of raised contractile conduct (Croteau et al., 2020).
Apoptosis plays a major role in mitochondrial function, the elevation of which increases mitochondrial death. Sacubitril/valsartan (60 mg/kg/day for 4 weeks) administration in mice attenuated doxorubicin-induced dilated cardiomyopathy, observed by a curb on apoptosis that preserved mitochondrial function via the dynamin-related protein 1 (Drp1)-mediated pathway (Xia et al., 2017; Yeh et al., 2021a) (Figure 3). The significant reduction in Drp1 and its phosphorylated Ser-616 expression—the activated form—observed in the study was associated with the improvement in cardiac mitochondrial functional capacity. This was evident from the increased mitochondrial respiration complex I activity and ATP content (Xia et al., 2017). Drp1 plays a key role in stimulating mitochondrial disintegration and death (Wu Q. R. et al., 2021).
Sacubitril/valsartan treatment decreased pro-apoptotic markers—cleaved caspase-3, B-cell lymphoma 2 (Bcl-2), and Bcl-2 associated X protein (Bax)—in various models of cardiomyopathy (Ge et al., 2019; Sorrentino et al., 2019; Yeh et al., 2021a; Bai et al., 2021; Dindaş et al., 2021) (Table 6). A similar reduction in apoptosis was also noted in sacubitril/valsartan-pretreated (20 µM for 30 min) H9c2 cells exposed to doxorubicin (Xia et al., 2017) and phenylephrine (Peng et al., 2020) to induce cardiomyocyte hypertrophy. Moreover, it is believed that sustained phosphorylated c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (MAPK), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)—a proinflammatory factor (Mustafa et al., 2018)—translocations are also involved in high-glucose-induced apoptosis in H9c2 cardiomyocytes (Ge et al., 2019). Treatment with sacubitril/valsartan in the cells mitigated apoptosis by downregulating MAPK kinases (MKK), MAPKs, NF-κB, and mitofusin 2 (Mfn2) expressions (Ge et al., 2019; Yeh et al., 2021b) (Figure 3).
TABLE 6 | The effects of sacubitril/valsartan on myocardial mitochondrial function and apoptosis in animal studies.
[image: Table 6]Collectively, these findings suggest that sacubitril/valsartan improves mitochondrial energy production, leading to increased myocardial contractile performance, possibly via a SIRT3-dependent pathway. Future studies can explore the effects of sacubitril/valsartan on nuclear respiratory factor-1 (NRF-1) and -2 (NRF-2) as well as mitochondrial transcription factor A (MTF-A; also abbreviated as TFAM). NRF-1 and NRF-2 are downstream targets for PGC-1α, while MTF-A is importantly involved in mitochondrial replication and transcription (Javadov et al., 2006). Optic atrophy 1 (OPA1), which participates in mitochondrial fusion, and fission 1 (FIS1), which participates in mitochondrial fission, could also be explored to understand the mechanistic effects of the drug on mitochondrial biogenesis. The expression of these proteins were significantly attenuated (except for FIS1, which was upregulated) in a murine model of heart failure (He et al., 2021). The effects of the drug on survivor activating factor enhancement (SAFE) signaling pathway, which participates in promoting cardiomyocyte survival (Hadebe et al., 2018) can also be investigated.
3.5 Effects on cardiac oxidative stress and inflammation
Oxidative stress and inflammation are the culprits in almost all diseases including heart failure. Sacubitril/valsartan mitigates oxidative stress and inflammation in vivo (Yang et al., 2019; Raj et al., 2021) and in vitro (Peng et al., 2020) models of heart failure as well as in patients with the disease (Acanfora et al., 2020; Bunsawat et al., 2021; Pang et al., 2021). The drug diminished production of intracellular reactive oxygen species (ROS), oxidative products such as malondialdehyde, and inflammatory factors (tumor necrosis factor-α, TNF-α; interleukins IL-6 and IL-1β) in the models. Sacubitril/valsartan restored the loss in antioxidant enzymes in the myocardium, namely superoxide dismutase, glutathione peroxidase, catalase, glutathione reductase, and glutathione S-transferase levels, as well as glutathione content in an isoprenaline-induced MI rat model, which correlated with a reduction in myocardial infarcted area (Imran et al., 2019). In a streptozotocin-induced diabetic cardiomyopathy mouse model, treatment of sacubitril/valsartan at 60 mg/kg/day for 16 weeks decreased inflammation by downregulating the expressions of NF-κB and MAPKs (JNK and p38), which in turn upregulated antioxidant expression, namely glutathione (GSH), and inhibited pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α), in line with improvement in cardiac structure and function (Ge et al., 2019) (Figure 3). MAPKs play a key role in a range of fundamental cellular processes including cell growth, proliferation, death, and differentiation, which crosstalk with other pathways such as NF-κB (Yahfoufi et al., 2018). JNK and p38 play a role in the inflammatory and apoptotic response (Cargnello and Roux, 2011; Gui et al., 2019). Sacubitril/valsartan (68 mg/kg, orally, 4 weeks) also reduced 8-hydroxy guanosine (8-OHG) levels, a marker of oxidative damage, in rats with chemogenetic model of persistent cardiac redox stress that resembled experimental heart failure (Sorrentino et al., 2019).
Nucleotide-binding domain leucine-rich repeat family pyrin domain containing receptor 3 (NLRP3) inflammasome also acts as an essential mediator by inducing inflammation which could promote the profibrotic pathway (Wang et al., 2019b; Li et al., 2019). Oral administration of sacubitril/valsartan (60 mg/kg/day) for 4 weeks attenuated cardiac fibrosis, as evidenced by a reduction in the percentage of collagen volume fraction and its profibrotic factors—TGF-β, collagen I, MMP-2 and α-SMA-positive area—in mice with post-aortic debanding-induced pressure overload (Li et al., 2020). Sacubitril/valsartan inhibited cardiac inflammation and fibrosis via suppression on NF-κB and inhibition of NLRP3 inflammasome activation signaling pathways (Figure 3). The suppression of the inflammatory pathway was noted by the reduced inflammasome mediators CD45, NLRP3, and NF-κB positive-stained areas, TNF, NF-κB, caspase 1, IL-1βo-NF, and phospho-NF-κB/NF-κB expressions (Li et al., 2020).
Owing to its cardioprotective and antioxidant properties, the effects of sacubitril/valsartan on doxorubicin-induced cardiotoxicity were also investigated. Doxorubicin is a chemotherapy drug that causes an overproduction of IL-1β, IL-8, and IL-6 as well as oxidative stress in the heart leading to cardiotoxicity as an adverse effect (Quagliariello et al., 2019), with ferroptosis—accumulation of mitochondrial iron and lipid peroxides—being the underlying mechanism (Li et al., 2022). Sacubitril/valsartan was demonstrated to ameliorate doxorubicin-induced cardiotoxicity in vivo and in vitro, possibly by alleviating iron-induced mitochondrial and endoplasmic reticulum oxidative stress (Dindaş et al., 2021; Kim et al., 2022; Miyoshi et al., 2022), thereby reducing cardiac damage. It also improved LVEF in rats administered doxorubicin (Boutagy et al., 2020). Significant favorable effects of sacubitril/valsartan on cardiac function were also noted in patients with cancer therapy-related cardiac dysfunction (Sheppard and Anwar 2019; Gregorietti et al., 2020; Martín-Garcia et al., 2020; Frey et al., 2021; Xi et al., 2022).
The antihypertrophic effects of sacubitril/valsartan are frequently attributable to its capacities to reduce excessive oxidative stress and inflammation response which eventually attenuate the remodeling process. However, detailed mechanistic insights into sacubitril/valsartan’s mitigative effects on cardiac remodeling via oxidative stress and inflammation are still lacking. Modulative effects of the drug on nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant responsive element (Nrf2/ARE) signaling pathway, as well as Kelch-like ECH-associated protein 1 (Keap1) have not been extensively studied. Keap1 forms a complex with Nrf2—a gene involved in oxidative stress regulation—to repress the transcriptional activity of the latter. After its dissociation from Keap1, Nrf2 translocates into the nucleus and establishes a complex with ARE to upregulate heme oxygenase-1 expression, which then inhibits proinflammatory genes (Syamsunarno et al., 2021). The potential role of sacubitril/valsartan in a calcineurin-nuclear factor of activated T cells (NFAT) inflammatory signaling pathway should also be of interest. In cardiac hypertrophy, calcineurin expression is elevated, while phosphorylated NFAT is downregulated (Zhou et al., 2022).
Low antioxidant status in patients is associated with the development of atrial fibrillation and cardiac remodeling (Bas et al., 2017; Gorbunova et al., 2018). Low plasma vitamin C level has been reported to increase the risk of cardiovascular disease (Berretta et al., 2020). Antioxidant supplementation comprising vitamin C (1 g), vitamin E (600 I.U.), and α-lipoic acid (0.6 g) for 30 days exerted beneficial effects on macrovascular function in patients with HFrEF (Bunsawat et al., 2020). A recent meta-analysis also revealed that vitamin C administration augmented LVEF in heart failure patients (Hemilä et al., 2022). The findings suggest that supplemental vitamin C may afford synergistic effects with sacubitril/valsartan if given together in patients with heart failure. However, oral intake of vitamin C (4 g/day) for 4 weeks posed a risk in skeletal muscle damage in patients with chronic heart failure despite improvement in vascular function (Nightingale et al., 2007), possibly due to its higher dose. Thus, studies in animals and clinical trials should be conducted to better understand the interaction between the vitamin and sacubitril/valsartan.
4 CONCLUSION AND DIRECTION OF FUTURE RESEARCH
Accumulating evidence demonstrates that sacubitril/valsartan improves cardiac function and has beneficial effects on various events involved in cardiac remodeling, such as altered mitochondria function, apoptosis, oxidative stress and inflammation, fibrosis, and matrix remodeling. Thus, sacubitril/valsartan shows promising potential to be authenticated as an antihypertrophic drug particularly for heart disease. Nevertheless, future research needs to be executed to better understand its cardioprotective mechanisms. Figure 3 outlines the mechanistic sites of action of sacubitril/valsartan in cardiac remodeling. Further studies should explore the antihypertrophic effects of the drug on its possible molecular mechanisms. Insulin resistance has been reported in heart failure (Nakamura and Sadoshima, 2018). The role of insulin-like growth factor 1 (IGF1) and its modulation by sacubitril/valsartan should be investigated. IGFI is a molecule structurally similar to insulin that regulates a vast spectrum of cellular processes in the heart, including increased collagen synthesis in cardiac remodeling. Various transcription factors in cardiac remodeling such as CCAAT/enhancer binding protein-β (C/EBPβ), GATA-binding protein 4 (GATA4), and CBP/p300-interacting transactivator 4 (CITED4) could also be probed. C/EBPβ curbs proliferation and growth of cardiomyocytes; thus, its augmented expression indicates cardiomyocyte hypertrophy (Wang et al., 2022). CITED4 regulates the mammalian target of rapamycin (mTOR) and thereby protects against cardiac pathological remodeling (Lerchenmüller et al., 2020). GATA4, on the other hand, promotes cardiac hypertrophic growth (Chen et al., 2022).
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Diabetic cardiomyopathy seriously affects quality of life and even threatens life safety of patients. The pathogenesis of diabetic cardiomyopathy is complex and multifactorial, and it is widely accepted that its mechanisms include oxidative stress, inflammation, insulin resistance, apoptosis, and autophagy. Some studies have shown that gut microbiota plays an important role in cardiovascular diseases. Gut microbiota and its metabolites can affect the development of diabetic cardiomyopathy by regulating oxidative stress, inflammation, insulin resistance, apoptosis, and autophagy. Here, the mechanisms of gut microbiota and its metabolites resulting in diabetic cardiomyopathy are reviewed. Gut microbiota may be a new therapeutic target for diabetic cardiomyopathy.
Keywords: diabetic cardiomyopathy, gut microbiota, oxidative stress, inflammation, apoptosis, autophagy
INTRODUCTION
Diabetic cardiomyopathy (DCM) refers to the existence of abnormal myocardial structure and performance in individuals with diabetes mellitus (DM) in the absence of other cardiac risk factors such as hypertension, coronary artery disease and significant valvular disease (Jia et al., 2018a). DCM is a pathophysiological condition that is associated with DM and can lead to heart failure (Dillmann, 2019), which is initially characterized by remodeling, myocardial fibrosis, and associated diastolic dysfunction, which is followed by systolic dysfunction, and ultimately by clinical heart failure (Jia et al., 2018a). The pathophysiological factors in patients with diabetes that drive the development of cardiomyopathy include oxidative stress (Tang et al., 2019), insulin resistance, inflammation (Jia et al., 2018a), autophagy (Dewanjee et al., 2021), cell apoptosis (Zhang et al., 2016), and pyroptosis (Shi et al., 2021). Cardiovascular diseases (CVD) are the leading cause of death with DCM among diabetes mellitus regardless previous risks for coronary disease, and the CVD risk of cardiomyopathy is 2–5 times higher than in non-diabetic patients (Kannel et al., 1974). Therefore, it is highly important to find a new target for the treatment of DCM.
Gut microbiota creates a unique ecosystem. It is considered an endocrine organ (Brown and Hazen, 2015). Recent studies have demonstrated that gut microbiota plays a significant role in human health and in diseases such as CVD, atherosclerosis, hypertension, chronic kidney disease, obesity, and type 2 diabetes mellitus (Tang et al., 2017). Interestingly, recent studies have shown that the gut microbiota is closely linked to mechanisms that influence the development of DCM. In this review, the roles of gut microbiota in DCM are discussed and a theoretical basis for the gut microbiota as a new therapeutic target for DCM is provided.
GUT MICROBIOTA AND ITS METABOLITES
The gut microbiota is a complex microbial community in the gut, consisting of 1,014 species of bacteria, viruses, archaea, fungi, and rotifers (Rajilić-Stojanović et al., 2012; Palm et al., 2015). Most of them belong to Firmicutes, Actinobacteria, Bacteroidetes, Proteobacteria, and Microflora verrucose families (Koren et al., 2012; Tremaroli and Bäckhed, 2012; Goodrich et al., 2014). Dysregulation of the gut microbiota has been linked to a variety of diseases, such as the metabolic syndrome, atherosclerosis, hypertension, heart failure, chronic kidney disease, obesity, cancer, and diabetes (Bäckhed et al., 2004; Turnbaugh et al., 2006; Jackson and Theiss, 2020). Changes in the composition of gut microbes and their corresponding products, such as lipopolysaccharide (LPS), trimethylamine N-oxide (TMAO), and lactic acid, are associated with risk of diabetes (Yuan et al., 2019). According to Luedde et al. (2017), the microbiome diversity of 20 patients with heart failure and reduced ejection fraction was lower than that of the control group, especially in those with obesity or type 2 diabetes. Reduced diversity of gut microbiota is associated with insulin resistance, dyslipidemia, and inflammatory phenotypes (Le Chatelier et al., 2013). Close attention has been paid to the relationship between cardiovascular diseases (including coronary heart disease, hypertension, and DCM) and gut microbiota in numerous studies. However, findings were inconsistent, gut microbiota has both protective and negative effects on cardiovascular disease. Some studies have shown that the presence of Enterobacteraceae, Ruminococcus gnavus, and Eggerthella lenta increased significantly in the atherosclerosis group compared with the control group, whereas the presence of butyrate-tensteria nestialis and Faecalibacterium prausnitzii decreased significantly (Jie et al., 2017). In heart failure patients, the level of pathogenic bacteria and Candida species (Pasini et al., 2016), increased, and the level of anti-inflammatory bacteria, such as Faecalibacterium prausnitzii, Lact. Fermentum, Lactobacillus Shirota, and F. Prau snitzii decreased.
Cardiac dysfunction is associated with a variety of changes in microbiota and bacterial metabolite secretion (Bastin and Andreelli, 2020). Some gut bacterial metabolites such as short-chain fatty acids (SCFAs) and trimethylamine (TMA)/TMAO (Brown and Hazen, 2015) also play an important role in cardiovascular disease. However, their role in the heart may be two-sided. On the one hand, TMA plays a role in increasing cardiometabolic risk and is produced from phosphatidylcholine, choline, carnitine, and food through the enzymatic action of the microbiome. TMAO, which has been shown to increase not only the cardiovascular risk, but also the risk of developing cardiac insufficiency, is formed by oxidation of TMA in the liver (Tang et al., 2019). TMAO can induce myocardial hypertrophy and fibrosis in rats with aortic contraction (Li et al., 2019). In addition, TMAO can induce inflammatory responses through SIRT3-SOD2-mtROS (sirtuin-3-superoxide dismutase 2-mitochondrial reactive oxygen species) pathway and nuclear factor κ-light-chain-enhancer of activated B cells (NF-kB) pathway (Seldin et al., 2016; Chen et al., 2017). On the other hand, SCFAs have a protective effect on the heart due to anti-inflammatory properties. This can be explained by different effects of bacteria and metabolites on the host. In case of a maladjusted gut microbiota in an organism, the microbiota may induce a series of changes such as abnormal glucose metabolism, oxidative stress, inflammatory response and apoptosis, all of which are important factors causing DCM. (The roles of these bacteria and their metabolites in oxidative stress, inflammatory response, and other mechanisms is elaborated below) (Table 1).
TABLE 1 | The influence of different gut microbiota and related products associated with diabetic cardiomyopathy.
[image: Table 1]G protein-coupled bile acid receptor 1 (TGR5) is a bile acid (BA) specific receptor, which is part of the G protein coupled receptors family. TGR5 is highly expressed in immune cells and gut tissues, as well as in organs such as heart, liver and kidney. TGR5 can be activated by decoupled and coupled BAs (Baars et al., 2015) (Figure 1). BA is an important component of bile. Primary BAs are converted to secondary BAs by microbiota, and changes in the composition of BA pools also affect the distribution of gut microbiota (Sayin et al., 2013). Thus, gut microbiota and its metabolites can influence BA metabolism. The exact role of TGR5 in BA metabolism remains to be clarified. However, circulating BA levels were reduced in TGR5 KO mice compared with WT mice, suggesting that TGR5 plays a role in BA homeostasis (Li et al., 2011). Deng et al. (2019) have confirmed that activation of the TGR5 has a cardioprotective effect against mice myocardial cell damage induced by high glucose. Therefore, BA metabolism may play an important role in linking TGR5 closely to gut microbiota.
[image: Figure 1]FIGURE 1 | Gut microbiota and bile acids (BAs). In the gut, BAs are a detergent required for the formation of mixed micelles, dissolution, and digestion. BAs regulate metabolic homeostasis by activating BA receptors, such as G protein-coupled bile acid receptor 1 (TGR5), which are expressed in the intestinal tract, heart, liver, kidney, and other organs. Primary bile acids, such as cholic acid and chenodesoxycholic acid, could be converted into secondary BAs, including deoxycholic acid and lithocholic acid, under the regulation of gut microbiota.
OXIDATIVE STRESS
Oxidative stress in DCM
Oxidative stress can induce insulin resistance and β-cell dysfunction, which is a potential culprit in diabetes (Zhang et al., 2020). Oxidative stress has been implicated in the pathogenesis and progression of diabetic vascular complications, including CVD, neuropathy, nephropathy, and retinopathy (Rurali et al., 2013) etc. Studies have shown that DCM increases oxidative stress, and oxidative stress can also accelerate the DCM process (Jia et al., 2018b). In addition, sustained hyperglycemia and the signaling pathway involved in β-oxidation is impaired can lead to reactive oxygen species (ROS) overproduction by disrupting mitochondrial function, increasing mitochondrial oxygen consumption, or activating NOX (an evolutionarily conserved ROS-producing enzyme) (Jia et al., 2016; Zhang and Hu, 2020). Increased ROS levels further induce mitochondrial dysfunction and reduce the oxidative capacity of fatty acids, leading to oxidative stress and inflammation in the heart (Jia et al., 2016). Increased oxidative stress and inflammation in the heart leads to cardiac lipid accumulation, fibrosis, diastolic and systolic dysfunction, and resulting heart failure in patients with diabetes (Jia et al., 2018a).
Gut microbiota and oxidative stress
It is well known that increased ROS production can induce cardiac mitochondrial dysfunction, and ultimately lead to clinical heart failure in patients with diabetes. Thus, reducing oxidative stress by regulating gut microbiota will be an important mean to treat DCM. The effect of gut microbiota on oxidative stress remains controversial. Recent research shows that physiological levels of oxidative stress can be generated by the gut epithelial lining (Dumitrescu et al., 2018). Gram-negative bacteria could increase lipopolysaccharide (LPS) levels (Lee and Hüttemann, 2014; Mafra et al., 2019), which could produce a large number of ROS, mainly from macrophages and infiltrating neutrophils (Sah et al., 2011). Moreover, Yang and Zhang (2021) proved that TMAO could promote oxidative stress by mediating inositol-requiring enzyme 1α (IRE1α)/X-box binding protein 1 (XBP-1) pathway. However, some researchers have suggested that the gut microbiota can mitigate oxidative stress. For example, a recent report by Kumar et al. (2020) has shown that Lactobacillus fermentum (Lact. fermentum) significantly attenuated hydrogen peroxide (H2O2)-induced ROS production in 3T3-L1 preadipocytes. Meanwhile, another study showed that Lactobacillus Shirota can protect gut cell-like epithelial cells from 2, 2′-azobis (2-amidinopropane) dihydrochloride-induced oxidative and inflammatory stress by regulating the expression of antioxidant enzymes (Finamore et al., 2018). This contradiction may be explained by differences in the richness and composition of the gut microbiota. Therefore, the most critical issue is to maintain the ecological stability of gut microbiota and improve the types of beneficial bacterias for the host in gut microbiota, which will be a major breakthrough in the treatment of DCM.
INSULIN RESISTANCE
Impaired insulin metabolism and cardiac insulin resistance in DCM
Impaired insulin metabolic signaling in the heart plays a key role in the pathogenesis of DCM (Jia et al., 2018b). Cardiac insulin signaling regulates intracellular stability by regulating substrate use, protein synthesis, and cell survival (Jia et al., 2018a). In advanced DCM, the PPARγ coactivator 1α (PGC-1α)/AMP-activated protein kinase (AMPK) signaling pathway involved in β-oxidation is impaired, leading to further mitochondrial dysfunction (Jia et al., 2016). In skeletal muscle, liver, and adipose and heart tissues, glucose transport is mediated by the glucose transporter 4 (GLUT4) (Jia et al., 2016). Under normal physiological conditions, the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB; also called Akt) signaling pathway stimulates the translocation of GLUT4 to the membrane in cardiomyocytes, resulting in glucose uptake of cells in the heart (Jia et al., 2016). In addition, cardiac insulin receptor knockout models showed reduced cardiac glucose uptake, induced mitochondrial dysfunction, and increased cardiac ROS production. In case of dual knockout of insulin receptor substrate-1/2 (IRS-1/2), the ATP content in cardiomyocytes was reduced, cardiomyocyte contractility and function were impaired, and the incidence of fibrosis and heart failure was increased (Bugger et al., 2012; Qi et al., 2013). When the PI3K/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) pathway is activated by insulin signaling, not only protein synthesis is stimulated, but autophagy is also inhibited (Figure 2), which could accelerate the DCM process (Mizushima, 2005; Meijer and Codogno, 2006).
[image: Figure 2]FIGURE 2 | Insulin mechanisms in cardiac glucose regulation. 1) Insulin resistance may occur when cardiomyocytes are exposed to high glucose. 2) The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway stimulates the translocation of glucose transporter type 4 (GLUT4) to the membrane, thereby resulting in glucose uptake to cells of the heart. However, in a knockout model of the cardiac insulin receptor, cardiac glucose uptake is reduced, resulting in mitochondrial dysfunction, and increased cardiac reactive oxygen species (ROS) production. 3) Mitochondrial dysfunction occurs when the PPARγ coactivator 1α (PGC-1α)/AMP-activated protein kinase (AMPK) signaling pathway is impaired. 4) The level of autophagy may be reduced when the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin1 (mTORC1) pathway is activated.
Gut microbiota and cardiac insulin resistance
A healthy gut microbiota can decrease insulin resistance (Saad et al., 2016). It has been suggested that the response of bacterial SCFAs production levels to nutrient-lipid intake plays a key role in the gut microbiota’s ability to regulate energy balance and metabolism (Kimura et al., 2013; Cani, 2014). Moreover, it was shown that an altered intestinal barrier and a dysregulated gut microbiota cause increased levels of branched chain amino acids (BCAA), secondary Bas, and LPS production, all of which can result in insulin resistance (Saad et al., 2016).
In diet-induced obese mice, supplementation with SCFAs improved insulin resistance and reduced obesity (Perry et al., 2016). In other animal studies, butyric-producing bacteria, such as F. Prau snitzii, induces colon L cells to secrete glucagon-like peptide 1 (GLP-1) via discrete sampling of the free fatty acid receptor 2(FFAR2), resulting in reduced insulin resistance (Tolhurst et al., 2012; Christiansen et al., 2018). BAs-induced activation of TGR5 promotes the release of GLP-1 by intestinal cells and indirectly affects the secretion of insulin by pancreatic β-cells, thereby affecting insulin sensitivity (Duboc et al., 2014). Therefore, TGR5 may be an important target to offset insulin resistance and reduce damage caused by diabetes.
INFLAMMATION
It is generally accepted that an inflammatory response accelerates the development of DCM. The Nucleotide-binding oligomerization domain-like receptor pyrin domains-containing 3 (NLRP3) inflammasome, a new molecular marker of DCM, is activated by impaired insulin metabolic signaling, high FFA levels, and hyperglycemia (Pal et al., 2017). Upon NLRP3 activation, increased migration of monocytes/macrophages through the coronary endothelium occurs, resulting in an increased number of resident cardiac macrophages. When ROS is increased and bioavailable nitric oxide (NO) is reduced, monocytes/macrophages can be polarized into the proinflammatory M1 phenotype (Jia et al., 2016). In a recent study, it was shown that the anti-inflammatory response of M2 macrophages is repressed, whereas the pro-inflammatory polarization of M1 macrophages is upregulated in diabetic heart tissues (Figure 3) (Jia et al., 2015).
[image: Figure 3]FIGURE 3 | M1 and M2 in DCM. When reactive oxygen species (ROS) is increased, monocytes/macrophages can polarize into a pro-inflammatory M1 phenotype, promoting the occurrence of diabetic cardiomyopathy (DCM). In diabetic heart tissue, the pro-inflammatory polarization of M2 macrophages is inhibited, while the pro-inflammatory polarization of M1 macrophages is upregulated. M1, classically activated macrophages; M2, alternatively activate anti-inflammatory macrophages.
Recently, Bartolomaeus et al. (2019) confirmed the anti-inflammatory effects of SCFAs. SCFAs are produced by the fermentation of fibers in the colon and include three main products, namely, propionate, acetate, and butyrate (Chang et al., 2014). Butyrate inhibits proinflammatory factors in gut macrophages, including interleukin-6, interleukin-12, and NO, by inhibition of histone deacetylase (HDAC) (Chang et al., 2014). Besides, propionate has been shown to significantly reduce cardiovascular damage by reducing the number of T-helper 17 cells and effector memory T cells (Bartolomaeus et al., 2019).
However, gut microbiota and its bacterial products not only have anti-inflammatory effects, but also pro-inflammatory effects. For example, Sun et al. (2016) suggested that inflammation induced by TMAO can lead to endothelial dysfunction in human umbilical vein endothelial cells through activation of the inflammasome ROS- thioredoxin interacting protein (TXNIP)-NLRP3. According to Yue et al. (2017), TMAO can activate the release of the inflammatory cytokines interleukin (IL)-18 and IL-1β in the NLRP3 inflammation. TMAO markedly increased inflammatory markers, such as ICAM1, IL-6, E-selectin, and cyclooxygenase-2(COX-2), through activation of the mitogen-activated protein kinase (MAPK) and NF-κB signaling pathways, which then led to vascular inflammation (Seldin et al., 2016). This contradiction may be explained by differences in composition of gut microbiota. It is generally accepted that the inflammatory response is an important pathogenic mechanism of DCM. Together, the data indicate that interfering with the composition of the gut microbiota to increase the number of anti-inflammatory bacteria may result in new ways to treat DCM.
AUTOPHAGY
Autophagy is a highly conserved catabolic process that involves the malformation of proteins, degradation of long-lived proteins, and injury of organelles through the actions of lysosomes (Li et al., 2016). Autophagy occurs in many cells of the cardiovascular system, including vascular smooth muscle cells, myocytes, macrophages, fibroblasts, and endothelial cells (Lavandero et al., 2015). In preclinical trials, autophagy disorders have been observed in diabetic hearts (Kobayashi and Liang, 2015; Jia et al., 2018a). Interestingly, autophagy has two-sided effects. Several investigators have revealed the pathogenic and protective role of autophagy in patients with DCM in type 1 and type 2 diabetes (Dewanjee et al., 2021). This contradiction may be explained by differences in the degree of autophagy. On the one hand, Autophagy is an adaptive protective response of cardiomyocytes to cellular stresses including hyperglycemia, hyperlipidemia, malnutrition, hypoxia, and redox stress (Mellor et al., 2011; Chen et al., 2020). Autophagy also could help restore plasticity in the heart (Lavandero et al., 2015). Besides, autophagy can enhance the antioxidant capacity of cells by activating the nuclear factor erythroid 2-related factor 2 (Nrf2) (Wible and Bratton, 2018). On the other hand, autophagy damage can lead to heart damage (Orogo and Gustafsson Å, 2015). Cardiac dysfunction and abnormalities can cause autophagy injury in diabetic hearts (Xiao et al., 2018; Wu et al., 2020). Autophagy damage by AMP-activated protein kinase (AMPK) suppression can lead to dyslipidemia in the diabetic environment (Zhang et al., 2014), and dyslipidemia can further inhibit cardiac autophagy by enhancing mechanistic target of rapamycin kinase (mTOR) signaling of cardiomyocytes (Glazer et al., 2009). In addition, the myocardial inflammation in diabetic heart can also occur and establish by damaging cardiac autophagy (Zhang et al., 2016). Lavandero et al. (2015) suggested that autophagy hyperactivation may be a cause of heart failure. Autophagy overactivation in the diabetic heart can lead to self-digestion and enhanced ROS production, which are potential contributors to DCM (Xu et al., 2019). Thus, both inhibition and overactivation of cardiac autophagy can have pathological effects on DCM.
Different scholars have different views on the role of gut microbiota in regulating autophagy. Nie et al. (2020) showed that Bifidobacterium (BIF) ameliorated tumor necrosis factor alpha (TNF-α)-induced autophagy in colorectal adenocarcinoma cell line (Caco-2) cells by inhibiting p62 levels and expression of autophagy-related markers such as microtubule-associated protein 1 light chain 3- II (LC3II) and Beclin1. Lannucci and colleagues have shown that SCFAs can induce autophagy in hepatocytes through the uncoupling protein 2 (UCP2) (Iannucci et al., 2016). Furthermore, sodium butyrate promoted the decrease of α-synuclein both by inhibiting the autophagy pathway of PI3K/Akt/mTOR and enhancing autophagy-mediated by autophagy-related gene 5 (Atg5) (Qiao et al., 2020). Thus, different bacterias in the gut microbiota have different roles in regulating autophagy.
