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Editorial on the Research Topic
 Traditional Chinese Medicine: Organ Vascular Injury - Volume II



Hypertension, hyperlipidemia, diabetes, cardiovascular disease, cerebrovascular disease, kidney damage, chronic stress, inflammatory responses, and diseases caused by endotoxin, etc. are all major diseases that seriously threaten people's health and increase medical financial burdens worldwide. These diseases are characterized by an interacting network of abnormalities, resulting from genetic factors, unhealthy lifestyle, stress, immunological factors, environmental factors etc. It is increasingly important to recognize that these diseases are frequently conditions that involve multi-gene, multi-protein, and multi-cellular and tissue involvement. Thus, the pathways leading to and maintaining complex diseases are frequently multi-pathway. Currently, a host of single-component medicines are available to deal with these diseases, respectively, e.g., antihypertensive drugs for hypertension, lipid-lowering drugs for hyperlipidemia, and hypoglycemic agents for diabetes, which are effective. However, they a range of pathologically related manifestations linked to these conditions remain unresolved, including, for example, the reperfusion injury caused by recanalization after cardiac infarct and stroke, and the combination of microvascular and large vessel injuries caused by hypertension, hyperlipidemia, and diabetes.

Traditional Chinese Medicine (TCM) is a medical system with an extensive history spanning more than 2,000 years. Fundamental to TCM is an underlying philosophy of using a multi-target approach to complex disease. Over the long period of TCM evolution an abundance of clinical wisdom and effective compound preparations have been developed and accumulated that aid in the prevention and treatment of diseases related to vascular and organ damage. This has been of great advantage in China for combating complex diseases as in prevention and treatment of hypertension, hyperlipidemia, diabetes, cardiovascular, cerebrovascular diseases, chronic stress, and diseases caused by endotoxin. The TCM approach has also been of societal benefit in reducing the financial costs of medical treatments.

Professor G. A. Meininger and I organized a Research Topic for Frontiers in Physiology—Vascular Physiology, and received 76 manuscripts from 2017–January 5, 2018, of these 29 were accepted and published after peer review. In addition, Professors Meininger, Qiaobing Huang, Jincai Luo, and I organized an extension of This Research Topic for Frontiers in Physiology-Vascular Physiology to address the topic of “Traditional Chinese Medicine and Organ Vascular Injury,” and received 67 manuscripts from 2018 to 2020, among which 26 were accepted and published after peer review. This Research Topic also is cross-listed with the Ethnopharmacology section of Frontiers in Pharmacology, in which 10 were finally accepted and published after peer review. Here we compile these collected articles into an ebook to help scientists in the field learn and gain insight into TCM and its applications to complex diseases as well as TCM and organ vascular injury.


THE EFFECTS AND MECHANISMS OF TCM ON IMPROVING TREATMENT OF HYPERTENSION AND RELATED ORGAN INJURY

Among the papers included in this ebook, there are 4 papers regarding the mechanisms of TCM to improve treatment of hypertension. Xin et al. from the team of professors Xiao-Chun Xu and Xiang-Hong Jing demonstrated that electroacupuncture at PC6 for 30 min per day, for a period of 8 weeks, could inhibit the myocardial fibrosis in spontaneously hypertensive rats (SHRs), which might be mediated by downregulation of the activity of the AngII-TGF-β-CTGF/TNFα pathway, and upregulation of the diminished expression of MMP-9. Jiao et al. from the team of professors Jing-Yan Han and Zhi-Zhong Ma found that SHR rats manifested not only insufficient cerebral perfusion. This was accompanied by high expression of caveolin-1 in extracted proteins from brain tissues, low expression of tight junction proteins such as Claudin-5, Occludin, JAM-1, ZO-1, disarrangement and discontinuity of claudin-5 and ZO-1, albumin leakage from cerebral microvessels, Evans blue extravasation and increased cerebral edema. Enalapril plus nifedipine can lower blood pressure and improve cerebral perfusion, but have no effect on the cerebral microvascular effusion. YangXue QingNao Wan, a compound Chinese medicine for treating headaches and dizziness in China, can not only lower blood pressure and improve cerebral perfusion, but also inhibited the high expression of cerebral caveolin-1 and the low expression of tight junction proteins such as Claudin-5, Occludin, JAM-1, ZO-1, inhibited the disordered and discontinuous arrangement of Claudin-5 and ZO-1, and attenuated plasma albumin leakage from cerebral microvessels. There was also reduced Evans blue extravasation and cerebral edema, upregulation of ATPα and ATP5D, the two subunits of mitochondrial complex V, in extracted protein from brain tissue, elevation of the ratio of ATP/ADP and ATP/AMP, and inhibition of the damage of hippocampal neurons (Jiao et al.). Hao et al. from the team of professor Jing-Yan Han also demonstrated that Rhynchophylline, one of the main components of YangXue QingNao Wan, was capable of activating Src-PI3K/Akt-eNOS cascade and improving endothelium-dependent relaxation in the renal arteries from SHRs (Hao et al., 2017). Song et al. from the team of Professors Huayun Yu and Zhichun Wu demonstrated that Zi Shen Huo Luo formula could enhance the efficacy of angiotensin-converting enzyme inhibitors in left ventricular hypertrophy after hypertension by improving aldosterone activity and affecting mineralocorticoid receptor and Caveolin-1 colocalization and the downstream EGFR signaling pathway.



THE EFFECTS AND MECHANISMS OF TCM ON IMPROVING TREATMENT OF HYPERLIPIDEMIA AND RELATED ORGANS INJURY

There are 4 papers regarding the improvement effects of TCM on hyperlipidemia and related cognitive dysfunction and arteriosclerosis. Gao et al. from the team of professors Yuan-Lu Cui and Chun-Quan Yu demonstrated that Dan-Lou prescription effectively attenuated macrophage foam cell formation induced by ox-LDL via the TLR4/NF-κB and PPARγ signaling pathways (Gao et al., 2018). Yi et al. from the team of professors Fei Ye and Xiaolin Zhang demonstrated that Rho, a extract from Rhodiola crenulate, could ameliorate hepatic steatosis in high-fat diet (HFD)-induced obesity mice, KKAy mice, and HFD combined with tetracycline stimulated Model-T mice, respectively. The mechanism was related to enhancing insulin sensitivity, suppressing fatty acid uptake and inhibiting de novo lipogenesis in liver (Yi et al., 2018). Gu et al. from the team of professors Jing-Yan Han and Zhi-Zhong Ma demonstrated that YangXue Qing Nao Wan and Silibinin Capsules could improve cognitive impairment of aged LDLR (+/–) golden Syrian hamsters, which was associated with attenuated albumin leakage from middle cerebral artery and neuronal damage in hippocampus, concomitant with an increase in cerebral blood flow, a decrease of perivascular edema and an up-regulated expression of claudin-5, occludin and ZO-1 (Gu et al., 2018). Deng et al. from the team of professor Jing-Yan Han also demonstrated that combination of Cardiotonic Pills, a compound Chinese medicine for coronary heart disease and angina pectoris, and recombinant human prourokinase, a thrombolytic drug, effectively attenuated atherosclerosis plaque in LDLR−/−mice plus high fat diet, which is associated with normalizing the lipid metabolism in the liver and aorta, reducing phagocytosis of receptor-mediated modified-LDL uptake and inhibiting systemic inflammation (Deng et al., 2019).



THE EFFECTS AND MECHANISMS OF TCM ON IMPROVING TREATMENT OF HYPERGLYCEMIA AND RELATED ORGANS INJURY

We have included 5 papers reporting the effect of TCM on diabetes, especially the vascular comorbidity and related organ injury. Li et al. from the team of professors Qiaobing Huang and Xiaohua Gao showed that Src plays a pivotal role in advanced glycation end products-promoted HUVECs angiogenesis by phosphorylating ERK, and very likely through RAGE-Src-ERK pathway (Li et al., 2018b). Zhu et al. from the team of professors Ximing Liu and Xiaobo Sun found that Dai-Zong-Fang, a traditional Chinese herbal formula containing berberine, naringin, and other components, exhibits a prominent effect in improving insulin sensitivity, hepatic steatosis, and skeletal muscle energy metabolism in db/db mice (Zhu et al., 2018a). Cheng et al. from the team of professors Lin Yao and YongJun Chen reported that HuangqiGuizhiWuwu Decoction improved streptozocin-induced vascular dysfunction by targeting endothelial arginase 1. Chen et al. from the team of professors Jianxun Liu and Junguo Ren discovered the therapeutic potential of Tang Wang Ming Mu Granule, a compound Chinese medicine, for prevention of diabetic retinopathy in Type 2 diabetes rats, which may be attributable to anti-inflammation, anti-oxidation, upregulation of SOCS3 expression, and inhibition of the JAK/STAT/VEGF signaling pathway (Chen et al., 2017). Li et al. from the team of professors Jing-Yan Han and Xue-Mei Wang reported that Bushen Huoxue (BSHX), a compound Chinese medicine, significantly ameliorated the type 2 diabetes mellitus related insults in diabetic KKAy mice, including the increased blood glucose, the impaired spatial memory, decreased cerebral blood flow, occurrence of albumin leakage, leukocyte adhesion and opening capillary rarefaction. Meanwhile, the downregulation of the tight junction proteins claudin-5, occludin, zonula occluden-1 and JAM-1 between endothelial cells, the amyloid-β accumulation in hippocampus, increased advanced glycation end-products and RAGE, and expression of RhoA/ROCK/moesin signaling pathway and phosphorylation of Src kinase were significantly protected by BSHX treatment. These results indicate that the protective effect of BSHX on type 2 diabetes mellitus-induced cognitive impairment involves regulation of RhoA/ROCK1/moesin signaling pathway and phosphorylation of Src kinase (Li et al., 2018c).



THE EFFECTS AND MECHANISMS OF TCM ON IMPROVING TREATMENT OF CARDIAC INJURY, MYOCARDIAL FIBROSIS AND HEART FAILURE

We have included 22 papers regarding the improvement effects of TCM on cardiovascular injury, including 1 paper investigating the role of TCM in myocardial injury caused by homocysteine, 6 papers about the improvement of ischemic myocardial injury by TCM, 5 papers about the improvement of myocardial ischemia-reperfusion injury by TCM, 4 papers reporting the protective effect of TCM on heart failure, 3 papers regarding the systematic biological characteristics of cardiovascular disease with different syndromes of TCM, 3 papers regarding the effect of TCM on coronary heart disease in clinic.


The Effects of TCM on Improving Treatment of Homocysteine-Induced Cardiac Injury

The work of Fan et al. from the team of professors Bao-liang Sun and Xiao-yan Fu showed the suppressed effect of astaxanthin on homocysteine-induced cardiotoxicity in vitro and in vivo by inhibiting mitochondrial dysfunction and oxidative damage (Fan et al., 2017).



The Effects and Mechanisms of TCM on Improving Treatment of Ischemic Myocardial Injury

Zhang et al. from the team of professors Pengfei Tu and Yong Wang revealed the anti-apoptotic effects of Baoyuan Decoction both in vivo and in vitro, is mediated by regulation of the P38 mitogen-activated protein kinase-αB-crystallin signaling pathway (Zhang et al., 2018b). Cheng et al. from the team of professor Mingjing Zhao reported that 1 day after left anterior descending coronary artery ligation, continuous administration of Qiliqiangxin Capsules (QLQX) by intragastric administration for 8 weeks can reduce the area of myocardial infarction, improve cardiac function and myocardial blood flow. The role of QLQX is attributable to inhibition of cardiac glycolysis and promotion of glucose oxidation and fatty acid metabolism (Cheng et al.). Chen et al. from the team of professors Xiumei Gao and Guanwei Fan revealed that Danhong Injection combined with mesenchymal stem cells intervention can significantly improve cardiac function and inhibit ventricular remodeling in murine myocardial infarction model. This benefit may be due to the regulation of the SDF-1/CXCR4 axis and promote angiogenesis (Chen et al., 2018). Sun et al. from the team of professors Xiaohui Ma and Feng Yu demonstrated the protective effect of compound danshen dripping pills on isoproterenol-induced myocardial ischemia in rat and the acute myocardial infarction rat induced by ligation of the left anterior descending (LAD) coronary artery, whereas the circulating microRNA-1 was only ameliorated in the LAD rat model (Sun et al., 2018b). Cui et al. from the team of professor Jing-Yan Han found that treatment with QiShenYiQi Pills (QSYQ) significantly inhibited ischemia-induced rat myocardial injury, as demonstrated by the improvement of myocardial morphology and heart function and decline in cardiac cTnI release. QSYQ also relieved myocardial energy disorders manifested by the increase in ATP production, ATP 5D protein expression, and ATP synthase activity. AS-IV and Rb1, but not Rg1, R1, and DLA, had similar effect as QSYQ in regulation of energy metabolism (Cui et al., 2018). Fu et al. from the team of professor Qi-Tao Zhao demonstrated that Trichosanthes pericarpium aqueous extract displays protective effect on acute myocardial infarction by promoting the mobilization of endothelial progenitor cells and up-regulating the expression level of VEGF, eNOS, NO, and MMP-9 in myocardium and their plasma content in acute myocardial ischemic rats (Fu et al., 2018).



The Effects and Mechanisms of TCM on Improving Treatment of Myocardial Ischemia and Reperfusion Injury

Yan et al. from the team of professors Jing-Yan Han and Xin-Sheng Yao revealed that Gualou Xiebai Decoction, a compound Chinese medicine, significantly protected the myocardium from I/R injury in hyperlipidemia rat, as shown by the decreased level of CK, CK-MB, LDH, cTnI, cTnT, and IL-6, improved cardiac function, and mitigated myocardium damage, possibly via regulating energy metabolism involving inactivation of RhoA/ROCK signaling pathway (Yan et al., 2018). Zuo et al. from the team of professors Hua Zhou and Pei Luo demonstrated that an acid polysaccharides fraction of Panax ginseng exerted a protective effect in H9c2 cardiomyocytes underwent hypoxia/reoxygenation on mitochondrial pathway apoptosis via elevating the expressions of glucocorticoid receptor and estrogen receptor and activating eNOS increasing NO production (Zuo et al., 2018). Li et al. from the team of professors Jing-Yan Han and Li Huang demonstrated that ginsenoside Rg1, a major ingredient of Radix ginseng, protected heart from I/R-induced myocardial impairment, as shown by the decrease of myocardial infarction size, the increase in myocardial blood flow, and amelioration of cardiomyocyte structure and function. The cardiac protection afforded by ginsenoside Rg1 may be attributed to its ability to adjust energy metabolism via regulating the expression of energy metabolism related proteins (HIF1, ENOα, ALDO, ECH1), increasing the activity of mitochondria respiratory complexes and the expression of ATP5D, all of which may at least partially be mediated through its binding to RhoA to inactivate the RhoA/ROCK pathway (Li et al., 2018a). Zheng et al. from the team of professors Yan Wang and Guo-Qing Zheng conducted a preclinical systematic review to evaluate the effectiveness and the mechanisms of Astragaloside IV for myocardial I/R injury, and the findings indicate that Astragaloside IV exerted potential cardioprotective function in acute myocardial I/R injury largely through promoting angiogenesis, improvement of the circulation, antioxidant, anti-apoptosis, and anti-inflammatory (Zheng et al., 2018). Zhu et al. from the team of professors Yan Wang and Guo-Qing Zheng performed a systematic review over the available preclinical evidence and possible mechanisms of Ginkgolide B in treating myocardial I/R injury, finding that the possible mechanisms via which Ginkgolide B exerts cardioprotective effects are mainly associated with anti-oxidation, anti-inflammation, anti-apoptosis, and improvement of energy metabolism (Figure 1).


[image: Figure 1]
FIGURE 1. I/R-induced microcirculatory disturbance and tissue injury stepwise progress involving the ischemia, acute, subacute, and chronic phases after reperfusion. Some TCM showing attenuation effect on I/R-induced microcirculatory dysfunction and tissue injury at various phases. I, mitochondrial complex I; II, mitochondrial complex II; III, mitochondrial complex III; IV, mitochondrial complex IV; V, mitochondrial complex V; ADP, adenosine diphosphate; AJ, adhesion junction; ASIV, astragaloside IV; ATP, adenosine triphosphate; Cav, caveolae; CDDP, compound danshen dripping pills; Cyt C, cytochrome c; FAD, flavin adenine dinucleotide; ICAM, intercellular adhesion molecule; M2, M2 macrophages; MCP-1, monocyte chemotactic protein 1; NAD, nicotinamide adenine dinucleotide; NF-κB, nuclear factor kappa-B; Q10, Coenzyme Q10; QLQX, QiLiQiangXin capsule; QSYQ, QiShenYiQi; Rb1, Ginsenoside Rb1; Rg1, Ginsenoside Rg1; ROCK, Rho-associated kinase; S19, ribosomal protein S19; TGF-β1, transforming growth factor-β1; TJ, tight junction; VCAM, vascular cell adhesion molecule. ↑, increase; ↓, decrease; ⊥, inhibition.




The Effects and Mechanisms of TCM on Improving Treatment of Heart Failure

Zhang et al. from the team of professors Yong Wang, Wei Wang, and Chun Li demonstrated that Danqi Pill could improve myocardial glucose metabolism, mitochondrial oxidative phosphorylation and biogenesis by regulating HIF-1α/PGC-1α signaling pathway in heart failure post-acute myocardial infarction. Mao et al. from the team of professor Minzhou Zhang reported that Tongguan Capsule improves cardiac remodeling in a murine model of myocardial infarction by preventing cardiomyocyte inflammation and apoptosis while enhancing autophagy through Sirt1 activation (Mao et al., 2018). Ruan et al. from the team of professor Liyue Wang showed that treatment with QiShenYiQi Dripping Pills could protect against transverse aortic constriction-induced cardiac dysfunction, disrupted myocardial fiber structure and heart failure. The mechanism may be associated with the improvement in impaired cardiac angiogenesis (Ruan et al., 2018). Zhao et al. from the team of professors Yi Wang and Guanwei Fan found that Yiqifumai Injection could alleviate cardiac hypertrophy and apoptosis, and reduce cardiac fibrosis and heart failure caused by ligation of the left anterior descending coronary artery in rats, which is associated with the upregulation of MiR-21-3p and miR-542-3p (Zhao et al., 2018).



Systematic Biological Characteristics of Different Syndromes of TCM in Cardiovascular Disease

Zhao et al. from the team of professor Dong-Sheng Wang proposed a metabolomics method based on 1H-NMR and random forest models to elucidate the underlying biological basis of blood stasis syndrome in coronary heart disease (CHD). Choline, β-glucose, α-glucose, and tyrosine were considered as potential biomarkers of CHD-blood stasis syndrome (Zhao et al.). Zhu et al. from the team of professor Wuxun Du investigated the metabolic profiles of plasma samples from myocardial infarction (MI) patients with phlegm stasis syndrome to identify potential disease biomarkers. Significant difference in the plasma levels of the following 10 metabolites was observed in the MI patients compared with the controls: phosphatidylserine, C16-sphingosine, N-methyl arachidonic amide, N-(2-methoxyethyl) arachidonic amide, linoleamidoglycerophosphate choline, lysoPC (C18:2), lyso-PC (C16:0), lyso-PC (C18:1), arachidonic acid, and linoleic acid (Zhu et al., 2018b). Xu et al. from the team of professors Xue-Zhong Zhou and Jing-Qing Hu proposed a network medicine-based approach to identify the characteristic of proteins in ischemic heart disease patients with phlegm-stasis syndrome, which could be used for interpreting the pharmacological mechanisms of well-established Chinese herbal formulas (e.g., Tao Hong Si Wu Decoction, Dan Shen Yin Decoction, Hunag Lian Wen Dan Decoction, and Gua Lou Xie Bai Ban Xia Decoction) (Xu et al., 2018).