Combining all, with the emergence of new findings, autophagy has been regarded as a crucial player in regulating DCM. It is well known that gut microbiota can regulate the degree of autophagy through PI3K/Akt/mTOR pathway (Qiao et al., 2020). In addition, PI3K/Akt/mTOR pathway plays an important role in the regulation of autophagy in DCM(Zhao et al., 2020). Therefore, the PI3K/Akt/mTOR pathway may be an important bridge between gut microbiota and DCM in autophagy. In addition, different kinds of bacterias in the gut microbiota also have different effects on autophagy, if we can adjust the gut microbiota to maintain autophagy in a favorable state for the body, it will bring benefits to patients with DCM. However, at present, there is no method to detect the autophagy state in the human heart (Dewanjee et al., 2021). Therefore, in order to find more treatments for DCM, it is very urgent for us to find a way to monitor the exact state of autophagy regulated by bacteria.
CELL APOPTOSIS AND PYROPTOSIS
Cell apoptosis in DCM
A long-term hyperglycemic state in diabetic patients induces apoptosis by activating caspase apoptosis, which leads to myocardial injury and dysfunction (Wei et al., 2018). It has been shown that long non-coding RNA (lncRNA) can modulate functions in DCM (Yang et al., 2018b; Pant et al., 2018). For example, Zhou et al. (2017) have shown that lncRNA myocardial infarction associated transcript (MIAT) can modulate myocardial cell apoptosis in DCM through microRNA (miR)-22-3p. Also, the modulation of the growth arrest-specific 5(Gas5)/miR-320-3p/transcription factor 3 (Tcf3) pathway in nuclear management coactivator (NMC) and nuclear receptor coactivator (NRC) apoptosis was detected. Moreover, it was demonstrated that Tcf3-activated lncRNA Gas5 modulated the apoptosis of NMC in DCM (Su et al., 2020). However, to date, there is no reported explanation for the low rate of apoptosis in patients with late-stage diabetes and severe cardiac dysfunction (Gu et al., 2018), which needs more experiments to explore it.
Pyroptosis in DCM
Pyroptosis is defined as programmed cell death associated with inflammation, and characterized by pore formation, cell swelling and destruction of the plasma membrane (Wan et al., 2020). Pyroptosis plays a role in the process of DCM (Yang et al., 2018a). Abnormal pyroptosis of cardiac fibroblasts can induce cardiac dysfunction and collagen deposition, thus aggravating the development of diabetic myocardial fibrosis (Shi et al., 2021). Shi et al. (2021) demonstrated that miR-21–3p can promote myocardial fibroblasts pyroptosis induced by high glucose (HG) via enhancing NLRP3 and caspase-1 expression. Recently, another data have shown that the regulation of miRs plays an important role in cell pyroptosis and fibrosis (Li et al., 2019), which bearing out Shi et al. (2021)’s research.
Gut microbiota affects the development of DCM by regulating apoptosis and pyroptosis
Apoptosis is one of the most studied type of programmed cell death. It is characterized by the formation of unique apoptotic bodies. It is common in patients with heart failure, myocardial infarction and other vascular damage (Zhou et al., 2020). According to the study of Saito et al. (2019), Bacteroides fragilis (B. fragilis) had a protective effect on the apoptosis of HT29 cells induced by Shiga toxin. However, gut microbiota also has pro-apoptotic effects. Nie et al. (2020) showed that BIF improved TNF-α-induced apoptosis of Caco-2 cells. Li and Elsasser (2005) suggested that butyric acid induced apoptosis and cell cycle arrest in renal epithelial cells.
Pyrodeath, characterized by cell swelling, the release of cytokines, and damage to subcellular organelles, is a type of pro-inflammatory cell death (Liu et al., 2019). Data have shown that TMAO promotes the pyroptosis of vascular endothelial cells through the production of ROS, which leads to the development of atherosclerosis (Cohen et al., 2020). According to the study of Cohen et al. (2020) the gram-negative bacteria Vibrio proteolyticus (VPRH) from the gut tract of borers induced pyroptosis by activating the NLRP3 inflammasome and caspase-1, resulting in the secretion of IL-1β. By contrast, another study demonstrated that sodium butyrate has an antipyroptosis effect on glomerular endothelial cells and protects them from damage caused by high glucose (Gu et al., 2019).
In summary, gut microbiota has apoptosis, anti-apoptosis, pyroptosis, and anti-pyroptosis effects in host cells. The role of bacterial metabolites of gut microbiota in apoptosis and pyroptosis is still controversial. This controversy may be explained by differences in the composition and species of gut microbiota and its metabolites.
GUT MICROBIOTA AND THE LEVEL OF CALCIUM IONS
High glucose levels increase Ca2+ levels in cardiac myocytes (Cheng et al., 2019). Calcium ions are the key regulator of cardiac hypertrophy; the Ca2+-calcineurin-nuclear factor of activated T cells (NFAT) cascade is the main pathway resulting in cardiac hypertrophy (Fiedler and Wollert, 2004). Gut microbiota are the primary source of SCFAs in the plasma (Vinolo et al., 2011). SCFA can regulate the contraction of airway smooth muscle by regulating calcium channels (Mizuta et al., 2020).
Gut microbiota and its metabolites can affect the development of pyroptosis, oxidative stress, inflammation, insulin resistance, and autophagy in the host through the regulation TGR5, BA metabolism, and the PI3K/Akt/mTOR, ROS- TXNIP-NLRP3, and MAPK-NF-κB pathways, among others. Therefore, gut microbiota can affect the development of DCM (Figure 4).
[image: Figure 4]FIGURE 4 | Gut microbiota in diabetic cardiomyopathy. Gut microbiota and its metabolites can affect the development of host cell autophagy, the inflammatory response, oxidative stress, apoptosis, pyroptosis, and insulin resistance through the short-chain fatty acids (SCFAs) metabolic pathway, bile acid (BA) metabolism, and the trimethylamine N-oxide (TMAO) metabolic, mitogen-activated protein kinase (MAPK), and PI3K/Akt/mTOR pathways, among others. PI3K:phosphatidylinositol 3-kinase; Akt, protein kinase B, mTORC: mammalian target of rapamycin.
THE THERAPEUTIC PROSPECT OF DCM
The pathogenesis of DCM is various, and it is generally believed that oxidative stress, inflammation, insulin resistance, cell apoptosis and autophagy are closely related to DCM. In recent years, a large number of scholars have found some new methods to prevent and treat DCM by targeting these mechanisms. For example, Gu et al. (2018) have experimently confirmed that inhibition of p53 could prevent DCM by preventing early-stage apoptosis. At present, gut microbiota has been applied to some clinical diseases, such as inflammatory bowel disease (IBD), obesity and some other metabolic diseases (Patterson et al., 2016). The widespread use of probiotics in clinical practice is a good proof. Interestingly, numerous studies have found that the gut microbiota is associated with the pathogenesis of DCM. However, up to now, the role of gut microbiota in DCM is still controversial. Some scholars believe that gut microbiota can reduce myocardial damage in patients with DM by alleviating oxidative stress (Finamore et al., 2018), while others think that gut microbiota can also increase the harmful risk to DCM via increasing inflammatory response and insulin resistance (Sun et al., 2016). The contradiction of the two-sided effects of the gut microbiota can mainly be explained by the difference of the bacterial species present in the gut microbiota. It might be possible to reduce oxidative stress, inflammation response, insulin resistance and maintain appropriate levels of autophagy by intervening with the composition of the gut microbiota to increase the species richness of the bacterias which are beneficial for the host in gut microbiota, thereby reducing diabetic myocardial injury. However, it is very difficult for us to intervene with the composition of gut microbiota due to the limited technology available. If we can solve this thorny problem, it will bring a major breakthrough in the treatment of DCM in the future.
Fortunately, there are possibly three ways to modify the composition of the gut microbiota to treat DCM. First, dietary interventions are a good therapeutic option. Experimental studies have shown that dietary modifications for 5 days (short term) can change the number of bacteria in and species of gut microbiota (David et al., 2014). Second, probiotics may be used for the clinical treatment of DCM in the future. Probiotic bacteria mainly derive from the genera Bifidobacterium and Lactobacillus. Probiotics supplementation has been found to restore the gut microbiota after it had been disrupted. Besides, probiotics supplementation induces changes in the composition of undisrupted gut microbiota. Recent evidence suggests that probiotics affect BA metabolism by altering the microbiota (Baars et al., 2015). Therefore, the probiotics may reduce myocardial injury in DCM by affecting BA metabolism, thereby activating TGR5 expression. Third, fecal microbiota transplantation (FMT) may be a future treatment. FMT is a treatment for patients with gut microecological imbalance. Bacteria or metabolites are introduced from donor feces to the diseased recipient (Cammarota et al., 2014). Bastos et al. (2022) showed that FMT is a safe treatment, they found that FMT prevented weight gain, reduced local TNF-α expression in the ileum and ascending colon, and ameliorated insulin resistance in diabetic mice. The improvement in peripheral insulin sensitivity of male metabolic syndrome recipients after receiving heterogenous gut microbiota from lean donors is attributed to an increased diversity in gut microbiota, including those associated with butyrate production (Vrieze et al., 2012). FMT alone is not sufficient to control glycemic levels effectively. Thus, the regulation of gut microbiota should be combined with other established classical therapies, which can obtain better metabolic parameters (Vallianou et al., 2019; Zhang and Hu, 2020). However, the effectiveness of FMT is challenged by several factors, such as delivery route, number of transplants, fecal volume per sample, disease burden, and target impact (Napolitano and Covasa, 2020). Therefore, FMT is highly difficult to implement and its possibility of success is low. Besides, a major disadvantage of FMT is that viruses are also transplanted (Chehoud et al., 2016) (Table 2). The problem of the balance between the advantages and disadvantages of FMT treatment is still unsolved. In the future, there will be more treatments for DCM by regulating the gut microbiota.
TABLE 2 | Summary of findings in clinical, cell and animal studies.
[image: Table 2]CONCLUSION
DCM has a serious impact on people’s quality of life, and even threatens lives of patients. Therefore, it is very important to find new therapeutic targets to treat DCM. The pathogenesis of DCM is complex and diverse. It is generally accepted that the mechanisms include oxidative stress, inflammation, insulin resistance, and cell apoptosis. In recent years, it has been suggested that the development of DCM is closely related to autophagy and cell pyroptosis.
The gut microbiota has become topic of interest in research. Some studies have shown that gut microbiota plays an important role in cardiovascular disease. However, the role of gut microbiota in DCM may be two-sided. On the one side, some bacteria can reduce myocardial damage by reducing the inflammatory response, while others can aggravate myocardial damage by increasing the oxidative stress response. This contradiction can mainly be explained by the difference in the composition of gut microbiota in patients. Therefore, finding an effective way to intervene with the composition of gut microbiota and regulate the metabolism of gut microbes will be a major breakthrough in the clinical treatment of DCM.
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Proprotein convertase subtilisin kexin type 9 (PCSK9) is a proprotein convertase that increases plasma low-density lipoprotein cholesterol (LDL-C) levels by triggering the degradation of LDL receptors (LDLRs). Beyond the regulation of circulating LDL-C, PCSK9 also has direct atherosclerotic effects on the vascular wall and is associated with coronary plaque inflammation. Interestingly, emerging data show that women have higher circulating PCSK9 concentrations than men, suggesting that the potential roles of PCSK9 may have different impacts according to sex. In this review, we summarize the studies concerning sex difference in circulating levels of PCSK9. In addition, we report on the sex differences in the relations of elevated circulating PCSK9 levels to the severity and prognosis of coronary artery disease, the incidence of type 2 diabetes mellitus, and neurological damage after cardiac arrest and liver injury, as well as inflammatory biomarkers and high-density lipoprotein cholesterol (HDL-C). Moreover, sex difference in the clinical efficacy of PCSK9 inhibitors application are reviewed. Finally, the underlying mechanisms of sex difference in circulating PCSK9 concentrations and the clinical implications are also discussed.
Keywords: proprotein convertase subtilisin kexin type 9, sex difference, estrogen, coronary artery disease, PCSK9 inhibitor
INTRODUCTION
Major differences exist between men and women in the epidemiology, pathophysiology, and outcomes of cardiovascular diseases (CVDs) (Group et al., 2016). Significant variations in the prevention, clinical manifestations and treatment effects of CVDs according to sex persist worldwide, despite improvements in diagnostic and therapeutic interventions. Compared to men, women with acute coronary syndrome (ACS) are more likely to present with a range of atypical symptoms, including dyspnea, fatigue, and dizziness or weakness, instead of the classic symptoms of chest pain (An et al., 2019). In addition, women are characterized by a higher burden of cardiometabolic risk factors (Gerdts and Regitz-Zagrosek, 2019), a higher prevalence of nonobstructive coronary artery disease (CAD) on angiography (Bairey Merz et al., 2006; DeFilippis et al., 2020), and a higher prevalence of coronary microvascular dysfunction compared to men (Waheed et al., 2020). The nonspecific chest pain and nonobstructive CAD often observed in women do not confer a lower risk for recurrent acute myocardial infarction (AMI) and mortality, and the prognosis in these women is not benign (Robinson et al., 2008; Kenkre et al., 2017). Moreover, women with established atherosclerotic cardiovascular disease (ASCVD) are less likely to use specific guideline-directed medications for secondary prevention than men (Xia et al., 2020). Several studies have demonstrated less favorable outcomes in women with ACS than in men and worse all-cause mortality following primary percutaneous coronary intervention (PCI) after ST-elevation myocardial infarction (STEMI) (Pagidipati and Peterson, 2016; Rathod et al., 2021).
Sex differences in CVD are due to differences in gene expression and the regulation of sex hormones that lead to differences in various cardiovascular functions, for example, in nitric oxide (NO) signaling, myocardial remodeling under stress, glucose regulation and lipid metabolism (Group et al., 2016). Preclinical evidence on sex differences and pathophysiological clarification may contribute to the development of sex-specific therapeutic strategies. Deciphering sex-specific differences in biomarkers may improve our understanding of the associated biological mechanisms. The circulating level of proprotein convertase subtilisin kexin type 9 (PCSK9), which is associated with the severity and outcomes of patients with CAD, has been described as a new risk marker of CAD (Bae et al., 2018; Panahi et al., 2019; Peng et al., 2020; Kajingulu et al., 2022). An animal model evaluating the sex-specific distribution of low-density lipoprotein receptors (LDLRs) shows that the absence of PCSK9 results in a sex- and tissue-specific subcellular distribution of LDLRs, suggesting that PCSK9 and estrogen may act as molecular regulators of cholesterol homeostasis, and PCSK9 inhibitors may have different effects in women than in men (Roubtsova et al., 2015). The range of circulating PCSK9 concentrations is broad and differs between sexes. The current review focuses on sex difference in circulating PCSK9 levels and the potential mechanisms and clinical implications for these observed sex-based differences.
METHODS
This systematic review examined sex difference in circulating PCSK9 levels and the underlying mechanisms and clinical implications of these sex differences. The selected studies included cross-sectional, case-control and prospective studies. There were no language or time restrictions for eligible studies. The PubMed electronic database was used. The following search terms were used: “proprotein convertase subtilisin kexin type 9” OR “PCSK9” AND “sex difference” AND “estrogen” OR “estradiol” AND “coronary artery diseases” OR “type 2 diabetes mellitus” OR “neurological damage after cardiac arrest” OR “liver injury” OR “inflammatory biomarkers” OR “HDL-C” OR “PCSK9 inhibitor”.
Sex difference in circulating PCSK9 concentrations
Increasing evidence shows that PCSK9 is a well-known therapeutic target in the prevention and treatment of atherosclerosis. PCSK9 is an important enzyme in cholesterol metabolism that regulates serum low-density lipoprotein cholesterol (LDL-C) levels through the degradation of LDLRs. PCSK9 inhibitors could lead to significant LDL-C reductions in high-risk patients, and they have shown a favorable safety profile in recent clinical trials (Robinson et al., 2015; Sabatine et al., 2017). Beyond the regulation of circulating LDL-C levels, PCSK9 also has direct atherogenic effects on the vascular wall and is associated with coronary plaque inflammation (Gencer et al., 2016; Tang et al., 2017; Liu and Frostegard, 2018). PCSK9 can interfere with the underlying molecular mechanisms in atherosclerosis, from endothelial dysfunction to smooth muscle cell migration and the activation of inflammatory pathways (Ding et al., 2015; Ferri et al., 2016; Liu et al., 2020). All these findings consistently indicate that PCSK9 plays a significant role in every step of the development and progression of coronary plaque.
Although the potential role of PCSK9 still remains to be elucidated, many studies in humans have shown that there is a significant sex difference in circulating levels of PCSK9. PCSK9 levels have been measured in many studies, which have shown a broad range of concentrations. The PCSK9 level was significantly higher in women than in men (331 ± 105 ng/ml vs. 290 ± 109 ng/ml) in the IMPROVE cohort study, a large-scale multicenter study encompassing several European countries with the centralized measurement of PCSK9 (Ferri et al., 2020). The effect of sex on PCSK9 concentrations was also observed in a population-based prospective study conducted among 4,205 Chinese participants with prediabetes (average age 56.1 ± 7.5 years), as circulating PCSK9 levels were higher in females than in males (289.62 ± 98.80 ng/ml vs. 277.50 ± 97.57 ng/ml, p < 0.001) (Shi et al., 2020). Although the clinical implications of elevated circulating PCSK9 levels are still unclear in AMI patients, circulating PCSK9 are higher in women than in men not only for all admitted AMI patients, but also for patients with STEMI (Zhang et al., 2019). Many studies concerning PCSK9 levels have been conducted in elderly people with high ASCVD risk or established ASCVD; however, it is notable that sex difference in circulating levels of PCSK9 also exists in young people (Levenson et al., 2017). Levenson’s study showed that PCSK9 levels in young men were lower than those in young women, which was consistent with findings in elderly individuals. As listed in Table 1, these studies have demonstrated similar findings that PCSK9 levels are higher in women than in men.
TABLE 1 | Demographic features and PCSK9 levels in the observational studies comparing circulating PCSK9 levels between women and men.
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Circulating PCSK9 appears to be produced mainly by the liver, and its expression is regulated by numerous factors, such as the diurnal rhythm (Persson et al., 2010), insulin (Levenson et al., 2017), resistin (Macchi et al., 2020), thyroid hormone (Yildirim et al., 2021), diet (Krysa et al., 2017), exercise (Sponder et al., 2017), and various cholesterol-lowering drugs (Sahebkar et al., 2015). It seems that sex could modify the effects of extrinsic and intrinsic factors on the PCSK9 concentration. Even though a wealth of data exists regarding sex differences in CVD and their underlying risk factors, a comprehensive understanding is still lacking. Genetic mechanisms, based on the differences in sex chromosomes, sex hormones and their receptors, are speculated to play a major role. The effect of estrogens on lipid homeostasis and circulating levels of PCSK9 has received increasing attention. Postmenopausal women have higher PCSK9 concentrations than premenopausal women, which may be related to the decrease in estrogen during menopause (Ghosh et al., 2015). In men, no correlation has been found between serum testosterone and plasma PCSK9 levels, and testosterone replacement therapy does not have an effect on plasma PCSK9 levels (Ooi et al., 2015). In Ghosh M’s study, females over 50 years of age (330 ng/ml) had higher PCSK9 levels than those below 50 years of age (276 ng/ml; p < 0.05), whereas the two groups of male participants had similar PCSK9 levels (279 vs. 270 ng/ml; p > 0.05) (Ghosh et al., 2015).
The regulating effects of estrogen on PCSK9 expression noted in recent studies are as follows: 1) PCSK9 levels increase in women after menopause, along with the sharp reduction in estrogen that occurs during this time period; however, PCSK9 levels do not increase in men during this time period (Ghosh et al., 2015). 2) PCSK9 levels change throughout the menstrual cycle, and an inverse relation exists between PCSK9 and estradiol in premenopausal women. The estradiol level is the highest at ovulation, while the PCSK9 level, on average, is 235 ng/ml in this phase, which is lower than that in the luteal and follicular phases (Ghosh et al., 2015). 3) The inverse relationship between PCSK9 and estradiol is also found in women preparing for in vitro fertilization. In vitro fertilization involves 2 treatment phases: Extreme suppression and strong stimulation of the endogenous estrogen levels. A comparison of PCSK9 levels in these two phases shows that PCSK9 levels are significantly reduced by 14% after the stimulation of estrogen synthesis, which indicates that high levels of endogenous estrogens reduce circulating PCSK9 levels (Persson et al., 2012).
A deep understanding of the mechanisms by which PCSK9 is regulated by estrogen could be beneficial for clarifying the sex difference in PCSK9 concentrations and its effects on atherosclerotic disease progression and cardiovascular outcomes. Estrogen is speculated to affect PCSK9 expression and function through a transcriptional and posttranscriptional mechanism (Figure 1). At the transcriptional level, estradiol and phytoestrogens suppress PCSK9 proximal promoter activities in human L02 hepatocytes through an estrogen receptor α (ERα)-mediated pathway (Jing et al., 2019). G-protein estrogen receptor (GPER), a well-recognized receptor activated by estrogens, has been increasingly found to mediate the physiological effects of estrogen. GPER activation can decrease PCSK9 mRNA and protein levels in human hepatic cell lines, thus suggesting its influence on the expression of PCSK9 (Hussain et al., 2015). In vitro studies have also found that estrogens could affect the PCSK9 functional state through a posttranscriptional mechanism. One of the possible mechanisms for the posttranscriptional inhibiting effect is that estradiol could block PCSK9 internalization in hepatic cells. The activation of GPER in the membrane by estradiol rapidly initiates the phosphorylation of phospholipase C-γ (PLC-γ), which in turn alters clathrin distribution or influences the clathrin trafficking pathway to affect the internalization of the PCSK9-LDLR complex in HepG2 cells (Fu et al., 2019). The other mechanism is that estradiol causes a functional switch in the PCSK9-LDLR interaction through phosphorylation. Starr’s results showed a dynamic role of PCSK9 under estradiol conditioning at the protein level because estradiol treatment of HuH7 cells resulted in decreased phosphorylation of secreted PCSK9, which was associated with the protection of LDLRs (Starr et al., 2015). Taken together, these findings show that the regulation of estrogen and its receptors on PCSK9 inhibits PCSK9 function by suppressing PCSK9 proximal promoter activities, impairing PCSK9-LDLR complex internalization, and dephosphorylating secreted PCSK9 in hepatic cells, preventing it from escorting LDLRs to lysosomes for degradation. The upregulation of LDLRs by estradiol, at least in part, is likely to occur through PCSK9 downregulation, which in turn would lead to decreased circulating levels of LDL-C. Investigations into other possible mechanisms for the regulation of PCSK9 under the action of estrogen would be of great interest.
[image: Figure 1]FIGURE 1 | Model for the regulation of PCSK9 by estrogen in hepatic cells. At the transcriptional level, estrogen inhibits PCSK9 proximal promoter activities and decreases PCSK9 mRNA expression through the ERα-mediated pathway; at the posttranscriptional level, the activation of GPER in the membrane by estrogen rapidly initiates the phosphorylation of PLCγ and then alters clathrin distribution or influences the clathrin trafficking pathway to affect the internalization of the PCSK9-LDLR complex. Another possible mechanism is that estrogen could affect the PCSK9-LDLR interaction by inhibiting the phosphorylation of PCSK9 to protect LDLRs from degradation.
Clinical implications of sex difference in circulating PCSK9
Although men and women differ in many aspects, including genetic mechanisms and epigenetic mechanisms, estrogen is a recognized regulator that is significantly associated with the discrepancy in circulating PCSK9 levels between men and women. The relations between elevated circulating PCSK9 levels and clinical conditions such as the severity and prognosis of CAD, the incidence of type 2 diabetes mellitus (T2DM), neurological damage after cardiac arrest, liver injury as well as inflammatory biomarkers and HDL-C are complex; moreover, the clinical implications of sex difference in PCSK9 levels need to be clarified.
Severity and prognosis of coronary artery disease
It is clear that PCSK9 contributes to every step of the molecular pathway of atherosclerosis. Recent studies have revealed that PCSK9 has various effects on the progression of atherosclerosis, including inflammation, foam cell formation, endothelial cell apoptosis, smooth muscle cell phenotypic switching, and platelet activation (Yurtseven et al., 2020; Puteri et al., 2022). Many clinical studies have tested the relation between circulating levels of PCSK9 and the presence and severity of CAD. The prevalence of coronary atherosclerotic lesions and the Gensini score increased as the circulating PCSK9 levels increased in patients with familial hypercholesterolemia (Cao et al., 2018a). In patients with CAD, circulating PCSK9 levels were found to be positively associated with severity scores (SYNTAX, Gensini, and Jeopardy) (Li et al., 2015a; Li et al., 2015b). In addition, PCSK9 levels were positively associated with the severity of coronary artery lesions independent of LDL-C concentrations in patients hospitalized for ACS (Cariou et al., 2017). However, a cross-sectional study in China explored associations of circulating PCSK9 levels and lipid parameters (LDL-C, non-HDL-C, apolipoprotein B, lipoprotein (a), etc.) with coronary artery lesion severity in non-lipid-lowering-drug-treated patients undergoing their first coronary angiography, and a positive association with the Gensini score was found in men but not in women (Li et al., 2017). A larger sample may be needed to confirm the lack of an association between PCSK9 levels and coronary artery lesion severity in women, as many CAD studies have included mostly men. Furthermore, the Gensini score has always been used as a surrogate marker of coronary artery lesion severity; however, it might not be fully representative of the anatomical and morphological features of severe coronary lesions.
Invasive and pathological evidence has suggested sex-specific differences in the pattern of compositional plaque progression: Men are more likely to have plaque rupture and occlusion that is associated with sudden onset symptoms than women, and women can present with plaque rupture as well as plaque erosion and an indolent course of anginal symptoms (Yahagi et al., 2015; Chandrasekhar and Mehran, 2016). Women suffer from higher rates of coronary microvascular dysfunction, possibly because they are particularly predisposed to mental stress and neuroendocrine dysfunction (Safdar et al., 2018). A positive association between circulating PCSK9 levels and the fraction of plaque consisting of necrotic core tissue (an index of plaque vulnerability) was documented by intravascular ultrasound (IVUS) in patients with stable CAD or ACS (Cheng et al., 2016). In addition, PCSK9 was demonstrated to be associated with aggravated microvascular obstruction. PCSK9 was found to aggravate microvascular obstruction and promote myocardial infarction (MI) expansion post-MI in MI mouse models, and a PCSK9 inhibitor weakened the enhanced platelet aggregation and ameliorated microvascular obstruction (Qi et al., 2021). The association between elevated circulating PCSK9 levels and coronary plaque morphology and coronary microvascular dysfunction may affect sex differences in the composition, progression and clinical presentation of coronary plaque.
In addition to the associations between PCSK9 levels and coronary artery lesion severity in women, knowledge of the relation of PCSK9 to CAD outcomes may also require further, more specific exploration. Although sex differences in CAD outcomes are not consistent among all reports, many studies have shown that female patients do not have more favorable outcomes than male patients; moreover, several studies have demonstrated an even worse prognosis in female patients than male patients. Women with stable angina and nonobstructive CAD were found to be 3 times more likely to experience a cardiac event within the first year of cardiac catheterization than men (Sedlak et al., 2013). Compared to men, women have a higher risk of death and adverse outcomes after primary PCI for STEMI (Kosmidou et al., 2017). A meta-analysis of the prognosis of young women compared with that of men demonstrated that young women with ACS may have a variety of nontraditional risk factors, and the in-hospital, short-term and long-term mortality rates of these female patients were higher than those of male patients (Ma et al., 2017).
The circulating PCSK9 level is independently predictive of major adverse cardiovascular events (MACEs) in patients with stable CAD (Li et al., 2015b). PCSK9 was shown to be independently associated with an increased number of ischemic MACEs in ACS patients undergoing PCI at the 1-year follow-up: The hazard ratio for upper vs. lower PCSK9-level tertiles was 2.62 (p = 0.01) (Navarese et al., 2017). A prospective, observational cohort study of 1,225 untreated patients with stable CAD showed that the group with high PCSK9 levels (≥234.52 ng/ml) had a significantly higher risk of MACEs than the group with low PCSK9 levels (<234.52 ng/ml) during a median of 3.3 years of follow-up, while patients in the group with high PCSK9 levels were more likely to be female (Peng et al., 2020). The same results were observed in another prospective study including 504 consecutive patients with stable CAD, the majority of whom were receiving statin treatment (Werner et al., 2014). Patients with higher PCSK9 levels had more primary adverse events, which included cardiovascular death and unplanned cardiovascular hospitalization, and women accounted for a higher proportion of these patients. An investigation of serum PCSK9 levels in patients undergoing PCI also demonstrated that a higher serum PCSK9 level was independently associated with a higher rate of MACEs and all-cause death compared with a lower serum PCSK9 level, and the proportion of women was higher in the group with high PCSK9 levels (Choi et al., 2020). The sex differences in the outcomes of CAD may at least be partially related to the sex difference in circulating PCSK9 levels, which is related to specific coronary plaque features and coronary microvascular dysfunction. Therefore, a better understanding of the sex differences in the pathogenesis of coronary atherosclerosis and the role of PCSK9 could lead to the selection of appropriate preventive measures to improve both the quality of life and clinical outcomes in women.
Incidence of T2DM
The findings from the available clinical study on PCSK9 and T2DM suggest a trend toward a positive association between circulating PCSK9 levels and the incidence of T2DM in renal transplant recipients (Eisenga et al., 2017). Moreover, insulin and glycemic parameters of diabetes mellitus (DM), such as the homeostasis model assessment of insulin resistance (HOMA-IR) and glycated hemoglobin (HbA1c) level, are positively correlated with the circulating PCSK9 concentration (Peng et al., 2020; Hamamura et al., 2021). Nevertheless, these findings are not consistent among all reports (Ramin-Mangata et al., 2020). A population-based prospective study in China showed that the positive association between circulating PCSK9 levels and the risk of incident T2DM was found only in female participants with prediabetes; conversely, no significant association was observed among male prediabetic participants, which revealed the sex discrepancy in the relation between elevated circulating PCSK9 levels and the incidence of T2DM (Shi et al., 2020).