The Effects of TCM on Coronary Heart Disease Patients

Tao et al. from the team of professor Xiuhua Liu investigated the metabolic profiles of the serum in CHD patients after treatment of Taohong Siwu Decoction (THSWD) using non-targeted ultra-performance liquid chromatography with tandem mass spectrometry-base metabolomics. The results indicated that THSWD promoted energy generation by upregulating fatty acid metabolism and downregulating tricarboxylic acid cycle and pentose phosphate pathway. THSWD also downregulated glycerophospholipid metabolism and arachidonic acid metabolism and involved amino acid metabolism. They showed that small molecular metabolites such as glycerophosphocholine, 8,9-DiHETrE, 5′-MTA, hippurate, indoxyl sulfate, and 3-UPA may be the potential targets of THSWD for anticoagulation and lipid reduction, and the material foundation of the “blood” to promote blood circulation in CHD treatment (Tao et al.). Following a systematical review, Yang et al. from the team of professor Ya-Hong Wang claims an effect of Tai Chi on cardiorespiratory fitness and coronary heart disease rehabilitation (Yang et al., 2018b). Based on a retrospective study on the National Health Insurance Data, Yang et al. from the team of professors Sheng Han and Hao Hu evaluated the clinical efficiency and economics of salvianolate injection for patients with CHD in comparison to Danhong injection and alprostadil injection. The result indicated the advantage of Salvianolate injection in reducing hospitalization duration for inpatients with CHD (Yang et al.).




THE EFFECTS AND MECHANISMS OF TCM ON CEREBROVASCULAR DISEASES

In cerebrovascular disease, 8 articles are included, of which 3 are studies on improving effects of TCM on cerebral ischemic injury and 5 on cerebral ischemia and reperfusion injury.


The Effects of TCM on Improving Treatment of Cerebral Ischemic Injury

Zhang et al. from the team of professors Yan Wang, Guo-Qing Zheng, and Jie Liu using a mouse cerebral ischemic model evaluated the effect of borneol, finding that mesenchymal stem cells (MSCs) plus borneol was more effective in attenuation of neurological deficits, infarct volume, cell death, and neurogenesis than MSCs alone (Zhang et al., 2018a). Li et al. from the team of professor Hui Zhao reported that Xiaoshuan enteric-coated capsule along with enriched environment exerted synergistic effects on alleviating atrophy and encouraging axonal reorganization partially by promoting oligodendrogenesis and overcoming intrinsic growth-inhibitory signaling, thereby facilitating higher cognitive recovery. Xue et al. from the team of professors Zhuoya Ma and Shuguang Liu based on a review and meta-analysis suggested that the combination of conventional treatments and Ginkgo leaf extract and dipyridamole injection is safe and more effective in treating ischemic stroke than conventional treatments alone.



The Effects of TCM on Improving Treatment of Cerebral Ischemia and Reperfusion Injury

Zhao et al. from the team of professors Jiehong Yang and Haitong Wan showed that many influencing factors could affect the compatibility of components contained in two formulas (CG4 and CG6), such as the metabolism by CYP450 enzymes, plasma protein binding rates, and effects related to the blood-brain barrier. This study provided new insights for choosing appropriate dosages of active components of TCM to aid in prevention and treatment of cerebral ischemic diseases (Zhao et al.). Yang et al. from the team of professor Guo-Qing Zheng reported that the herbal compatibility of Ginseng and Rhubarb synergistically exerted neuroprotective function during acute cerebral I/R injury, mainly through reducing the expression of connexin-43 and aquaporin-4. Fu et al. from the team of professor Guo-Qing Zheng investigated the neuroprotective effects of Sanhua Decoction, a classic Chinese herbal prescription, on cerebral I/R injury in rat model, showing that Sanhua Decoction exerted neuroprotection probably by regulating p-tau level and promoting the proliferation, migration, and differentiation of endogenous neural stem cells, accompanying with neurobehavioral recovery. Wang et al. from the team of professors Yong Jiang and Kewu Zeng demonstrated that as the main active components of Cistanche deserticola, total Glycosides have porential to protect against I/R-induced cerebral injury, and the protection was mainly via the Nrf-2/Keap-1 pathway. Chen et al. from the team of professor Jiangang Shen discuss the important roles of myeloperoxidase (MPO) in mediating oxidative stress and neuroinflammation during cerebral I/R injury and summarize the active compounds from medicinal herbs with potential as MPO inhibitors for anti-oxidative stress and anti-inflammation to attenuate cerebral I/R injury, and as adjunct therapeutic agents for extending the window of thrombolytic treatment.




THE EFFECTS AND MECHANISMS OF TCM ON IMPROVING TREATMENT OF KIDNEY INJURY

Two research papers and 1 review article are included with respect to the improvement of kidney injury by TCM. An et al. from the team of professor Lin Yao and Yongjun Chen demonstrated that the protective effect of Xiao-Shen-Formula on kidney injury might be related with vascular prevention, anti-inflammation and anti-oxidation through intervening with multi-targets including glomerular endothelial arginase-heparanase signaling pathway in diabetic nephropathy model (An et al., 2018). Zhou et al. from the team of professor Jing-Yan Han demonstrated that pretreatment with QiShenYiQi Pills (QSYQ), a compound Chinese medicine with potential of tonifying Qi and activating blood, significantly attenuated the cisplatin induced insults, including the increase in plasma urea and creatinine, histological damage, and the renal microcirculation disturbance. These effects were ascribed to its ability to upregulate mitochondrial respiratory chain Complex I, II, and IV thus containing the production of peroxides and apoptosis, and elevate the expression of the complex V increasing ATP yield (Zhou et al., 2017). Lv et al. from the team of professor Richard J. Roman in a review article concerning oxidative stress and renal fibrosis revealed that a spectrum of TCM were reported effective in attenuation of renal injury, including compound Chinese medicines Liu-Wei-Di-Huang-Wan, Ba-Wei-Di-Huang-Wan, Fufang Xue Shuan Tong, Hu-Lu-Ba-Wan, Chinese material medica Dan-Shen, Xuan-Shen, Huang-Qi, San-Qi, Chuan-Xiong, Shan-Zha, Ge-gen, bioactive ingredients magnesium lithospermate B, caffeic acid, Icariin, Berberine, Curcumin, Paeoniflorin, Ferulate, Triptolide, Total flavonoids, Taxol, etc. (Lv et al., 2018).



THE EFFECTS AND MECHANISMS OF TCM ON ORGAN INJURY CAUSED BY CHRONIC STRESS

Two papers are included that addressed the effect of TCM on organ injury caused by chronic stress. Sun et al. from the team of professor Jing-Yan Han demonstrated the potential of Xiao-Yao-San, a classic Chinese medicine formula, to ameliorate follicle development abnormalities in a polycystic ovary syndrome rat model caused by chronic stress. The study revealed that the beneficial role of Xiao-Yao-San was correlated with the inhibition of elevated beta hydroxylase in locus coeruleus, noradrenaline release, β2R expression and apoptosis and autophagy of granulosa cells (Sun et al., 2017). Chen et al. from the team of professor Changjiang Hu reported that Huangsiyujin and its processed products may alleviate pain by regulating the release of 5-hydroxytryptamine, increasing the content of β-endorphin and inhibiting the expression of c-fos in a rat model of Qi stagnation and blood stasis.



AMELIORATING EFFECTS OF TCM ON MICROCIRCULATION DISORDERS AND ORGAN INJURY CAUSED BY ENDOTOXIN

Three papers are included that are devoted to identify effects of TCM on microcirculation disorder and organ injury caused by endotoxin. Wang et al. from the team of professor Jing-Yan Han demonstrated that post-treatment with Qing-Ying-Tang (QYT), a classic compound Chinese medicine, significantly ameliorated LPS-induced leukocyte adhesion to microvascular wall, albumin leakage from cerebral venules and brain tissue edema. The compound also attenuated the increase of MCP-1, MIP-1α, IL-1α, IL-6, and VCAM-1 in brain tissue and the activation of NF-κB and expression of MMP-9 in brain. QYT ameliorated the downregulation of claudin-5, occludin, JAM-1, ZO-1, collagen IV as well as the expression and phosphorylation of VE-cadherin in mouse brain. QYT protected cerebral microvascular barrier from disruption after LPS involving both transcellular pathway and paracellular pathway (Wang et al.). Sun et al. from the team of professors Jing-Yan Han and Xian Wang demonstrated that schisandrin (Sch), an ingredient of Schisandra chinensis, alleviated leukocyte adhesion to pulmonary venules and infiltration into lung tissue after LPS stimulation, which is attributable to inhibition of the increase in the expression of TLR-4, phosphorylation of I-κB, nuclear translocation of NF-κB, the expression of leukocyte adhesion molecules CD11b/CD18 and endothelial adhesion molecules ICAM-1 and VCAM-1. Sch ameliorated the downregulation of claudin-5, occludin, JAM-1, ZO-1, and lung endothelium and epithelium injury, attributable to the regulation of Akt/FoxO1 signaling pathway (Sun et al., 2018a). Wang et al. from the team of professors Chun-Yu Niu and Zi-Gang Zhao reported that resveratrol treatment partly reduced the whole blood viscosity and regional blood flow, and increase white blood cell content in peripheral blood following the LPS challenge, suggesting a favorable role in expanding the quasi-sympathetic effects of LPS in blood viscosity at early stages (Wang et al., 2018).



MULTI-COMPONENT PHARMACOLOGICAL EFFECTS OF COMPOUND CHINESE MEDICINE

There are 4 papers regarding the multi-link pharmacological effects of compound Chinese medicine. Gong et al. from the team of professors Tina TX Dong and Kelvin Chan reviewed the chemical compositions and pharmacological effects of “Snow lotus” in treating various disorders. Yang et al. from the team of professors Ping Li and Xuezhong Zhou using network pharmacological methods revealed that G-protein coupled receptor signaling pathway and cellular protein metabolic process are the key pathways for LianXia NingXin formula. This formula was used to treat coronary heart disease phenotypes with corticotropin releasing hormone and natriuretic peptide precursor A being the two key drug targets. Further evidences from Chinese herb pharmacological databases indicate that Pinellia ternata (Banxia) has relatively strong adjustive effect on the two key targets (Yang et al., 2018a). Liu et al. from the team of professors Xuan Liu, Ben He, and Xianting Ding proposed that feedback system control optimization technique could be used in optimization of anti-platelet drug combinations and might be helpful in designing personal anti-platelet therapy strategy. Furthermore, feedback system control analysis could also identify interactions between different drugs which might provide useful information for research of signal cascades in platelet (Liu et al., 2018). Zhang et al. from the team of professors Xuefeng Xiao and Wuxun Du provided a strategy for understanding the mechanism where by Qiliqiangxin capsule (QLQX) protected against chronic heart failure, which included pharmacokinetics study, network pharmacology, and experimental validation. A total of 29 ingredients were determined by pharmacokinetics study, instead of herb databases, and used for network pharmacology analysis. Through experimental validation of the hub targets (VEGFA, IL-6, p-STAT3, and p-JAK2), the JAK/STAT signaling pathway were identified as the mechanism by which QLQX attenuated inflammatory process in chronic heart failure (Zhang et al.).
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Chronic stress induces endocrine disturbance, which contributes to the development of polycystic ovary syndrome (PCOS), a condition that remains a challenge for clinicians to cope with. The present study investigated the effect of Xiao-Yao-San (XYS), a traditional Chinese medicine formula used for treatment of gynecological disease, on the chronic stress-induced polycystic ovary and its underlying mechanism. Female Sprague-Dwaley rats underwent a 3 weeks chronic unpredictable mild stress (CUMS) procedure to establish the PCOS model, followed by 4 weeks treatment with XYS (0.505 g/kg or 1.01 g/kg) by gavage. Granulosa cells were exposed to noradrenaline (1 mM) in vitro for 24 h, followed by incubation with or without XYS-treated rat serum for 24 h. Post-treatment with XYS ameliorated CUMS-induced irregular estrous cycles and follicles development abnormalities, decrease of estradiol and progesterone level as well as increase of luteinizing hormone in serum, reduced cystic follicles formation and the apoptosis and autophagy of granulosa cells, attenuated the increase in dopamine beta hydroxylase and c-fos level in locus coeruleus, the noradrenaline level in serum and ovarian tissue, and the expression of beta 2 adrenergic receptor in ovarian tissue. Besides, XYS alleviated the reduction of phosphorylation of ribosomal protein S6 kinase polypeptide I and protein kinase B, as well as the increase of microtubule-associated protein light chain 3-I to microtubule-associated protein light chain 3-II conversion both in vivo and in vitro. This study demonstrated XYS as a potential strategy for CUMS induced polycystic ovary, and suggested that the beneficial role of XYS was correlated with the regulation of the sympathetic nerve activity.

Keywords: chronic unpredictable stress, polycystic ovary, noradrenaline, beta 2 adrenergic receptor, granulosa cells autophagy


INTRODUCTION

Polycystic ovary syndrome (PCOS) is a common endocrine disorders in women of reproductive age featured by hyperandrogenism, chronic anovulation, polycystic ovaries on ultrasonography and abnormalities of folliculogenesis (Salelic et al., 2004; Norman et al., 2007). In the etiology of PCOS, psychological stress has attracted increasing attention (El Hayek et al., 2016). The patients with PCOS commonly present a higher degree of emotional distress (Greiner et al., 2005; Veltman-Verhulst et al., 2012). On the other hand, elevated risk for psychiatric disorders is observed as well in the sisters and brothers of women with PCOS, suggesting that the associations between PCOS and psychiatric disorders are partly due to a common etiology, including shared genetic factors (Cesta et al., 2016). Previous studies have demonstrated that chronic stress elevates the activity of sympathetic nervous system, increases the release of noradrenaline (NE) and nerve growth factor in the ovary (Lara et al., 1993; Paredes et al., 1998; Dorfman et al., 2003), and induces cystic follicles formation through the activation of beta adrenergic receptor (Fernandois et al., 2012; Luna et al., 2012). Moreover, chronic stress affects the secretion of gonadotropin and sexual hormone via hypothalamus-pituitary-ovary axis (Toufexis et al., 2014), and subsequently leads to follicle development abnormalities (Wu et al., 2012). However, how stress causes the impairment of follicles remains unclear.

The survival and death of granulosa cells have been recognized as one of the critical factors that impact the fate of follicles (Matsuda et al., 2012). Apoptosis and autophagy are two forms of programmed cell death, and the latter form involves the process in which a double-membrane vesicle called autophagosome carries cytoplasmic material to the lysosome (Mizushima and Komatsu, 2011). It has been reported that both apoptosis and autophagy can be induced in granulosa cells and are involved in the control of follicles development (Choi et al., 2010, 2013), which is modulated by various signaling pathways including phosphoinositide3-kinase/protein kinase B (PI3K/Akt) and mammalian target of rapamycin (mTOR) pathways (Pyo et al., 2012). However, the study on the role of apoptosis and autophagy in stress-induced polycystic ovary is limited.

Xiao-Yao-San (XYS) is a traditional Chinese medicine formula widely used for treatment of gynecological diseases and depression. In addition, studies showed that XYS can regulate hypothalamus-pituitary function (Jiang et al., 2016), protect the hippocampal neuron (Liang et al., 2013; Meng et al., 2013) in chronic stress-induced anxiety model. However, the role of XYS in chronic stress-caused polycystic ovary has not been explored.

The present study aimed to investigate the ameliorative effect of XYS on chronic stress-induced polycystic ovary and follicle development abnormalities, and gain insight into its underlying mechanism.



MATERIALS AND METHODS


Animals

Female Sprague-Dawley rats weighing 220 ± 20 g, 8 weeks-old, were obtained from the Animal Center of Peking University Health Science Center with the certificate number SCXK 2006-0008. The animals were housed at 24 ± 1°C and relative humidity of 50 ± 1% under a 12 h light/dark cycle and given standard laboratory diet and water. The experimental procedures were in accordance with the recommendations of U.K. Animals (Scientific Procedures) Act, 1986 and associated guidelines, EU Directive 2010/63/EU for animal experiments. All animals were handled according to the guidelines of the Peking University Animal Research Committee. The experimental protocol was approved by the Committee on the Ethics of Animal Experiments of Peking University Health Science Center (LA2016314).



Reagents

XYS granules was provided by Guangdong Yi Fang Pharmaceutical Co Ltd. (Guangzhou, China), which consists of radix bupleuri (chaihu) (16.2%), angelica (danggui) (16.2%), radix paeoniae alba (baishao) (16.2%), rhizoma atractylodis macrocephalae (baizhu) (16.2%), poria (fuling) (16.2%), ginger (shengjiang) (5.4%), mint (bohe) (5.4%), and glycyrrhizae (gancao) (8.1%). Antibodies against beta 2 adrenergic receptor (β2R), S6K I, phosphor-p70 S6K I (Thr229) and c-fos were purchased from Abcam (Cambridge, UK). Antibodies against Bcl-2 (B-cell lymphoma-2), Bax (B-cell lymphoma-2 associated X protein), cleaved caspase-3 (cleaved cysteinly aspartate specific proteinase-3), microtubule-associated protein light chain 3A (LC3A), LC3B, Akt and phosphor-Akt (Ser473) were purchased from Cell Signaling (Danvers, MA, USA). Antibody against dopamine beta hydroxylase (DβH) was purchased from Thermo Scientific (Rockford, IL, USA). (-)-Noradrenaline (NE) was from Sigma Chemical Co (St Louis, MO, USA). Pregnant mare serum gonadotropin was from ProSpec (Ness Ziona, Israel).



Experiment Protocols

Animals underwent a week of adaptive breeding and estrous cycle determination, rats with normal estrous cycle were enrolled and divided into the following 6 groups randomly: (1) Control group, (2) Control+XYS (1.01 g/kg) group, (3) CUMS group, (4) CUMS+saline (NS) group, (5) CUMS+XYS (0.505 g/kg) group, and (6) CUMS+XYS (1.01 g/kg) group. The number of animals for determination of each parameter in each group is detailed in Table 1.



Table 1. Number of animals for different experimental groups and various parameters.
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The dosage of XYS used in the experiments was calculated based on that for human, with 0.505 g/kg being equivalent to and 1.01 g/kg 2-fold the dose (27g crude drug/60 kg), respectively, used in clinic.

CUMS used in the present study consisted of 10 kinds of stressors: (1) 24 h food deprivation, (2) 24 h water deprivation with empty drinking bottles, (3) 24 h bedding deprivation, (4) 24 h wet bedding, (5) 24 h tilt cage (cages were tilted to 45° from the horizontal), (6) 2 min clamp tail (1 cm from the tail tip), (7) 2 h cold stress in low temperature incubator at 4°C, (8) 1 h shaker stress (140 rpm), (9) 5 min cold swim at 4–6°C, and (10) 3 h restraint. The animals in the CUMS group, CUMS+NS group, CUMS+XYS (0.505 g/kg) group and CUMS+XYS (1.01 g/kg) group were subjected to 3 weeks CUMS with two randomly selected stressors imposed on the animals every day. During the same period of time, the animals in Control group and Control+XYS (1.01 g/kg) group stood normally raised. In the week that followed, estrous cycle was determined for all animals, and only animals with disordered estrous cycle in CUMS groups were processed for treatment with or without XYS. XYS treatment started form the fifth week and lasted for 4 weeks, during this period, the animals in XYS treatment groups received XYS by gavage daily at a dose as indicated, while those in CUMS+NS group were given equivalent volume of NS in the same manner. XYS was suspended in NS before use. Estrous cycle was determined for each rat over the whole treatment period.



Preparation of XYS Containing Serum

Female SD rats were administered by gavage with NS or XYS (1.01 g/kg) once a day for 3 days. 2 h after the final dose, the rats were sacrificed and blood was collected. The blood samples were centrifuged at 1,699 g for 15 min at 4°C, the serum was collected and incubated in a water bath at 56°C for 30 min for inactivation, and stored at −80°C before use (Cao et al., 2013).



Granulosa Cells (GCS) Culture Studies

Female SD rats postnatal 21 days were sacrificed by cervical dislocation under anesthesia and ovaries were excised 48 h after administration of pregnant mare serum gonadotropin (0.4 IU/g) by intraperitoneal injection. GCs were isolated by immersing the ovaries in 5% fetal bovine serum (FBS)-DMEM (dulbecco's modified eagle medium) and puncturing them with 26 gauge needles to release GCs (Abedini et al., 2016). GCs were seeded in 3.5 cm petri dish and cultured in 15% FBS-DMEM at 37°C with 5% CO2 for 48 h, followed by incubation in 15% FBS-DMEM with NE (1 mM) (NE group) or without NE (Control group) for 24 h. A proportion of cells in NE group were transferred to 15% control rat serum-DMEM (NE+NS group) or 15% XYS (1.01 g/kg) rat serum-DMEM (NE+XYS (1.01 g/kg) group) incubating for additional 24 h.



Determination of Estrous Cycle

Determination of the estrous cycle was performed daily for a week before CUMS and 5 weeks after CUMS using vaginal smears observed under a light microscope (Marcondes et al., 2002).



Histological Evaluation of Ovarian

Rats were anesthetized by 20% urethane (10 ml/kg) at the end of the experiment. Ovaries were excised, rinsed in NS, fixed in 4% paraformaldehyde in 0.1 M phosphate buffer solution (pH 7.4). 5 μm paraffin sections were prepared and stained by hematoxylin and eosin (HE). The follicles were classified according to their hisotological characteristics (Cruz et al., 2012) and the number of primordial, primary, secondary, antral, cystic, and atretic follicles was counted for each ovary in a total of 10 sections with a 50 μm interval between the successive two.



Determination of NE, Estradiol, Progesterone and Luteinizing Hormone

At the end of the experiment, the rats were sacrificed and blood and ovaries were collected. The levels of NE in serum and ovarian tissue homogenate were determined by using ELISA kits (Eagle Biosciences, Nashua, NH, USA), and the levels of estradiol, progesterone and luteinizing hormone in serum were determined by using ELISA kits (R&D Systems, Minneapolis, MN, USA; Enzo Life Sciences, Farmingdale, NY, USA) according to the manufacturer's instructions.



Terminal Deoxynucleotidyl Transferase-Mediated dUTP-Biotin Nick End-Labeling (TUNEL) Staining

TUNEL staining was conducted for paraffin sections of rat ovary using an assay kit (Roche, Basel, Switzerland), according the manufactures instruction, and the nuclei were labeled with Hochest 33342 (Invitrogen, Camarillo, CA, USA). The number of the TUNEL positive cells in 5 fields was counted, and the average was calculated and expressed as cell number per field.



Immunohistochemical Staining

At the end of the experiment, the rats under anesthesia were infused via the left ventricle with 4% paraformaldehyde in 0.01 M phosphate buffer solution (pH 7.4), brain segments containing region of the locus coeruleus (bregma −9.80 to −10.04 mm) (Sabban et al., 2015) were removed and postfixed with the same fixative for 48 h, and immersed in 30% sucrose solution for at least 48 h at 4°C. The brain segments were cut into 10 μm sections with a cryostat microtome (CM1900; Leica, Nussloch, Germany). GCs were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer solution for 20 min at the end of the experiment. The sections or cultured cells were permeabilized with 0.3% Triton X-100 for 30 min, then incubated with antibodies against β2R (1:50), LC3A (1:400), DβH (1:50) or c-fos (1:100) overnight at 4°C after blocked with goat serum, and then incubated with a fluorescent secondary antibody for 1.5 h at 37°C and Hochest 33342 (Invitrogen, Camarillo, CA, USA) for nuclei. Positive staining was examined by a laser scanning confocal microscope (TCS SP5, Leica, Mannheim, Germany).



Western Blotting Assay

Rats under anesthesia were sacrificed at the end of the experiment, the ovarian tissue and brain tissue containing region of locus coeruleus were removed and immediately frozen at −80°C till use. GCs were collected following incubation sequentially with NE and control or XYS rat serum. GCs, ovarian and brain tissue were homogenized in lysis buffer containing the protease inhibitor. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride (PVDF) membrane. After non-specific binding sites were blocked with 5% bovine serum albumin in Tris-buffered saline Tween (TBS-T), PVDF membranes were incubated overnight at 4°C with the primary antibodies against β2R (1:1000), Bax (1:1000), Bcl-2 (1:1000), cleaved caspase-3 (1:500), S6K I (1:1000), phosphor-S6K I (Thr229, 1:1000), Akt (1:1000), phosphor-Akt (Ser473, 1:2000), LC3A (1:1000), LC3B (1:1000), and GAPDH (1:2000) in diluent buffer (3% bovine serum albumin and 0.1% TBS-T). After rinsing with TBS-T for 3 times, PVDF membranes were incubated with secondary antibody (1:3000, Cell Signaling Technology, Danvers, MA, USA) for 1 h at room temperature and washed by TBS-T for 3 times. Antibody binding was detected by enhanced chemiluminescence detection kit (APPLYGEN, Beijing, China). Bands were scanned and evaluated by Bio-Rad Quantity One software for quantification (Bio-Rad, Richmond, CA, USA). All the western blot experiments were repeated at least 3 times.



Statistical Analysis

All parameters were expressed as mean ± SE. Statistical analysis was performed using one-way ANOVA followed by Turkey test for multiple comparison. A probability less than 0.05 was considered to be statistically significant.




RESULTS


XYS Ameliorates Rat Estrous Cycle Dysfunction Induced By CUMS

The estrous cycles of rats were assessed before and after CUMS. Figure 1A shows the representative profiles of estrous cycles in different groups. Rats of Control group (Figure 1Aa) and Control+XYS (1.01 g/kg) (Figure 1Ab) group revealed normal estrous cycles over the observation, while irregular estrous cycles were induced immediately after CUMS and persisted till the end of the experiment, if not interfered (Figure 1Ac). Post-treatment with XYS at 0.505 g/kg or 1.01 g/kg both recovered the irregular estrous cycles induced by CUMS starting from the third week of treatment (Figures 1Ad,e). Figure 1B is the quantification of the percentage of rats with normal estrous cycle during the post-treatment with XYS in different groups, which confirmed the results from the survey above.
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FIGURE 1. Effect of XYS post-treatment on rat estrous cycle. (A) Representative images exhibiting the changes of estrous cycle in Control (a), Control+XYS (1.01 g/kg) (b), CUMS+NS (c), CUMS+XYS (0.505 g/kg) (d), and CUMS+XYS (1.01 g/kg) (e) group, respectively. P, preoestrus; E, estrus; M, metaoestrus; DI, diestrus. (B) Statistical result of the percentage of rats with normal estrous cycle after 1, 2, 3, and 4 weeks XYS post-treatment. Results are presented as mean ± SE. *P < 0.05 vs. Control group; †P < 0.05 vs. CUMS+NS group, n = 11.





XYS Alleviates Rat Polycystic Ovary Formation and Follicles Development Abnormalities Induced by CUMS

Ovary morphology was examined by HE-staining and the representative images of different groups are presented in Figure 2. As compared to Control group (Figure 2a), numerous cystic follicles were observed in the ovaries of CUMS group (Figure 2b) and CUMS+NS group (Figure 2c). Noticeably, post-treatment with XYS (0.505 g/kg or 1.01 g/kg) significantly reduced the number of cystic follicles (Figures 2d,e). Illustrated in Figure 3A are the representative images of follicles at different developmental stages, and the percentage and number of the various follicles and corpus luteum are shown in Figure 3B and Table 2, respectively. At the end of CUMS, the number of both primary follicles and corpus luteum in the CUMS group was decreased, while the percentage of cystic follicles was increased. This tendency was further prominent 5 weeks after CUMS, accompanying with an increase in the percentage of primordial follicles and a decrease in the percentage of antral follicles. Post-treatment of XYS (0.505 g/kg and 1.01 g/kg) relieved the alternations mentioned above, suggesting the ameliorating effect of XYS on cystic follicles formation and follicle development abnormalities.
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FIGURE 2. Effect of XYS post-treatment on histology of the ovarian tissue. Representative 10 sections of HE staining images of rat ovarian tissue in Control (a1–a10), CUMS (b1–b10), CUMS+NS (c1–c10), CUMS+XYS (0.505 g/kg) (d1–d10), and CUMS+XYS (1.01 g/kg) (e1–e10) group, respectively.
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FIGURE 3. Effect of XYS post-treatment on follicle development of the ovary. (A) Representative HE staining images of rat ovarian tissue (a1,a2). The area within the rectangle in each image in left panel is enlarged and presented right, exhibiting the representative images of primordial follicle (b1, dotted arrow), primary follicle (b1, solid arrow), secondary follicle (b2), antral follicle (b3), atretic follicle (b4), and cystic follicle (b5), respectively. (B) Statistical result of the percentage of the follicles in different development stages in various groups. Results are presented as mean ± SE. *P < 0.05 vs. Control group; #P < 0.05 vs. CUMS group; †P < 0.05 vs. CUMS+NS group, n = 3.





Table 2. Number and percentage of the follicles in different development stages and corpus luteum.
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XYS Inhibits the Increase of NE Level in Rat Serum and Ovarian Tissue and Ameliorates Rat Endocrine Disorder Induced By CUMS

To examine the effect of XYS on the elevated activity of sympathetic nervous system induced by CUMS, NE level in rat serum and ovarian tissue was detected. Compared with Control group, the NE level in serum remained unchanged immediately after CUMS, but increased significantly at the end of the experiment (Figure 4A). On the other hand, NE level in ovarian tissue increased significantly after CUMS and decreased at the end of the experiment (Figure 4B). The alterations above were inhibited by post-treatment with XYS with significance.
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FIGURE 4. Effect of XYS post-treatment on the level of NE, luteinizing hormone, estradiol, and progesterone in rats. (A) NE concentration in serum in different groups. (B) NE concentration in ovarian tissue from different groups. (C) Luteinizing hormone in serum from different groups. (D) Estradiol in serum from different groups. (E) Progesterone in serum from different groups. Results are presented as mean±SE. *P < 0.05 vs. Control group; #P < 0.05 vs. CUMS group; †P < 0.05 vs. CUMS+NS group, n = 8.



Figures 4C–E present the results of the serum hormone level in different groups. Luteinizing hormone had no change immediately after CUMS challenge but increased at the end of the experiment if not interfered. This increase was protected by XYS treatment at 1.01 g/kg (Figure 4C). In contrast, the level of estradiol dramatically decreased after CUMS, but recovered completely at the end of the experiment, which was not affected by the treatment of XYS (Figure 4D). The level of progesterone in serum changed in response to CUMS challenge in a distinct manner in that it decreased markedly immediately after CUMS, which was persisted till the end of the experiment if not interfered, but prevented by treatment with XYS at 1.01 g/kg (Figure 4E).



XYS Relieves the Increase of β2R in Follicles after CUMS

To disclose the rationale behind the ameliorating effect of XYS on polycystic ovary formation and follicles development abnormalities, the expression of β2R in follicles was assessed by immunohistochemistry and western blot. Immunofluorescence staining (Figure 5A) shows that, compared with Control group, the expression of β2R increased in the primordial and primary follicles immediately after CUMS and further increased at the end of the experiment, which, however, was obviously relieved by post-treatment with XYS (Figures 5Aa1–e1,a2–e2). In accordance with the results in the ovarian tissue, NE exposure led to an increased expression of β2R in cultured granulosa cells (Figure 5B), which was attenuated by XYS. Western blot analysis (Figure 5C) shows a trend similar to immunofluorescence results, however there was no significant difference observed among the different groups.
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FIGURE 5. Effect of XYS post-treatment on the expression of β2R in ovarian tissue. (A) Representative immunofluorescence confocal images of primordial follicles (1, bar = 10 μm), primary follicles (2, bar = 15 μm), secondary follicles (3, bar = 30 μm), antral follicles (4, bar = 100 μm), cystic follicles (5, bar = 250 μm) and enlarged images of cystic follicles (6, bar = 50 μm) in Control (a), CUMS (b), CUMS+NS (c), CUMS+XYS (0.505 g/kg) (d), and CUMS+XYS (1.01 g/kg) (e) group, respectively. F, follicular antrum. The sections were immunochemically stained for β2R (green) and nuclei (blue). (B) Representative immunofluorescence confocal images of granulosa cells in Control (a), NE (b), NE+NS (c), NE+XYS (1.01 g/kg) (d) group, respectively. The areas inside the rectangle of upper panel (1) are shown in the lower penal (2) at high magnification. The sections were immunochemically stained for β2R (green) and nuclei (blue). (C) Western blot for the expression of β2R in different groups with the quantification of β2R showing below. Results were presented as mean ± SE. No difference was noted among groups, n = 4.





XYS Inhibits the Apoptosis of Granulosa Cells in the Antral Follicles Induced by CUMS

In order to investigate whether the formation of cystic follicles is associated with apoptosis of granulosa cells, we conducted TUNEL staining for ovarian tissues. Compared with the Control group, the antral follicles, but not the secondary follicles, from CUMS group demonstrated a high number of apoptotic granulosa cells (Figure 6A). On the other hand, less TUNEL positive cells were observed in the antral follicles from rats after XYS post-treatment. A quantitative assessment confirmed this result showing that the number of TUNEL positive cells significantly increased immediately after CUMS challenge, but decreased spontaneously at the end of the experiment, a process that was significantly accelerated by treatment with XYS (Figure 6B). In line with this result, Western blot analysis revealed that the ratio of Bax and Bcl-2 and the expression of cleaved caspase-3 varied among groups in a similar manner as that for TUNEL positive cells (Figures 6C,D).
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FIGURE 6. Effect of XYS post-treatment on the apoptosis of granulosa cells in ovarian tissue. (A) Representative TUNEL staining images of secondary follicles (1), and antral follicles (2) in Control (a), CUMS (b), CUMS+NS (c), CUMS+XYS (0.505 g/kg) (d), and CUMS+XYS (1.01 g/kg) (e) group, respectively. TUNEL positive cells are stained green. (B) Statistical result of number of TUNEL positive cells per 5 fields. (C) Western blot for the expression of Bax and Bcl-2 in different groups with the quantification of Bax/Bcl-2 showing below. (D) Western blot for the expression of cleaved caspase-3 in different groups with the quantification of cleaved caspase-3 showing below. Results are presented as mean ± SE. *P < 0.05 vs. Control group; #P < 0.05 vs. CUMS group; †P < 0.05 vs. CUMS+NS group, n = 3 for TUNEL staining, n = 4 for western blot.





XYS Inhibits the Autophagy of Granulosa Cells in the Antral and Cystic Follicles Induced by CUMS

As an autophagy-related protein, LC3 is widely used as an autophagosome marker in mammalian cells (Klionsky et al., 2016). In view of the known involvement of autophagy in the development of follicles (Choi et al., 2010, 2013), we explored the expression of LC3 and the LC3-I to LC3-II conversion in the ovarian tissue by immunohistochemistry and Western blot. Compared with the Control group, the expression of LC3A in the granulosa cells of the antral and cystic follicles was elevated immediately after CUMS and at the end of the experiment, which was restored by treatment with XYS, however (Figure 7A). On the other hand, the conversion of LC3A-I to LC3A-II and LC3B-I to LC3B-II was increased as well at the end of the experiment, although this conversion did not change (LC3A-I to LC3A-II) or even decreased (LC3B-I to LC3B-II) immediately after CUMS. Nevertheless, the increased conversion of LC3 was inhibited significantly by post-treatment with XYS (Figures 7B,C).
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FIGURE 7. Effect of XYS post-treatment on the autophagy of granulosa cells in ovarian tissue. (A) Representative immunofluorescence confocal images of primordial follicles (1), primary follicles (2), secondary follicles (3), antral follicles (4), enlarged images of antral follicles (5), cystic follicles (6), and enlarged images of cystic follicles (7) in Control (a), CUMS (b), CUMS+NS (c), CUMS+XYS (0.505 g/kg) (d), and CUMS+XYS (1.01 g/kg) (e) group, respectively. F, follicular antrum. The sections were immunochemically stained for LC3A (green) and nuclei (blue). (B) Western blot for the expression of LC3A in different groups with the quantification of LC3A showing below. (C) Western blot for the expression of LC3B in different groups with the quantification of LC3B showing below. Results are presented as mean ± SE. *P < 0.05 vs. Control group; #P < 0.05 vs. CUMS group; †P < 0.05 vs. CUMS+NS group, n = 4.





XYS Inhibits the Autophagy of Granulosa Cells Induced by NE in Vitro

In order to explore whether the increased NE level in serum and ovarian tissue induced by CUMS contributes to the autophagy of granulosa cells and the protective effect of XYS, we examined the expression and localization of LC3 in granulosa cells in vitro by immunofluorescence staining. As shown in Figure 8A, NE evoked an increase in the expression of LC3 in the cytoplasm of granulosa cells as compared with Control group, which was relieved by post-treatment with rat serum containing XYS (1.01 g/kg). The results of western blot analysis also confirmed that NE caused an elevated conversion of LC3A-I to LC3A-II and LC3B-I to LC3B-II in cultured granulosa cells (Figures 8B,C), which was inhibited by post-treatment with rat serum containing XYS (1.01 g/kg).
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FIGURE 8. Effect of XYS post-treatment on the autophagy of cultured granulosa cells. (A) Representative immunofluorescence confocal images of granulosa cells in Control (a), NE (b), NE+NS (c), and NE+XYS (1.01 g/kg) (d) group, respectively. The upper panel (1) is low magnification of the images, the areas inside the rectangle are shown in the lower penal (2) at high magnification. The sections were immunochemically stained for LC3A (green) and nuclei (blue). (B) Western blot for the expression of LC3A in different groups with the quantification of LC3A showing below. (C) Western blot for the expression of LC3B in different groups with the quantification of LC3B showing below. Results are presented as mean ± SE. *P < 0.05 vs. Control group; ‡P < 0.05 vs. NE group, n = 4.