We suggest that gonadal hormones may be an important confounding factor for the relationship between circulating PCSK9 levels and the incidence of T2DM. Circulating PCSK9 levels change in women depending on their reproductive stage of life, and serum estrogen is inversely correlated with circulating PCSK9 levels, while in men, serum testosterone is not correlated with circulating PCSK9 levels (Ooi et al., 2015; Mauvais-Jarvis, 2018). In women, an early menopausal age (before the age of 45 years) is associated with an increased risk of diabetes compared to an older menopausal age (Shen et al., 2017), and the rapid and severe estrogen deficiency following surgical ovariectomy is also accompanied by an increased diabetes risk (Pandeya et al., 2018). The mechanisms for facilitating glucose homeostasis in women before menopause could be, at least in part, due to the beneficial effect of a physiological window of circulating estrogens. Sex hormones play a role in these sex differences in glucose homeostasis, prediabetic syndromes and diabetes and might affect the relation between circulating PCSK9 levels and the incidence of T2DM.
Neurological damage after cardiac arrest
Cardiac arrest causes significant morbidity and mortality, and women have been found to have worse outcomes despite improvements in prehospital and hospital care. Women were associated with a lower likelihood of good neurological outcomes at discharge and the 6-month follow-up in a multinational retrospective registry of patients who suffered out-of-hospital cardiac arrest (Vogelsong et al., 2021). However, data from the Cardiac Arrest Registry to Enhance Survival (CARES) indicate that men have lower rates of favorable neurological survival than women (Kotini-Shah et al., 2021). Several large Asian studies have found no sex differences in the rates of neurological survival between men and women (Ng et al., 2016; Goto et al., 2019). The reasons for these differences are complex and involve the pathophysiological features of the disease and its comorbidities, resuscitative care protocols, and the response to treatment (Jarman et al., 2019).
An extensive investigation of PCSK9 revealed its novel potential functions, including the regulation of neuronal development, apoptosis and differentiation, but the precise role of PCSK9 in brain physiology remained unclear (Mannarino et al., 2018). Moreover, high circulating PCSK9 levels were associated with unfavorable neurological function after resuscitation from out-of-hospital cardiac arrest (Merrelaar et al., 2020). The increase in PCSK9 levels was most likely caused by the inflammatory response and organ dysfunction after cardiopulmonary resuscitation (CPR). The favorable neurological outcomes in patients with low circulating PCSK9 levels may be attributed to a more rapid detoxification of bacterial lipids via higher LDL-R expression and a reduced inflammatory response. However, the sample size of the study was limited, and only 61 men and 18 women were enrolled. Thus, analyses in larger populations are needed to verify the role of PCSK9 in neurological outcomes after resuscitation and to explore the differences in neurological outcomes between women and men with different circulating PCSK9 levels.
Liver injury
PCSK9 has recently been shown to influence inflammatory responses in the liver. Circulating PCSK9 levels were associated with steatosis severity in patients who underwent liver biopsy for suspected nonalcoholic steatohepatitis (Ruscica et al., 2016). The mean PCSK9 levels in patients with end-stage liver disease and mixed disease etiology were much lower than those in healthy controls (Schlegel et al., 2017). Although PCSK9 expression differs in different stages of liver cirrhosis and different etiologies of liver injury, there is increasing evidence that PCSK9 contributes to the pathogenesis of nonalcoholic fatty liver disease (NAFLD). Mice that overexpressed PCSK9 with a high-fat diet had increased hepatic steatosis, macrophage infiltration and fibrosis scores (Grimaudo et al., 2021).
PCSK9 inhibition seems to exert a protective effect against hepatic damage in NAFLD. A PCSK9 loss-of-function variant in humans was protective against liver steatosis and fibrosis in individuals with NAFLD (Grimaudo et al., 2021). The genetic deletion of PCSK9 improved liver inflammation and fibrosis in bile duct-ligated mice and reduced liver function markers such as alanine transaminase (ALT) and aspartate transaminase (AST) levels, suggesting that PCSK9 inhibition can rescue liver inflammation and hepatocyte injury (Zou et al., 2020). PCSK9-targeted therapies could be a potential therapeutic approach to ameliorate NAFLD, which is closely related to atherosclerotic disease and cardiovascular risk factors. However, one study including 202 hyperlipidemia patients found that there was a mean increase of 5.8 mg/dl and 6.2 mg/dl from baseline in ALT and AST levels, respectively, in patients who were taking PCSK9 inhibitors compared to those who were not taking PCSK9 inhibitors (Zafar et al., 2020). This study had a small sample size and no long-term follow-up, and no alcohol use or detailed liver comorbidities, such as NAFLD, were documented. To obtain a better understanding of the relation between plasma PCSK9 levels and NAFLD or other chronic liver diseases, more intensive studies are needed to estimate sex differences in the impact of PCSK9 inhibition in patients with metabolic liver diseases. In Ruscica M’s study, circulating PCSK9 levels were not significantly associated with female sex in a multivariate analysis, and it was hypothesized that the induction of PCSK9 in NAFLD may overcome its regulation by sex hormones (Ruscica et al., 2016). This hypothesis also needs to be evaluated in larger studies.
Inflammatory biomarkers
The difference in vascular inflammation between men and women has recently become the focus of many studies (Shabbir et al., 2021). The proinflammatory role of PCSK9 in atherosclerosis has been supported by many studies. Higher levels of plasma PCSK9 were independently associated with inflammatory markers such as the white blood cell count (WBCC), fibrinogen levels, and high sensitivity C-reactive protein (hs-CRP) levels in patients with ACS and CAD (Li et al., 2015a). Moreover, PCSK9 has been found to enhance the production of proinflammatory cytokines; for example, the TLR4/NF-κB signaling pathway could be stimulated to mediate the PCSK9-induced increase in the inflammatory response (Tang et al., 2017). The effects of PCSK9 on CAD were found to be mediated partly by inflammation in addition to lipid metabolism. However, in the analysis performed based on sex, the relation between PCSK9 levels and the WBCC remained significant only in men (Li et al., 2014). Moreover, there was no differential effect of PCSK9 monoclonal antibody therapy on plasma hs-CRP concentrations, and no statistically significant relation between sex and hs-CRP changes was observed in Ye-Xuan Cao’s meta-analysis (Cao et al., 2018b). Thus, there might be a different link between PCSK9 levels and inflammatory biomarkers according to sex, but recent data are still limited by sample size. Further studies are necessary to identify sex differences in the relation between PCSK9 levels and inflammatory markers.
High-density lipoprotein cholesterol
HDL-C is inversely associated with CVD across a wide range of concentrations. Indeed, different HDL subpopulations may have different functional properties since HDL particles are heterogeneous in size and biochemical composition. Numerous studies have shown that small- and medium-sized HDL particles are inversely related to cardiovascular risk (McGarrah et al., 2016; Duparc et al., 2020). On average, women have higher HDL-C levels than men, and the corresponding concentration of HDL-C associated with the lowest all-cause mortality for women (2.4 mmol/L) is also higher than that for men (1.9 mmol/L) (Madsen et al., 2017). PCSK9 monoclonal antibodies have been reported to cause not only a moderate increase in HDL-C levels but also an increase in medium-sized HDL particles (Zhang et al., 2015; Ingueneau et al., 2020). Plasma PCSK9 levels are positively correlated with small HDL particles; however, the relation of PCSK9 levels to HDL-C is complicated because the interaction between HDL particles and PCSK9 alters PCSK9 functionality (Burnap et al., 2021). HDL particles have been shown to promote the multimerization of PCSK9 and act as facilitators of PCSK9-driven LDLR degradation. In addition, PCSK9 binds to LDL particles, and LDL particles can inhibit the effects of PCSK9 on LDLRs (Kosenko et al., 2013); thus, lipoproteins dynamically alter PCSK9 function. Sex differences exist in the interaction between PCSK9 levels and HDL particles because PCSK9 is significantly enriched in HDL particles isolated from females (Burnap et al., 2021). Further exploration is needed to determine sex differences in PCSK9 activity and whether the role of sex in the HDL-PCSK9 relation might impact the efficacy of PCSK9 inhibition.
Sex difference in the clinical efficacy of PCSK9 inhibitor application
Despite the overwhelming evidence of cardiovascular benefits from trials with lipid-lowering medications, there is evidence that women are often undertreated in clinical practice (Bittner et al., 2015; Nanna et al., 2019). Moreover, women have been shown to experience more statin-associated side effects than men, and they may discontinue therapy because of their higher susceptibility to statin-associated adverse events (Karalis et al., 2016). However, in a recent analysis including a US nationwide sample of Medicare beneficiaries who were hospitalized for MI and had very high ASCVD risk, women were more likely to initiate treatment with PCSK9 inhibitors (Colvin et al., 2021). Therefore, in light of the higher circulating PCSK9 levels in women, it is important to establish whether treatment with PCSK9 inhibitors, which produce substantial reductions in LDL-C, would confer consistent cardiovascular benefits in both sexes.
One concern related to PCSK9 inhibitors is whether they may increase the risk of impaired glucose metabolism and the development of new-onset diabetes; however, recent clinical trial data for PCSK9 monoclonal antibodies suggest that the application of alirocumab and evolocumab in the treatment of atherosclerotic disease does not increase the risk of new-onset diabetes or worsen glycemia. In addition, the inhibition of PCSK9 by polydatin, a natural antidiabetic product, could modify glucose metabolism disorders and thereby ameliorate diabetic complications by increasing the expression of liver glucokinase, a key enzyme in glucose metabolism (Wang et al., 2016). Nonetheless, it remains unclear whether treatment with PCSK9 inhibitors can exert a positive effect to alleviate glycemic parameters and whether there are sex differences in the effects of PCSK9 inhibitors on glucose metabolism in patients with DM.
In the FOURIER trial, the LDL-C reduction with evolocumab at 4 weeks was nominally greater in men than women, but the relative risk reductions in endpoint analysis were similar in women and men. The large size of the FOURIER trial population provides a robust evidence base that the absolute risk reductions of adverse events with evolocumab application were similar in both men and women, and no important safety issues were observed in either sex (Sever et al., 2021). Consistently, the preliminary results of the ODYSSEY OUTCOMES trial with alirocumab showed that the relative risk reductions for the primary composite endpoint were broadly similar in women and men (9 and 17%, respectively, P interaction = 0.35) (Schwartz et al., 2018). In conclusion, the benefits of PCSK9 monoclonal antibodies were found to be similar in both men and women with high ASCVD risk in recent studies.
The administration of PCSK9 monoclonal antibodies to patients with hyperlipidemia and CAD led to a 50–70% reduction in LDL-C levels (Sabatine et al., 2017; Sinnaeve et al., 2020). Small-molecule PCSK9-targeting agents have been found to be effective competitors for both PCSK9 monoclonal antibodies and siRNA (Salaheldin et al., 2022). P-21, considered the first oral small-molecule nanohepatic targeted anti-PCSK9/LDLR compound, seems to offer a more efficient, safer, and easier-to-administer treatment protocol. In a hypercholesterolemia mouse model, P-21 led to a reduction of more than 90% in LDL-C levels after 1 week of treatment, and toxicology studies in rats showed normal chemical biomarkers and normal histopathological findings, with no apparent toxic clinical signs (Salaheldin et al., 2022). The recent innovations in PCSK9 inhibitors have ushered in a new era in lipid-lowering therapy; however, more sex-specific subanalyses are necessary, and sex differences in their clinical efficacy should be estimated.
CONCLUSION
Although the overall mortality in patients with CAD has dramatically declined over recent decades as a result of preventive strategies, the decline has been less significant for women (Benjamin et al., 2017). The physiological roles of PCSK9 need to be further investigated because its functions are far more than the regulation of plasma LDL-C levels. Circulating PCSK9 levels are higher in women than in men, and postmenopausal women have higher PCSK9 concentrations than premenopausal women. Estrogen could affect circulating PCSK9 concentrations, probably through transcriptional and posttranscriptional mechanisms. The sex differences in circulating PCSK9 levels call for clinical attention and may represent a pharmacological target for the prevention and treatment of CVDs in women. The potential of PCSK9 in the prediction of ASCVD risk and MACEs based on sex differences requires further prospective investigation. Thus, sex-specific subanalyses may be warranted, and information regarding hormonal status should be taken into account, especially for women. This information might be taken into consideration when defining individual risk for cardiovascular events and/or refining PCSK9-lowering treatments.
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Background: Patients who received warfarin require constant monitoring by hospital staff. However, social distancing and stay-at-home orders, which were universally adopted strategies to avoid the spread of COVID-19, led to unprecedented challenges. This study aimed to optimize warfarin treatment during the COVID-19 pandemic by determining the role of the Internet clinic and developing a machine learning (ML) model to predict anticoagulation quality.
Methods: This retrospective study enrolled patients who received warfarin treatment in the hospital anticoagulation clinic (HAC) and “Internet + Anticoagulation clinic” (IAC) of the Nanjing Drum Tower Hospital between January 2020 and September 2021. The primary outcome was the anticoagulation quality of patients, which was evaluated by both the time in therapeutic range (TTR) and international normalized ratio (INR) variability. Anticoagulation quality and incidence of adverse events were compared between HAC and IAC. Furthermore, five ML algorithms were used to develop the anticoagulation quality prediction model, and the SHAP method was introduced to rank the feature importance.
Results: Totally, 241 patients were included, comprising 145 patients in the HAC group and 96 patients in the IAC group. In the HAC group and IAC group, 73.1 and 69.8% (p = 0.576) of patients achieved good anticoagulation quality, with the average TTR being 79.9 ± 20.0% and 80.6 ± 21.1%, respectively. There was no significant difference in the incidence of adverse events between the two groups. Evaluating the five ML models using the test set, the accuracy of the XGBoost model was 0.767, and the area under the receiver operating characteristic curve was 0.808, which showed the best performance. The results of the SHAP method revealed that age, education, hypertension, aspirin, and amiodarone were the top five important features associated with poor anticoagulation quality.
Conclusion: The IAC contributed to a novel management method for patients who received warfarin during the COVID-19 pandemic, as effective as HAC and with a low risk of virus transmission. The XGBoost model could accurately select patients at a high risk of poor anticoagulation quality, who could benefit from active intervention.
Keywords: telemedicine, COVID-19, warfarin, internet, machine learning, anticoagulation quality
INTRODUCTION
Coronavirus disease 2019 (COVID-19) is a respiratory infection spreading around the world sharply, with a high rate of mortality (Wu and McGoogan, 2020). It has been recognized as a pandemic by the World Health Organization (World Health Organization, 2021). On 23 January 2020, China initiated the Level I response to public health incidents nationwide, which is the highest one (Jiang et al., 2022), and slowed the spread of COVID-19 effectively. However, social distancing and stay-at-home orders, which were adopted to avoid the spread of COVID-19, posed unique challenges for patients on medications, requiring continued monitoring by clinic staff, such as warfarin treatment (Kish and Lekic, 2021).
The vitamin K antagonist warfarin is an anticoagulant drug widely used in thromboprophylaxis and treatment. Warfarin has a narrow therapeutic window and wide variability in dose–response (Gu et al., 2018). It is necessary to frequently monitor the International Normalized Ratio (INR) and adjust the dosage accordingly to maintain the INR within the therapeutic range, which can ensure the effectiveness and safety of chronic warfarin treatment (Gu et al., 2019). Clinical pharmacists provide professional anticoagulation management services (AMSs) in hospital anticoagulation clinics (HACs) (Holbrook et al., 2012), including INR testing, dose adjustment, and medication education, which are associated with better anticoagulation quality than usual physician care (Ahmed et al., 2017; Manzoor et al., 2017). Unfortunately, the COVID-19 pandemic has made it difficult for patients to visit anticoagulation clinics to obtain AMSs (Gong et al., 2020; Zhang, 2020). Previous studies have shown a significant increase in adverse events of warfarin treatment during COVID-19 stringency measures (Vriz et al., 2021). Therefore, measures should be taken to improve the anticoagulation quality of patients during the COVID-19 pandemic.
For chronic disease management during the COVID-19 pandemic, telemedicine has been paid unprecedented attention, which can break through the barriers of medical attendance caused by COVID-19 (Zampino et al., 2021). “Internet + Anticoagulation clinic” (IAC) is a new approach for anticoagulation management, which is undoubtedly attractive to patients and clinical pharmacists, especially during the COVID-19 pandemic. To the best of our knowledge, only one previous study has investigated the effectiveness and safety of anticoagulation management provided by clinical pharmacists through the IAC during the COVID-19 pandemic (Jiang et al., 2022), with small sample size and short-term follow-ups, providing preliminary conclusions that IAC improved anticoagulation quality. Therefore, more studies are encouraged to provide crucial evidence for application of IAC during the COVID-19 pandemic.
More importantly, it is necessary for clinical pharmacists to accurately identify patients with poor anticoagulation quality and intervene early, which can improve their anticoagulation quality, and no studies have focused on the prediction of anticoagulation quality during the COVID-19 pandemic until now. The time in therapeutic range (TTR) calculates the time period in which the INR is controlled within the therapeutic range, which is commonly applied as a measure of anticoagulation quality (Rosendaal et al., 1993). However, the TTR cannot measure the degree of stability of INR control, and INR variability can (Numao et al., 2017). The previous study found that using both INR variability and TTR could distinguish patients with increased risk of adverse events more accurately than using a single item (Labaf et al., 2015). Therefore, we used both INR variability and TTR to measure the anticoagulation quality and for the first time proposed using machine learning (ML) technology to develop a model for anticoagulation quality prediction. ML can incorporate enormous numbers of variables, has been successfully applied in the medical field, and has shown excellent performance.
This study aimed to investigate the role of IAC in warfarin treatment and develop an ML model for anticoagulation quality prediction to optimize anticoagulation treatment during the COVID-19 pandemic.
METHODS
Study design and participants
This was a retrospective, observational study. Patients who received warfarin at the Nanjing Drum Tower Hospital from January 2020 to September 2021 (a period of the COVID-19 pandemic in China) were enrolled and analyzed. The study protocol was approved by the Ethics Committee of the Nanjing Drum Tower Hospital (No. 2020-029). The inclusion criteria were as follows: 1) patients who had been taking warfarin for 3 weeks for thromboprophylaxis of conditions such as atrial fibrillation (AF), deep venous thrombosis (DVT), pulmonary embolism (PE), and valvular heart disease (VHD); 2) age ≥18 years; and 3) had at least four eligible INR values, and the total follow-up time was more than 30 days. The exclusion criteria were as follows: 1) patients whose interval between any two adjacent INR was >120 days and who were considered lost to follow-up; 2) patients who had to discontinue warfarin therapy due to surgery or other reasons during the study period; and 3) patients with pregnancy, malignant tumor, or hemodialysis treatment.
Patients could choose anticoagulation management modes according to their conditions and were divided into two groups: the HAC group comprising patients who obtain AMSs through the hospital anticoagulation clinic, and the IAC group comprising patients who obtain AMSs through the “Internet + Anticoagulation clinic”. For patients in the HAC group, the INR results were derived from blood analysis at the Drum Tower Hospital. For patients in the IAC group, the INR results were derived from blood analysis at local hospitals or point-of-care test (POCT).
Anticoagulation management modes
Specialist anticoagulation pharmacists provided AMSs through HAC and IAC for patients with chronic warfarin treatment. In order to eliminate biases from management content, both modes followed a standard interview with the same structure. Pharmacists collected relative information, including demographic characteristics, comorbidities, patient compliance, INR values, previous warfarin doses, concomitant medication, and adverse events. Then, pharmacists informed patients of warfarin dosing decisions and follow-up plans and conducted detailed medication education.
The IAC was a virtual clinic powered by the Internet and a mobile phone application (APP). Patients needed to fill in basic information when logging in to the APP and then upload photos of the INR test and answer questions about compliance, adverse events, and changes in concomitant medication since the previous test. Pharmacists would communicate with the patients through the APP conversation window and inform patients with medication education the dose of warfarin and follow-up plans.
Data collection
Data were collected from the hospital information system and standardized anticoagulation record database administered by pharmacists. Basic information was recorded for each patient, including demographic characteristics, indications for warfarin, and location. INR values, warfarin dose, adverse events, concomitant medication, and test date were recorded at each encounter in a standardized anticoagulation record database.
Study outcomes
The primary outcome was anticoagulation quality. Patients were considered to have good anticoagulation quality (the INR value was within the therapeutic range stably) only when they met both the criteria: TTR ≥60% and INR variability <0.65. Secondary outcomes were the incidence of adverse events, including thromboembolic and bleeding events.
The TTR was calculated using a linear interpolation method recommended by Rosendaal et al. (1993). Referring to the prevailing antithrombotic guidelines in China, the recommended therapeutic range of the INR was 2.0–3.0 for patients with AF, PE, and DVT and 1.5–2.5 for patients with VHD (diseases, 2018). INR variability was calculated using the method described by Fihn et al. (Fihn et al., 2003; van Leeuwen et al., 2008). [image: image] is the INR value of each test, and [image: image] is the time interval between two INR tests (van Leeuwen et al., 2008). INR variability measured the stability of INR control by calculating the time-weighted INR variance. The study conducted by Labaf et al. (2015) confirmed that when the INR variability was ≥0.65, the risk of thromboembolism and major bleeding was significantly increased. Therefore, the patients were divided into two groups: the good anticoagulation quality group comprised patients who met both TTR ≥60% and INR variability <0.65, and the other patients were found in the poor anticoagulation quality group.
[image: image]
Secondary outcomes were thromboembolism and bleeding events. Thromboembolism included DVT, PE, systemic embolism (SE), stroke, and transient ischemic attack (TIA) (Wallentin et al., 2010). Referring to the recommendations of the International Society of Thrombosis and Hemostasis (ISTH), bleeding events included major bleeding and clinically relevant non-major bleeding (CRNMB) (Schulman et al., 2010).
Machine learning model development
The whole dataset was randomly assigned to a training set for training the model and a test set for evaluating the model (7:3), meaning that the ratio of patients with poor anticoagulation quality was maintained across both sets. The correlations of categorical and continuous variables with the anticoagulation quality were assessed using the chi-square test and the Wilcoxon–Mann–Whitney test, respectively (Morang’a et al., 2020). The variables with p < 0.05 were considered statistically significant and were included in machine learning to avoid the inference of irrelevant features (Liu et al., 2021).
To select the ML algorithm that exhibits the best predictive ability, five well-accepted ML classifiers, K-nearest neighbors (KNN), support vector machine (SVM), random forest classifier (RFC), eXtreme Gradient Boosting (XGBoost), and Light Gradient Boosting Machine (LightGBM), were implemented for model construction to predict anticoagulation quality. The synthetic minority oversampling technique (SMOTE) (Blagus and Lusa, 2013) was used to balance the unbalanced data in the training set, and then the training set was learned by five ML algorithms to construct the model with 5-fold cross-validation, and the optimal value of the hyperparameters was determined using a grid search algorithm.
The receiver operating characteristic curve (ROC) and area under the curve (AUC), sensitivity, specificity, and accuracy in the test set were calculated to evaluate the predictive performance of five ML models. Then, the Shapley Additive exPlanations (SHAP) method, a visualized approach based on game theory, was used to interpret the individual variable impacts on the ML models (Lundberg and Lee, 2017).
Statistical analyses
Continuous variables were reported as median value and interquartile range (IQR) and were compared using the Wilcoxon–Mann–Whitney test. Categorical data were expressed as frequencies and percentages and were compared by the chi-square test or Fisher test. p < 0.05 was considered statistically significant. The ML algorithms were performed using Python 3.8 (https://www.python.org/) and the scikit-learn framework (https://www.scikit-learn.org/stable/). All statistical analyses were conducted using SPSS (version 22.0).
RESULTS
Patient characteristics
A total of 405 patients who received warfarin were reviewed initially between January 2020 and September 2021, and the process of patient selection is presented in Figure 1. Finally, 241 patients were included in this study, 145 patients in the HAC group and 96 in the IAC group. Table 1 presented the demographics and characteristics of the patients. The median age of the patients was 57 years, 128 (53.1%) patients were male, and the main indication for warfarin treatment was VHD (93.8%). Hypertension (37.8%) and pulmonary arterial hypertension (39.0%) were the most common comorbidities. Beta-blockers (60.2%) were the most common concomitant medication. No significant difference was observed in baseline characteristics between the HAC and IAC groups.
[image: Figure 1]FIGURE 1 | Flow diagram of the selection of patients.
TABLE 1 | Demographics and characteristics of patients classified by anticoagulation management mode.
[image: Table 1]Anticoagulation quality of patients in HAC and IAC
The TTR, INR variability, and adverse events of 241 patients with 1652 INR values were calculated (Table 2). 106 (73.1%) and 67 (69.8%) patients had good anticoagulation quality in the HAC group and the IAC group, and the average TTR was 79.9 ± 20.0% and 80.6 ± 21.1%, respectively. The average TTR of the 241 patients included in this study was 80.2 ± 20.4%. During the follow-up period, five patients (2.07%) experienced thromboembolic or major bleeding events and needed hospital admission care, and the remaining suffered only minor bleeding. No significant difference in the incidences of major bleeding (0.69 vs. 1.0%, p = 1.000), CRNMB (39.3 vs. 40.6%, p = 0.838), and thromboembolic (1.4 vs. 1.0%, p = 1.000) was detected between patients in the HAC group and the IAC group.
TABLE 2 | Comparison of clinical outcomes of Hospital anticoagulation clinic vs. Internet anticoagulation clinic.
[image: Table 2]Machine learning models for anticoagulation quality prediction
The 241 patients were classified according to anticoagulation quality ( good anticoagulation quality group and poor anticoagulation quality group). The baseline characteristics of the two groups are shown in Table 3. The whole dataset was randomly assigned to a training set and a test set, and the baselines of the two sets were relatively balanced (Supplementary Table S1). According to variable selection, seven variables were significantly correlated with the chronic anticoagulation quality in the training set, including age, education, hypertension, renal insufficiency, and combined use of aspirin, amiodarone, and statins (Supplementary Table S2). Heatmap visualization of the correlations between the anticoagulation quality and the variables in the training set is shown in Supplementary Figure S1.
TABLE 3 | Demographics and characteristics of patients classified by anticoagulation quality.
[image: Table 3]Five ML models were developed using seven selected variables on the training set to predict anticoagulation quality. The optimal value for the hyperparameters with a grid search algorithm is shown in Supplementary Table S3, and the results for five folds are shown in Supplementary Table S4. Then, the test set was used to test the predictive performance of each model, and the results are shown in Table 4 and Figure 2. Although the RFC model has the best specificity among the five models, the high sensitivity is particularly critical given that model is designed to recognize more patients with poor anticoagulation quality, and the XGBoost model is the optimum model with the consideration of the best sensitivity (76.7%), AUC (0.808), and accuracy (0.767).
TABLE 4 | Prediction performance of the five machine learning models on the test set.
[image: Table 4][image: Figure 2]FIGURE 2 | Receiver operating characteristic curve of the ML models.
The SHAP method was used to interpret the optimum ML model (XGBoost) and provided a direct visual understanding of feature contributions. The results suggested that age, education, hypertension, aspirin, and amiodarone were the top five important features, as shown in Figure 3. Poor anticoagulation quality was a high probability with patients of older age, low education, hypertension, aspirin, and amiodarone.
[image: Figure 3]FIGURE 3 | Shapley Additive exPlanations (SHAP) summary plot in the XGBoost model. (A) SHAP beeswarm plot showed the distribution of SHAP values of each feature. Red represents higher feature values, and blue represents lower feature values. (B) Typical bar chart of feature importance was shown based on the mean absolute SHAP value of each feature.
DISCUSSION
In this study, the Internet and machine learning techniques were used for the first time to optimize warfarin anticoagulation management during the COVID-19 pandemic in China. The role of the IAC in the care of patients who received warfarin during the COVID-19 pandemic was proven, and no significant difference in anticoagulation quality and incidence of adverse events was detected between patients in the IAC and HAC groups. The IAC could break the difficulties of medical treatment due to COVID-19-induced lockdowns, which was an important healthcare approach during the COVID-19 pandemic. Furthermore, we used both INR variability and TTR to measure the anticoagulation quality and for the first time developed an ML model (XGBoost) to predict anticoagulation quality and make individual decisions regarding who could benefit from active intervention.
The universally adopted strategy of reducing social interaction during the COVID-19 pandemic has led to unprecedented difficulties in the ongoing healthcare of chronically ill patients (Kow et al., 2020; Prem et al., 2020). A new approach to patient care was demanded. In this study, patients in the IAC group had a similar anticoagulation quality to those in the HAC group, and both groups had good anticoagulation quality. The average TTR of patients in the two groups was 79.9 ± 20.0% and 80.6 ± 21.1%, respectively. A meta-analysis pooling 95 studies worldwide reported that the patients were only 61% of the time in the therapeutic range (Mearns et al., 2014), and the TTR of patients managed in our institution was better than this level. It was interesting to note that patients in the HAC group achieved good anticoagulation quality even during the COVID-19 pandemic, which was consistent with the study conducted by Cope et al. (2021). However, patients in the HAC group needed to pay more time and money to obtain AMSs than before the COVID-19 pandemic and were at risk of exposure to COVID-19. The use of telemedicine for patient care, such as IAC, ensured social distancing and reduced person-to-person contact. It provided convenient access to routine care with low risk of virus transmission (Al Ammari et al., 2021).
High-quality anticoagulation was the key to ensure efficacy and safety of warfarin administration (Singer et al., 2013). Therefore, it is important for clinical pharmacists to identify patients with poor anticoagulation quality accurately and carry out interventions for these patients early, especially during the COVID-19 pandemic. We applied an ML algorithm to develop a prediction model of warfarin anticoagulation quality in the Chinese population for the first time. The XGBoost is an ensemble algorithm based on a tree-like structure, which combines multiple individual weak prediction models to produce a robust predictive estimator (Huang et al., 2021) and showed good predictive performance in this study, with AUC = 0.808 and accuracy = 0.767. Several studies have been conducted, such as the SAME-TT₂R₂ score (Apostolakis et al., 2013) and the Nomogram model established by Wang et al. (2021), both of which were used to predict the anticoagulation quality in AF patients, with a moderate predictive ability (c-index of SAME-TT₂R₂ = 0.72; c-index of the Nomogram model = 0.718). However, a single TTR value was used in both studies to evaluate the anticoagulation quality, and TTR could not measure the degree of stability of INR control, resulting in the limitation of anticoagulation quality evaluation (Wang et al., 2021). Even if the patient had a high TTR, the unstable anticoagulation intensity would lead to poor prognosis, and INR variability could compensate for this deficiency. Therefore, patients with a high TTR and low INR variability were defined as those with good anticoagulation quality in this study, whose INR value remained stable within the therapeutic range. The better anticoagulation quality standard and more accurate prediction ability than that of the SAMe-TT₂R₂ score and the Nomogram model gave the XGBoost model considerable value for clinical application.
It is crucial for medical staff to understand how the model predicts risk for patients (Zheng et al., 2022). In this study, the risk factors associated with poor anticoagulation quality were ranked and provided a visual interpretation by the SHAP method. Age was the driving predictor of poor anticoagulation quality, which was also an important predictor of the SAME-TT₂R₂ model (Apostolakis et al., 2013) and the nomogram model (Wang et al., 2021). In elderly patients, the decline in self-management ability, multiple additional complications, and multiple medications was common, which would inevitably impact the efficacy of warfarin (Qiu et al., 2020). In addition, patients with low educational background were associated with poor anticoagulation quality and had insufficient understanding of the importance of warfarin therapy and insufficient knowledge of anticoagulation, resulting in a lack of self-management ability (Rodriguez et al., 2013). Therefore, medication education was crucial for these patients, which should be focused on by clinical pharmacists in clinical work. Hypertension and renal insufficiency were also associated with the poor quality of anticoagulation, which has been interpreted in previous studies. Renal insufficiency was associated with poor anticoagulation quality in Americans (Pokorney et al., 2015), and hypertension contributed to poor anticoagulation quality in African patients (Mwita et al., 2018). In addition, concomitant medications, such as amiodarone and aspirin, were found to be indicators of poor INR control. Amiodarone competes with warfarin for cytochrome P450 2C9, which is the major enzyme of warfarin metabolism, leading to fluctuations in anticoagulation intensity and even major bleeding events (Holm et al., 2017). Interactions of aspirin and warfarin on different components of the coagulation pathway can increase the risk of bleeding (Proietti and Lip, 2018). Although some factors are the inherent diseases and necessary drug treatment of patients which are hard to change, measures such as strengthening medication education can effectively improve the anticoagulation quality of patients. Previous studies showed that standardized medication education by pharmacists could significantly improve the quality of anticoagulation and also reduced the number of emergency admission (Verret et al., 2012; Neshewat et al., 2021).
Overall, the XGBoost model is expected to be applied in practice to select patients who could benefit from active intervention to improve warfarin treatment during the COVID-19 pandemic.
LIMITATIONS
There are several limitations to this study. First, this was a retrospective, observational study that might introduce selection bias. Second, patients in the IAC group were allowed to get the INR results from blood analysis at local hospitals, although patients could simplify the process of medical care in the local hospital, person-to-person contact could not be completely avoided, and POCT is a novel method for anticoagulation management during the COVID-19 pandemic. Third, some variables have not been collected, such as the patients’ smoking or alcohol intake and patient genotypes (VKORC1 and CYP2C9), which limited the analysis, although patients with smoking and alcohol abuse are rare in our clinical practice. Finally, although the current study supports to apply machine learning models to predict anticoagulation quality as a decision-support technology, external validations are necessary.
CONCLUSION
In the real-world setting of our hospital, “Internet + Anticoagulation clinic” played a positive role in warfarin treatment during the COVID-19 pandemic, which ensured good anticoagulation quality and decreased person-to-person contact, with a low risk of virus transmission. Furthermore, the ML model offers a new avenue to select patients at high risk of poor anticoagulation quality, which can improve the warfarin therapy decision-making during the COVID-19 pandemic.
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Lotus (Nelumbo nucifera) leaves are widely used for both edible and medicinal applications. For its further utilization, we studied the vasodilatory activity of lotus leaf extract for the first time. In this study, we obtained the extracts using different ratios of water and ethanol, which was followed by polarity-dependent extraction. We found that the CH2Cl2 layer exhibited better vasodilatory activity (EC50 = 1.21 ± 0.10 μg/ml). HPLC and ESI-HRMS analysis of the CH2Cl2 layer using the standard product as a control revealed that nuciferine (Emax = 97.95 ± 0.76%, EC50 = 0.36 ± 0.02 μM) was the main component in this layer. Further research revealed that nuciferine exerts a multi-target synergistic effect to promote vasodilation, via the NO signaling pathway, K+ channel, Ca2+ channel, intracellular Ca2+ release, α and β receptors, etc. Nuciferine exhibits good vasodilatory activity, and it exhibits the potential to be utilized as a lead compound.
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1 INTRODUCTION
Hypertension is a common chronic disease encountered in clinical practice. Based on the related complications, the mortality and disability rate are at the forefront of human diseases, which causes great harm to human health (Wang et al., 2014; Navaneethabalakrishnan et al., 2020). At present, most blood pressure-lowering drugs in clinical use are chemically synthesized. They exhibit several limitations, such as dependence, high toxicity, side effects, and large fluctuations in blood pressure during blood pressure reduction. Traditional Chinese medicine is known to exhibit less toxicity and side effects can exert an antihypertensive effect through multiple channels and targets, is rich in resources, and has broad development and application prospects. In recent years, the discovery of new active ingredients or lead compounds from natural products for the development of new drugs has gained attention for resolving global concerns and in research.
Lotus leaves are the dried leaves of Nelumbo nucifera Geartn., a plant belonging to the Nymphaeaceae family (Liu and Fan, 2014). In recent years, more attention has been paid to the research on elucidating the composition and function of lotus leaves. Its main ingredients include alkaloids, volatile oils, organic acids, and flavonoids (Nguyen and Pham, 1998; Ma et al., 2010; Chen and Qi, 2015; Tungmunnithum et al., 2018; Ye et al., 2018). It has various pharmacological activities, such as regulating fat and weight loss (Ma et al., 2015), anti-inflammatory (Wang M. X. et al., 2015), lowering blood pressure (Ye et al., 2014), anti-oxidation (Chen and Zeng, 2001; Chai et al., 2016; Guo et al., 2020), anti-bacterial (Wang et al., 2007; Yuan et al., 2014), anti-spasmodic (Yang et al., 2018), hemostasis (Chen et al., 2020), and hepatoprotective effects (Guo et al., 2013; Qiu et al., 2020; Wang et al., 2020).
Lotus leaves are widely distributed, rich in resources, and inexpensive. They exert the effect of lowering blood pressure, and their alkaloids have been reported to be involved in relaxation (Wang X. et al., 2015; Yang et al., 2018). However, there has been no systematic research on the active ingredients present in lotus leaves. In this study, we aimed to fill in the knowledge gap on lotus leaf and identify the main components of vasodilatory activity, to ensure more effective use of lotus leaves and provide a basis for its future clinical applications.
2 MATERIALS AND METHODS
2.1 Materials
Lotus leaf (Nelumbo nucifera) was purchased from Hunan Kang Biotech Co. Ltd. and identified taxonomically by Prof. Chang-hao Zhang (College of Pharmacy, Yanbian University). Acetylcholine chloride (Ach), Phenylephrine HCl (PhE), Modulators were purchased from Sigma Chemical Co (St. Louis, MO, United States).
2.2 Apparatus
Mass spectrometry (MS) was performed on LTQ Orbitrap XL (Thermo Scientific, United States) in electrospray ionization mode. High-performance liquid chromatography (HPLC) was undertaken on an Ultimate 3,000 (ThermoScientific) system.
2.3 Extraction procedures
The purchased lotus leaves were ground into powder. This 10 g of powder was added to a single-necked round-bottomed flask and then 300 ml of various solvents (H2O; 25% Ethanol; 50% Ethanol; 75% Ethanol; Ethanol) was added to hot melt at 70°C for 6 h. Extracts were passed through a sand-core filter funnel and evaporated under reduced pressure until dry using a rotary evaporator. All dried extracts were weighed and stored at −20°C until use. The yield was calculated as % yield = (weight of dry extract/initial weight of dry sample) × 100.
2.4 Animals and tissues
Animals were strictly handled in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals (NIH Publication No. 85–23, revised 1996) and the study was approved by the Institutional Animal Care and Utilization Committee of Yanbian University. Male Sprague-Dawley (SD) rats weighing 250–300 g were used for all experiments, random grouping, 6-8 animals per group. For example, in the intact endothelium experiment, animals were randomly divided into 7 groups with 8 animals in each group (control group, +endo group, Prop group, Atrop group, Indo group, L-NAME group, ODQ group); the experimental results are as follows Figures 6–9. Other animal grouping information was detailed in the Supplementary Information.
SD rats were killed by cervical dislocation. A 3–4 mm long annular segment of the aorta was carefully removed and transferred promptly into ice-cold Krebs solution (NaCl 118.0 mM, KCl 4.7 mm, MgSO4 1.1 mm, KH2PO4 1.2 mm, CaCl2 1.5 mm, NaHCO3 25 mm, and glucose 10.0 mm in water, pH 7.4). In some aortic rings, the endothelium was mechanically removed by gently rubbing the surface of the ring back and forth with a plastic tube. Endothelial integrity or functional removal of the constricted blood vessels was confirmed by the presence of relaxation response (over 80%) or its absence (less than 10%) following the treatment with PhE (1 μM) and Ach (1 μM), respectively.
2.5 Isometric vascular tone record
The aortic rings were continuously suspended in a tissue bath containing Krebs solution (pH 7.4) and bubbling 95% O2–5% CO2 at 37°C by inserting 2 stainless steel wires into the lumen of the tube. After an equilibration period of 60 min, under a basal tension of 1 g, the force-displacement sensor (JH-2, Institute of Space Medical Engineering, Beijing, China), connected to the biological laboratory system (Model BL-420S, Cheng-du TME Technology Co., Ltd., Chengdu, China), was used to record changes in isometric tension.
2.6 Measurement of the activity of extracts
The contraction of aortic rings was achieved by PhE (1 μM). When the contraction reached a plateau, extracts were added cumulatively (100 μg/ml) to rings with intact endothelium. The relaxation effect was calculated as the percentage of the contraction in response to PhE.
2.7 Different solvent extraction and activity detection
The best solvent extract for vasodilation was extracted with PE, CH2Cl2, EA and n-butanol in sequence according to polarity.
2.8 HPLC
TSKgel ODS-100V column (C18, 3 μm particle size, 4.6 mm I.D × 15 cm) was employed to separate components in CH2Cl2 extracts. The mobile phase was 0.1% trifluoroacetic acid in acetonitrile (HPLC grade) (A) and water (B) gradient elution (10:90–95:5). The run time was 35 min, the flow rate was 1.0 ml/min, and the detection wavelength was 273 nm. We diluted extract with acetonitrile to give a concentration of 5 mg/ml (Standard nuciferine, 0.5 mg/ml, 2 μL), which was passed through a 0.45-μm filter. The injection volume was 10 μL.
2.9 Vascular reactivity assessment
2.9.1 The effect of nuciferine on rat thoracic aorta
To observe the direct effect of nuciferine on the isolated rat aorta, the cumulative concentrations of nuciferine were applied when the tension of thoracic aorta strips was stable, and the vehicle was applied in the control group (Hu et al., 2018).
2.9.2 Vasorelaxant effect of nuciferine on the rat thoracic aorta pre-contracted with PhE
To check the vasorelaxation of nuciferine on the aortic strips with intact or denuded endothelium, after the strips were contracted with PhE (1 μM), a cumulative concentration of nuciferine was added successively into the bath and the changes in the tension were recorded. The percentage of tension change (diastolic ratio) after using nuciferine was calculated as (tension by PhE − tension by nuciferine)/tension by PhE × 100%.
2.9.3 Examination of α1-receptor activities
To evaluate whether nuciferine acts as an α1-receptor blockade, endothelium-denuded rings were incubated with the nuciferine (0.3, 0.6,1.2 and 2.4 μM) for 20 min before exposing them to PhE (0.1 nM–10 μM), which was added cumulatively. The obtained results are shown as percentages of contraction, and a comparison was done between the results obtained in the absence (control) and the presence of the nuciferine (Cao et al., 2020).
2.9.4 Examination of β and M receptor activities
To assess whether the vasorelaxation induced by nuciferine is associated with β and M receptors, the aortic rings were pre-treated with 1 μM of propranolol or 1 μM of atropine for 20 min before the addition of 1 μM of PhE. The nuciferine (0.03–2.4 μM) was then added cumulatively.
2.9.5 Effects of PGI2 on nuciferine-induced relaxation
To explore the possible participation of endothelium-derived prostacyclin (PGI2) pathways, the endothelium-intact strips were firstly incubated with 10 μM of Indo, then contracted by PhE (1 μM) and finally a cumulative concentration of nuciferine (0.03–2.4 μM) was added to observe its vasorelaxation (Yang et al., 2020).
2.9.6 Effects of eNOS/sGC/cGMP signaling pathways
To explore the possible participation of endothelium-derived nitric oxide (NO) pathways, the endothelium-intact strips were firstly incubated with L-NAME (100 μM) or ODQ (10 μM) or, then, contracted by PhE (1 μM), and finally a cumulative concentration of nuciferine (0.03–2.4 μM) was added to observe its vasorelaxation PhE (1 μM) was precontracted to endothelium-denuded aortic ring and treated with drugs; SNP was used as a positive control. After the experiment, liquid nitrogen quickly freezes the vascular ring. The experimental operations were performed in the presence of the non-specific phosphodiesterase inhibitor IBMX, 10 μM. The frozen aorta was ground in a stainless steel mortar, and the operation was carried out in the presence of liquid nitrogen. Weigh the tissue and add 0.1 M HCl (w/v: 1:10) to homogenize and centrifuge at 1500 g for 15 min, take the supernatant. cGMP level is determined by enzyme immunoassay using acetylation procedure and direct cyclic GMP ELISA kit ADI-900–014 (Kubacka et al., 2018).
2.9.7 Examination of K+ channel effect
In order to determine whether nuciferine-induced relaxation was related to the activation of K+ channels, we selected four types of K+ channel blockers to inhibit the different K+ channels, BaCl2 (100 μM) for KIR, 4-AP (1 mm) for KV, TEA (1 mm) for KCa, and Gli (100 μM) for KATP.
2.9.8 Observation of intracellular calcium release
Endothelium-denuded rat thoracic aorta strips were incubated in Ca2+ free KBS solution, and then PhE (1 μM) was added to produce the first transient contraction (T1). Subsequently, the strips were rinsed with KBS solution 4 times to supplement the intracellular Ca2+ loss and with Ca2+ free KBS solution for 2 times in succession. Followed that, nuciferine (0.1, 0.3, 0.6 μM) was added and incubated for 10 min and PhE (1 μM) was added again to produce the second transient vasocontraction (T2). T2/T1 × 100% was calculated as contraction (Qu et al., 2015; Hu et al., 2018; Kim et al., 2019).
2.9.9 Observation of extracellular calcium influx
Endothelium-denuded rat thoracic aorta strips were also employed and incubated in Ca2+-free KBS. Then 1 μM PhE or 60 mm KCl was added to produce a basic contraction, and 0.01–10 mM of CaCl2 were added in sequence to obtain a concentration–response curve. In order to examine the relation of nuciferine-induced vasorelaxation to the contractions by PhE or KCl, nuciferine was pre-incubated for 10 min after adding PhE or KCl. The contraction produced by highest concentration of CaCl2 (10 mm) was taken as 100%, and then, based on which, the inhibitory rate of nuciferine could be calculated (Qu et al., 2015; Hu et al., 2018; Kim et al., 2019).
2.10 Cell culture
HUVECs were cultured at 37°C on gelatin-coated plates in the basal nutrient media DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin.
2.11 Cell viability assay
Cell viability was determined by a standard MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5.
-diphenyl-2-H-tetrazolium bromide) assay. Briefly, HUVECs were seeded in a 96-well plate at 1 cells/well × 104 cells/well (200 μL). 1, 3, 10, 30 or 100 μM nuciferine treatment for 24 h. MTT solution was added to each well. After 4 h incubation, 150 µL of DMSO was added to dissolve the formazan crystals. Cell viability was reflected by absorbance, which was measured at 492 nm using a microplate reader after 10 min of shaking. Cell viability was expressed as a percentage of the control value. Each experiment was performed in quintuplicate using three independent cultures.
2.12 Western blot Analysis
HUVECs were purchased from lonza (Switzerland). HUVECs were pre-incubated with nuciferine, then exposured to TNF-α (10 ng/ml) (Cao et al., 2020). Total cellular proteins were extracted, followed by protein concentration determination using a BCA kit. Followed by protein denaturation, electrophoresis, transferred to a membrane; the membrane was then blocked with a 5% non-fat skim milk solution for 1–2 h. Then incubated with primary and secondary antibodies. Tris-buffered saline and Tween 20 (TBST) was used to wash the membranes for 5 min, which was repeated three times. Densitometry analysis of the protein bands was performed using the ImageJ software.
2.13 Statistical analysis
GraphPad Prism 5 software was used for the statistical analysis. All values were expressed as mean ± SD of three independent experiments. When the data were normally distributed, they were analysed by unpaired two-tailed Student’s t-tests and multiple groups were analysed by one-way analysis of variance (ANOVA). A p value <0.05 was considered significant.
3 RESULTS
3.1 Yield of various solvent extracts
We investigated the yield of lotus leaf extracts in different solvents. The yield of the H2O, 25% ethanol, 50% ethanol, 75% ethanol, and ethanol extracts ranged from 8.94 ± 0.96 to 22.38 ± 1.64% (Table 1). The vasodilatory activity of the H2O, 25% ethanol, 50% ethanol, 75% ethanol, and ethanol extracts ranged from 19.65 ± 0.19 to 90.63 ± 1.82% (Table 1 and Figure 1). Based on the yield and vasodilatory activity, 75% ethanol was selected as the most suitable extraction solution.
TABLE 1 | Extraction yields, and relaxation of Lotus leaf with different extraction solvents.
[image: Table 1][image: Figure 1]FIGURE 1 | Relaxtion of Lotus leaf with different extraction solvents. The data are expressed as the means ± SD of 3 rats (n = 3). (* mean p < 0.05; *** mean p < 0.001 vs. 75% Ethanol group).
3.2 Different solvent extractions
Based on the polarity, the extract obtained using 75% ethanol was further extracted using different solvents (Figure 2). The CH2Cl2 layer exhibited the best vasodilatory activity (98.22 ± 1.01%) (Table 2 and Figure 3). The vasodilatory activity was concentration-dependent (EC50 = 1.21 ± 0.10 µg/ml) (Table 3).
[image: Figure 2]FIGURE 2 | Flow chart of different solvent extraction.
TABLE 2 | Extraction yields, and relaxation of different solvent extraction.
[image: Table 2][image: Figure 3]FIGURE 3 | (A) Relaxation of different solvent extraction. (B) The cumulative concentration-response curve of the effect of CH2Cl2 (0.03 μg/ml to 6 μg/ml) on isolated rat aortic rings pre-contracted with PhE (1 μM). (*** mean p < 0.001 vs. CH2Cl2 group).
TABLE 3 | Modulators used for the vasorelaxative effect.
[image: Table 3]3.3 HPLC and ESI-HRMS analyses
The standard nuciferine product peak appeared at 12.453 min. The component in the CH2Cl2 layer exhibited a peak at 12.480 min (Figure 4A). The peak shape and time were basically the same. Calculated ESI-HRMS value for nuciferine ([M + H] +) was 296.16451, and it was found to be 296.16385. The found ESI-HRMS value of the component in the CH2Cl2 layer ([M + H] +) was 296.16412 (Figure 4B).
[image: Figure 4]FIGURE 4 | Comparative analysis of nuciferine standard substance and CH2Cl2 layer (A)HPLC; (B)ESI-HRMS.
3.4 Vascular reactivity assessment
3.4.1 Effect of nuciferine on rat thoracic aorta
Accumulation of nuciferine (0.03–2.4 μM) had no obvious effects on basal tension in rat thoracic aortic rings when compared to the vehicle control group (Figure 5).
[image: Figure 5]FIGURE 5 | The effect of concentration-dependent addition of nuciferine on blood vessels. The data are expressed as the means ± SD of 6–8 rats (n = 6–8).
3.4.2 Nuciferine relaxes the pre-contracted PhE in rat thoracic aorta
Nuciferine exerted concentration-dependent vasorelaxant effect on PhE induced contraction in both endothelium-intact (Emax = 97.95 ± 0.76%, EC50 = 0.36 ± 0.02 μM) (Figure 6A) and endothelium-denuded (Emax = 75.42 ± 1.83%, EC50 = 1.30 ± 0.03 μM) (Figure 6B) arteries. Therefore, the vasodilatory activity of nuciferine is thought to be related to the endothelium (Figure 6C).
[image: Figure 6]FIGURE 6 | The vasodilation effect of nuciferine (A) Intact endothelium (+endo); (B). Endothelium-denuded (-endo); (C) ±endo. The data are expressed as the means ± SD. of 6–8 rats (n = 6–8). (*p < 0.05; **p < 0.01 and ***p < 0.001 vs. control group).
3.4.3 Examination of α-, β-, and M-receptor activities
3.4.3.1 Examination of α-receptor activity
Pre-incubation with various concentrations of nuciferine (0.6, 1.2 μM) significantly inhibited the concentration-response contraction induced by PhE (0.1 nm–10 μM), and suppressed its maximal contraction (Emax) to 90.73 ± 3.26% and 69.39 ± 1.59%, respectively (vs. control group Emax = 100%) (Figure 7A). The vasodilatory activity of nuciferine is thought to be related to the α-receptor activity.
[image: Figure 7]FIGURE 7 | (A) α-receptor. (B) β receptor. (C) M receptor. The data are expressed as the means ± SD of 6–8 rats (n = 6–8). (*p < 0.05, **p < 0.01 and ***p < 0.001 vs. control group; #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. control group).
3.4.3.2 Examination of β- and M-receptor activities
There was no significant difference between propranolol pre-incubated vascular ring (Emax = 95.66 ± 1.30%, EC50 = 0.48 ± 0.02 μM) (Figure 7B) and the control group (Emax = 97.95 ± 0.76%, EC50 = 0.36 ± 0.02 μM). The vasorelaxation induced by nuciferine is thought to be associated with M-receptor activity (Emax = 84.67 ± 4.06%, EC50 = 1.05 ± 0.03 μM) (Figure 7C).
3.4.4 Effects of PGI2 on nuciferine-induced relaxation
Indo (Emax = 92.98 ± 0.31%, EC50 = 0.71 ± 0.01 μM) (Figure 8) pretreatment weakened the relaxing effect of nuciferine. Therefore, the vasodilatory effect of nuciferine may be related to PGI2.
[image: Figure 8]FIGURE 8 | Effect of Indo on nuciferine induced vasorelaxation. The data are expressed as the means ± SD of 6–8 rats (n = 6–8). (*p < 0.05, **p < 0.01 and ***p < 0.001 vs. control group).
3.4.5 Effect of eNOS/sGC/cGMP on nuciferine-induced relaxation
After pretreatment with eNOS inhibitor L-NAME (Emax = 72.43 ± 5.00%, EC50 = 1.36 ± 0.04 μM) (Figure 9A) and sGC inhibitor ODQ (Emax = 39.01 ± 5.44%) (Figure 9B), the vasodilatory effect of nuciferine was found to be significantly reduced. The inhibitory effect of ODQ is stronger than that of L-NAME, and it is suspected that nuciferine can directly act on smooth muscle cells. The endothelium was pretreated with lotus leaf alkaline extract to remove the blood vessels, and then, the cGMP content was assessed. The results revealed that there were significant differences between the nuciferine group (5 μM, 2.06 ± 0.24 pmol/ml; 10 μM, 1.88 ± 0.10 pmol/ml) and the control group (1.30 ± 0.05 pmol/ml). The cGMP content of the positive control SNP was 3.23 ± 0.16 pmol/ml (10 μM) (Figure 9C). The vasodilatory effect of nuciferine is thought to be related to the eNOS/sGC/cGMP signaling pathway. The cGMP results also proved that lotus leaf can directly activate sGC in smooth muscle cells to increase the production of cGMP.
[image: Figure 9]FIGURE 9 | Effect of eNOS/sGC/cGMP on nuciferine-induced relaxation (A) L-NAME blocking effect; (B) ODQ blocking effect; (C) Detection of cGMP content. The data are expressed as the means ± SD of 6–8 rats (n = 6–8). (*p < 0.05, **p < 0.01 and ***p < 0.001 vs. control group).
3.4.6 Examination of K+ channel effect
Four types of selective K+ channel blockers, including BaCl2 (Emax = 1.73 ± 2.48%), Gli (Emax = 60.23 ± 2.30%, EC50 = 1.97 ± 0.01 μM), TEA (Emax = 74.93 ± 0.47%, EC50 = 1.63 ± 0.04 μM), and 4-AP (Emax = 75.80 ± 1.60%, EC50 = 1.50 ± 0.02 μM) were added into the incubation solution to obtain endothelium-denuded strips (Emax = 75.42 ± 1.83%, EC50 = 1.30 ± 0.03 μM) separately. The results revealed that all these K+ channel blockers affected the nuciferine-induced relaxation (Figures 10A,B), especially BaCl2.
[image: Figure 10]FIGURE 10 | Effects of K+ channel blockers on nuciferine induced vasorelaxation. The data are expressed as the means ± SD of 6–8 rats (n = 6–8). (*p < 0.05, **p < 0.01 and ***p < 0.001 vs. control group; #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. control group).
3.4.7 Effect of sarcoplasmic reticulum calcium release
The endothelium-denuded strips were incubated in a Ca2+-free solution and contracted by PhE, which promoted calcium release from the SR. The pre-treatment with nuciferine (0.1, 0.3, and 0.6 μM) significantly affected the PE-mediated vasocontraction (Figure 11). This result suggested that nuciferine interferes with SR Ca2+ release for its vasodilation upon considering the control group as 100%.
[image: Figure 11]FIGURE 11 | Effects of SR calcium release on nuciferine induced vasorelaxation. The data are expressed as the means ± SD of 6–8 rats (n = 6–8). (**p < 0.01 and ***p < 0.001 vs. control group).
3.4.8 Effect of extracellular Ca2+ influx on vasorelaxation by nuciferine
3.4.8.1 Examination of ROCCs effect
PhE promotes Ca2+ influx via ROCCs. The results revealed that nuciferine (0.3 and 0.6 μM) affected the contraction induced by CaCl2 + PhE (Figure 12A), suggesting that the relaxation by nuciferine might be related to the ROCCs.
[image: Figure 12]FIGURE 12 | Effects of extracellular Ca2+ influx on nuciferine induced vasorelaxation. The data are expressed as the means ± SD of 6–8 rats (n = 6–8). (*p < 0.05 and **p < 0.01 vs. control group; #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. control group).
3.4.8.2 Examination of VDCCs effect
High concentration of KCl promoted Ca2+ influx via VDCCs. The results revealed that 2.4 μM nuciferine did not affect the contraction induced by CaCl2 + KCl (Emax = 91.68 ± 1.01%) (Figure 12B), thereby suggesting that the relaxation by nuciferine might not be related to VDCCs.
3.5 Cell viability assay
Pretreatment with nuciferine (1–100 μM) for 24 h did not result in significant difference between the control group (Figure 13).
[image: Figure 13]FIGURE 13 | Toxicity test of nuciferine on HUVECs.
3.6 Vascular protection effect of nuciferine
TNF-α treatment increased the expression of cell adhesion molecules, such as ICAM-1 and E-selectin. Interestingly, pretreatment with nuciferine attenuated TNF-α-mediated cell adhesion molecules (Figure 14). Our results revealed that nuciferine may exert a vascular protective effect.
[image: Figure 14]FIGURE 14 | Effect of nuciferine on TNF-α-induced expression of adhesion molecules in HUVECs. (*p < 0.01 and ***p < 0.001 vs. control group).
4 DISCUSSION
Lotus leaves contain alkaloids, flavonoids, polysaccharides, and other ingredients (Nguyen and Pham, 1998; Ma et al., 2010; Chen and Qi, 2015; Tungmunnithum et al., 2018; Ye et al., 2018). Different ratios of water and ethanol were used to obtain the extracts, and the 75% ethanol extract was found to exert a strong vasodilator effect. The 75% ethanol extract was further subjected to polarity-dependent extraction, and it was found that the CH2Cl2 layer exhibited the highest vasodilatory activity. Therefore, the component analysis of the CH2Cl2 layer was carried out, and the components that accounted for about half of the entire peak area in the liquid phase analysis were separated by preparative liquid phase. The chromatographic characterization and the comparative analysis of liquid phase/mass spectrometry confirmed that the substance was nuciferine, which was consistent with previous research results that most of the alkaloids were dissolved in the dichloromethane layer (Wang et al., 2008) and nuciferine was the most abundant alkaloid in lotus leaf (Ma et al., 2010). Before this, some scholars have studied the relaxation mechanism of nuciferine on mesenteric arteries (Wang X. et al., 2015) and trachea (Yang et al., 2018). With this, we believe that nuciferine is the main component present in lotus leaves with vasodilator activity. Therefore, the thoracic aorta activity of nuciferine was further studied. In this study, we aimed to provide a basis for future studies on the vasodilatory activity of lotus leaf extracts.
As shown in Figure 6, nuciferine was found to directly act on the rat thoracic aorta without pretreatment, and there was no significant effect. The vasodilatory effect of nuciferine is more related to the endothelium. The vascular endothelium produces vasodilatory factors, such as NO and PGI2 (Yam et al., 2016). When eNOS is activated, L-arginine is converted into NO in vascular endothelial cells. NO penetrates the endothelium and enters the smooth muscle cells, and then, activates the soluble guanylate cyclase, thereby increasing the intracellular levels of cGMP, which is synthesized from guanosine triphosphate (Qu et al., 2015; Kubacka et al., 2018). The thoracic aortic vasorelaxant effect of nuciferine was also blocked in the L-NAME and ODQ experiments, which is consistent with the trend of nuciferine to relax rat mesenteric arteries (Wang X. et al., 2015). But in the thoracic aorta experiment, the blocking effect of ODQ was more obvious. Based on the above phenomenon, nuciferine may directly activate sGCs in smooth muscle cells to promote cGMP production. The nitric oxide donor SNP was selected as a positive control, and nuciferine directly treated smooth muscle cells. The detection of cGMP content in vessels found that nuciferine could directly act on smooth muscle cells, then relate vessels. In conclusion, the vasodilatory effect of nuciferine may be related to the NO signaling pathway.