Akt/mTOR/S6K I Pathway Is Involved in the Alleviative Effect of XYS on the Autophagy of Granulosa Cells Induced by CUMS in Vivo and by NE in Vitro

The mTOR pathway is known as a major suppressing signal of autophagy induction, which can be activated by PI3K/Akt signaling (Li et al., 2009; Qin et al., 2010). Moreover, both mTOR and PI3K/Akt pathway participate in the regulation of follicle development (Sobinoff et al., 2013). Thus, Western blot analysis was undertaken to assess the expression and phosphorylation of S6K I and Akt in ovarian tissues as well as in cultured granulosa cells from different groups. The results revealed that CUMS induced a decrease in phosphorylation of S6K I and Akt in ovarian tissues (Figures 9A,B), which was blunted significantly by post-treatment with XYS, suggesting the involvement of Akt/mTOR/S6K I pathway in attenuating effect of XYS on autophagy of ovarian tissues induced by CUMS. A similar result was observed in vitro in cultured granulosa cells exposed to NE (Figures 9C,D), hinting the key role of NE in CUMS challenge and the mechanism behind the effect of XYS.
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FIGURE 9. Effect of XYS post-treatment on the phosphorylation of S6K I and Akt in ovarian tissue and cultured granulosa cells. (A) Western blot for the phosphorylation of S6K I in ovarian tissue from different groups with the quantification of phosphorylation of S6K I showing below. (B) Western blot for the phosphorylation of Akt in ovarian tissue from different groups with the quantification of phosphorylation of Akt showing below. (C) Western blot for the phosphorylation of S6K I in cultured granulosa cells from different groups with the quantification of phosphorylation of S6K I showing below. (D) Western blot for the phosphorylation of Akt in cultured granulosa cells from different groups with the quantification of phosphorylation of Akt showing below. Results are presented as mean ± SE. *P < 0.05 vs. Control group; #P < 0.05 vs. CUMS group; †P < 0.05 vs. CUMS+NS group; ‡P < 0.05 vs. NE group; &P < 0.05 vs. NE+NS group, n = 4.





XYS Reduces the Increases Level of DβH and c-fos in Locus Coeruleus

Since locus coeruleus is the principal site for brain synthesis of noradrenaline, we thus detected DβH, the rate-limiting enzyme of NE synthesis, and c-fos protein, a marker of neuron activity, in locus coeruleus by immunohistochemistry and Western bolt. As shown in Figure 10, the expression of DβH and c-fos in locus coeruleus increased significantly at the end of the experiment, which was protected by post-treatment of XYS (1.01 g/kg), indicating the potential of XYS to regulate the activity of sympathetic nervous system.
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FIGURE 10. Effect of XYS post-treatment on expression of DβH and c-fos in locus coeruleus. (A) Representative immunofluorescence confocal images of locus coeruleus in Control (a), CUMS (b), CUMS+NS (c), CUMS+XYS (0.505 g/kg) (d), and CUMS+XYS (1.01 g/kg) (e) group, respectively. The upper panel (1) is low magnification of the images, the areas inside the rectangle are shown in the lower penal (2) at high magnification. The sections were immunochemically stained for DβH (green) and nuclei (blue). (B) Western blot for the expression of DβH in locus coeruleus of different groups with the quantification of DβH showing below. (C) Representative immunofluorescence confocal images of locus coeruleus in Control (f), CUMS (g), CUMS+NS (h), CUMS+XYS (0.505 g/kg) (i), and CUMS+XYS (1.01 g/kg) (j) group, respectively. The upper panel (1) is low magnification of the images, the areas inside the rectangle are shown in the lower penal (2) at high magnification. The sections were immunochemically stained for c-fos (green) and nuclei (blue). (D) Western blot for the expression of c-fos in locus coeruleus of different groups with the quantification of c-fos showing below. Results are presented as mean ± SE. *P < 0.05 vs. Control group; †P < 0.05 vs. CUMS+NS group, n = 4.






DISCUSSION

The present study demonstrated that CUMS caused follicle development abnormality, endocrine disturbance, irregular estrous cycles, increased apoptosis and autophagy in granulosa cells, along with an elevated NE level in plasma and ovary and activation of locus coeruleus. All the manifestations emerged in response to CUMS challenge were relieved by treatment with XYS, suggesting XYS as an option for treatment of follicles development abnormality in clinics, and highlighting the key role of NE in the mechanism behind the effect of XYS.

Follicle development abnormality, a condition that frequently occurs in polycystic ovary syndrome, accounts for a considerable proportion of female infertility. The detailed mechanism underlying follicle development disorder is not fully understood, however (Chang and Andersen, 2013). The present study found that CUMS successively induced follicle development abnormality in rat, providing an animal model of follicle development abnormality, which may contribute to understanding the mechanism of this abnormality and development of remedy to deal with it.

The granulosa cells are well recognized as a critical player in the development of follicles. The granulosa cells produce estradiol, insulin-like growth factor and other cytokines in the ovary, and express the receptors for hormones such as estradiol, follicle stimulating hormone, luteinizing hormone (Juengel et al., 2006), which participate in the regulation of follicle development. It is thus anticipated that any impairment of granulosa cells will results in disordered follicle development. Consistent with this notion, we observed an increased apoptosis and autophagy in the granulosa cells after CUMS stimulation, accompanying with a decreased level of estradiol and progesterone in plasma, indicating that granulosa cells were impaired by CUMS. Importantly, XYS restored these disorders meanwhile attenuated follicle development abnormality after CUMS, highly suggesting a likely implication of granulosa cells in the improving effect of XYS on aberrant follicles.

Previous studies demonstrated that chronic stress elevated the sympathetic nerve activity, increased the synthesis and release of NE in the ovary (Lara et al., 1993; Paredes et al., 1998; Dorfman et al., 2003), and impacted the follicle development and hormone secretion (Acuna et al., 2009; Luna et al., 2012). Moreover, beta adrenergic receptor agonist isoproterenol has been reported to cause polycystic ovary in adult rats, and the beta-blocker propranolol can prevent the formation of cystic follicles induced by isoproterenol and ameliorate the follicle development and hormone secretion (Fernandois et al., 2012). The results of the present study are consistent with the results above, and provide some further detail of the dynamic change of NE and beta adrenergic receptor in ovary in response to stress. We found that NE in ovary increased immediately after CUMS but returned to normal at the end of the experiment, while NE in plasma remained unchanged immediately after CUMS but increased significantly at the end of the experiment. These results imply that NE increased in ovary in response to the stress and then released to plasma. Interestingly, it appears that β2R in ovary increased immediately after CUMS and further increased over time. Taken together, these results suggest that although the CUMS-increased NE concentration in ovary returned to normal over time, the responsiveness of ovary to NE increased due to the increase in NE in plasma and the expression of β2R in ovary. Nevertheless, the increase in both plasma NE and ovary β2R was protected by XYS treatment. There are at least two ways in which XYS may interfere in the effect of NE on ovary. One is to affect ovary directly to intervene the interaction between NE and its receptors or the downstream signaling, and the other is to affect the noradrenergic neurons that innervate ovary.

In the present study, the first possibility was tested by using cultured granulosa cells, in view of the critical importance of these cells in regulation of follicle development and occurrence of programmed cell death in response to CUMS observed in the in vivo experiment. The results showed that exposure to NE led to not only an increased autophagy in cultured granulosa cells but also a decreased activation of AKT and S6K I, the pathways that are known to regulate negatively the autophagy and apoptosis (Levine and Kroemer, 2008). Importantly, both the increase in autophagy and decrease in activation of AKT and S6K I after NE exposure were restored by XYS, suggesting a direct impact of XYS on follicles by targeting AKT and S6K I pathways.

We next tested the likely involvement of locus coeruleus in the effect of XYS on follicle development disorder after CUMS. Locus coeruleus is a cluster of noradrenergic neurons in the brain, which mediates the responses to stress and the function of hypothalamus-pituitary (Szabadi, 2013). Particularly, locus coeruleus is synaptically connected to the preganglionic cell bodies of the ovarian sympathetic pathway (Marcelo et al., 2008). As expected, CUMS caused activation of locus coeruleus, as indicated by the increased expression of DβH and c-fos. XYS treatment protected the activation of locus coeruleus by CUMS, suggesting locus coeruleus as one of the targets that XYS acts to attenuate the stress-elicited elevation of NE and the resultant follicle development disorders.

Nevertheless, this study has some limitations. Firstly, we confirmed the key role of NE in triggering follicle development disorders and demonstrated the potential of XYS to counteract the NE effect by targeting both granulosa cells and locus coeruleus. However, the exact mechanism there by XYS exerts effect needs to be clarified by further studies, particularly for its effect on locus coeruleus. Secondly, XYS is a compound Chinese medicine containing multiple components. More studies are required to identify the component (s) responsible for the effects observed. Finally, follicle development is a complex process that is regulated by a spectrum of hormones, which are produced in different type of cells in follicles including granulosa cells, theca cells, and oocyte. The present study focused on the role of granulosa cells in initiation of follicle development disorder and the effect of XYS on this process. Whether other type of cells of follicles are implicated in the events concerned is not clear at present.

In conclusion, this study demonstrated that XYS ameliorated CUMS-induced follicle development abnormalities, and the inhibition of elevated NE release and β2R expression contributes to the therapeutic effect of XYS.
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Objectives: To examine the protective effect of Rhynchophylline (Rhy) on vascular endothelial function in spontaneous hypertensive rats (SHRs) and the underlying mechanism.

Methods: Intrarenal arteries of SHRs and Wistar rats were suspended in myograph for force measurement. Expression and phosphorylation of endothelial nitric oxide (NO) synthase (eNOS), Akt, and Src kinase (Src) were examined by Western blotting. NO production was assayed by ELISA.

Results: Rhy time- and concentration-dependently improved endothelium-dependent relaxation in the renal arteries from SHRs, but had no effect on endothelium-independent relaxation in SHR renal arteries. Wortmannin (an inhibitor of phosphatidylinositol 3-kinase) or PP2 (an inhibitor of Src) inhibited the improvement of relaxation in response to acetylcholine by 12 h-incubation with 300 μM Rhy. Western blot analysis revealed that Rhy elevated phosphorylations of eNOS, Akt, and Src in SHR renal arteries. Moreover, wortmannin reversed the increased phosphorylations of Akt and eNOS induced by Rhy, but did not affect the phosphorylation of Src. Furthermore, the enhanced phosphorylations of eNOS, Akt, and Src were blunted by PP2. Importantly, Rhy increased NO production and this effect was blocked by inhibition of Src or PI3K/Akt.

Conclusion: The present study provides evidences for the first time that Rhy ameliorates endothelial dysfunction in SHRs through the activation of Src-PI3K/Akt-eNOS signaling pathway.

Keywords: Src kinase, PI3K/Akt, endothelial function, renal artery, hypertension


INTRODUCTION

Hypertension, a major risk factor leading to the development of cardiovascular diseases, is associated with functional and structural alterations in both conduit and resistance arteries (Salvetti et al., 2014; Liu et al., 2015; Bartoloni et al., 2017). Substantial evidences have shown that endothelial dysfunction characterized by down-regulated activity of endothelial nitric oxide synthase (eNOS) is critically involved in vascular dysfunction in hypertension (Panza et al., 1993; Vanhoutte, 1996; Higashi et al., 2012; Nguyen et al., 2013; Yannoutsos et al., 2014). Further, the severity of endothelial dysfunction correlates with the threatening outcome of hypertension and predicts future cardiovascular events (Perticone et al., 2001; Tang and Vanhoutte, 2010). Improving endothelial dysfunction has beneficial effects for ameliorating the hazards related to hypertension (Modena et al., 2002; Zhou et al., 2004; Koh et al., 2007). The endothelium-dependent vasodilation which is mainly determined by the activity of eNOS, is commonly used for evaluating endothelial function of the vascular and has been proved to be depressed in the renal arteries from the spontaneous hypertensive rats (SHRs) (Liu et al., 2012; Wang et al., 2014).

Uncaria rhynchophylla (UR), also named “Gou-Teng” in China, is a traditional Chinese medical herb that has been used to treat ailments of the cardiovascular and central nervous systems (Zhang et al., 2004; Chou et al., 2009; Zhou and Zhou, 2010). Rhynchophylline (Rhy), a pharmacologically active substance isolated from UR, is widely used for the treatment of hypertension (Sutter and Wang, 1993; Zhou and Zhou, 2010; Ndagijimana et al., 2013). Antihypertensive action of Rhy is observed in a number of animal models (Zhang et al., 2010; Zhou and Zhou, 2010), and has been attributed to its possible vasodilatory action via inhibiting L-type Ca2+ channel and/or decreasing calcium sensitivity in the smooth muscle cells (Zhang et al., 2004; Li et al., 2013; Hao et al., 2014). However, it remains unclear whether Rhy could ameliorate endothelial dysfunction in hypertension.

The present study investigated the effect of Rhy on endothelium-dependent relaxation of the renal arteries from SHRs, and explored the underlying mechanism. Our results revealed a protective effect of Rhy on endothelial dysfunction in hypertensive rats and suggested that activation of Src-PI3K/Akt-eNOS signaling may mediate this action of Rhy.



MATERIALS AND METHODS


Reagents

Sodium nitroprusside (SNP), acetylcholine (ACh), phenylephrine (PE), wortmannin, PP2, nitro-L-arginine (NLA) and indomethacin were purchased from Sigma (St. Louis, MO, USA). Rhy was obtained from Fengshanjian Company (Kunming, China). Indomethacin (10−5 M) was prepared with equimolar Na2CO3 in distilled water. Rhy was dissolved in hydrochloric acid (0.1 M) to a concentration of 0.1 M, and diluted in distilled water for further usage (Hao et al., 2014). SNP, ACh, and PE were dissolved in distilled water. Wortmannin and PP2 were prepared in dimethyl sulphoxide (DMSO).



Animals

Male SHRs and Wistar rats, 8–10 months old, were supplied by Vital River Laboratories (Beijing, China). All animal care and experimental procedures in this investigation were approved by Animal Experimentation Ethics Committee of Peking University Health Science Center and complied with the Guide for the Care and Use of Laboratory Animals published by the US National Institute of Health (NIH Publication, 8th Edition, 2011).



Tissue Preparations

Rats were sacrificed by CO2 suffocation and the second branches of renal interlobar arteries were dissected out and cut into ring segments, ~2 mm in length, in ice-cold Krebs-Ringer bicarbonate solution (118.3 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, and 11.1 mM glucose) (Gao et al., 2007). To determine the effect of prolonged treatment of Rhy on the endothelium-dependent vasodilation, the arterial rings were incubated in Dulbecco's Modified Eagle's Media (DMEM, Gibco, Grand Island, NY, USA) with 10% fetal bovine serum (FBS, Gibco), 100 IU penicillin and 100 μg/mL streptomycin for 1, 4, 8, 12 h at 37°C with vehicle or Rhy (300 μM). In another set of experiments, SHR renal arteries were treated with Rhy (30, 100, and 300 μM) for 12 h at 37°C to assess the concentration dependency. In still another set of experiments, the arteries were incubated for 12 h with vehicle or Rhy (300 μM) at 37°C in the presence or absence of wortmannin (an inhibitor of phosphatidylinositol 3-kinase, 10 μM) or PP2 (an inhibitor of Src, 10 μM) (Anselm et al., 2007).



Isometric Vessel Tension Studies

Isometric vessel tension was determined as previously described (Liu et al., 2014). Briefly, the arteries were suspended using two stainless tungsten wires in the chamber of a Multi Myograph (620M, Danish, Myo Technology A/S, Aarhus, Denmark) with 5 mL Krebs solution maintained at 37°C and constantly bubbled with 95% O2-5% CO2. The arteries were firstly brought to their optimal tension (~2.5 mN) and maintained for 90 min for equilibration. Then the arteries were contracted with 60 mM KCl. Following several washes in warmed Krebs solution, the relaxations in response to ACh (0.003–10 μM) were examined in the arteries pre-contracted with PE (3 μM). Thereafter, the endothelium-independent vasodilation to SNP (0.003–10 μM) was examined after 30 min-incubation with NLA (10−4 M) and indomethacin (10−5 M).



Western Blot Analysis

The arteries cultured for 12 h as mentioned above were homogenized in RIPA lysis buffer (1 μg/mL leupeptin, 5 μg/mL aprotinin, 100 μg/mL PMSF, 1 mM sodium orthovanadate, 1 mM EDTA, 1 mM EGTA, 1 mM sodium fluoride, and 2 μg/mL β-glycerolphosphate). The homogenate was sonicated (5 s for 3 times, 4°C) and centrifuged (20,000 g, 20 min, 4°C). The supernatant was collected, and proteins were quantified and solubilized in 5× loading buffer. After separated on SDS-PAGE, proteins were electro-transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA). Non-specific binding of antibody was blocked by incubation with 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h at room temperature. The PVDF membrane was then subjected to two brief washes with TBST and incubated in TBST containing the primary antibodies of appropriate dilution for overnight at 4°C. After two more washes in TBST, the PVDF membrane was incubated for 1 h with horseradish-peroxidase conjugated secondary antibodies at room temperature. After three washes in TBST, the blots were visualized with an enhanced chemiluminescence reagent kit (Applygen Technologies Inc, Beijing, China). Quantitation of the proteins was performed using Quantity One 4.6.2 software (Bio-Rad, Hercules, California, USA). Primary antibodies used for Western blotting were as follows: rabbit anti-phospho-eNOS (1:500; CST, Boston, USA), rabbit anti-eNOS (1:500; CST, Boston, USA), rabbit anti-phospho-Akt (1:1000; CST, Boston, USA), rabbit anti-Akt (1:1000; CST, Boston, USA), rabbit anti-phospho-Src (1:1000; CST, Boston, USA), rabbit anti-Src (1:2000; CST, Boston, USA), and mouse anti-β-actin (1:10000; Calbiochem, San Diego, CA, USA).



Nitric Oxide (NO) Assessment

Tissues for NO detection was prepared as described for Western blot analysis. The content of NO was determined using NO assay kit (S0021, Beyotime Institute of Biotechnology, Beijing, China), according to the instruction of the manufacturer. Briefly, Griess Reagent I and II in the kit were rewarmed at room temperature before use. The standard NaNO2 was prepared in different concentrations (0, 1, 2, 5, 10, 20, 60, 100 μM), and added to a 96-well plate along with samples (50 μL/well). Thereafter, Griess Reagent I and II were added into the wells (50 μL of each reagent/well), mixed thoroughly, and the absorbance of each well was determined at 540 nm in wavelength.



Statistical Analysis

Data were expressed as means ± SEM. When mean values of two groups were compared, Student's t-test for unpaired observations was used. Mean values of more than two groups were compared using one-way ANOVA test, with the Student-Newman-Keuls test for post hoc testing of multiple comparisons. In vessel tension studies, individual points were compared using two-way ANOVA with Bonferroni's post-tests. In each experiment, “n” represented the number of rats used. p < 0.05 is considered statistically significant.




RESULTS


Endothelial Function is Impaired in SHR Renal Arteries

Acetylcholine (ACh) is a vasodilator which relaxes vessels mainly by increasing production of NO by activation of eNOS (Huang et al., 1995). The phosphorylation of eNOS plays a major role in NO production and endothelium-dependent vasodilation (Kobayashi et al., 2003). The present study showed that as compared with those from Wistar rats, renal arteries from SHRs exhibited a less sensitive response to ACh in endothelium-dependent relaxation (Figure 1A), a decreased expression of eNOS phosphorylation (Figure 1B), and a reduced NO production (Figure 1C), suggesting that the endothelial function in renal arteries of SHRs is impaired.
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FIGURE 1. Endothelial function is impaired in SHR renal arteries. Endothelium-dependent relaxation (A, n = 6), eNOS phosphorylation (B, n = 4) and nitric oxide (NO) production (C, n = 4) in renal arteries from Wistar rats (WT) and SHRs. *p < 0.05 vs. WT.





Rhy Ameliorates Endothelial Dysfunction in the Renal Arteries from SHRs

The endothelium-dependent relaxation of renal arteries from SHRs was further tested as to its response to ACh in the presence of Rhy. The results showed that Rhy improved the endothelium-dependent relaxation in response to ACh in SHR renal arteries in a time-dependent manner (Figure 2), as well as a concentration-dependent manner (Figure 3A). By contrast, no effect of Rhy was observed on endothelium-independent relaxations in response to sodium nitroprusside (SNP) at all concentration tested (Figure 3B). Noticeably, Rhy incubation did not significantly change the contraction multitude caused by PE (Supplemental Figure 1). While, Rhy enhanced eNOS phosphorylation (Figure 3C) and NO production (Figure 3D) in the renal arteries from SHRs, highlighting eNOS as its target.
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FIGURE 2. Rhy improves endothelial function of SHRs in a time-dependent manner. Endothelium-dependent relaxations in response to ACh in SHR renal arteries incubated with Rhy (300 μM) for 1 h (A), 4 h (B), 8 h (C), and 12 h (D). n = 4; *p < 0.05 vs. vehicle.
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FIGURE 3. Rhy restores endothelial function concentration-dependently in SHR renal arteries. (A) Endothelium-dependent relaxation in response to ACh in the arteries from SHRs incubated with Rhy (30, 100, or 300 μM) or vehicle for 12 h. (B) Endothelium-independent relaxation response to SNP in SHR renal arteries. (C) Effects of Rhy on eNOS phosphorylation in the renal arteries from SHRs. (D) Effects of Rhy on NO production in the renal arteries from SHRs. n = 6; *p < 0.05 vs. vehicle.





Rhy Improves Endothelial Function in SHRs but Not That in Wistar

Exposure to Rhy (300 μM) for 12 h markedly augmented ACh-induced endothelium-dependent relaxation in the renal arteries from SHRs, resulting in a response curve similar to that in Wistar rats (Figure 4A). The endothelium-dependent relaxation of the renal arteries from Wistar rats responded to ACh stimulation more sensitively than that of SHRs, and this response was not affected by the presence of Rhy (Figure 4A). The endothelium-independent relaxation in response to SNP was assessed for SHR and Wistar rats in both the presence and absence of Rhy, and no difference was observed among groups (Figure 4B). Exposure to Rhy (300 μM) for 12 h increased eNOS phosphorylation (Figure 4C) and NO production (Figure 4D) in SHR renal arteries, but did not affect eNOS phosphorylation (Figure 4C) or NO level (Figure 4D) in renal arteries of Wistar rats.
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FIGURE 4. Rhy ameliorates endothelial dysfunction in SHR renal arteries. (A) Effects of 12 h-incubation with Rhy (300 μM) on endothelium-dependent relaxation in response to ACh in the renal arteries from Wistar and SHRs. (B) Effects of 12 h-incubation with Rhy (300 μM) on endothelium-independent relaxation in response to SNP in the renal arteries from Wistar and SHRs. (C) Effects of Rhy (12 h, 300 μM) on eNOS phosphorylation in the rat renal arteries. (D) Effects of Rhy (12 h, 300 μM) on NO production in the rat renal arteries. n = 6 (A,B), n = 4 (C,D); *p < 0.05 vs. vehicle in WT; #p < 0.05 vs. vehicle in SHRs.





Rhy Restores Endothelial Function through Src-PI3K/Akt-eNOS Cascade in SHR Renal Arteries

PI3K/Akt signaling is recognized as a stimulator of eNOS (Anselm et al., 2007; Sampaio et al., 2007). Thus, we explored the effect of Rhy on phosphorylation of Akt in SHR renal arteries, and found a significantly increased Akt phosphorylation in SHR renal arteries after incubation with 300 μM of Rhy for 12 h (Figure 5A). The involvement of Akt in the effect of Rhy was demonstrated by the finding that the Rhy-improved endothelium-dependent relaxation (Figure 5B) and increased eNOS phosphorylation (Figure 5C) were reversed by addition of wortmannin (an inhibitor of PI3K, 10 μM). Src is known as a regulator of PI3K/Akt-eNOS signaling (Haynes et al., 2003). We then assessed the effect of Rhy on Src phosphorylation in the arteries from SHRs and found that Src phosphorylation was significantly increased by Rhy under conditions similar to that for Akt (Figure 5D). The role of Rhy in endothelium-dependent relaxation (Figure 5E) and eNOS phosphorylation (Figure 5F) was abolished by PP2 (a Src inhibitor, 10 μM). As expected, the Rhy-increased Src phosphorylation was blunted by PP2 but not but by wortmannin (Figure 6A), while, the Rhy-enhanced Akt phosphorylation was reversed by PP2 and wortmannin (Figure 6B). In addition, both PP2 and wortmannin inhibited the increase of NO production stimulated by Rhy (Figure 6C). Taken together, Rhy improved endothelial function through Src-PI3K/Akt-eNOS signaling pathway in SHR renal arteries.
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FIGURE 5. Endothelial function improved by Rhy is Src- and Akt-dependent in SHR renal arteries. (A) Effects of 12 h-incubation with Rhy (30, 100, or 300 μM) or vehicle on Akt phosphorylation in the arteries from SHRs (n = 4). (B) Effects of wortmannin (a PI3K inhibitor, 10 μM) on the Rhy-improved relaxation (n = 6). (C) Effects of wortmannin (a PI3K inhibitor, 10 μM) on the Rhy-increased eNOS phosphorylation in SHR renal arteries (n = 4). (D) Effects of incubation with Rhy (30, 100, or 300 μM) or vehicle for 12 h on Src phosphorylation in the arteries from SHRs (n = 4). (E) Effects of PP2 (a Src inhibitor, 10 μM) on the Rhy-improved endothelium-dependent relaxation in SHR renal arteries (n = 6). (F) Effects of PP2 (a Src inhibitor, 10 μM) on the Rhy-increased eNOS phosphorylation in SHR renal arteries (n = 4). *p < 0.05 vs. vehicle; #p < 0.05 vs. Rhy.
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FIGURE 6. Rhy improves endothelial function via Src/Akt pathway in the renal arteries from SHRs. (A) Effects of wortmannin (10 μM) and PP2 (10 μM) on the Rhy (300 μM, 12 h)-enhanced phosphorylations of Src in SHR renal arteries. (B) Effects of wortmannin (10 μM) and PP2 (10 μM) on the Rhy (300 μM, 12 h)-enhanced phosphorylations of Akt in SHR renal arteries. (C) Effects of wortmannin (10 μM) and PP2 (10 μM) on the Rhy (300 μM, 12 h)-elevated NO production in SHR renal arteries. n = 4; *p < 0.05 vs. vehicle; #p < 0.05 vs. Rhy.






DISCUSSION

The present study provides in vitro evidences that Rhy ameliorates endothelial dysfunction in SHR renal arteries via stimulating eNOS phosphorylation and elevating NO production, and thus restores endothelium-dependent relaxation. Further evidences indicate that activating Src-PI3K/Akt-eNOS signaling pathway is involved in the beneficial effects of Rhy observed. These findings suggest that Rhy might be valuable for the treatment of vascular dysfunction associated with hypertension.

SHRs are widely used as an animal model to study the pathophysiology and management of hypertension, and a range of abnormalities have been reported in SHRs relative to the normal counterparts, including defection in both Akt-dependent and Akt-independent signaling pathways (Iaccarino et al., 2004; Hsiao et al., 2008), an increased vasoactive intestinal peptide-mRNA expression (Avidor et al., 1989), and a reduced content of vasopressin in the brain (Lang et al., 1981), among others, which are supposed to be either a causal or a compensatory factor for the hypertension on SHRs. As to the L-arginine/NO pathway in SHRs, the data varies, which probably depends on the age of the animals. It was reported that renal and vascular nitric oxide synthase in young SHRs were upregulated (Vaziri et al., 1998), while substantial other reports have shown that the endothelium-dependent relaxation was significantly repressed in elder SHRs (Liu et al., 2012; Wang et al., 2014). The present study demonstrated that SHRs which were 8–10 months old, exhibited impaired endothelium-dependent relaxation in the renal arteries compared to Wistar rats which expressed similar vasoreactions to Wistar-Kyoto rats (WKYs) (Liu et al., 2012), indicating that these arteries are suitable for studying the role of Rhy in endothelium-dependent relaxation.

Rhy has reportedly multiple pharmacological activities, which benefit cardiovascular and central nervous system diseases, including hypertension, bradycardia, arrhythmia, sedation, vascular dementia, epileptic seizures, drug addiction, and cerebral ischemia (Zhou and Zhou, 2010). The study on the vasodilatory potential of Rhy has received increasing attention in view of its hypotensive effect. It's well-documented that Rhy exerted vasodilation effect via blocking calcium signaling in the smooth muscle cells (Zhang et al., 2004; Li et al., 2013; Hao et al., 2014), however, the protective action of Rhy in endothelial cells has not been reported. Kuramochi and colleagues reported that a crude aqueous extract of U. rhynchophylla (Miq.), which contains a number of indole alkaloids including Rhy, induces both endothelium-independent relaxation and endothelium-dependent relaxation in the isolated rat aorta depending on the concentrations of extract applied (Kuramochi et al., 1994). However, the results regarding the effect of purified Rhy revealed no endothelium-dependent relaxation effect for this reagent (Zhang et al., 2004). The present study demonstrated that Rhy had an endothelium-dependent relaxing effect in arteries isolated from SHRs, wherein an impaired eNOS activity occurred. However, this effect was not observed in the arteries from Wistar rats in the present study, a result in line with that of Zhang et al. (2004), implying that the effect of Rhy is to restore the impaired eNOS activity but not to increase the activity of normally functioning eNOS. As abnormal eNOS occurs commonly among patients with hypertension (Cengiz et al., 2015; ALrefai et al., 2016), these findings highlight that the patients with endothelial dysfunction might benefit from the endothelium-protective potential of Rhy.

It's reported that the vascular Akt activity, charactered by phosphorylations at Ser473, is downregulated in a number of hypertensive rat models, including in SHRs (Inoue et al., 2009; Lima et al., 2009; Xing et al., 2013). Importantly, phosphorylation of Akt at Ser473 contributes to the activation of eNOS (Dimmeler et al., 1999; Haynes et al., 2000; Du et al., 2001; Yamamoto et al., 2007). Src regulates the activity of PI3K/Akt signaling, and contributes to improving endothelial dysfunction (Haynes et al., 2003; Matsui et al., 2007; Su et al., 2009; Nemoto et al., 2011). The present study showed that Rhy upregulated the phosphorylation of Akt and Src, and specific inhibition of Akt or Src both abolished the attenuating effect of Rhy on the impaired eNOS. Further, the findings that inhibiting Src abrogated the increase of Akt phosphorylation caused by Rhy, and that inhibition of PI3K/Akt failed to influence the phosphorylation of Src, suggested that PI3K/Akt is regulated by Src in the underlying signaling. Taken together, these results revealed Src-PI3K/Akt-eNOS cascade as a fundamental signaling mediating the protective action of Rhy on endothelial function. Src also activates ERK and MEK, in addition to Akt. Whether other MEKs are affected by Rhy, if yes, whether these signaling pathways also contribute to the vascular effect of Rhy is a question worthy to be further investigated.

In summary, the present study demonstrated that Rhy was capable of activating Src-PI3K/Akt-eNOS cascade and improving endothelium-dependent relaxation in the renal arteries from SHRs. These results provided new insight for better understanding the pharmacology of Rhy, supporting the clinical use of Rhy in patients with hypertension.
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Homocysteine (Hcy) as an independent risk factor contributes to the occurrence and development of human cardiovascular diseases (CVD). Induction of oxidative stress and apoptosis was commonly accepted as the major mechanism in Hcy-induced cardiotoxicity. Astaxanthin (ATX) as one of the most powerful antioxidants exhibits novel cardioprotective potential against Hcy-induced endothelial dysfunction. However, the protective effect and mechanism of ATX against Hcy-induced cardiotoxicity in cardiomyocytes have not been elucidated yet. Herein, H9c2 rat cardiomyocytes and Hcy-injured animal model were employed in the present study. The MTT, flow cytometry analysis (FCM), TUNEL-DAPI and western blotting results all demonstrated that ATX significantly alleviated Hcy-induced cytotoxicity in H9c2 cells through inhibition of mitochondria-mediated apoptosis. The JC-1 and Mito-tracker staining both revealed that ATX pre-treatment blocked Hcy-induced mitochondrial dysfunction by regulating Bcl-2 family expression. Moreover, DCFH-DA and Mito-SOX staining showed that ATX effectively attenuated Hcy-induced oxidative damage via scavenging intracellular reactive oxygen species (ROS). Importantly, the ELISA and immunohistochemical results indicated that Hcy-induced cardiotoxicity in vivo was also significantly inhibited by ATX through inhibition of oxidative damage and apoptosis, and improvement of the angiogenesis. Taken together, our results demonstrated that ATX suppressed Hcy-induced cardiotoxicity in vitro and in vivo by inhibiting mitochondrial dysfunction and oxidative damage. Our findings validated the strategy of using ATX may be a highly efficient way to combat Hcy-mediated human CVD.

Keywords: homocysteine, astaxanthin, cardiovascular diseases, mitochondrial dysfunction, oxidative damage


INTRODUCTION

Cardiovascular diseases (CVD) as the leading causes of death globally represent one of the most challenges in clinic (Lee et al., 2016). Endothelial cells play key role in vascular homeostasis, and endothelial dysfunction contributed to the development of human CVD (Zhang et al., 2001; Ungvari et al., 2003; Austin et al., 2004). Homocysteine (Hcy) is an intermediate metabolite of cysteine and methionine. Large numbers of evidences have confirmed that elevated plasma levels of Hcy as an independent risk factor may induce endothelial dysfunction through oxidative stress and apoptosis, and eventually lead to the occurrence and development of human CVD (Almashhadany et al., 2015; Baggott and Tamura, 2015). However, Hcy-mediated toxicity toward cardiomyocytes was not well demonstrated, and the underlying mechanism remains elusive. Therefore, H9c2 rat cardiomyocytes and an Hcy-injured experimental animal model were employed to evaluate the potential cardiotoxicity and the underlying mechanism.

Astaxanthin (ATX) a red-orange carotenoid pigment represents one of the most powerful antioxidants and displays multiple biological activities, including anti-cancer, anti-inflammatory, anti-diabetic, immunomodulatory and neuroprotective activities (Hussein et al., 2006). Additionally, ATX also showed novel cardioprotective properities, and supplement of ATX in diet can decrease the risk of cardiovascular disease (Abdelzaher et al., 2016). Accumulated evidences have revealed that ATX had the potential to alleviate endothelial dysfunction through scavenging reactive oxygen species (ROS) and inhibiting oxidative damage (Sasaki et al., 2011; Zhao et al., 2011). Hence, ATX-mediated protection and mechanism in endothelial cells were well studied. But, little information about ATX-mediated protective potential in cardiomyocytes was available, and the protective mechanism was not well explored. Herein, the protective effects and mechanism of ATX against Hcy-induced cardiotoxicity in H9c2 rat cardiomyocytes and an experimental animal model were evaluated, and the results indicated that ATX attenuated Hcy-induced cardiotoxicity in vitro and in vivo by inhibiting mitochondrial dysfunction and oxidative damage, which validated its potential application in chemoprevention and chemotherapy of human CVD.



MATERIALS AND METHODS


Chemicals

DMEM-F12 medium, phosphate buffered solution (PBS) fetal bovine serum (FBS), DCFH-DA probe and mitochondria-targeted MitoSOX probe (M36008) were purchased from Invitrogen. Hcy, ATX, MTT, propidium iodide (PI) were obtained from Sigma. TUNEL-DAPI kit, Mito-SOX probe and BCA assay kit were purchased from Beyotime Institute of Biotechnology (Shanghai, China). Primary antibodies, including cleaved PARP (#94885), active-caspase-3 (#9664), active-caspase-7 (#8438), active-caspase-9 (#9507), Bax (#2772), Bad (#9292), Bcl-xL (#2764), Ser428-ATR (#2853), Ser15-p53 (#9284), total-p53 (#2524), and Ser139-histone (#9718) were all obtained from Cell Signaling Technology (Beverly, USA). Bcl-2 (#14-6992-82), CD-34 (#MA1-10202) and Ser-1981-ATM (#14-9046-82) were bought from Invitrogen (Carlsbad, USA). All solvents used were of high performance liquid chromatography (HPLC) grade.



Cell Culture and Cell Viability Assay

H9c2 rat myocardial cells were obtained from ATCC company (USA). Cells were cultured with DMEM-F12 medium containing 10% FBS at 37° and 5% CO2 in a incubator. Cell viability with Hcy or/and ATX was detected by MTT assay. Briefly, H9c2 cells (8 × 103 cells/well) seeded in 96-well plate were treated with Hcy (1–16 mM) for 72 h, or cells were treated with 8 mM Hcy for 6, 12, 24, 48, and 72 h. For protective treatment, cells were pre-treated with 0.5–8 μM ATX for 6 h and co-incubated with Hcy for 72 h. After treatment, 20 μl of MTT solution was added and incubated for another 5 h. Then the medium was removed and 150 μl of dimethyl sulfoxide (DMSO) was added. The cell viability was measured by detecting the absorbance at 570 nm. H9c2 cells morphology was observed by phase microscope. All data and images were obtained from three independent trials and were conducted in accordance with the relevant guidelines and regulations of Taishan Medical University.



Flow Cytometry Analysis (FCM)

Cell apoptosis and cell cycle distribution in H9c2 cells were analyzed by FCM. Briefly, cells were pre-treated with or without 4 μM ATX for 6 and co-treated with 8 mM Hcy for 72 h. After treatment, cells were washed, collected and incubated with PI buffer at 37°C for 5 h in darkness. Then the stained cells were monitored by FCM. Cell cycle (G0/G1, S, and G2/M phases) was analyzed by Modfit software. The hypodiploid DNA content (Sub-G1 peak) was employed to quantify the apoptotic cell death. About 104 cells/sample were recorded. All data and images were obtained from three independent trials and were conducted in accordance with the relevant guidelines and regulations of Taishan Medical University.



TUNEL-DAPI Staining

Cells apoptosis in H9c2 cells were also detected by TUNEL-DAPI staining. Briefly, Treated H9c2 cells seeded on a cover glass were fixed with 4% formaldehyde, and permeabilized with 0.1% Triton X-100. Then cells were incubated with TUNEL reaction solution for 1 h in darkness at 37°C. After incubation, cells were stained with 10 μg/ml DAPI for 10 min, and washed with PBS for three times. The cells apoptosis was detected by an inverted fluorescence microscope. The TUNEL-positive cells represent the apoptotic cells. All data and images were obtained from three independent trials and were conducted in accordance with the relevant guidelines and regulations of Taishan Medical University.



Evaluation of Mitochondrial Dysfunction

Mitochondrial function was evaluated by the mitochondrial membrane potential (Δψm) and mitochondrial morphology, which were examined by JC-1 and Mito-Tracker probes, respectively. Briefly, cells seeded in 6-cm plate were treated with ATX or/and Hcy. Cells after treatment were washed and incubated with 10 μM JC-1 or Mito-Tracker for 15 min in darkness. Then cells were washed and imaged under an inverted fluorescence microscope. The green fluorescence intensity after JC-1 staining was quantified by ImagePlus Software. All data and images were obtained from three independent trials and were conducted in accordance with the relevant guidelines and regulations of Taishan Medical University.



Detection of ROS and Superoxide Anion

The intracellular ROS and superoxide anion were measured by DCFH-DA and Mito-SOX probes in live cells, respectively. Briefly, treated cells cultured on glass were washed and incubated with 10 μM DCFH-DA or 0.5 μM Mito-SOX. After reaction, cells were washed and observed by an inverted fluorescence microscope for detection of ROS (green fluorescence) and superoxide anion (red fluorescence). The images showed here were obtained from three independent experiments. All data and images were obtained from three independent trials and were conducted in accordance with the relevant guidelines and regulations of Taishan Medical University.