As another endogenous vasodilator prostacyclin (PGI2) synthesized and released by endothelial cells, both PGI2 and NO act directly on smooth muscle cells. However, the mechanism of action of the two is slightly different. PGI2 binds to smooth muscle cell membrane receptors and promotes the production of cAMP to relax vessels (Moncada et al., 1976; Gomberg-Maitland and Olschewski, 2008). Arachidonic acid (AA) is converted to PGI2 by COX (Yam et al., 2016). In the present study, Indo was found to partially inhibit the relaxation effect of nuciferine. This is different from previous findings that the relaxation of mesenteric arteries by nuciferine is independent of PGI2 (Wang X. et al., 2015). This suggested that the relaxation mechanism of nuciferine in the thoracic aorta and mesenteric arteries was different, and proved that the relaxation of the thoracic aorta by nuciferine may be related to the PGI2 signaling pathway.
Ions play an important role in maintaining blood vessel homeostasis (Qu et al., 2015; Hu et al., 2018). We found that four different types of potassium channels are related to the vasodilatory effect of nuciferine, especially the inwardly rectifying potassium channels. In most cases, the contraction of the vascular smooth muscle is related to an increase in [Ca2+] ions through the influx of extracellular Ca2+ and the release of intracellular Ca2+. The influx of extracellular calcium is mainly through the VDCCs and ROCCs located in the cell membrane. The KCl-induced contraction is mainly caused by the depolarization and opening of the VDCCs membrane, which drives the influx of extracellular Ca2+. PhE leads to the contractions in response to the extracellular Ca2+ influx upon direct activation of ROCCs. We found that the vasodilatory effect of nuciferine is related to the ROCCs pathway of intracellular calcium release and extracellular calcium influx (Kim et al., 2015; Lee et al., 2015; Kim et al., 2019).
Nuciferine relaxes the thoracic aorta through endothelium-dependent and -independent mechanisms. Therefore, nuciferine may act directly on endothelial cells and smooth muscle cells. α- and β-receptors are widely distributed in vascular smooth muscle cells, and muscarinic (M) receptors are distributed in the vascular endothelium. Stimulation of α-receptor results in vasoconstriction, and M- and β-adrenergic receptors are involved in vasodilation (Chiu et al., 2004; Yam et al., 2016). β-adrenergic receptors were not involved in the vasodilatory effect of nuciferine, which was consistent with mesenteric arteries findings (Wang X. et al., 2015). The present study demonstrates that the vasodilatory effects of nuciferine are associated with α- and M-receptors.
A variety of cardiovascular diseases such as hypertension, atherosclerosis and heart failure are often accompanied by endothelial dysfunction (Vanhoutte, 1996). TNF-α is reported to trigger the interaction between monocytes and vascular endothelial cells, enhance the expression of adhesion molecules, such as VCAM-1, ICAM-1, and E-selectin, and finally induce endothelial dysfunction (Yao et al., 2015; Zhou et al., 2017). Nuciferine did not show cytotoxicity at the concentration of 0–100 μM, and the results of western blot experiments showed that nuciferine inhibits the production of vascular adhesion factors in a concentration-dependent manner and protects vessels.
In summary, nuciferine was the main substance with a vasodilatory effect in the lotus leaf extract. The vasodilatory effects of nuciferine were mediated by multiple pathways, multiple-targets and had both endothelium-dependent and -independent mechanisms. Nuciferine mainly mediated the NO/cGMP signaling pathway, activated the KIR channel, and inhibited ROCCs and SR Ca2+ release to relax thoracic aorta. Notably, Nuciferine has low cytotoxicity and endothelial protective effect, which was worth further development and research. This study provides a new research direction for the development and application of lotus leaf extract.
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Stent thrombosis remains one of the main causes that lead to vascular stent failure in patients undergoing percutaneous coronary intervention (PCI). Type 2 diabetes mellitus is accompanied by endothelial dysfunction and platelet hyperactivity and is associated with suboptimal outcomes following PCI, and an increase in the incidence of late stent thrombosis. Evidence suggests that late stent thrombosis is caused by the delayed and impaired endothelialization of the lumen of the stent. The endothelium has a key role in modulating inflammation and thrombosis and maintaining homeostasis, thus restoring a functional endothelial cell layer is an important target for the prevention of stent thrombosis. Modifications using specific molecules to induce endothelial cell adhesion, proliferation and function can improve stents endothelialization and prevent thrombosis. Blood endothelial progenitor cells (EPCs) represent a potential cell source for the in situ-endothelialization of vascular conduits and stents. We aim in this review to summarize the main biofunctionalization strategies to induce the in-situ endothelialization of coronary artery stents using circulating endothelial stem cells.
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INTRODUCTION
Cardiovascular diseases are the most prevalent non-communicable diseases worldwide, accounting for 31% of all deaths (WHO, 2017). Coronary artery disease (CAD) is the most common type of cardiovascular disease, causing the majority of cardiovascular-related deaths worldwide (Okrainec et al., 2004). The main cause of CAD is the accumulation of fatty and fibrous materials in the wall of the coronary artery forming an atherosclerotic lesion, which eventually leads to arterial occlusion (Ross, 1993). The growing size of the formed lesion can be sufficient to block the blood flow, however most clinical complications result from thrombus formation. A thrombus obstructs blood flow to the heart muscle leading to myocardial ischemia and infarction (Lusis, 2000).
Percutaneous coronary intervention (PCI) is a non-surgical revascularization technique used to treat obstructive coronary arteries. PCI has become the treatment of choice for CAD. The implantation of intracoronary stents is one of the major PCI techniques used to relive the narrowing of coronary arteries (Smith et al., 2001). Although stenting have improved the acute outcomes of PCI, the long-term outcomes are still hindered by other factors such as age and other comorbidities (Smith et al., 2001). Stent thrombosis and restenosis remain the main causes that lead to vascular stent failure in patients undergoing PCI (Seabra-Gomes, 2006; Chaabane et al., 2013). Stent implantation causes mechanical vascular injury characterized by endothelial denudation and platelet activation, leading to thrombosis and stenosis (Kipshidze et al., 2004; Otsuka et al., 2012; Chaabane et al., 2013).
Evidence suggests that type 2 diabetes mellitus is associated with suboptimal outcomes following PCI or revascularization (Seabra-Gomes, 2006; Bittl, 2015; Koskinas et al., 2016). Type 2 diabetes mellitus is characterized by hyperglycemia and insulin resistance leading to endothelial dysfunction. The abnormal reactivity of diabetic endothelial cells is associated with an increased rate of cardiovascular events (Seabra-Gomes, 2006). In addition, patients with diabetes are at higher risk to develop coronary lesions in stented vessels and are presented with higher rates of completely occlusive restenosis following PCI (Seabra-Gomes, 2006). Diabetes also results in platelet dysfunction and hypo-responsiveness to antiplatelet treatments, increasing the risk of stent thrombosis (Gum et al., 2003; Watala et al., 2004; Angiolillo et al., 2005).
It has been suggested that inducing the rapid endothelialization of stents might improve the outcomes of PCI (Finn et al., 2007). Rapid endothelialization of blood-contacting devices and surfaces is desired due to the anti-thrombotic and anti-adhesive properties of endothelial cells, thus preventing the recruitment and adhesion of platelets and leukocytes to the stented area (Sousa et al., 2003). Establishing a functional endothelial cell layer rapidly after stent implantation might prevent stent thrombosis (Kong et al., 2004). Thus, in this review, we highlight the role of endothelial cells in protecting from stent thrombosis in the context of diabetes, and summarize the main studies that investigated biofunctionalization strategies to induce the in-situ endothelialization of coronary artery stents using circulating endothelial stem cells.
Pathogenesis of stent thrombosis: Role of endothelial cells
Coronary stents are prosthetic cylindrical meshes inserted into the coronary artery using a catheter to relieve the narrowing of the artery and improve blood flow to the heart muscle (Meads et al., 2000). Stents provide a permanent scaffolding for the vessel wall, thus inhibiting the arterial recoil and restenosis associated with plain old balloon angioplasty (Meads et al., 2000; Garcia-Garcia et al., 2006; Seabra-Gomes, 2006). To improve the outcomes of PCI, stents have evolved in terms of design and composition, from bare metal stents (BMS), to drug eluting stents (DES) and bioresorbable vascular scaffolds (BRS). We refer the reader to these reviews on the evolution of stents types, designs and materials (O’Brien and Carroll, 2009; Borhani et al., 2018; Torii et al., 2020; Scafa Udriște et al., 2021).
Stent thrombosis is the occlusion of a coronary artery stent by a thrombus. Standard definitions and classifications of stent thrombosis has been proposed by the Academic Research Consortium (ARC) (Garcia-Garcia et al., 2018). Stent thrombosis is classified into early, late or very late thrombosis according to the elapsed time from stent implantation, and could also be defined according to the degree of certainty as definitive, probable, or silent occlusion (Garcia-Garcia et al., 2018). The reported incidence of stent thrombosis was< 1% for early stent thrombosis (D'Ascenzo et al., 2013), 0.5–1% for late stent thrombosis (D'Ascenzo et al., 2013) and 0.2–0.4% per year for very late stent thrombosis with second generation DES while 2% was reported with 1st generation DES (Biondi-Zoccai et al., 2006). Although stent thrombosis incidence remains low, it constitutes a significant public health issue due to the high number of implanted stents worldwide and the major consequences of thrombotic events (Gori et al., 2019). The mortality caused by stent thrombosis has been reported to be as high as 45% (Biondi-Zoccai et al., 2006). Additionally, stent thrombosis was shown to be accountable for 20% of all myocardial infarction cases following PCI (Gori et al., 2019). Four factors have been identified to influence stent thrombosis including the used device, implantation procedure, patient status, and type of lesion.
The pathophysiological response to stent implantation involves wound healing processes including thrombosis, inflammation, and remodeling (Chaabane et al., 2013). The stenting process leads to a partial or complete denudation of the endothelial cell layer, stretching of the artery, and mechanical vascular injury. This induces platelet activation and adhesion, and the deposition of fibrin on the site of injury. The activated platelets express adhesion molecules, such as P-selectin, which leads to the recruitment of inflammatory cells (Costa and Simon, 2005). The recruited platelets and leukocytes respond by releasing growth factors and cytokines that induce smooth muscle cell proliferation, migration, and deposition of extracellular matrix proteins in the intima of the artery, leading to in-stent restenosis (Chaabane et al., 2013).
Endothelial cells play an important role in protecting from thrombosis and inflammation and maintaining blood fluidity. The release of vasoprotective and thromboresistant agents such as Nitric oxide (NO) and prostacyclin prevents platelet activation and thrombus formation. Von Willebrand factor secretion is also an important factor that modulates platelets adhesion and aggregation under shear conditions (van Hinsbergh, 2012). Additionally, the normal endothelium activates fibrinolysis through the secretion of tissue plasminogen activator; an important mechanism for the resolution of thrombi (Oliver James et al., 2005). Endothelial injury leads to a disturbed production of these protective molecules, and an increase in the expression of adhesion molecules leading to thrombosis, leukocyte recruitment and smooth muscle cell dysregulation (van Hinsbergh, 2012).
The vascular endothelium is also an important interface between the vascular wall and the blood components, and its absence leads to the exposure of the subendothelial elements. The direct interaction of the blood with the subendothelial elements might trigger platelet adhesion leading to thrombosis (Palmaz, 1992). Additionally, implanted stent strut or coating material may induce stent thrombosis (Palmaz, 1992; Jaffer et al., 2015; Georgiadou and Voudris, 2017). It has been determined that the degree of stent coverage with endothelial cells is “the most powerful histological predictor” of stent thrombosis (Finn et al., 2007; Georgiadou and Voudris, 2017). Additionally, the degree of neointima formation following mechanical injury was found to be correlated with the rate of re-endothelialization (Douglas et al., 2013). The delayed stent coverage with endothelial cells in addition to the constant fibrin deposition and inflammation are associated with late and very late stent thrombosis, and the risk is greatly increased in stents with more than 30% uncovered struts (Finn et al., 2007; Claessen et al., 2014).
The stent design and composition are of the main factors that influence stent endothelialization and endothelial cell recovery following PCI (Cornelissen and Vogt, 2019). The surface topography of the stent affects cell adhesion and alignment. It has been shown that a topography resulting in elongated and aligned cells could accelerate the development of a healthy endothelium layer (Claessen et al., 2014). Additionally, the non-physiological nature of the stent material could affect the migration and adhesion of endothelial cells and thus biocompatibility is a key factor in improving endothelialization (Van der Heiden et al., 2013). Endothelialization is also influenced by the thickness of the strut and was shown to be improved in stents with thinner struts (Cornelissen and Vogt, 2019). Additionally, the types of drugs and polymers used in the stent affect cell adhesion and proliferation. While the antiproliferative drugs used in DES reduce neointima formation and in-stent restenosis, they also delay the endothelization of the stent leading to late stent thrombosis (Finn et al., 2007). The incidence of thrombosis in BMS and DES was not shown to be different, and the polymers used in BRS were shown to induce thrombosis (Buchanan et al., 2012). To reduce the occurrence of thrombotic events, dual anti-platelet therapy (aspirin and a P2Y12 inhibitor) is given to patients following PCI (Seabra-Gomes, 2006).
Stent thrombosis and diabetes
In diabetes mellitus, patients usually present with platelet dysfunction, hyperactivity or hypo-responsiveness, increasing their risk of stent thrombosis (Yuan and Xu, 2018). Additionally, the vascular endothelium is dysfunctional in response to hyperglycemia, and the proliferation and wound healing responses are impaired in this subgroup of patients (Triggle et al., 2020). Hyperglycemia results in the impairment of endothelial cells, reducing the generation of the vasodilator NO, thus favoring a vasoconstrictive state through the increase in vasoconstrictors and pro-thrombotic mediators, endothelin-1 (ET-1) and thromboxane A2 (TXA2). This imbalance disturbs the vascular tone and results in an increase in smooth muscle proliferation and migration, accompanied by an increased secretion of inflammatory cytokines and prothrombotic factors. The reduction in NO, and the increase of ET-1 and TXA2 induces platelet activation and thrombosis with the potential contribution of an elevated generation of prostacyclin that activates TXA2 receptors (Beckman et al., 2002; Seabra-Gomes, 2006; Vanhoutte and Tang, 2008). These conditions promote thrombus formation (Figure 1A). The incidence of stent thrombosis in patients with diabetes was found to be double that for patients without diabetes (Wiviott et al., 2008). Additionally, insulin was found to play a major role in influencing thrombosis. The chronic activation of endothelial cells by insulin might affect the production of vasoprotective and antithrombotic factors, activating a prothrombotic and proinflammatory status (Wu and Thiagarajan, 1996; Angiolillo et al., 2005). The prothrombotic status in these patients decreases their response to anti-platelet agents. The dysfunctional platelets in patients with diabetes are less sensitive to aspirin increasing their risk of ischemic events (Gum et al., 2003; Watala et al., 2004; Angiolillo et al., 2005). There is also evidence of the negative effect of the common anti-diabetes drug, metformin, on endothelial proliferation on stents releasing mTOR inhibitors, as was shown in vitro and in rabbit model (Habib et al., 2013a; Habib et al., 2013b). In terms of the time of occurrence, a meta-analysis of stent thrombosis in patients with and without diabetes have shown that both subgroups had a similar rate of early stent thrombosis following PCI with DES, however, diabetes was associated with an increase in the incidence of late stent thrombosis (Yuan and Xu, 2018).
[image: Figure 1]FIGURE 1 | Biofunctionalization of stents to improve endothelialization and reduce thrombosis. (A) Cellular dysfunction in diabetes leads to high risk of stent thrombosis. Hyperglycemia results in vascular dysfunction characterized by reduced generation of NO, and induced synthesis of ET-1 and TXA2, resulting in a proinflammatory, pro-thrombotic and vasoconstrictive state. In addition, the chronic activation of endothelial cells by insulin affects the production of vasoprotective and antithrombotic factors. Diabetes also causes platelet hyperactivity, and hypo-responsiveness to anti-platelets drugs. Activated platelets bind to the vascular endothelium directly through adhesion molecules and stimulate an inflammatory response. Platelets also deposit chemokines into the surface of endothelial cells leading to leukocyte recruitment, and platelets can bind to leukocytes that adhere to the endothelial layer. Platelets also can influence endothelial cells by their secretion of vasoactive molecules (such as ADP, serotonin and TXA2) from their granules. The regenerative mechanisms by EPCs are also impaired due to EPCs dysfunction characterized by reduced EPC proliferation, and impaired eNOS and NO production. (B) Endothelialization of stents can reduce stent thrombosis. Stent endothelialization happens through 2 mechanisms: resident cell replication and EPC recruitment. Both mechanisms are impaired in diabetes. Targeting these mechanisms can enhance the endothelialization rate. (C) Biofunctionalization strategies to promote stent endothelialization. Surface biofunctionalization with mimicry factors aims to induce EPCs mobilization, capture, adhesion, and proliferation. Some of the listed factors also induce the proliferation of resident endothelial cells. NO, nitric oxide; eNOS, endothelial nitric oxide synthase; ROS, reactive oxygen species; TAX2, thromboxane A2; ET-1, endothelin-1; ADP, Adenosine diphosphate; LDL, low density lipoprotein; SMCs, smooth muscle cells; EPCs, endothelial progenitor cells; ICAM-1, intercellular adhesion molecule 1; ECM, extracellular matrix; SDF-1a, stromal cell-derived factor 1; VEGF, vascular endothelial growth factor; GAGs, glycosaminoglycans. Figure was created by BioRender.com.
Given the important role of the endothelium in the protection from thrombosis, re-endothelialization is a key therapeutic target to improve the outcomes of stent implantation in patients with diabetes, and to maintain an antithrombotic and anti-inflammatory status at the site of implantation (Douglas et al., 2013). The gradual endothelialization of stents protects from the thrombotic events, however, this process is slow in BMS, and the drugs used in DES inhibit endothelial cell proliferation and complete coverage. Thus, there is a need for a modulation in the composition of the stents to induce rapid endothelial cell adhesion and proliferation and full stent coverage soon after implantation.
Stent biofunctionalization to induce endothelialization with circulating endothelial progenitor cells
Endothelialization of stents happens through two main mechanisms: (I) the proliferation and migration of the resident cells at the site of injury, and (II) the homing and adhesion of circulating endothelial progenitor cells (EPCs) (Ong et al., 2005) (Figure 1B). Mature endothelial cells have a low proliferation and replication capacity, thus their participation in the endothelialization process is slow and limited. It is hypothesized that EPCs play a major role in the endothelialization process. EPCs are progenitors that circulate in the blood and have the ability to differentiate to mature endothelial cells and to participate in angiogenesis and neovascularization processes (Medina et al., 2017). Since their discovery by Asahara et al. (1997) in 1997, many attempts have been made to isolate EPCs using varying methods, which resulted in the identification of multiple cell populations that have been categorized under the EPC terminology (Medina et al., 2017). The main identified sub-populations are early EPCs (expressing CD31, CD45 and CD14, and lack expression of CD133) and late EPCs (expressing CD34, CD31 and CD133 and lack expression of the hematopoietic markers CD45, CD14, and CD115) (Tura et al., 2013; O'Neill TJtWamhoff et al., 2005; Zentilin et al., 2006). The late EPCs have been recently recognized to be the “true EPCs” due to their ability to differentiate into a stable mature endothelial phenotype, and to participate directly in the neovascularization process by incorporating into the vasculature (Yoder et al., 2007; Medina et al., 2010a; Keighron et al., 2018). A recent study used single-cell RNA-sequencing analysis (scRNA-seq) to identify specific markers in late EPCs, and found that this subpopulation expressed high levels of bone morphogenetic protein 2 and 4 (BMP 2 and 4) and ephrin B2 (EFNB2) when compared to other types of endothelial cells (Abdelgawad et al., 2021). BMP 2 and 4 were also found to be selectively expressed by late, but not, early EPCs, and to regulate EPC commitment and angiogenic potential (Smadja et al., 2008). Late EPCs and HUVECs share high expression of neuropilin 1 (NRP1) and Vascular endothelial growth factor (VEGF-C) (Abdelgawad et al., 2021), both important factors for the differentiation of endothelial precursors (Cimato et al., 2009; Zhang et al., 2019; Abdelgawad et al., 2021). This expression pattern could be used for the identification and differentiation between subpopulations of EPCs. We refer the reader to these reviews on the detailed differences between these subtypes and their therapeutic potential in many settings including diabetes (Medina et al., 2010b; Yoder, 2012; Pelliccia et al., 2022a; Triggle et al., 2022a).
Biofunctionalization of blood contacting implants and stents using attracting molecules (such as antibodies, proteins, glycosaminoglycan (GAGs), peptides and aptamers) have been proposed to induce endothelialization (Figure 1C). Other delivery approaches have been investigated such as nanoparticles and magnetic molecules. These modifications provide mimicry factors that aim to induce cell capture, adhesion, and proliferation of endothelial progenitors and/or influence their mobilization, taking advantage of their ability to migrate to the site of injury during vascular repair processes. Table 1 summarized some of the recent studies investigating the use of these factors to induce stent endothelialization. We also refer the reader to a comprehensive review on the chemistry aspect of biofunctionalization to incorporate these molecules into the surfaces of medical devices (Spicer et al., 2018).
TABLE 1 | Summary of the recent studies investigating the use of biomolecules to induce stent endothelialization.
[image: Table 1]To this date, the main clinically applied biofunctionalization strategy to induce EPCs capture and stent endothelization is the use of monoclonal antibodies against CD34, represented by the Genous™ EPC capture stent and the COMBO bio-engineered stent (OrbusNeich, Florida, United States) (Klomp et al., 2009; Tomasevic et al., 2019) (Table 1). CD34 biofunctionalized stents showed a great promise in early in vivo models, as they resulted in the rapid endothelialization of stents in a murine model (Kutryk and Kuliszewski, 2003). Also, early ex-vivo and clinical studies showed the rapid endothelialization of BMS (Larsen et al., 2012) and DES (Granada et al., 2010; Nakazawa et al., 2010), and for that it was hypothesized that these stents will protect from stent thrombosis. Despite their initial promise, recent clinical studies comparing the performance of the Genous™ EPC capture stent with DES didn’t show superior results in terms of their protection from lumen loss and restenosis. Studies including the TRIAS-HR (71), HEALING and HEALING II (Duckers et al., 2007) showed that the Genous stent was associated with a trend towards increase in target vessel failure. In light of these findings, it was thought that combining the CD34 capture antibody with an anti-proliferative drug will improve these outcomes, thus the novel COMBO bio-engineered stent was developed.
The COMBO bio-engineered stent (OrbusNeich, Florida, United States), is a new generation DES which contains a sirolimus-releasing resorbable polymer matrix to reduce restenosis, in addition to the CD34 coating to induce endothelization. Although comparative clinical trials have shown that COMBO stents were non-inferior to other DESs including TaxusLiberte™ (REMEDEE randomized study) (Haude et al., 2013), and Xience™ (HARMONEE randomized study) (Saito et al., 2018), the COMBO stents were associated with a trend towards increase in the rates of target vessel failure at 12 months (Saito et al., 2018; Jakobsen et al., 2021). Additionally, a recent systematic review including a total of 3961 patients and comparing the COMBO EPC-capturing DES against standard DES from 4 randomized controlled trials, showed no difference in 1-year cardiac death when compared to standard DESs. However, COMBO stent was associated with higher rates of target lesion revascularization and target vessel failure (Pelliccia et al., 2022b). Thus the benefit of these stents in inducing rapid endothelization should be weighed against the possible risk of induced hyperplastic reactions and their consequences (Pelliccia et al., 2022b).
The use of CD34 antibody to capture EPCs has also been proposed for other medical devices, vascular grafts and tissue engineering scaffolds. Nevertheless, because CD34 is not specific to EPCs, it has been suggested that other CD34 positive cells in the blood will compete with EPCs to adhere to the immobilized antibody (Sidney et al., 2014). This could be a contributing factor to the hyperplasia observed in the CD34 biofunctionalized stents. The use of other antibodies against CD133, and VE-Cadherin, amongst other antigens, have been reported to influence EPCs capture, however these stents have met mixed success in vivo (Sedaghat et al., 2013; Van der Heiden et al., 2013). Therefore, there is a need to incorporate other specific bioactive moieties to induce the specific recruitment of EPCs without inducing hyperplasia and restenosis.
Other EPC capturing strategies have been investigated in vitro and in vivo, however these approaches are yet to be validated and translated to clinical use (Table 1 respectively). Growth factors such as vascular endothelial growth factor (VEGF) have been used to induce EPCs adhesion and growth (Van der Heiden et al., 2013). Mobilization of stem cells using chemokines such as stromal cell derived factor 1a (SDF-1a) have also been investigated (Zhang et al., 2011). However, these factors are not specific to EPCs and might result in similar outcomes to what has been observed in CD34 coated stents.
A more specific approach to capture EPCs is the use of specific short peptide ligands and aptamers. These ligands provide an advantage over large biomolecules, because controlling the configuration and folding of large biomolecules is challenging during the biofunctionalization process. The literature describes the use of peptides with different specificities: (i) metal-binding peptides, (ii) non-specific cell adhesion peptides, (iii) endothelial cell-specific peptides and (iv) EPC-specific peptides. Metal-binding peptides are used as linkers to allow further modifications of the stent surface. Examples include the stainless-steel specific peptide SBP-A (Sakaguchi-Mikami et al., 2020).
One of the commonly used peptides that has shown enhanced cell biocompatibility is RGD (Arginyl-glycyl-aspartic acid) peptide, which is the principle ligand responsible for cell binding to the ECM (Bellis, 2011). Other peptides have been investigated such as the laminin derived sequences IKVAV (isoleucine-lysine-valine-alanine-valine) and YIGSR (Tyrosine-Isoleucine-Glycine-Serine-Arginine) (Massia and Hubbell, 1991; Grant et al., 1992). These peptides enhance the non-specific adhesion of cells to biofunctionalized surfaces. Peptides targeting endothelial cells have also been investigated, including REDV (Arginine-Glutamate-Aspartate-Valine) (Hubbell et al., 1991). Specific peptides to EPCs have been identified such as the disulfide cyclic octa-peptide (cGRGDdvc, also known as LXW7) (Hao et al., 2017), TPS (Threonine-Proline-Serine-Leucine-Glutamate-Glutamine-Arginine-Threonine-Valine-Tyrosine-Alanine-Lysine) (Veleva et al., 2007), and WKYMVm (Trp-Lys-Tyr-Met-Val-D-Met) (Bae et al., 2020a). These peptides interact with the integrins -which are adhesion receptors on the cells - and activate them, resulting in enhanced cell adhesion and binding. EPCs specific aptamers or oligonucleotides have been also tested (Barsotti et al., 2015). These bioactive molecules hold a great promise for the biofunctionalization of stents due to their specificity and ease of incorporation.
Challenges facing stent endothelialization with EPCs
One of the main challenges facing the in situ endothelialization with circulating EPCs is their low numbers in the blood (Yoder, 2012). These numbers were also shown to be reduced in disease states such as diabetes. Thus, strategies to boost the numbers of EPCs might be required. One example is the use of pharmacological induction using agents with known effects on EPCs such as statins. It was observed during the HEALING IIB study that statin therapy has increased the numbers of EPCs by 5.6-fold, and that the combination of statin therapy with EPC capturing stents resulted in optimal coverage of the stents (den Dekker et al., 2011). EPCs numbers could be boosted by other strategies such as combining more than one capturing molecule or incorporating chemokine or growth-factor-releasing nanoparticles within the coating of the stent. Additionally, local or systematic injection of autologous EPCs could help to boost the endothelialization of the stent.
Another limitation of stent endothelialization with EPCs is the variability in the intrinsic regenerative potential between patients, which might be affected by diabetes, cardiovascular diseases or other comorbidities (Emmert and Hoerstrup, 2016). This is important to consider particularly because the whole concept of in situ endothelialization depends on the intrinsic regenerative potential, and any impairment of this potential will affect the rate of endothelialization (Stassen et al., 2017). It was shown that EPCs function and regenerative ability is impaired in diabetes (Triggle et al., 2022b). This, in addition to vascular endothelial dysfunction, reduces the potential of stent coverage. Thus, enhancing endothelial and EPC function in these patients should be a target to improve endothelialization, in combination with stent biofunctionalization. Antidiabetic drugs with endothelial and cardioprotective effects (such as vildagliptin) (Lee et al., 2019) could be investigated in combination with the biofunctionalized stents.
In conclusion, stent endothelialization represents a potential target to reduce in-stent thrombosis following PCI. Specific biofunctionalization of stents is required to induce endothelialization without evoking restenosis. Targeting EPC and endothelial dysfunction in diabetes are key strategies to aid in the endothelialization process.
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Gene