Western Blotting

Protein expression was examined by western blotting method. Briefly, cells after treatment were washed, collected and lysed by RIPA lysis buffer. The intracellular total protein was extracted by centrifugation at 11,000 g for 10 min at 4°C. Total protein after quantification was boiled and loaded (40 μg/lane) for separation by SDS-PAGE. Then protein was transferred onto a nitrocellulose membrane at 100 V for 1.5 h. Membrane subsequently was blocked, incubated with the primary antibody, and second antibody, respectively. Then the membrane was washed and the protein bands were visualized on an X-ray film using an enhanced ECL chemiluminescence system. The proteins expression was quantified by Quantity-One Software, and the proteins expression rate was labeled under the bands. All data and images were obtained from three independent trials and were conducted in accordance with the relevant guidelines and regulations of Taishan Medical University.



In Vivo Study

The therapeutic effect of ATX against Hcy-induced cardiotoxicity was also evaluated in vivo in mouse. Briefly, 40 mice were divided into four groups (10 mice/group), and administrated with 5 mg/kg/day ATX or/and 300 mg/kg/day Hcy for 4 weeks. The control group was given equal normal saline. After administration, mouse was given euthanasia and the body weight and heart weight were measured. The contents of reduced glutathione (GSH-Rs) and malondialdehyde (MDA) in heart tissue were examined by ELISA kits according to the manufacture's instruction. Part of heart tissue was cut into 4-μM section for immunohistochemical assay (IHC). All the animal experiments were conducted in accordance with the relevant guidelines and regulations of Taishan Medical University.



Statistical Analysis

All data and images were done from three independent experiments at least. The statistical analysis was carried out by SPSS013.0 software. The significance between two groups was analyzed by two-tailed Student's test. The difference among three or more groups was analyzed by multiple comparisons. Bars with “*” or “**” represent the P < 0.05 or P < 0.01, respectively. Bars with different characters indicates the statistical different at P < 0.05 level.




RESULTS


ATX Alleviates Hcy-Induced Cytotoxicity in H9c2 Cells

The cytotoxicity of Hcy and possible protective effect of ATX on H9c2 cells were firstly examined by MTT assay. As shown in Figure 1 and Supplementary Figure 1, Hcy treatment alone significantly inhibited H9c2 cells viability in a dose- and time-dependent manner (Figures 1A,B). For instance, treatment of cells with 8 mM Hcy for 72 h significantly decreased the cell viability to 52.6%. However, pre-treatment of cells with ATX (1, 2 and 4 μM) for 6 h effectively blocked Hcy-induced cytotoxicity in H9c2 cells from 52.6% (Hcy) to 87.9, 95.4, and 99.8%, respectively (Figure 1D). ATX alone showed no obvious cytotoxicity toward H9c2 cells (Figure 1C). The improvement of cell morphology further confirmed this protective potential (Figure 1E). These results suggested that ATX has the potential to alleviate Hcy-induced cytotoxicity.
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FIGURE 1. ATX alleviates Hcy-induced cytotoxicity in H9c2 cells. Dose-dependent (A) and time-dependent (B) cytotoxicity of Hcy toward H9c2 cells. H9c2 cells were treated with 0–16 mM Hcy for 72 h, or cells were exposed to 8 mM Hcy for 0–72 h. (C) Cytotoxicity of ATX toward H9c2 cells. Cells were treated with ATX (0–8 μM) for 72 h. (D) ATX alleviated Hcy-induced cytotoxicity in H9c2 cells. Cells were pre-treated with or without 0.5–4 μM ATX for 6 h and co-treated with 8 mM Hcy for 72 h. Cell viability after treatment was detected by MTT assay. (E) Morphological changes of H9c2 cells. Cells were treated with or without 4 μM ATX for 6 h, and co-incubated with 8 mM Hcy for 72 h. Cells after treatment were observed by phase contrast microscope (magnification, 200×). All data and images were obtained from three independent trials. Bars with “*” or “**” indicate the statistically different at the P < 0.05 and P < 0.01 level, respectively. Bars with different characters indicates the statistical different at P < 0.05 level.





ATX Suppresses Hcy-Induced Apoptosis in H9c2 Cells

We next evaluated Hcy-induced apoptosis and the possible protective mechanism of ATX on H9c2 cells by FCM. As shown in Figure 2A, Hcy alone caused apparent apoptosis, as reflected by the increase of Sub-G1 peak. However, the cell apoptosis in Hcy-treated cells was significantly attenuated by ATX pre-treatment from 52.6 to 4.1%. This protection of ATX on H9c2 cells was evaluated by TUNEL-DAPI co-staining. As shown in Figure 2B, Hcy treatment alone resulted in significant apoptosis, as convinced by the increase of TUNEL-positive cells. However, pre-treatment with ATX effectively prevented H9c2 cells from HCY-induced apoptosis. Moreover, the PARP cleavage and caspase activation were also conducted to investigate the underlying mechanism. As shown in Figure 2C, incubation of cells with Hcy alone induced dramatically poly-ADP-ribose polymerase (PARP) cleavage and the activation of caspase-3, -7, and -9. The activation of caspase-7 and caspase-9 indicated that Hcy activated the mitochondria-mediated apoptosis. The slight activation of capase-8 indicated that Hcy also triggered death receptor-mediated apoptosis, but not dominant (Supplementary Figure 2). As expected, ATX pre-treatment markedly inhibited Hcy-induced PARP cleavage and caspase activation. Taken together, these results above indicated that ATX suppressed the mitochondria-mediated apoptosis in Hcy-treated H9c2 cells.


[image: image]

FIGURE 2. ATX suppresses Hcy-induced apoptosis in H9c2 cells. (A) FCM analysis of cell apoptosis and cell cycle distribution. H9c2 cells were treated with or without 4 μM ATX for 6 h, and co-incubated with 8 mM Hcy for 72 h. Cells after treatment were collected and fixed with 70% pre-cooled alcohol, and stained by PI solution and analyzed by FCM. The hypodiploid DNA content (Sub-G1 peak) was used to quantify the cell apoptosis. (B) TUNEL-DAPI staining. Cells after treatment were fixed with formaldehyde (4%) and administrated with the TUNEL staining kit as described in method section. The TUNEL-positive cells (green) indicated the apoptotic cells (magnification, 200×). (C) PARP and caspase expression. Total protein was prepared and the protein expression was examined by western blotting method. All data and images were obtained from three independent experiments.





ATX Blocks Hcy-Induced Mitochondrial Dysfunction by Balancing Bcl-2 Family

To elucidate the role of mitochondria in Hcy-induced apoptosis of H9c2 cells, the Δψm and mitochondrial morphology were detected by JC-1 and Mito-tracker probes, respectively. As shown in Figure 3A, Hcy treatment induced significant loss of Δψm, as reflected by the fluorescent shift from red to green. ATX pre-treatment completely improved the Δψm in Hcy-treated cells. The statistical result further confirmed this protective effect (Supplementary Figure 3). Moreover, Hcy treatment also caused obvious mitochondrial fragmentation, as demonstrated by the mitochondrial morphological changes from protonema to punctiform. Interestingly, ATX pre-treatment completely blocked Hcy-induced mitochondrial fragmentation.
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FIGURE 3. ATX blocks Hcy-induced mitochondrial dysfunction by regulating Bcl-2 family. (A) ATX blocked Hcy-induced the depletion of Δψm and mitochondrial fragmentation. The Δψm and mitochondrial morphology were detected by JC-1 and Mito-Tracker probes, respectively. The experiment details were conducted according to the method section. (B) Time-dependent inhibition of Hcy against Bcl-2 and Bad expression. Cells were treated with 8 mM Hcy for indicated time. (C) Protective effects of ATX on Bcl-2 family members in Hcy-treated cells. Protein expression was examined by western blotting method. All images were obtained from three independent trials.



Bcl-2 family plays important role in regulating mitochondrial permeability and inducing apoptosis. Therefore, a time-course effect of Hcy on Bcl-2 family members was investigated. As show in Figure 3B, Hcy treatment caused continuous down-regulation of Bcl-2 at 12 h. Bad expression in Hcy-treated H9c2 cells showed significant up-regulation at 12 h. However, the expression level of pro-apoptosis (Bax and Bad) and pro-survival (Blc-2 and Bcl-XL) in Hcy-treated cells were effectively normalized by ATX pre-treatment (Figure 3C). Taken together, these results revealed that ATX blocked Hcy-induced mitochondrial dysfunction by regulating Bcl-2 family proteins.



ATX Attenuates Hcy-Induced Oxidative Damage in H9c2 Cells

Accumulated evidences have confirmed that Hcy could trigger oxidative damage through inducing ROS accumulation. Therefore, the oxidative status in Hcy-treated H9c2 cells was investigated. Primarily, the intracellular superoxide anion and ROS were detected by Mito-SOX (a mitochondria-targeted red probe) and DCFH-DA (green), respectively. As shown in Figures 4A,B, Hcy treatment caused significant accumulation of superoxide anion and ROS, as demonstrated by the enhanced red fluorescence and green fluorescence in H9c2 cells, respectively. Secondly, Hcy-induced DNA damage was also detected. As shown in Figure 4C, cells treated with 8 mM Hcy showed significant phosphorylation activation of ataxia telangiectasia mutated (ATM) (Ser1981), and Rad3-related (ATR) (Ser428), p53 (Ser15), and histone (Ser139) in a time-dependent manner, indicating that Hcy induced oxidative damage in H9c2 cells. However, pre-treatment with ATX inhibited Hcy-induced generation of ROS and superoxide anion. The statistical results further confirmed ATX's anti-oxidative effect (Supplementary Figure 4). ROS inhibition by ATX eventually attenuated Hcy-induced oxidative damage (Figure 4D). Taken together, these results above demonstrated that ATX attenuated Hcy-induced oxidative damage through inhibition ROS overproduction.
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FIGURE 4. ATX attenuates Hcy-induced oxidative damage in H9c2 cells. ATX inhibited intracellular superoxide anion (A) and ROS (B) generation. The intracellular superoxide anion and ROS were measured by Mito-SOX and DCFH-DA probes, respectively. The experiment details were conducted according to the method section. (C) Time-dependent activation of Hcy on DNA damage. (D) ATX attenuated Hcy-induced DNA damage. Protein expression was examined by western blotting method. All images were obtained from three independent trials.





ATX Inhibits Hcys-Induced Cardiotoxicity in Vivo

To validate the in vivo protective effect and possible mechanism of ATX against Hcy-induced cardiotoxicity, mouse administrated with ATX or/and Hcy were employed. The results showed that Hcy treatment in vivo caused slight decrease in mice heart weight, but not affect the mice body weight (Figures 5A,B). Hcy treatment also decreased the content of reduced-glutathione (GSH-Rs) (Figure 5C) and increased the content of MDA (Figure 5D), indicating the induction of oxidative damage by Hcy. IHC analysis revealed that Hcy treatment in vivo induced significant myocardial apoptosis (active-caspase-3 staining) and inhibited angiogenesis (CD-34 staining). Importantly, ATX treatment in vivo effectively inhibited the oxidative damage and myocardial apoptosis, and improved the angiogenesis in Hcy-treated mouse (Figure 5E), which consisted with the in vitro mechanism. These results suggested that ATX inhibited Hcy-induced cardiotoxicity in vivo.
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FIGURE 5. ATX inhibits Hcy-induced cardiotoxicity in vivo. Effects of ATX or/and Hcy on the mice body weight (A) and heart weight (B) in vivo. Mice were given ATX (5 mg/kg/day) or/and Hcy (300 mg/kg/day) for 2 weeks. After administration, the mice body weight and heart weight were both examined. Effects of ATX or/and Hcy on the content of GSH-Rs (C) and MDA (D). Total protein was extracted from mice heart tissue, and the content of GSH-Rs and MDA were examined by ELISA kits. (E) IHC assay of apoptosis and angiogenesis in vivo. Heart tissue were separated and cut into 4-μm section. The expressions of active-caspase-3 and CD-34 in heart tissue were detected by IHC method. All data and images were obtained from three independent trials. Bars with different characters indicates the statistical different at P < 0.05 level.






DISCUSSION

Human CVD represents the leading causes of death globally, and therapy of human CVD has always remains one of the biggest challenges in clinic. High levels of plasma Hcy as an independent risk factor contributes to the occurrence and development of CVD (Feng and Xu, 2017; Markišić et al., 2017; Rudreshkumar et al., 2017). Accumulated studies have indicated that Hcy as an intermediate metabolite of cysteine and methionine can cause endothelial dysfunction (Zhang et al., 2017). For instance, patients with hyperhomocysteinemia usually show decreased numbers of endothelial cells with impaired endothelial activities in endothelial proliferation, migration and adhesion, which all do harm to human heart health (Jamaluddin et al., 2007; Almashhadany et al., 2015). Experimentally, Hcy has been proved to be associated with disturbed cardiac substrate metabolism, mitochondrial dysfunction and adverse cardiac remodeling with increased myocardial stiffness (Joseph et al., 2003; Devi et al., 2006; Suematsu et al., 2007). However, whether Hcy may show similar toxic effect on cardiomyocytes is unknown. The underlying mechanism has not been well elucidated yet. Hence, in the present study, Hcy-induced cardiotoxicity and underlying mechanism were evaluated in H9c2 rat cardiomyocytes and Hcy-injured animal model, which are both accepted as good models for exploring the cardiotoxicity in vitro and in vivo. The results indicated that Hcy displayed significant cardiotoxicity in vitro and in vivo, as reflected by the cytotoxicity and cells apoptosis of H9c2 cells in vitro, and inhibition of angiogenesis in vivo. Meanwhile, we revealed the toxic mechanism that Hcy-induced cardiotoxicity was mainly achieved by triggering mitochondrial dysfunction and oxidative damage.

ROS, including hydroxyl radical, hydrogen peroxide, and superoxide anion (Sun et al., 2013), all play important roles in mediating cell signaling and maintaining cell homeostasis (Fan et al., 2014). The balance of anti-antioxidant and pro-antioxidant system ultimately decides the intracellular ROS level (Li et al., 2015; Wang et al., 2016a,b; Fan et al., 2017a). Oxidative stress was accepted as a key index in the pathology of human CVD (Castardo-de-Paula et al., 2017; Ghosh et al., 2017; Paul et al., 2017; Ramirez-Lee et al., 2017). Inhibition of oxidative damage represents of one of the most efficient strategies in treatment of human CVD. Therefore, searching novel agents with potential antioxidant activity and low side effects to combat human CVD is urgently needed.

ATX exhibits excellent pharmacological properties, including anti-cancer, anti-inflammatory, anti-diabetic, immunomodulatory and neuroprotective activities, which are all based on its antioxidant activity (Hussein et al., 2006; Abdelzaher et al., 2016). Large number of evidences have supported that ATX had the potential in chemoprevention and chemotherapy of several human diseases through eliminating ROS and attenuating oxidative damage in all kinds of cell and animal models (Wu et al., 2015). However, ATX-mediated protective effects against Hcy-induced cardiotoxicity have not been reported, and the underlying mechanism remains unclear.

The underlying mechanism has not been well elucidated yet. Hence, in the present study, Hcy-induced cardiotoxicity and underlying mechanism were evaluated in H9c2 rat cardiomyocytes and Hcy-injured animal model. In the present study, Hcy treatment caused significantly ROS over-production and eventually triggered oxidative damage in vitro and in vivo. However, ATX as a powerful inhibitor of ROS effectively inhibited ROS accumulation and blocked Hcy-induced oxidative damage in vitro and in vivo, as convinced by the decreased level of phosphorylation activation of ATM (Ser1981), ATR (Ser428), p53 (Ser15), and histone (Ser139). These results indicated that ROS as early apoptotic event was involved in Hcy-induced H9c2 cells apoptosis, and ATX can act as ROS inhibitor to suppress Hcy-induced apoptosis and oxidative damage.

Mitochondria integrates the intrinsic and extrinsic signals and plays important role in lunching mitochondria-mediated apoptosis (Zhu et al., 2016). Mitochondrial membrane permeabilization acts as an important event in inducing cell apoptotic death in response to apoptotic stimuli (Kroemer et al., 2007; Zhu et al., 2016; Fan et al., 2017b). Bcl-2 family, including the pro-apoptotic and anti-apoptotic members, has been confirmed as essential factors in regulating mitochondria-mediated apoptosis pathway (Cory and Adams, 2002). Increasing studies supported that loss of Δψm was highly multiple associated with the capsases activation and Bcl-2 family expression (Kroemer et al., 2007). For instance, Bcl-2 and Bcl-XL can bind to the out membrane of mitochondria of healthy cells (Cory and Adams, 2002). Bax can form homo-oligomers with Bak to permeabilize the out membrane of mitochondria and cause the depletion of Δψm (Wei et al., 2001; Cory and Adams, 2002). In the present study, our result suggested that Hcy treatment caused significant mitochondria-mediated apoptosis with involvement of mitochondrial dysfunction. Immunofluorescent staining of mitochondria affirmed that the loss of Δψm and mitochondrial morphological changes both contributed to the mitochondrial dysfunction in Hcy-treated H9c2 cells. The western blotting results revealed that Hcy-induced mitochondrial dysfunction was associated with the imbalance of Bcl-2 family expression. However, ATX pre-treatment prevented H9c2 cells from Hcy-induced mitochondrial dysfunction and the imbalance of Bcl-2 family expression, and eventually reversed Hcy-induced apoptosis. Therefore, we concluded that ATX blocked Hcy-induced mitochondria-mediated apoptosis by stabilizing Bcl-2 family expression.

In summary, the present study demonstrated that ATX suppressed Hcy-induced cardiotoxicity in vitro and in vivo by inhibiting mitochondrial dysfunction and oxidative damage. Our findings validated the potential therapeutic role of ATX in chemoprevention and chemotherapy of Hcy-mediated human CVD.
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Aims: This study aimed to determine the influence of Tang Wang Ming Mu granule (TWMM) on the diabetic retinopathy of diabetic rats.

Methods: Male Wistar rats were divided into seven groups: normal control, diabetes model(DM), diabetes with TWMM (3.6, 7.2, and 14.4 g/kg) treatment, the positive control treatment groups of Qi Ming granules and Calcium dobesilate capsules. All rats were treated for 8 weeks. The levels of body weight, fasting blood glucose (FBG) and glycosylated hemoglobin (HbA1c) in blood were measured to evaluate the antihyperglycemic activity of TWMM. Furthermore, malondialdehyde (MDA), intracellular adhesion molecule-1 (ICAM-1) and vascular endothelial growth factor (VEGF) in serum were measured to study effects of TWMM on oxidative stress and inflammatory in DM2 rats. VEGF, JAK/STAT signaling pathway and SOCS3 in retina was detected by immunohistochemistry.

Results: TWMM and the positive control drugs Qi Ming and Calcium dobesilate showed a remarkable suppression of retinal neovascularization and amelioration of retinal internal limiting membrane morphology. Moreover, TWMM significantly decreased HbA1c, MDA, ICAM-1, and VEGF levels in serum of diabetic rats. However, Qi Ming granules showed significantly reduced MDA and VEGF levels (P < 0.01, and P < 0.05, respectively), Calcium dobesilate showed significantly reduced MDA and ICAM-1levels (P < 0.01 and P < 0.05, respectively) in serum. All drug- treated DM2 rats showed significantly lower levels of VEGF, JAK2, P-JAK2, STAT3, and P-STAT3 in retina than DM group, while TWMM and Calcium dobesilate significantly increased SOCS3 in retina.