Rat BMPR2
Rat PHD2
Rat HIF-2a
Rat Argt

Rat CXCL12
Rat CXCR4

Forward primer (5-3')

CAAAGCCCAGAAGAGCACAGAGG
TCCGTCACGTCGATAACCCAAATG
ACTGAGACACCTGCCACCTTCC
AGACCACAGTATGGCAATTGGAAGC
CGCTCTGCATCAGTGACGGTAAG
CAGCCTGTGGATGGTGGTGTTC

Reverse primer (5-3')

TTGCCATCCTGCGTTGACTCAC
CGAAGAATACCTCCGCTCACCTTG
CTTGCCACTCCTGACCCCTTTTG
TTGTCAGCGGAGTGTTGATGTCAG
AAGGGCACAGTTTGGAGTGTTGAG
CTTGCCACTCCTGACCCCTTTTG
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in vivo

In vitro

Stent type/
Material

Genous™ EPC capture
steat (OrbusNeich,
Florids, United Sates),
stainlessstel 3161

COMBO bio-engincered.
stent (OrbusNeich,
Florida, United States),
stainless steel 316L

Cobra PaF stent
(CeloNova BioSiences,
San Antonio, Texas),
ol chromium (CoCt)

Cocr

Stainless Stecl

Stainless steel 3161,

Nitinol

Stainless Stecl

Titaniun (1)

cocr

Stainless Steel 3161

T

Nitinol

Stainless steel 316L.

‘magnesium alloy
MgznYNd

T

PEG-diacrylate (PEGDA)
‘ydrogel

‘Bioactive molecule

‘Murine monoclonal Anti-human CD34+

Sirolimus and marine monoclonal Ant-
human CD34+ antibody

Fiuorinated Polyzene- (PzF) polymer

A homing peptide for endothela colony
forming cell (WKYMVm)

Murine monoclonal antihuman endoglin
antibody

‘Auti CDI46 antibody and silicone (s)
‘nanofilaments

Recombinant antibody fragments (sv)
speciic for vascular endotelia growth actor
receptor:2 (VEGER?)

RGD peptide and CXCLL

Vascalar endothelial cadherin (VE-Cad)
antibody

heparin/poly L iine nanopartices

Vidagiptin

‘Elastinike recombinamers (ELR) genetically
‘modified with an REDV sequence

Phage dentifed SUS316L-binding peptde
(SBE-A, VQUNTKYSVVIR), followed by
aati ICAM-1 antibody modification

‘Endothelalspecifc ligonucleotide: 5' -GGG
AGC TCA GAA TAA ACG CTC AAC AAC
CCG TCA ACG AAC CGG AGT GTG GCA
GGT TOG ACA TGA GGC CCG GAT C-3'

T) axide (T10;) nasotubes and fbronectin

Ti nanotubes.