Conclusion: Our data suggest that the diabetic retina protective effect of TWMM might be related to antiinflammatory, antioxidative, upregulation of SOCS3 expression, inhibition of the JAK/STAT/VEGF signaling pathway.

Keywords: diabetic retinopathy, antihyperglycemic activity, oxidative stress, Tang Wang Ming Mu Granule, VEGF, JAK2/STAT3 pathway, SOCS3


INTRODUCTION

A report published by the International Diabetes Federation currently indicates that diabetes mellitus has impact on at least 378 million people worldwide, and this figure is most likely to be doubled by 2035 (Yisahak et al., 2014). Diabetic retinopathy (DR) is one of the most common and serious microvascular complications of diabetes, result in visual impairment and blindness. Its incidence reaches nearly all type 1 diabetes patients and more than 60% in type 2 diabetes patients after 20 years onset of diabetes (Clark and Lee, 1995). DR is clinically characterized by retinal microvascular pathologic changes, such as capillary occlusion, hemorrhages, microaneurisms, and neovascularization, finally leads to severe vision loss and irreversible blindness (Antonetti et al., 2012; Cohen and Gardner, 2016). A number of therapeutics, such as anti-vascular endothelial growth factor (VEGF) therapy, long-acting steroids, and surgery with laser photocoagulation, has been applied clinically. However, they were used for later stage of DR. Therefore, early treatments to delay DR progression are desperately needed and have great social and economic impacts.

Although the pathogenesis remains unclear, studies have indicated that many factors, including hyperglycemia, oxidative stress, and inflammatory cytokines, contribute to DR progression. Among these factors, hyperglycemia is accepted as the first initiating factor in the development of DR, which suggests that strict glycemic control is effective in delaying DR (Chiu and Taylor, 2011). Recently, it is believed that inflammatory process plays an important role in the development of DR (Liao et al., 2017). In addition, oxidative stress is also considered as one of the crucial contributors in the pathogenesis of diabetic retinopathy, leading to structural and functional changes and accelerated loss of capillary cells in the retinal microvasculature (Jin et al., 2014). The target management for vascular complications of diabetes has been pointed out to inhibit inflammation and oxidative stress pathway.

Tang Wang Ming Mu Granule (TWMM), a traditional Chinese prescription, contains Astragali radix, Leonuri herba, Buddlejae flos, Ligustri lucidi fructus, Coptidis rhizoma, Mume fructus, as well as Cinnamomi cortex (Hao et al., 2016). Quantities of these ingredients are 34.8, 17.4, 13.0, 13.0, 8.7, 8.7, and 4.3% of the total weight, respectively. Presently, the herbal medicine has increasingly gained attention as a protector of diabetic vascular complications. Our previous research showed that TWMM had inhibition effect on human umbilical vein endothelial cell line EA.hy926 under hypoxic and high glucose conditions. It might be related to down-regulation of the expression of angiogenesis-related factor mRNA and proteins, such as HIF-1α, VEGFR-2, and ICAM-1 (Hao et al., 2015).

No in vivo study has been carried out to investigate the efficacy of TWMM to prevent or delay diabetic-induced retinal microangiopathy. The purpose of this study was to evaluate the effect of TWMM on experimental diabetic retinopathy in the rat, and to investigate the underlying mechanisms. Calcium dobesilate capsule was chosen as a positive control drug. Studies showed that it has multiple mechanisms of action which include anti-leakage action due to its inhibitory effect on VEGF production, anti-oxidant and anti-inflammatory properties. It was approved for the treatment of DR in several countries(Solàadell et al., 2017). Qiming Granule, a traditional Chinese medicine complex prescription, which is consisting of principle components extracted from Radix Astragali, Radix Puerariae, and Rdix Rehmanniae etc. It had functions of promoting the production of body fluids and benefiting qi, tonifying the Shen and nourishing the Gan, removing obstruction in the channels to improve visual acuity. And it was used in the treatment of microvascular complications of diabetes (Xiangxia et al., 2009). At the same time, we chose Qiming Granule as a positive control Chinese medicine.



MATERIALS AND METHODS


Materials

The extracts of TWMM were kindly provided by Beijing red sun Pharmaceutical Co., Ltd (Cat. No.20130829). The main peaks in HPLC profile of TWMM were identified to be astragaloside, berberine hydrochloride, linarin, specnuezhenide, and leonurine hydrochloride. The content of these constituents in TWMM was determined to be 1.19, 6.94, 4.00, 3.76, and 0.81 mg/g, respectively, by HPLC. Qi Ming granules were purchased from Zhejing wan sheng Pharmaceutical Co., Ltd (Cat. No.141023). Calcium dobesilate capsules were purchased from Beijing JingFeng Pharmaceutical Co., Ltd (Cat. No.141105).



Animals

Male 6-week-old Wistar rats were obtained from Si bei fu experimental animal technology Co., Ltd. (Beijing, China). All animals were maintained in the laboratory with food and water ad libitum throughout the experiment. The use of animals in the research was in accordance with the Association for Research in Vision and Ophthalmology (ARVO) statement. All animal work was performed in accordance with the standards established by the Animal Care and Use Committee of Xiyuan Hospital and approved by the local ethics committee.



Induction of Experimental Type 2 Diabetic Rat Model (DM)

Type 2 diabetic rat model was induced as described previously (Reed et al., 2000). Rats were daily fed with high fat diet consisting of 65% regular diet, 15% pork fat, and 20% carbohydrate. After 4 weeks of dietary manipulation, the rats were rendered diabetic by intraperitoneal (IP) injection of streptozotocin (STZ, Sigma, 25 mg/kg body weight) for 2 days. One week after STZ injection, rats with blood glucose levels consistently above 16.7 mmol/L were considered diabetic. The normal control group (n = 10) was given regular diet for 4 weeks followed by an IP injection of solvent. After the injection, rats in the DM group continued to be fed with high fat diet and rats in the normal control group continued to be fed with regular diet for another 4 weeks. Then, we randomly divided diabetic rats into six groups (n = 10 in each group): (1) DM group, diabetic rats were administered with distilled water (10 mL/kg); (2) DM+L-TWMM group, diabetic rats were administered with low dose of TWMM (ig, 3.6 g/kg); (3) DM+M-TWMM group, diabetic rats were administered with middle dose of TWMM (ig, 7.2 g/kg); (4) DM+H-TWMM group, diabetic rats were administered with high dose of TWMM (ig, 14.4 g/kg); (5) DM+QM group, diabetic rats were administered with Qi Ming granules (ig, 1.4 g/kg); (6) DM+CD group, diabetic rats were administered with Calcium dobesilate capsules (ig, 150 mg/kg). The rats in the normal control group were administered with distilled water (10 mL/kg). All rats were treated for 8 weeks.

The body weight and blood glucose levels were recorded carefully every week. At the end of the experiment, hemoglobin A1c (HbA1c) values were determined using an In2It analyzer (Bio-Rad, Munich, Germany). Rats were anesthetized by 10% chloral hydrate, the blood samples were taken from the abdominal aorta, and the eyes were removed immediately.



Determination of Metabolic Parameters

Individual blood sample was withdrawn from the abdominal aorta without anticoagulant for separating serum and placed into aliquots for analyses. Serum level of MDA was measured by commercial kits from Jiancheng Bioengineering Institute (Nanjing, Jiangsu Province, China, Cat. No. 20150909). Commercial enzyme-linked immunosorbent assay (ELISA) Kits for determining serum levels of sICAM-1 (Cat. No. 238951031) and VEGF (Cat. No. 238350514) were purchased from MultiSciences (Lianke) Biotech Co., Ltd. (Hangzhou, China). All experimental assays were carried out according to the manufacturers' instructions; all samples were analyzed in triplicate.



Retinal Capillary Morphology

Retinal digest stretched preparation was used to observe retinal capillary morphology, and to count the numbers of pericyte (PC/mm2 capillary area) and vascular endothelial cells (EC/mm2 retinal area), according to published methods (Dietrich and Hammes, 2012).



Histological Studies of Retina

Eyes were removed from rats and fixed with 4% paraformaldehyde in phosphate buffer saline. The paraffin sections (4 μm) were then stained with hematoxylin and eosin (HE) for histological evaluation. Pathological pictures of retinas were taken at 400 × under an optical microscope (Olympus BX51, Japan), respectively. Retinal injury was evaluated by changes in retinal internal limiting membrane (ILM) of structure and neovascularization.



Transmission Electron Microscopy (TEM)

The eyes were enucleated, opened at the equator, fixed in 4% glutaraldehyde solution overnight at 4°C, and then postfixed in 2% osmium tetroxide. They were then dehydrated in ethanol series, and embedded in epoxy resin and processed as described previously (Jin et al., 2014). Electron micrographs of the retinal capillaries were captured at 5,000 × magnification with a transmission electron microscopy (Hitachi H−7500, Japan).



Immunohistochemistry

Immunohistochemistry was performed as previously described (Jin et al., 2014). Paraffin-embedded tissue block was subjected to serial 5 μm sections. The slices were subjected to antigen retrieval with citric acid buffer and then were incubated with diluted primary antibodies: VEGF antibody (Abcam, Cambridge, UK) at a dilution of 1:100, JAK2, P-JAK2, STAT3, P-STAT3, and SOCS3 antibody (Cell Signaling Technology, Danfoss, USA) at a dilution of 1:100 overnight at 4°C. After washing in PBS (pH 7.4) 3 times for 3min, the sections were incubated with secondary antibody (PV-6000) for 30 min at room temperature. Subsequently, the slides were washed again in PBS and incubated with 0.01% 3,3-diaminobenzidine tetrahydrochloride (DAB) for approximately 1 min. Sections were then washed thoroughly in PBS 3 times for 5 min each, counterstained in haematoxylin for 20s, dehydrated in absolute alcohol, cleared in xylene, and mounted in synthetic resin for microscopic examination. The digital images of the sample were observed by a digital camera (Olympus BX51, Japan). The positive area and optical density (OD) of positive cells were obtained to test with mean optical density with image J (v1.46r).



Statistical Analysis

All data were presented as mean ± standard error of the mean. Differences between groups were analyzed by Statistical Package for the Social Sciences version 17.0 (SPSS 17.0). Results were analyzed by one-way ANOVA, followed by a LSD post hoc multiple comparisons. A value of P < 0.05 was considered statistically significant.




RESULTS


Effects of TWMM on Metabolic Parameters

As shown in Figure 1A, the blood glucose levels of diabetic animals (28.41 ± 3.66 mmol/L) were significantly higher when compared with the control animals (5.78 ± 0.27 mmol/L). Eight weeks after supplementation of TWMM, although the blood glucose level of DM+TWMM groups were mildly different from that of DM rats, it showed no differences compared with the blood glucose level of DM group (Figure 1A). As shown in Figure 1B, body weights of diabetic rats were less than normal rats from week 1 to 8 (P < 0.01). At the end of study, there were no differences on body weight among diabetic groups. HbA1c levels of DM rats (7.59 ± 0.44%) were significantly higher than normal rats (3.03 ± 0.09%) (P < 0.01), confirming the impaired glucose metabolism in diabetes. The HbA1c values of DM+L-TWMM, DM+M-TWMM, and DM+H-TWMM groups revealed a significant decrease by 43.3, 23.5, and 21.5% when compared with that of DM animals, respectively (Figure 2). Compared with DM group, there were no differences on the HbA1c levels among Qi Ming and Calcium dobesilate groups (P > 0.05).


[image: image]

FIGURE 1. Effects of TWMM on blood glucose and weight levels in type 2 diabetic rats. Control group and model group were treated with the same volume of vehicle. Blood glucose (A) and weight (B) levels were recorded every week throughout the study. DM+H-TWMM group was treated with 14.4 g/kg TWMM. DM+M-TWMM group was treated with 7.2 g/kg TWMM. DM+L-TWMM group was treated with 3.6 g/kg TWMM. DM+QM group was treated with 1.4 g/kg Qi Ming granules. DM+CD group was treated with 150 mg/kg Calcium dobesilate capsules. Data are presented as mean. n = 8.
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FIGURE 2. Effect of TWMM on hemoglobin A1c (HbA1c) of type 2 diabetic rats. Data are presented as mean ± SD. n = 8. **Indicate significant differences compared to the Control group at **P < 0.01. #,##Indicate significant differences compared to the DM group at #P < 0.05 and ##P < 0.01.





Effects of TWMM on Biochemical Parameters of DM Rats

Changes in malondialdehyde (MDA), intercellular adhesion molecule-1 (ICAM-1) and vascular endothelial growth factor (VEGF) were investigated. It was noted that the levels of those three parameters went to the same direction (Figure 3). The DM rats exhibited greatly higher MDA, ICAM-1, and VEGF levels than those determined in retinal tissue of the normal control rats (P < 0.01, P < 0.01 and P < 0.05, respectively). After 8 weeks treatment, TWMM significantly reduced MDA, ICAM-1 and VEGF levels in diabetic rats (DM+L-TWMM and DM+M-TWMM, P < 0.01 vs. DM group; DM+H-TWMM, P < 0.05 vs. DM group). Qi Ming granules treatments also showed significantly reduced MDA and VEGF levels (P < 0.01, and P < 0.05, respectively). Calcium dobesilate capsules treatments showed significantly reduced MDA and ICAM-1levels (P < 0.01, and P < 0.05, respectively).
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FIGURE 3. Effect of TWMM on MDA (A), ICAM-1 (B), and VEGF (C) of type 2 diabetic rats. Data are presented as mean ± SD. n = 8. *, **Indicate significant differences compared to the Control group at *P < 0.05 and **P < 0.01. #,##Indicate significant differences compared to the DM group at #P < 0.05 and ##P < 0.01.





Effect of TWMM on Experimental Diabetic Retinopathy

As shown in Figure 4A and Supplementary Image 1, quantitative analysis demonstrated that the number of endotheliocytes in model group (33.96 ± 9.15) were increased compared with that of the control group (31.63 ± 13.53), but it was no statistical meaning. All treatment groups significantly reduced the number of endotheliocytes (P < 0.01). As shown in Figure 4B and Supplementary Image 1, the number of pericytes in model group (5.50 ± 1.10) were decreased significantly compared with that of the control group (17.67 ± 9.00). DM+H-TWMM, DM+M-TWMM, and DM+L-TWMM groups increased the number of pericytes by 27.3, 42.9, and 54.5%, respectively (7.00 ± 0.67, 7.83 ± 1.13, 8.50 ± 2.63; P < 0.01). Qi Ming granules treatment also showed significantly increased the the number of pericytes by 27.3% (P < 0.05). Calcium dobesilate capsules treatment showed increased the the number of pericytes by 20.5%, but there were no differences with DM group (P > 0.05). As shown in Figure 4C and Supplementary Image 1, the ratio of endotheliocytes/ pericytes in model group (6.88 ± 1.76) significantly increased compared with that of the control group (1.90 ± 0.27). DM+H-TWMM, DM+M-TWMM, and DM+L-TWMM groups reduced the ratio of endotheliocytes/pericytes by 65.8, 66.9, and 58.3%, respectively (2.35 ± 0.33, 2.28 ± 0.47, 2.87 ± 0.44; P < 0.01). Qi Ming granules and Calcium dobesilate capsules treatments also showed significantly reduced the ratio of endotheliocytes/pericytes (P < 0.01, and P < 0.01, respectively).
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FIGURE 4. Effect of TWMM on the number of endotheliocytes (A), the number of pericytes (B), the ratio of endotheliocytes/ pericytes (C) of type 2 diabetic rats. Data are presented as mean ± SD n = 8. **Indicate significant differences compared to the Control group at **P < 0.01. #,##Indicate significant differences compared to the DM group at #P < 0.05 and ##P < 0.01.





Effects of TWMM on Retinal Histology

As shown in Supplementary Image 2, the retinal layers of control group had clear structure, as well as tight and tidy cells. Moreover, retinal ILM remained smooth and integrity. However, swell ILM with protrudent capillary endothelial cells and new vessels were seen in DM group. TWMM treated groups had an obvious suppression of retinal neovascularization and reduction in swelling of ILM. There were obvious amelioration in Qi Ming granules and Calcium dobesilate capsules treatment groups.



Effect of TWMM on Ultrastructure of Retinal Vessels

As shown in Supplementary Image 3, the vascular endothelium was continuous and surrounded by basement membranes and pericytes in the control group. In some instances, red blood cells and platelets could be seen in the vessel, In the DM group, endothelial cells were swelled and protruded into the lumen, narrowing the vessel. The pericytes swell as well and basement membranes were uneven, thickened or split. In the TWMM treated groups, the endothelial cells and pericytes displayed minor swelling and the capillary occlusion decreased. The basement membrane thickened a little, and the vessel was in the process of repair. In the Qi Ming granules and Calcium dobesilate capsules treatment groups, the retinal ultrastructures were similar to those in the TWMM treated groups.



Effect of TWMM on the Jak/Stat Pathway

The immunohistochemistry studies demonstrated that retinal expression of JAK2 and STAT3 in the DM group were significantly higher than that in the control group (P < 0.01; Figure 5 and Supplementary Image 4). TWMM treatment significantly reduced retinal levels of JAK2 and STAT3 (P < 0.01; Figure 5B,C and Supplementary Images 4b–e). Compared with the control group, downstream of VEGF activation was increased in diabetic rats, which was suppressed by TWMM (P < 0.01; Figure 5A and Supplementary Image 4a). The expression of upstream protein of SOCS3 was significantly increased by TWMM (P < 0.05) in the middle and high dose group (Figure 5D and Supplementary Image 4f). Similarly, the expression of VEGF and phosphorylation of JAK2 and STAT3 significantly decreased in the Qi Ming granules and Calcium dobesilate capsules treatment groups compared with the DM group; whereas, SOCS3 increased in the both groups.
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FIGURE 5. Immunohistochemistry for VEGF (A), JAK (B), p-JAK (B), STAT3 (C), p-STAT3 (C), and SOCS3 (D) expression in the retina. Data are presented as mean ± SD n = 8. *, **Indicate significant differences compared to the Control group at *P < 0.05 and **P < 0.01. #,##Indicate significant differences compared to the DM group at #P < 0.05 and ##P < 0.01.






DISCUSSION

Over the last several years, multiple treatments are used in DR treatment including control hyperglycemia, laser, vitrectomy, anti-VEGF therapies, and steroids (Bandello et al., 2013). Additionally, current treatments for DR are performed in advanced stages of the disease and are associated with significant adverse effects. There has been a continuing effort to develop new drugs. Interestingly, in our study, we demonstrate for the first time that TWMM may be an effective drug for the treatment of DR.

According to the recent reports, Type 1 diabetes accounts for approximately 5% of all diabetes cases, and it has been estimated by the International Diabetes Federation that the disease affects 20–40 million persons worldwide (Tuomilehto, 2013). So, Type 2 diabetes is the majority. The prevalence of prediabetes, defined by fasting plasma glucose level, or 2-h plasma glucose, and HbA1c level, was 38% in 2011–2012, with the prevalence projected to increase to 50% by 2050 (Vinicor and Jack, 2004; Menke et al., 2015). Therefore, in this study we investigated the protective effect of the TWMM on experimental diabetic retinopathy in the type 2 diabetes rats. We use the high fat diet plus low dose of STZ injection to mimic type 2 diabetic conditions. In our study, rats with blood glucose levels consistently above 16.7 mmol/L were considered diabetic. HbA1c levels of DM2 rats were significantly higher than control group, confirming the impaired glucose metabolism in diabetes. It's very interesting that the blood glucose levels showed no reduction with those treatments, but HbA1c showed reduction. TWMM had only a minor impact on glycemia in high fat diet plus low dose of STZ injection diabetic animals, a model may be in which most of beta cells are destroyed according to the literature (Dietrich et al., 2016). The modest impact of TWMM on glycemia is reflected by the lack of differences in body weight between the diabetic groups. According to reported, there may be a discrepancy between the blood fasting plasma glucose level and HbA1c, probably caused by the undetected hyper- or hypoglycaemia over the 24-h period (Phillips and Leow, 2014). In this study, fasting plasma glucose was tested once a week. It is difficult to accurately reflect the true level of plasma glucose. However, the HbA1c reflects the average blood glucose level in the previous 2 or 3 months. So they're not consistent.