‘Semi-interpenetating network (PN)
hydrogel consisting of Polyscrylamide
(PAAm), polymethyl methacrylate (PMMA),

Asginine leucine based poly (et urea
urethane)s (Arg-Leu-PEUUS) in comparison
to poly (gycolide-co-lactid) (PLGA) coating,

‘Heparia-VEGE-fibronectia

'REDV.containing peptides

‘Biofunctionalization strategy

Covalently coupled poly-saccharide intermedite
‘matrix coating, immobilized with anti-human CD34+
antbodies.

Sirolimus-relessing resorbable polymer matrix
(SynBiosys™ urethane-linked multi-block copolymer
composed of lactide/ glycolide/ caprolactone/
polyethycaglycol (PEG)) combined with nt] CD34+
antibodies.

Coated with a thin nano-layer of fluorinated Polyzene-
F (Pa) plymer and o aerof poly s
Iurifluoroethoxy]phosphazene).

Stents were coated with dopamine, and the peptide
s conjugated to doparmine using N-
hydroxysuccinimide (NFS) and 1-Ethyl-3-3-
dimethylaminopropyl) carbodiimide (EDC) to
activate the carboxyl group of the peptide.

Commercially availabl stents murine monoclonal
antihuman endoglin antibody (ENDs) (Beijing Lepa
Medical Technology limited corporation, Ching), in
‘comparison to sirolimus eluting sents (SES)
(ohasn & Johason, United Sttes), aud BMS
(Abbatt, United States).

Stainles sl sents conted with murine monoclosal
ENDs and CD4s (Befing 1<pu Medical Technology
limited corporstion, Chin), and SESs ohnson &
Johason, United Sttes).

Polshed sucfuces were costed with si pasoflents.
Surfaces were treated with O2 plasma, followed by
imumersion in oluege dissolved in 3-
aminopropyltricthosysiane (APTES) to introduce
amine groups. Anibodies were immoblized in the
presence EDC and NHS.

‘Surfaces were coated with titanium precursor fllowed
by functionalization with amino groups and
immabilization of axidized glycosylated scPv
‘molecules.

Stents were costed with str-shaped
‘polyethylengycole (PEG), followed by immobilization
of RGD alone or RGD/CXCLL.

'VE-Cad antibodies were immobilizedon stinless sl
stents grafied with sulfonamide zwiterionic and
acrylic acd.

‘The nanopartcles were immobilized into dopamine
‘coated Ti surfaces. T disks were costed with dopamine
(2 mg/ml in Tri buffer, pH 8.5) for 12 b, followed by
sonication in water. The process was repeated three
tmes to coat with the layers, ollowed by incubation
with nanopertice suspension at 37°C for 24 h.

Hlectrospinming of poy (D) actide-co-gycolide
(PLGA),in combinaton with vldagiptin (40 mg/
40 mg or260 mg/20 mg) and hexafiuoro isopropancl
(HFIP).

‘The nanofibrous sheets were mounted on

commercially avalable BMSs (Gazelle BMS,
‘Biosensors International, Switzerland) followed by
vacum drying,

Plasma activaion and eiching using sodiums bydroxide
NOH) folowed by slanization with 3-
chloropropyltriethoxysiane and functionalized with
the BLR

“The SBP-A peptide was used a3 lske fo immobilize
ICAM-1 antibody. N-terminl streptavidin-modified
«ati-ICAM satibody was added to SBP-A-modified
SUSII6L disks.

Aminosianization using (3-Amicopropyl)
riethoxysiane (APTES), followed by immobilization
of of 3 thiol modifed aligomuclotde.

TN0, surfaces were anodized to creste TiO, nanotubes.
Fibronectin was immobiized on TiO; naotubes using
polydopamine

Anodic oxidation

(Cas mlding of sents in s TPN bydrogel trough
e raica potymerization

Incorporating hydraxyl groups through coating with
titaia, followed by slanization using APTES, and
immobilzation of gycosyated scFv.

Spinsing coating of disks with the polymers (Arg-Leu-
PEUU in NN-Dimethylormamide (DMP) or PLGA
in Dichloromethane CH,Cly) followed by solvent
evporston and beating.

Layer-by-layer coating

Peptides that target a41 and a5t were coupled to
'PEGDA hydrogel using these combinations:
RGDS# REDV

CRRETAWAC(eyclic}+REDY, P_RGDS+
KSSP_REDV,

P_RGDS+ P_RDEV

P_RGDS+ P_REDV

- Anti CD34 coated stents resuled in rapid
endotheiaization of steats in marine model (Katryk
and Kuliszewsk, 2003).

- Clinical studies: TRIAS-HR. (Klomp et a, 2011),
'HEALING (Aoki et al, 2005) and HEALING It
(Henricus Bric et a, 2007) showed that the Genous
stent was associated with a trend towards increase i
target vesse fulure. HEALING I1B showed that
although satia induced EPC recruitment, combiniag
satin therapy with Genous stent did't reduced in-
stnt restenosis.

- COMBO stentswere non-inferir to Tazusliberte™
(REMEDEE randomized study) (Haude e o, 2013),
‘and Xience™ (HARMON EE randomized study) (Saito
el 2018)

- Associated with  trend towardsinrese n the rates
of target vessl fulure at 12 months (Saito et ol 2018;
Jakobsen et al, 2021).

- No diffeence in 1-year cardise death when
compared o standard DESs. Showed higher rates of
target lesion revasulaization and target vessel fture
(Peliceia et al, 2022).

- P2k previously showed reduced intimal byperplasia,
anti- thrombotic, and anti-inflammatory propertes
(Koppaza et al, 2016) and had superior heaing whea
‘compared to bioabsorbable palymer DES in porcine
and rabbit models (lcoyuki t al, 2019).

- Clnical studies: 1-year follow p showed that the:
stent performance s satisfactory and confirmed
clinical effcacy and safety (Mallard et ol 2021).
-5 years follow up showed low incidence of major
adverse clnical event, with 50 reparted seat
thromboss throsghout the 5 years. Targe vessel
falur increased form 115% at 9 monaths 1o 17.4% at
5 years (Cutlp et al, 2022).

- In viro: The modified stent improved the
proliferation of HUVECs at day 7 of cultre in
comparison to BMS.

- I vivo: peptde delivery to vessels was studied in
rabbit liac arcris, and peptide coating was obscrved
9P 107 days, aad dininished gradually.

Animal model: uvenile pia. Findings: Mesn
neointima area and percent area tznoss were lower in
‘END and SESs when compared to BMSs at 14 days o
implactation. Endothelal coverage of ENDs vas
signifcanty higher than tha of SESs and BMSs at days
7 and 14, indicating induced endothelaization.

‘Aniimal model: igs. Findings: mean. neointima area
and ENDSs, SESs and CD34s werelower in ENDs, SESs
and CD34s when compared to DES at day 14 of
implantation. Endothelial coverage was indoced in
ENDS and CD34 when compared to SESs and BMSs at
days 7 and 14.

- In vitro: both si nanofilaments and CD146 induced
EPCs and MSCs capture under dynamic conditons
(15 dyne/cm?”) in a perfusion pump system. Cell
adhesion and spreading was improved on modified
euraces.

- In vivo: stents were implanted into porcine coronary
arteries for 1 week, and showed enhanced endothelial
coversge n steots costed ith both s nanoflaments
and CD146 antibody. The modified stents reduced
restenosis when compared to BMS.

I i The modifcaton did'tafctthe mecabolc
acivity o induce cytotoxicty of HUVECs. Adhesion
of HUVECS was incressel on VEGERZ scPy sufucs.
- In viv: tents were implanted into porcine sreres
for S and 30-days. Therewas no evidenceof restenosis,
thrombosis, or myocardial iferction t b ime
‘points. Stent coverage was significantly higher in
‘modifedseats when compared to BMS a5 days. No
significnt diffrence was detcted st 30 days.
Histologiel sections showed coverage with el layr
80 ) by day 30.

- I vir: inreased ahesion of BOC and HUVEC to
RGD and RGD/CKCLI surfsces compared to BMS
and sta-PEG modified surfces. Smooth musce ells
(SMCs)prolferation was ot affsted in RGD/CXCLY
and was reduced i star-PEG surfaces.

- Inviv: stents were implantod in apoE. - mic orane
week,and showed reduced stenossand thrormbosisin
RGD and RGDICXCLI tents. Star-PEG stens
resulted in induced thrombosis. Endothlslizaton

- nvitro:
@t cause blood cell or platelt adhesion or
activation. Stents containing VE-Cad antibody
resultedin induced EPCs adhesion and coversge, while
small numbers were adhered to BMS and stents with
the co-polymes alone.

- In vivo: stents were implanted into rabbit carotid
artery, and showed no signs of thrombosis of stenosis
following 1 month of implantation. Modified stets
were completely covered with endothelal cels

“Ti modified samples were implanted into dog femoral
artriesfor 4 weeks. Ti surfaces showed severe
thrombus formation and thick neo-intimal formation,
whereas Ti moified surfaces showed 20 thrombosis
o ncointmal thickening, The Ti modified surfaces
were also covered with & confluent layer of endothelal
cels.

- In viro: Miggation of HUVECs in transwell was
eabanced in presence of vildagliptin cluents.

- I vivo: Pure PLGA sents and vildaglptin elting
stents (low and high dose loading) were implanted into
‘mechanicaly-denuded sbdominal aorta of alloxan-
induced-diabetic rabbis. Vildagliptin stats resulted
in superior coverage with eadothelal cels ollowing.
2 months of implantation when compared to pure
PLGA stent. Nanofbrous stents induced the
alignment ofcells and insured cel-cel contact, ke
the pure PGLA stents. Endothelium.- dependent
vasodiation respoase to acetylcholine was bigher in
'HUVEC cll adhesion response tme was directly
conelated o the amount of immobilized ELR on the
surfuce, Surfaces activated with NaOH showed better
adhesion and spreading of HUVECs

The identiied peptide (SBP-A) was not toxic to
'HUVEC. The described modification with SBP-A and
anti ICAM-1 antibody influenced HUVECs adhesion
and showed kigher slectivity to HUVECs over SMCs.
Porcine EPCs showed enhanced adhesion to modified
surfaes and were sble to proliferate and reached
conffuence in 4 day of ultue.

‘Pibronectin functionaized TI0; nanotubes enhanced
the adhesion, spreading, prolferation and secreton o
nitic ozide and prostacyclin in HUVEC. The
‘nanotube size had a nverse relationship with
optocompatibily.

T nanotubes induced VEGF production by
macrophage. Also, thy inhibited glyclysis of
macrophages by activating AMPK sgnalin lesing to
redoced macrophage rlease of infammatory factors
and induced polarization, accelerating
endothellzation.

Induced adhesion, proliferation, and migration of
'HUVEC, Reduced dhesion and prliferston of
smen

The modificaion was nontoric to the EPC line 55.1
(HucPEC55.1) and maintained ther viabilty on
‘modified stesl.

‘Enanced HUVEC viability, which was
proportionallyrelatedto Arg ratio, HUVEC increased
'NO production. Viabilty of SMCs was not affcted by
the peptide.

‘The modification resuled i reduced platelet adhesion
and aggregation and prolonged partial thrombin and
prothrombin time, compared to unmodified TL.
'HUVEC adhesion and prolfeation were induced on
‘modified surfaces

CRRETAWAC(eyclic)REDV,
P_RGDS#KSSP_REDY, and P_RGDS+P_REDV
induced late EECs capture under dynaumic conditions
in 8 paralel plate flow chamber system at 20 57, and
resultedin high tether percentages aad velocity
flucuation

(Kutrykand Kuliszewsk, 2003;
Klomp et al, 2011; Henicus
Eic ot al, 2007; Klomp et al,
2011; Acki et al, 2005)

(Haude et al, 2013; Saito etal,
2018; Jakobsen et al, 2021;
Pelicia e al, 2022)

(Koppara etaL, 2016; Hiroyuki
etal, 2019; Mailard et al.,
2021; Cutlip et o, 2022
Comnelissen et al, 2022)

(Bae etal, 2020)

(Cai etal, 2014)

(Cai et al, 2015)

(Park et al 2020

(Wawrzysiska et al, 2020)

(Simsekyllmaz et al, 2016)

(Chen et al, 2017)

(Liu et al, 2014)

(Lee et al, 2019)

(Castelanos et al, 2015)

(sakaguchi-Mikami et al,

2020)

(Barsott et al, 2015)

(in etal, 2018)

(Yu etal, 2021)

(Obivweluozor et al, 2019)

(Boerster et al, 2016)

(Liu et al, 2017; Liv et al,
2017)

(Wang et al, 2013)

(Tian et al, 2022)
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Low molecular heparin
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Rosuvastatin
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Zhenwu decoction
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Baoyuan decoction

Gualou Xiebai banxia
decoction

Shexiang baoxin pil
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Diseases

UAP

AP of qi deficiency and
blood stasis syndrome
Coronary spasm AP
ACS

AP

CHD

CSHF

AP of qi deficiency and
blood stasis type

SAP of phiegm and
blood stasis type

AP of qi and blood
stasis type

SAP complicated with
heart failure

UAP

CHD-AP

Pharmacological effects

Improve microcirculation and myocardial ischemia

Regulate of hemorheology, improve left ventricular
systolc function

Improve the level of biood lipids

Prevention and treatment of myocardial infarction

Reduce blood lipid, improve myocardial blood
supply and heart function
Improve efficacy and reduce side effects

Increase LVEF, delay the ventricular remodeling

Increase LVEF
Dilate coronary artery, improve microcirculation

Improve myocardial ischemia and the high viscosity
and hypercoaguiable state of hemorheology

Prevent myocardial injury

Improve serology, hemorheology and cardiac
function, reduce the level of blood lipids and
alleviates inflammatory reaction, delay the progress
of heart failure

Maintain the function of vascular endothelium,
reguiate blood lipids

Improve heart function and blood lipid status
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Clinical outcomes All patients (n Hospital anticoagulation clinic  Internet anticoagulation clinic  p value
(n = 145) (n =96)
Good anticoagulation quality 173 (71.8) 106 (73.1) 67 (69.8) 0.576
TTR (%) 802 %204 799 £ 200 806 + 211 0.644
TTR 260%, n (%) 203 (84.2) 122 (84.1) 81 (84.4) 0.961
INR variability 20.65 46 (19.1) 26 (17.9) 20 (20.8) 0575
Major bleeding, n (%) 2(0.83) 1(0.69) 1(1.0) 1.000
CRNMB, n (%) 96 (39.8) 57 (39.3) 39 (40.6) 0.838
Oral hemorrhage 40 (16.6) 22 (152) 18 (18.8) 0.465
Epistaxis 20 (83) 15 (103) 5(52) 0.157
Subconjunctival bleeding 10 (4.1) 6(4.1) 4(42) 1.000
Subcutaneous bleeding 12 (5.0) 1(28) 8(83) 0.100
Gastrointestinal bleeding 7(29) 6 (4.1) 1(1.0) 0.313
Hematuria 51 3@ 2@1) 1.000
Metrorrhagia 2(0.83) 1(0.69) 1(1.0) 1.000
Thromboembolic events, n (%) 3(12) 2(1.4) 1(1.0) 1.000
Peripheral artery thrombosis 1(04) 0(00) 1(1.0) 0.398
Valve thrombosis 1(04) 1(0.69) 0(0.0) 1.000
Stroke 1(04) 1(0.69) 0 (0.0) 1.000
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Characteristics Good anticoagulation quality Poor anticoagulation quality p value
(n=173) (n = 68)

Age, years 54 (425, 63) 65 (553, 71) 0.000%

Male, n (%) 93 (53.8) 35 (51.5) 0.749

BMI (kg/m*) 22.8 (203, 25.3) 23.1 (21.1, 25.1) 0.454

Education, n (%) 0.000%

Primary school and below 41 (23.7) 37 (544)

Middle school and above 132 (763) 31 (456)

Comorbidities, n (%)
Hypertension 57 (329) 34 (50.0) 0.014*
Diabetes 6(35) 7(103) 0.073
Coronary artery disease 23 (13.3) 11 (162) 0.563
Renal insufficiency 8 (46) 10 (14.7) 0.007*
Pulmonary arterial hypertension 64 (37.0) 30 (44.1) 0.308
History of thromboembolism 4(23) 344 0.655
History of stroke 16 (92) 7(103) 0.804
History of hemorrhage 1(06) 2(29) 0193

Medications, n (%)
Aspirin 10 (5.8) 13 (19.1) 0.002*
Amiodarone 9(52) 13 (19.1) 0.001*
Digoxin 29 (16.8) 17 (25.0) 0.143
ACEI/ARB 17 (98) 11 (162) 0.166
Beta-blockers 107 (61.8) 38 (55.9) 0394
Statins 26 (15.0) 18 (26.5) 0.039*

“Univariate analysis showed significant difference between the two group.
BT, Sod shuiie nde THE: Tnesnadonal-possalinsd sulor ATEE enalisembiconsestis satyme ikl ABR. snidonsnls peesme Slksdo:
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Chinese
medicine

Persicae semen
Carthami flos
Angelicae sinensis
radix

Pagoniae radix alba
Refmanniae radix
praeparata

Chuanxiong rhizoma

Persicae semen

Carthami fios

Paeoniae radix alba

Ingredients

p-sitosterol

Tetramethylpyrazine
(Ligustrazine)

Lactone component from
Ligusticum chuanxiong
Amygdalin

Hydroxysafflor yellow A
Baicalin

Quercetin

Luteolin
Kaempferol

Paeoniflorin

Pharmacological effects

Anti-oxidative stress

Anti-atherosclerosis, anti-oxidation, anti-inflammation

Regulate autophagy

Anti-inflammation, anti-oxidation

Protect vascular endothelium, Promote endothelial cel
prolferation and angiogenesis

Cardiomyocytes protection, Macrophages polarization,
lipid modulation

Anti-inflammation, anti-oxidation, mitochondial function
reguiation, Cardiomyocytes protection
Anti-inflammation, anti-oxidation, autophagy regulation
Cardiomyocytes protection, inhibit inflammatory
responses and oxidative stress

improve ventricular remodeling, attenuate cardiac
hypertrophy, anti-inflammation, anti-fibross, anti-
oxidative stress

References

Wong et al. (2014), Koc et al. (2021)

Guo et al. (2016)

Wang et al. (2018a)

Kung et al. (2021)

Jietal. (2008), Ji et al. (2009)
Liao et al., 2014, Yu et al. (2019), Xu et al. (2020)

Ruiz et al. (2015), Roslan et al. (2017), Patel et al.
(2018), Chen et al. (2020)

Luo et al. (2017), Li et al. (2019), Wu et al. (2020b)
Zhou et al. (2015), Feng et al. (2017), Chen et al.
(20182)

Zhang et a. (2012), Zhou et al. (2013), Chen et al.
(2015), Chenetal. (2018b), Qian et al. (2015), Zhai and
Guo. (2016), Liu et al. (2019a), Liu et al. (2019b), Liu
et al. (2020), Wu et 4. (20202)
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Characteristics

All patients (n = 241)

Hospital anticoagulation clinic

Internet anticoagulation clinic  p value

(n = 145) (n =96)
Age, years 57 (47, 66) 57 (46, 66) 56 (48, 66) 0.848
Male, n (%) 128 (53.1) 78 (53.8) 50 (52.1) 0.795
BMI (kg/m*) 229 (20.5, 25.2) 23.2 (208, 25.8) 220 (203, 24.8) 0.061
INR therapeutic range, n (%)
15-25 226 (938) 135 (93.1) 91 (94.8) 0.595
20-30 15 (6.2) 10 (6.9) 5(52)
Education, n (%) 0280
Primary school and below 78 (32.4) 42 (29.0) 36 (37.5)
Middle school and above 163 (67.6) 103 (71.0) 60 (62.5)
Comorbidities, n (%)
Hypertension 91 (37.8) 54 (37.2) 37 (38.5) 0.838
Diabetes 13 (5.4) 8(55) 5(52) 0917
Coronary artery disease 34(14.1) 19 (13.1) 15 (15.6) 0.582
Pulmonary arterial hypertension 94 (39.0) 52 (359) 42 (43.8) 0219
Renal insufficiency 18 (7.5) 8(55) 10 (10.4) 0.157
History of thromboembolism 7(29) 1(28) 3(.0) 1.000
History of stroke 23 (95) 14 (9.7) 9(9.4) 0942
History of hemorrhage 3012 1(07) 2(21) 0717
Medications, n (%)
Aspirin 23 (95) 15 (103) 8(8.3) 0.603
Amiodarone 200 11 (7.6) 1(115) 0307
Digoxin 46 (19.1) 25 (17.2) 21(21.9) 0370
ACEI/ARB 28 (11.6) 15 (103) 3(13.5) 0.448
Beta-blockers 145 (60.2) 91 (62.8) 54 (56.3) 0312
Statins 44 (183) 32 (22.1) 12 (12.5) 0.060

BMI, body mass index; INR, international normalized rati
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Models

Dose and duration
of sacubitril/valsartan

Findings

References

Left anterior descending ligation-induced MI in
rats

Balloon implantation-induced MI followed by
reperfusion in rabbits

Spontaneously hypertensive rats

Coronary artery ligation- induced MI in rats
Spontaneous hypertensive rats

Aortic banding-induced HFpEF in rats

Ang Il-induced cardiac hypertrophy in mice

Salt-loaded hypertensive rats

Pulmonary hypertension-induced RV failure in rats

Pulmonary hypertension-induced RV failure in rats

Ligated-induced MI in rats

Post-treatment 60 mg/kg/days, orally,
4 weeks

Post-treatment 10 mg/kg, orally for
10 weeks

60 mg/kg/day for 12 weeks

Post-treatment 68 mg/kg/day, orally for
4 weeks

300 mg/kg, orally for 2 weeks

Post-treatment 68 mg/kg/day orally for
8 weeks

Post-treatment 60 mg/kg/d, orally for
2 weeks

Concurrent treatment 6 mg/kg, orally
for 6 months.

Post-treatment 6 mg/kg, orally for
6 months

34and 68 mg/kg/day, orally for 42 days

Post-treatment 68 mg/kg/d, orally for
21 days

Post-treatment 60 mg/kg, orally for
4 weeks

1 myocyte hypertrophy, | LVPw, | LV mass, | ANP,
1 p-MHC

| infarct size, | ¢Tn,

L HW/BW, | LV posterior wall thickness, | LV mass,
1 HW, | HW/BW, | LVESD

L RWT, | IVRT, Improved cardiac geometry, | NT-
ProBNP

1 LV weight
1 LV mass, | IVSTd, | LVPWd
Concurrent: | VW/BW

Post-treatment: < VW/BW

Both types of treatment had no effect on
echocardiographic findings

1 RV hypertrophy

1 RVFW thickness
1 RV myofiber stiffness

1 RV longitudinal stiffness, | RV circumferential
stiffness

1 LV mass, | LVEDD

Kompa et al. (2018)
Torrado et al. (2018)

Zhao et al. (2019)
Chang et al. (2019)

Sung et al. (2020)
Nordén et al. (2021)
Tashiro et al. (2020)

Hamano et al.
(2019)

Clements et al.
(2019)

Sharifi Kia et al.
(2020)

Liu et al. (2021b)

ANP, atrial natriuretic peptide; BNP, brai

natriuretic peptide; BW, body weight; CRP, C-reactive proteins ¢Tn', cardiac troponin; DTE, deceleration time of mitral E wave; HFEF, heart

failure with reduced ejection fraction; hs-cTnT, high-sensitivity cardiac troponin; HW, heart weight; IVRT, isovolumetric relaxation time; IVSTd, interventricular septum thickness

diameter; p-MHC,

systolic diameter; LVPw, left ventricular posterior diastolic wall thickness; LVPWA, left ventricular posterior wall thickness diameter; NT-proBNP, N-tey

RV, right ventricle; RVEW, right vents

-myosin heavy chain; LV, left ventricle; LVDd, left ventricular internal dimension in diastole; LVEDD, left ventricle end-diastolic diameter; LVESD, left ventricle end-
1 (NT)-pro hormone BNP;
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Type of model

Treatment, dose, route
of administration and
duration

Findings

References

Left anterior descending ligation-induced MI
in rats

Isoproterenol-induced cardiac hypertrophy

Spontancously hypertensive rats

Aortic valve insufficiency (AVI)-induced HF
in rats

Spontaneous hypertensive rats

Pulmonary hypertension-induced RV failure
in rats

Obesity-associated diastolic dysfunction in
Zucker obese rats

Ligated-induced MI in rats

Post-treatment 60 mg/kg/day, orally for 4 wecks
(1 week after surgery)

Concurrent treatment 60 mg/kg/day, orally for 7 days

60 mg/kg/day for 12 weeks
Post-treatment 68 mg/kg/day, orally for 8 weeks

300 mg/kg, orally for 2 weeks
Post-treatment 60 mg/kg/day for 5 weeks

68 mg/kg/day, orally for 10 weeks

Post-treatment 60 mg/kg, orally for 4 weeks

| cardiac fibrosis, | collagen 1, | TIMP-2

| interstitial fibrosis area, | TGEBL, |
collagen lal

1 nNos, | eNos, | TGF-B, | RAS components

| myocardial fibrosis

| fibrosis area

| fibrosis volume density, | total fibrosis
volume

| LV myocardial interstitial fibrosis, | LV
periarterial fibrosis

| fibrotic area, | a-SMA level and area, |
TGE-p mRNA level

Kompa etal. (2018)

Miyoshi et al.
(2019)

Zhao et al. (2019)

Maslov et al.
(20192)

Sung et al. (2020)

Andersen et al.
(2019)

Aroor et al. (2021)

Liu et al. (2021b)

eNOS, endothelial nitric oxide synthase; LV, left ventricle; MI, myocardial infar

"

e et ol mhilate aetine TOTBL, tisiiion

crease; <, no effect.

n;nNOS, neuronal nitric oxide synthase; RAS, renin-angiotensin system; TIMP, tissue inhibitor of matrix
T ey -—
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Type of model

Treatment,
dose and duration

Findings

References

5/6 nephrectomy rats-induced chronic kidney
disease

Chemogenetic rats model of persistent cardiac
redox stress

Dosorubicin-induced dilated cardiomyopathy
in rats

H,0,-induced cell apoptosis in HC2 cells

Cardiorenal syndrome rats fed with high-
protein diet

Simultaneous heart and kidney I/R-induced
injury in rats

Doxorubicin-induced cardiotoxicity in mice

ox-LDL-induced inflammation and apoptosis in
HUVECs

High-fat diet and streptozotocin induced-
diabetic cardiomyopathy in rats

Doxorubicin-induced cardiotoxicity in rats

Post-treatment 60 mgkg for 8 weeks

Post-treatment 68 mg/kg orally for 4 weeks

Post-treatment 30 mg/kg/day/orally for 47 days

Pretreatment 12.5 pM

Post-treatment 100 mg/kg/day, orally for
28 days

Post-treatment 10 mg/kg, orally at 30 min/
followed by days 1-5 twice daily

Concurrent treatment 80 mg/kg orally for 9 days

Pretreatment 10 uM

Post-treatment 68 mg/kg/day, gastric gavage for
8 weeks

Concurrent treatment 60 mg/kg/day for 6 weeks

1 cardiac mitochondrial proteins (ATP synthase
B, Porin 1)

1 isocitrate dehydrogenase 2 expression
1 caspase 3

1 cytosolic cytochrome C expression,

1 eyclophilin-D expression

1 Drpl expression

1 Mfin2 expression

| electron transport chain complex subunits (I,
1L, 111, and V) expression

| mitochondrial Bax expression
| cleaved caspase 3 expression

| cleaved caspase 9 expression

| percentage early and late apoptosis cells
T mitochondrial-membrane potential,

| mitochondrial damage

1 p-Drpl expression

1 Mfn2 expression

1 mitochondrial cytochrome C expression
1 cytosolic cytochrome C expression

| cyclophilin-D expression

1 DRP1 expression

1 Mfn2 expression

1 PGC-la expression

1 electron transport chain complex subunits
(LIL 111, and V) expression

1 mitochondrial Bax protein expression

| cleaved caspase 3 protein expression

| cleaved Poly ADP-ribose polymerase

1 apoptosis signal-regulating kinase I

1 p-MMK4, | p-MMK7, | p-ERK, | p-c-Jun
1 mitochondrial cytochrome C expression

1 eytosolic cytochrome C expression

| mitochondrial Bax expression

1 cleaved caspase 3 expression

| cleaved Poly ADP-ribose polymerase
expression

| caspase 3
1 apoptosis rate (%)

| cleaved caspase-3/caspase-3 expression
| Bax expression

1 Bel-2 expression

| cleaved caspase-3 protein and mRNA
expression

1 Bax protein expression
1 Bel-2 protein expression

| Bax/Bcl-2 mRNA ratio

1 apoptosis in the myocardium
| Bax protein expression

| caspase 3 protein expression

Suematsu et al.
(2018)

Sorrentino et al.
(2019)

Yeh et al. (2021a)

Yeh et al. (2021b)

Yeh et al. (2021b)

Sung et al. (2022)

Dindas etal. (2021)
Bai et al. (2021)

Belali et al. (2022)

Kim et al. (2022)

ATP, adenosine triphosphate; Bel-2/Bax; B cell lymphoma 2/Bcl-2-associated X ratio; Drpl, dynamin-related protein ones HUVECs, human umbilical vein endothelial cells; I/R, ischemia
reperfusion; p-ERK, phosphorylated extracellular signal-regulated kinase; p-c-Jun, phosphorylated c-Jun; PGC-la, peroxisome proliferator-activated receptor coactivator-1a; mfn2,

mitofusin two; p-MMKA4, phosphorylated mitogen-activated protein kinase kinase four; MMK7, phosphorylated mitogen-activated protein kinase kinase seven; ox-LDL, o

density lipoprotein; |, decrease; |, increase.

ized low-
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Subjects (n)

Patients with HFrEF

(n=99)

Patients with HFrEF
(n = 149)

Patients with HFtEF
(n = 654)

Patients with HFtEF
(n =192)

Cancer patients with HFrEF
(n = 67)

Patients with HFrEF

(n =90)
Patients with HFrEF
(n =69)

Patients with advanced HF
(n=37)

Patients with HFrEF
(n=163)

Patients with ST-elevation
MI after pPCI (n = 79)

Patients with LV systolic
dysfunction (1 = 68)

Patients with HFrEF
(n = 150)

Patients with chronic heart
failure (n = 35)

Dose and duration
of sacubitril/valsartan

Target dose of 97/103 mg bid. for
median follow-up of 6.2 months

24/26, 49/51, 97/103 mg for
316 days mean duration

24/26, 49/51 and 97/103 mg for
12 months

50, 100, 200, 400 mg/day for
12 months

Titrated to 200 mg b.i.d. for median
follow up of 4.6 months

97/103 mg b.i.d. for 6 months

24/26 or 49/51 mg bii.d. for
12 months

Titrated to 97/103 mg b.i.d. for
12 months

24/26, 49/51, and 97/103 mg b.i.d.
for 2 years

Not stated (titrated according to
patient’s condition) for 6 months
Titrated to 97/103 mg biid. for
24 weeks

24/26, 49/51 or 97/103 mg b.i.d. for
6 months

Titrated to 97/103 mg b.id. for
6 months

Findings

1 SBP, 1 LVEF, T VO,, [VE/VCO, slope

1 SBP, | DBP, sPAP, T LVEF

1 LVEF, | LVEDV, | LVESV, | LAV, | E/e’

T LVEF

1 LVEF, | LVEDV, | LVESV

1 LVEF, | LVESV, and | sPAP

1 LVEDV, | LVESV, | sPAP, | MR

1 VO,, |VE/VCO,; slope, | SBP, E/e, | DBP

1 LVEF, | LVEDV, | LVESV, | LAV, | PCWP, T TAPSE, T
peak systolic S wave, | PASP, | mPAP, T RV-PA coupling
1 LVEF

| infarct size

T LVEF, | LVESV, | wall motion sore index

| NT-proBNP, | mPAP, | RV-MPI, T LVEE, T TAPSE, T
RV-FAC

1 LVEF, | global longitudinal strain, | mechanical
dispersion, T myocardial constructive work, T myocardial
work index, T myocardial work efficiency, | LAV, | RAV
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Hsiao et al. (2020)
Martin-Garcia et al. (2020)
Polito et al. (2020)

Villani et al. (2020)
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Masarone et al. (2020)

Zhang et al. (2021b)

Wang and Fu (2021)
Yenerca et al. (2021)

Valentim Gongalves et al. (2019);
Valentim Gongalves et al. (2020a)

bii.d, twice daily; DBP, diastolic blood pressure; E/e’, ratio peak early diastolic mitral velocity to mitral annulus early diastolic velocity; HFYEF, heart failure with ejection fraction; LAV, left
atrial volume; LVEF, left ventricular ejection fraction; LVEDV, left ventricle end diastolic volume, LVESV; left ventricle end systolic volume; mPAP, mean pulmonary artery pressure; MR,
mitral regurgitation; PCWP, pulmonary capillary wedges pressure; pPCI, primary percutaneous coronary intervention; RAV, right atrial volume; RV-FAC, right ventricle-functional area
change; RV-MPI, right ventricle-myocardial performance index; RV-PA, right ventricle-pulmonary artery SBP, systolic blood pressure; sPAP, systolic pulmonary arterial pressure; TAPSE,
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Type of model

Treatment, dose, route
of administration and
duration

Findings

References

Left anterior descending ligation-
induced MI in rats

Balloon implantation-induced MI
followed by reperfusion in rabbits

duced cardiac

Isoproterenol
hypertrophy

Spontaneously hypertensive rats

Aortic valve insufficiency (AVI)-induced
HF in rats

Coronary artery ligation- induced MI in
rats

Spontaneous hypertensive rats

Coronary artery ligation-induced MI in
rabbits

Aortic banding-induced cardiac pressure
overload in rats

Pulmonary hypertension-induced RV
failure in rats

Obesity-associated diastolic function in
Zucker obese rats

Pulmonary hypertension-induced RV
failure in rats

Ligated-induced MI in rats

Post-treatment 60 mg/kg/day, orally
for 4 weeks

Post-treatment 10 mg/kg, orally for
10 weeks

Concurrent treatment 60 mg/kg/day,
orally for 7 days

60 mg/kg/day for 12 weeks

Post-treatment 68 mg/kg/day, orally
8 weeks

Post-treatment 68 mg/kg/day, orally
for 4 weeks

300 mg/kg, orally for 2 weeks

Post-treatment 60 mg/kg/day for
4 weeks

Post-treatment 68 mg/kg/day orally
for 8 weeks

Post-treatment 60 mg/kg/day, orally
for 5 weeks

68 mg/kg/day, orally for 10 weeks

Post-treatment 68 mg/kg/d, orally
for 21 days

Post-treatment 60 mg/kg, orally for
4 weeks

1 LVESV, | LVES, | diastolic wall strain,  ESPV relationship, |
EDPY, T preload recruitable stroke work, | tau logistic, T dP/dty,
1 LVEF

| LVEDP, | dP/dt

1 SBP, T LVEE, T LVES

1 total arterial compliance, T LVEF, T dP/dt,, Ees of LV
contractility

1 LVEF, | LVESV, T LVES, | VERP

1DTg
T LVEF

Improved diastolic dysfunction by restoring E/e'SR
1 RVSP, | RVEDV, | RVESV

LIVCT, | IVRT, 1 €'/a’

1 RV maximum pressure, | dP/dtyys, T dP/dtis

1 LVEF, T LVFS, 1 E/A, T E/A’

Kompa et al.
(2018)

Torrado et al.
(2018)

Miyoshi et al.
(2019)

Zhao et al. (2019)

Maslov et al.
(20192)

Changetal. (2019)

Sung et al. (2020)
Chang et al. (2020)

Nordén et al.
(2021)

Andersen et al.
(2019)

Aroor et al. (2021)

Sharifi Kia et al.
(2020)

Liu et al. (2021b)

ANP, atrial natriuretic peptide; BW, body weight; cTn'T, cardiac troponin; E/€'SR, early mi

flow velocity to global diastolic strain rate ratio; ¢'a’, ratio of early and late septal wall

velocity during diatole; ESPV, end-systolic pressure volume; EDPV, end-diastolic pressure volume; IVCT, isovolumic contraction time; IVRT, isovolumic relaxation time; LVFS, left
ventricular fractional shortening; HFfEF, heart failure with ejection fraction; HW, heart weight; LVEF, left ventricular ejection fraction; LVESY, left ventricle end systolic volume; LVM, left
ventricular mass; LVEDP, left ventricular end-diastolic pressure; dP/dt, the rate of rise and decline of left ventricular pressure; f-MHC, f-myosin heavy chain; MI, myocardial infarction;
RV, right ventricle; RVEDY, right ventricular end-diastolic volume; RVESV, right ventricular end-systolic volume; RVSP, right ventricular systolic pressure; VERP, ventricular effective
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Subjects (n)

Dose and duration
of sacubitril/valsartan

Findings

References

Patients with HFEF and acute decompensated HF
(n = 342)

Patients with HFtEF (n = 149)
Patients with HFIEF (n = 654)

Patients with HFpEF (n = 2407)
Patients with HFpEF (n = 4796)
Patients with HFrEF (n = 367)
Patients with HFIEF (n = 440)

Acute decompensated HF patients (n = 199)
Patients with HFIEF (n = 106)
Acute decompensated HF patients (n = 881)

Acute decompensated HF patients (n = 417)
Patients with HFIEF (n = 192)

Cancer patients with HFtEF (n = 67)

Patients with HFIEF (n = 69)
Patients with advanced HF (n = 37)
Patients with HFtEF (n = 163)

Patients with HFIEF (n = 42)

Patients with ST-elevation MI after primary
percutaneous coronary intervention (1 = 79)

Outpatients with HFtEF (n = 96)

Outpatients with HFrEF (n = 454)
Patients with HFtEF (n = 111)

Acute anterior wall MI patients with LV systolic
dysfunction (1 = 68)

Patients with HFIEF (n = 150)

Patients with chronic heart failure (1 = 35)

Titrated to 97/103 mg b.i.d. for 8 weeks

24/26, 49/51, and 97/103 mg for mean
duration of 316 days

24/26, 49/51, and 97/103 mg for
12 months

Titrated to 97/103 mg b.id. for 1 year
49/51 and 97/103 mg b.i.d. for 48 weeks
Titrated to 97/103 mg, biid. for 12 weeks

Not stated (titrated according to patient's
condition) for 8 weeks

24/26, 49/51, and 97/103 mg b.i.d. for
8 weeks

24/26,49/51,and 97/103 mg for 3 months

Not stated (titrated according to patient’s
condition) for 8 weeks

97/103 mg bid. for 12 weeks

50, 100, 200, and 400 mg/day for
12 months

Titrated to 200 mg b.id. for a median
follow-up of 4.6 months

24/26 or 49/51 mg b.i.d. for 12 months
Titrated to 97/103 mgb.i.d. for 12 months

24126, 49/51, and 97/103 mg b.id. for
2 years

Titrated to 97/103 mg b.id. for 6 months

Not stated (titrated according to patient’s
condition) for 6 months

Not stated (titrated according to patient’s
condition) for 6 months

Titrated to 97/103 b.id. for 6 months
Titrated to 200 mg biid. for 8 weeks
Titrated to 97/103 mg b.id. for 24 weeks

24/26, 49/51, and 97/103 mg b.i.d. for
6 months

Titrated to 97/103 mg b.id. for 6 months

1 hs-cTnT, | sST2

INT-proBNP, |
LVEDD

1 NT-proBNP

| NT-proBNP
| NT-proBNP
| NT-proBNP
| NT-proBNP

| NT-proBNP

| NT-proBNP,
1 CrRP

1 NT-proBNP, | hs-
TnT

| NT-proBNP
L BNP, | LV size

INT-proBNP

| NT-proBNP,
1 NT-proBNP,
1 LVEDD, | LVESD

1 CRP

| NT-proBNP, |
infarct size

| NT-proBNP

| NT-proBNP
| NT-proBNP

INT-proBNP, |
ST2

| NT-proBNP

1 LVEDD, | LVESD

Morrow et al. (2019)
Morillas-Climent et al. (2019)
Januzzi et al. (2019)

McMurray et al. (2020)
Cunningham et al. (2020b)
Myhre et al. (2022)
Ambrosy et al. (2020)

Berg et al. (2020)
Dereli et al. (2020)
Berardi et al. (2020)

DeVore et al. (2020)
Hsiao et al. (2020)

Martin-Garcia et al. (2020)

Villani et al. (2020)
Cacciatore et al. (2020)
Masarone et al. (2020)

Valentim Goncalves et al. (2020b)
Zhang et al. (2021b)

Chalikias et al. (2021)

Jariwala et al. (2021)
Tsutsui et al. (2021)
‘Wang and Fu (2021)

Yenerca et al. (2021)

Valentim Gongalves et al. (2019); Valentim
Gongalves et al. (2020a)

bid, twice daily; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; BW, body weight; CaMKII, calmodulin-dependent protein kinase II; CRP, C-reactive protein; ¢TnT,
cardiac troponin; HFrEF, heart failure with reduced ejection fraction; hs-cTnT, high-sensitivity cardiac troponin; HW, heart weight; IVSTd, interventricular septum thickness diameter; p-
MHC, B-myosin heavy chain; LV, left ventricle; LVDd, left ventricular internal dimension in diastole LVEDD, left ventricle end-diastolic diameter; LVESD, left ventricle end-systolic

diameter; LVPw, left ventricular poster

tolic wall thickness; LVPWd, left ventricular poster

™ M

wall thickness d

meter; NT-proBNP, N-terminal (NT)-pro hormone BNP; |, decrease;
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Author, Study design Number of Location Age (y) PCSK9 levels Hr
year participants (women vs. men) (95%CI)
(women vs. men)
Ferri et al. Prospective 1929 vs. 1774 Five European countries: Finland, 54 to 79 331 £ 105 vs. 290 + P < 00001
(2020) Sweden, the Netherlands, France, 109 ng/ml
and Italy
Shietal. (2020) Prospective 2,817 vs. 1388 China 561 £7.5 289.62 + 98.80 ng/ml vs. p < 0.001
277.50 + 97.57 ng/ml
Zhangetal.  Prospective 61 vs. 220 China Males: 58.53 £ 12.83;  325.1 (247.5-445.3) v5. 2736 p = 0.0136
(2019) Females: (215.6-366.8) ng/ml
68.64 + 8.97
Levenson et al.  Cross-sectional 167 vs. 119 United States 1510 26 = p =003
(2017) analysis
Simeone etal.  Observational 67 vs. 99 Italy 68 308 (251-394) vs. 267 p = 0005
(2021) (231-340) ng/ml
Jeenduang, Cross-sectional 284 vs. 152 Thailand 5250 + 1356 8738 42649 v5. 7915 p = 0002
(2019) analysis 25.51 ng/ml
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Gut Microbiota

Related products associated with Gut Microbiota

The influence for diabetic cardiomyopathy

Positive

Faccalibacterium prausnitzii
Lact. Fermentum
Lactobacillus Shirota
Bifidobacterium (BIF)
Bacteroides fragilis (B. fragilis)
Short-chain fatty acid (SCFA)
Bile acids (BAs)

Butyrate

Butyric acid

Negative

Enterobacteraceae

Ruminococcus gnavus

Eggerthella lenta

candida

Vibrio proteolyticus (VPRH)
Trimethylamine (TMA)
Trimethylamine N-oxide (TMAO)
Branched chain amino acids (BCAA)
Lipopolysaccharide (LPS)
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Mechanisms and Animal/Clinical/ Summary of findings References
diseases Cell studies

cvD Clinical the CVD risk of cardiomyopathy is 2-5 times higher than in non-diabetic patients ~ Kannel et al. (1974)
Heart failure Clinical The microbiome diversity in those with obesity or type 2 diabetes was lower Luedde et al. (2017)
Heart failure Clinical the level of pathogenic bacteria and Candida species increased, the level of anti-  Pasini et al. (2016)

inflammatory bacteria decreased

Atherosclerosis Clinical Enterobacteraceae, Ruminococcus gnavus, and Eggerthella lenta increased, butyrate-  Jie et al. (2017)
tensteria nestialis and Faccalibacterium prausnitzii decreased

cvD Animal TMAO can induce myocardial hypertrophy and fibrosis in rats with aortic Li et al. (2019b)
contraction

Inflammation Animal TMAO can induce inflammatory responses through SIRT3-SOD2-mtROS pathway ~ Chen et al. (2017)
and NE-kB pathway

circulating BA levels were reduced in TGRS KO mice, suggesting that TGRS playsa ~ Li et al. (2011)
role in BA homeostasis

DCM Cell TGRS has a cardioprotective effect against myocardial cell damage induced by high  Deng et al. (2019)
glucose

Oxidative stress Cell physiological levels of oxidative stress can be generated by the gut epithelial lining ~ Dumitrescu et al. (2018)

Autophagy Cell PI3K/AKUmTOR pathway can be significantly attenuated by the exposure of cells to  Kumar et al. (2020)
cell-free supernatant of Lact. Fermentum

Insulin resistance Animal In diet-induced obese mice, supplementation with SCFAs improved insulin Perry et al. (2016)
resistance and reduced obesity

Insulin resistance Animal butyric-producing bacteria reduced insulin resistance Tolhurst et al. (2012)

Inflammation Animal Butyrate inhibits proinflammatory factors in gut macrophages by inhibition of  Chang et al. (2014)
histone deacetylase

Inflammation Cell inflammation induced by TMAO can lead to endothelial dysfunction in human Sun et al. (2016)
umbilical vein endothelial cells

Inflammation Cell TMAO can activate the release of the inflammatory cytokines IL-18 and IL-1p Yue et al. (2017)

Autophagy Animal Cardiac dysfunction and abnormalities can cause autophagy injury in diabetic hearts ~ Xiao et al., 2018; Wu

etal, 2020

Autophagy Animal Autophagy damage by AMPK suppression can lead to dyslipidemia in the diabetic ~ Zhang et al. (2014)
environment

Autophagy Cell BIF improved TNF-a-induced autophagy in Caco-2 cells by inhibiting p62 levelsand  Nie et al. (2020)
expression of autophagy-related markers

Autophagy Cell SCFAs can induce autophagy in hepatocytes through the UCP2 Tannucci et al. (2016)

Autophagy Cell sodium butyrate promoted the decrease of a-synuclein by regulating the autophagy ~ Qiao et al. (2020)
pathway

Cell apoptosis Cell A long-term hyperglycemic state induces apoptosis by activating caspase apoptosis,  Wei et al. (2018)
which leads to myocardial injury and dysfunction

Cell apoptosis Animal IncRNA MIAT can modulate myocardial cell apoptosis in DCM through miR-22-3p  Zhou et al. (2017)

Pyroptosis Animal and Cell Abnormal pyroptosis of cardiac fibroblasts can induce cardiac dysfunction and  Shi et al. (2021)
collagen deposition, thus aggravating the development of diabetic myocardial
fibrosis

Cell apoptosis Animal and Cell Bacteroides fragilis (B. fragilis) had a protective effect on the apoptosis of HT29 cells ~ Saito et al. (2019)
induced by Shiga toxin

Pyroptosis Animal and Cell ‘TMAO promotes the pyroptosis of vascular endothelial cells through the production ~ Cohen et al. (2020)
of ROS, which leads to the development of atherosclerosis

Pyroptosis Cell sodium butyrate has an antipyroptosis effect on glomerular endothelial cells and ~ Gu et al. (2019)
protects them from damage caused by high glucose

Oxidative stress Cell gut microbiota can reduce myocardial damage by alleviating oxidative stress Finamore et al. (2018)

Insulin resistance Animal EMT prevented weight gain, reduced local TNF-a expression in the ileum and ~ Bastos et al. (2022)
ascending colon, and ameliorated insulin resistance in diabetic mice

Insulin resistance Cell The improvement in peripheral insulin sensitivity of male metabolic syndrome ~ Vrieze et al. (2012)
recipients after receiving heterogenous gut microbiota from lean donorsis attributed
to an increased diversity in gut microbiota

EMT Clinical a major disadvantage of EMT is that viruses are also transplanted Chehoud et al. (2016)

Abbreviations: CVD, cardiovascular diseases; SIRT3-SOD2-mtROS, sirtuin-3-superoxide dismutase 2-mitochondrial reactive oxygen species; TMAO, trimethylamineN-oxide; NF-kB,
nuclear factor k-light-chain-enhancer of activated B cells; DCM, diabetic cardiomyopathy; TGRS, G protein-coupled bile acid receptor 1; PI3K, phosphatidylinositol 3-kinase; Akt, protein
inase B; mTOR, mammalian target of rapamycin; SCFAS, short-chain fatty acids; IL, interleukin; AMPK, AMP-activated protein kinase; BIF, Bifidobacterium; UCP2, uncoupling protein
MIAT, myocardial infarction associated transcript; IncRNA, long non-coding RNA; ROS, reactive oxygen species; miR, microRNA; FMT, fecal microbiota transplantation.
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Variable (n)

Feeding
Duration
Sex

Diet

12 weeks (22)
24 weeks (29)
Male (24)
Female (27)
Control (28)
HC (23)

Mean sp
sBP DBP sBP DBP SBP DBP

142.39 £ 3.29 114.34 £ 454 3321026 250 +0.22 2312016 243+ 039
1469 = 4.07 123.44 = 357 328017 268 +0.20 2211008 2212018
155.44 + 3.42 123.24 £ 416 3912024 287 £0.28 2512014 2,55 + 0.40
136.65 + 3.23" 116.20 = 391 275+ 012" 237 £0.10 208 £ 0075 209011
144.45 + 3.8 120.36 £ 356 3162016 246 +0.21 2.18 £ 009 209 £ 0.19
145.58 + 3.81 118.48 = 473 347 £027 277 £ 020" 235015 257 £ 037

SD, standard deviation: CV. coefficient of variation.
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Variable (n)

Feeding
Duration
Sex

Diet

12 weeks (22)
24 weeks (29)
Male (24)
Female (27)
Control (28)
HC (23)

ApEn

SBP

0.39 £ 0.017
0.37 £ 0.01
0.41 + 0.02
0.35 + 0.01"
0.39 + 0.02
0.37 + 0.01

ApEn, approximate entropy: «, alpha of detrended fluctuation analysis.

DBP

0.28 + 0.02
0.29 + 0.01
0.29 + 0.02
0.27 01

0.31 £ 0.01
0.25 +0.02*

SBP

094 +0.08
091 +0.02
1.00 £ 0.02
085 + 0.017*
090 + 0.08
0.96 + 0.02

DBP

0.96 + 0.03
0.92 +0.02
1.00 + 0.29
0.88 + 0.02*
0.90 + 0.03
0.98 + 0.02*
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Based on a 1-unit increase

in ApEn and a
BPV parameter OR SE
ApEn 2x10® 12 %107
a 192.44 49219
sD 1.20 077
v 070 0.44

Based on a 0.1-unit
increase in ApEn and a

OR SE
027 0.16
1.69 0.43
120 077
0.70 0.44

p-value
0026
0040
0773
0574

95% CI
(0.08-0.85)
(1.03-2.79)
(0:34-4.25)
(0.21-2.40)

OR. odds ratio: SE. standard error: Cl, confidence interval: ApEn, approximate entropy, «, aloha of detrended fluctuation analysis: SD, standard deviation: CV, coefficient of variation.
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