DR could be divided into non-proliferative (NPDR) or proliferative (PDR). NPDR exhibits capillary non-perfusion, cotton-wool spots, microaneurysms, dot and blot hemorrhages due to microvascular damage and pericyte loss. In PDR, neovascularization results in vitreous and retinal hemorrhages, which can lead to retinal detachment. Induction of DR by STZ, BRB breakdown could be observed 2 weeks after induction, ONL thinning beginning 4 weeks after induction, decreased numbers of both endothelial cells and pericytes, increased a cellular capillaries, after 8 weeks, and furthermore basement membrane thickening after 1 year (Olivares et al., 2017). In our study, it last 12 weeks after intraperitoneal injection of STZ. At this point, it is in the stage of non-proliferative diabetic retinopathy. Hematoxylin-eosin staining results showed that new vessels and swell ILM with protrudent capillary endothelial cells were seen in DM group. Furthermore, TEM results showed that the endothelial cells in DM group were swelled and protruded into the lumen, in addition narrowing the vessel. The pericytes swell as well and basement membranes were uneven, thickened or split. All these prove the success of the DR model in this study.

It is well recognized that hyperglycemia bring about changes in various biochemical pathways such as polyol pathway, nonenzymatic glycation end products, hexosamine pathway and diacylglycerol-PKC activation pathways. These alterations produced reactive oxygen species(ROS) which have been proposed to one of the major causes of hyperglycemia induced endothelial dysfunction (Nishikawa et al., 2000). Oxidative stress thereafter results in an increase in thrombotic tendency and a reduction in prostacyclin stimulating factors in diabetics, which may contribute to DR. In diabetes, there is an increase in free radicals production which in turn promotes lipid peroxidation. MDA is formed as an end product of lipid peroxidation, controlled by the antioxidants system under normal condition (Bhatia et al., 2003).

ICAM-1 is induced by NF-κ activation mediated by proinflmmatory cytokines, playing an important role in regulating retinal leukocyte adhesion. In addition, ICAM-1 has a close relationship with the increase of leukostasis and further breakdown of BRB during the course of DR (Kamiuchi et al., 2002).

Glycemic dysregulation, low grade inflammation and oxidative stress increases the expression of VEGF, which results in vascular leakage, macular edema as well as neovascularization in the retina (Nicholson and Schachat, 2010). In addition, VEGF provokes angiogenesis and stimulates growth and differentiation of vascular endothelial cells (Awata et al., 2002; Witmer et al., 2003). High levels of VEGF in serum and tissue play an important role in initiation and progression of retinal changes in diabetes patients (Qaum et al., 2001). Vascular alterations in the early stage of DR include acellular capillaries, microaneurysms, and thickening of vascular basement membrane (McArthur et al., 2011). These alterations occur in the early stage of DR. In this stage, vision loss is mainly caused by macular edema as the consequence of increased BRB permeability. In the present study, the increases in MDA, ICAM-1and VEGF levels were observed in retinal tissues of DM2 rats. The results suggested an obvious inflammation and BRB lesion in diabetic rats. We also have shown that the levels of MDA, ICAM-1 and VEGF in DM2 rats' retinas were significantly decreased after 8 weeks supplementation with TWMM compared with those in retinas of non-supplemented DM2 rats. The anti-inflammatory and anti-oxidative and decreases the expression of VEGF properties of TWMM seem to attribute to this protective role. Qi Ming granules treatments also showed significantly reduced MDA and VEGF levels. Calcium dobesilate capsules treatments showed significantly reduced MDA and ICAM-1levels. This might be one of the mechanisms of preventive effect on DR in DM2 rats. Compared with positive control drugs, the traditional Chinese compound preparation TWMM has component complex corresponding to multitarget therapy. However, it was difficult to observe the obvious dose-effect relationship. The mechanisms are still not well understood and need further study. In this research paper, we report for the first time a protection against diabetic microvascular damage by TWMM treatment.

When the blood glucose persistently increases, the activity of aldose reductase in pericytes of retinal capillaries increases too, resulting in enhanced level of metabolites (sorbitol and fructose) in intracellular pericytes leading to an elevation of intracellular osmotic pressure, cell swelling and metabolic disorders, eventually bringing about the loss of pericytes and damage of their primary function (autoregulation of retinal capillaries; Hammes, 2005). Without the protection of pericytes, the proliferation of endothelial cells will result in saccular outpouching of capillary walls, leading to microaneurysms with hemorrhage tendency (Ejaz et al., 2008; Pfister et al., 2008). We found that the number of retina pericytes in TWMM treated rats increased and the number of endothelial cells decreased comparing with those of STZ alone, indicating a possible mechanism that the protection of TWMM on pericytes and the inhibition of endothelial cells may attribute to its action of reducing diabetic microvascular damage. In an attempt to investigate whether the supplementation with TWMM could attenuate the retinal microvascular alterations in type 2 diabetic rats, we examined the effect of oral supplementation of TWMM on quantitative retinal morphometry. As shown in Figures 2, 4 and Supplementary Image 2, supplementation of TWMM could decrease the retinal capillary damage.

Therefore, we further looked for the mechanisms of TWMM involved in improvement of impaired retinal microvascular function in STZ combined high fat diet induced type 2 diabetes. Recent researches suggest that Janus kinase (JAK)/signal transducers and activators of transcription (STAT) signaling cascades may lead to diabetic retinopathy (Dudley et al., 2005; Al-Shabrawey et al., 2008). The JAK-STAT signaling pathway transmits information from extracellular chemical signals to the nucleus resulting in DNA transcription and expression of genes involved in proliferation, differentiation, and apoptosis (Chen et al., 2016). Recent researches showed that activation of JAK2/STAT3 plays a important role in high glucose-induced VEGF synthesis. High glucose could increase ROS production, then inducing p-JAK2/p-STAT3 and upregulating the expression of VEGF protein and mRNA in bovine retinal capillary endothelial cells (BRECs) (Zhi et al., 2010). Suppressor of cytokine signaling (SOCS) proteins form part of a classical negative feedback circuit. Transcripts encoding CIS, SOCS1, SOCS2, and SOCS3 are upregulated in response to cytokine stimulation, and the corresponding SOCS proteins inhibit cytokine-induced signaling pathways (Krebs and Hilton, 2001).

SOCS3 was normally present at low levels in resting cells, but could rapidly be induced by a variety of cytokines, hormones and some growth factors (Croker et al., 2004), as a particularly defense mechanism against cytokine-mediated apoptosis (Takase et al., 2005; Liu et al., 2008). Recent researches showed that upregulation of SOCS3 expression downregulated subsequent JAK/STAT signaling pathway, thereby reducing the destructive of beta-cell cytotoxic cytokines in diabetes (Laubner et al., 2005).

VEGF, JAK/STAT signaling pathway and SOCS3 in retina was detected by immunohistochemistry. We results showed that the expression of VEGF, JAK2, P-JAK2, STAT3, P-STAT3, and SOCS3 in retinal in the DM group were significantly higher than that in the control group. Compared with the DM group, TWMM treatment (especially the middle and high dose group) could significantly increase the levels of SOCS3 in retinal, decrease the expression of JAK2, P-JAK2, STAT3, P-STAT3, and VEGF. These suggested that the retinal protective of TWMM might be related to the upregulation of SOCS3 expression, inhibition of the JAK/STAT signaling pathway and further inhibition of VEGF expression in diabetic rat. The Qi Ming granules and Calcium dobesilate capsules treatment groups have the similar effect.

In this study, we discovered the therapeutic properties of TWMM for the prevention of diabetic microvascular disease. TWMM significantly decreased HbA1c, MDA, ICAM-1, and VEGF levels in diabetic rats. The anti-oxidative and anti-inflammatory effects of TWMM may be mechanisms contributed to preventing and delaying the procession of DR. At the same time, we observed that a correlation between STAT3-induced VEGF expression and SOCS3 induction in TWMM-treated diabetic rats' retina, suggesting that high glucose-induced activation of STAT3 and VEGF expression are under negative feedback regulation by SOCS3.

These findings contribute to a significantly better understanding of the beneficial effects of TWMM with regard to diabetes, and can thus serve as the basis for the further therapeutic development of TWMM in treating DR in future work.



AUTHOR CONTRIBUTIONS

MC, JR, and JL conceived and designed the protocol. MC, JR, HL, and JG performed the experiments. MC, JR, and HL analyzed the data. MC wrote the paper. All the authors reviewed and approved the submitted version of the paper.



FUNDING

This work was supported by grants from Beijing Ten Disease Ten Drugs Foundation of China (Z121102001112007) and the National Basic Research Program of China (973 Program, 2015CB554505).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2017.01065/full#supplementary-material



REFERENCES

 Al-Shabrawey, M., Bartoli, M., El-Remessy, A. B., Ma, G., Matragoon, S., Lemtalsi, T., et al. (2008). Role of NADPH oxidase and Stat3 in statin-mediated protection against diabetic retinopathy. Invest. Ophthalmol. Vis. Sci. 49:3231. doi: 10.1167/iovs.08-1754

 Antonetti, D. A., Klein, R., and Gardner, T. W. (2012). Diabetic retinopathy. NEJM. New England J. Med. 366, 1227–1239. doi: 10.1056/NEJMra1005073

 Awata, T., Inoue, K., Kurihara, S., Ohkubo, T., Watanabe, M., Inukai, K., et al. (2002). A common polymorphism in the 5′-untranslated region of the VEGF gene is associated with diabetic retinopathy in type 2 diabetes. Diabetes 51:1635. doi: 10.2337/diabetes.51.5.1635

 Bandello, F., Lattanzio, R., Zucchiatti, I., and Del, T. C. (2013). Pathophysiology and treatment of diabetic retinopathy. Acta Diabetol. 50, 1–20. doi: 10.1007/s00592-012-0449-3

 Bhatia, S., Shukla, R., Venkata Madhu, S., Kaur, G. J., and Madhava, P. K. (2003). Antioxidant status, lipid peroxidation and nitric oxide end products in patients of type 2 diabetes mellitus with nephropathy. Clin. Biochem. 36, 557–562. doi: 10.1016/S0009-9120(03)00094-8

 Chen, M., Wang, W., Ma, J., Ye, P., and Wang, K. (2016). High glucose induces mitochondrial dysfunction and apoptosis in human retinal pigment epithelium cells via promoting SOCS1 and Fas/FasL signaling. Cytokine 78:94. doi: 10.1016/j.cyto.2015.09.014

 Chiu, C. J., and Taylor, A. (2011). Dietary hyperglycemia, glycemic index and metabolic retinal diseases. Prog. Retinal Eye Res. 30:18. doi: 10.1016/j.preteyeres.2010.09.001

 Cohen, S. R., and Gardner, T. W. (2016). Diabetic retinopathy and diabetic macular edema. Diab. Care 55:137. doi: 10.1159/000438970

 Croker, B. A., Metcalf, D., Robb, L., Wei, W., Mifsud, S., DiRago, L., et al. (2004). SOCS3 is a critical physiological negative regulator of G-CSF signaling and emergency granulopoiesis. Immunity 20, 153–165. doi: 10.1016/S1074-7613(04)00022-6

 Dietrich, N., and Hammes, H. P. (2012). Retinal digest preparation: a method to study diabetic retinopathy. Methods Mol. Biol. 933, 291–302. doi: 10.1007/978-1-62703-068-7_19

 Dietrich, N., Kolibabka, M., Busch, S., Bugert, P., Kaiser, U., Lin, J., et al. (2016). The DPP4 inhibitor linagliptin protects from experimental diabetic retinopathy. PLoS ONE 11:e0167853. doi: 10.1371/journal.pone.0167853

 Dudley, A. C., Thomas, D., Best, J., and Jenkins, A. (2005). A VEGF/JAK2/STAT5 axis may partially mediate endothelial cell tolerance to hypoxia. Biochem. J. 390, 427–436. doi: 10.1042/BJ20050351

 Ejaz, S., Chekarova, I., Ejaz, A., Sohail, A., and Lim, C. W. (2008). Importance of pericytes and mechanisms of pericyte loss during diabetes retinopathy. Diab. Obesity Metab. 10, 53–63. doi: 10.1111/j.1463-1326.2007.00795.x

 Hammes, H. P. (2005). Pericytes and the pathogenesis of diabetic retinopathy. Hormone Metab. Res. 37(Suppl. 1):39. doi: 10.1055/s-2005-861361

 Hao, C. Y., Chen, M. X., Guo, P., Ma, W. B., Lyu, H. B., Du, P. P., et al. (2015). Effect of Tangwang Mingmu Keli on expression of hypoxic/high glucose induced vascular endothelial cell-associated factors. Chin. J. Pharmacol. Toxicol. 29, 404–410. doi: 10.3867/j.issn.1000-3002.2015.03.010

 Hao, C. Y., Chen, M. X., Wen-Bin, M. A., Guo, P., Hai-Bo, L. V., Liu, Y., et al. (2016). Effects of different extracts of tangwang mingmu granules on high glucose induced VEGF and IL-1α expressions in vascular endothelial cells. Chin. J. Inform. Tradit. Chin. Med. 23, 56–59. Available online at: http://pesquisa.bvsalud.org/enfermeria/resource/pt/wprim-927739

 Jin, C. J., Yu, S. H., Wang, X. M., Woo, S. J., Park, H. J., Lee, H. C., et al. (2014). The effect of lithospermic acid, an antioxidant, on development of diabetic retinopathy in spontaneously obese diabetic rats. PLoS ONE 9:e98232. doi: 10.1371/journal.pone.0098232

 Clark, C. M., Jr, and Lee, D. A. (1995). Prevention and treatment of the complications of diabetes mellitus. N. Engl. J. Med. 332, 1210–1217. doi: 10.1056/NEJM199505043321807

 Kamiuchi, K., Hasegawa, G., Obayashi, H., Kitamura, A., Ishii, M., Yano, M., et al. (2002). Intercellular adhesion molecule-1 (ICAM-1) polymorphism is associated with diabetic retinopathy in Type 2 diabetes mellitus. Diab. Med. 19, 371–376. doi: 10.1046/j.1464-5491.2002.00694.x

 Krebs, D. L., and Hilton, D. J. (2001). SOCS proteins: negative regulators of cytokine signaling. Stem Cells 19:378. doi: 10.1634/stemcells.19-5-378

 Laubner, K., Kieffer, T. J., Lam, N. T., Niu, X., Jakob, F., and Seufert, J. (2005). Inhibition of preproinsulin gene expression by leptin induction of suppressor of cytokine signaling 3 in pancreatic beta-cells. Diabetes 54, 3410–3417. doi: 10.2337/diabetes.54.12.3410

 Liao, P. L., Lin, C. H., Li, C. H., Tsai, C. H., Ho, J. D., Chiou, G. C., et al. (2017). Anti-inflammatory properties of shikonin contribute to improved early-stage diabetic retinopathy. Sci. Rep. 7:44985. doi: 10.1038/srep44985

 Liu, X., Mameza, M. G., Lee, Y. S., Eseonu, C. I., Yu, C. R., Kang Derwent, J. J., et al. (2008). Suppressors of cytokine-signaling proteins induce insulin resistance in the retina and promote survival of retinal cells. Diabetes 57, 1651–1658. doi: 10.2337/db07-1761

 McArthur, K., Feng, B., Wu, Y., Chen, S., and Chakrabarti, S. (2011). MicroRNA-200b regulates vascular endothelial growth factor–mediated alterations in diabetic retinopathy. Diabetes 60, 1314–1323. doi: 10.2337/db10-1557

 Menke, A., Casagrande, S., Geiss, L., and Cowie, C. C. (2015). Prevalence of and trends in diabetes among adults in the United States, 1988-2012. JAMA 314, 1021–1029. doi: 10.1001/jama.2015.10029

 Nicholson, B. P., and Schachat, A. P. (2010). A review of clinical trials of anti-VEGF agents for diabetic retinopathy. Graefes Archive Clin. Exp. Ophthalmol. 248, 915–930. doi: 10.1007/s00417-010-1315-z

 Nishikawa, T., Edelstein, D., Du, X. L., Yamagishi, S., Matsumura, T., Kaneda, Y., et al. (2000). Normalizing mitochondrial superoxide production blocks three pathways of hyperglycaemic damage. Nature 404, 787–790. doi: 10.1038/35008121

 Olivares, A. M., Althoff, K., Chen, G. F., Wu, S., Morrisson, M. A., DeAngelis, M. M., et al. (2017). Animal models of diabetic retinopathy. Curr. Diab. Rep. 17, 113–138. doi: 10.1007/s11892-017-0913-0

 Pfister, F., Feng, Y., vom Hagen, F., Hoffmann, S., Molema, G., Hillebrands, J. L., et al. (2008). Pericyte migration: a novel mechanism of pericyte loss in experimental diabetic retinopathy. Diabetes 57, 2495. doi: 10.2337/db08-0325

 Phillips, P. J., and Leow, S. (2014). HbA1c, blood glucose monitoring and insulin therapy. Aust. Fam. Phys. 43, 611–615.

 Qaum, T., Xu, Q., Joussen, A. M., Clemens, M. W., Qin, W., Miyamoto, K., et al. (2001). VEGF-initiated blood-retinal barrier breakdown in early diabetes. Invest. Ophthalmol. Vis. Sci. 42:2408.

 Reed, M. J., Meszaros, K., Entes, L. J., Claypool, M. D., Pinkett, J. G., Gadbois, T. M., et al. (2000). A new rat model of type 2 diabetes: the fat-fed, streptozotocin-treated rat. Metab. Clin. Exp. 49:1390. doi: 10.1053/meta.2000.17721

 Solàadell, C., Bogdanov, P., Hernández, C., Sampedro, J., Valeri, M., Garciaramirez, M., et al. (2017). Calcium dobesilate prevents neurodegeneration and vascular leakage in experimental diabetes. Curr. Eye Res. 42, 1273–1286. doi: 10.1080/02713683.2017.1302591

 Takase, H., Yu, C. R., Liu, X., Fujimoto, C., Gery, I., and Egwuagu, C. E. (2005). Induction of suppressors of cytokine signaling (SOCS) in the retina during experimental autoimmune uveitis (EAU): Potential neuroprotective role of SOCS proteins. J. Neuroimmunol. 168, 118–127. doi: 10.1016/j.jneuroim.2005.07.021

 Tuomilehto, J. (2013). The emerging global epidemic of type 1 diabetes. Curr. Diab. Rep. 13, 795–804. doi: 10.1007/s11892-013-0433-5

 Vinicor, F., and Jack, L. Jr. (2004). 25 years and counting: centers for disease control and prevention identifies opportunities and challenges for diabetes prevention and control. Ann. Intern. Med. 140, 943–944. doi: 10.7326/0003-4819-140-11-200406010-00034

 Witmer, A. N., Vrensen, G. F., Van Noorden, C. J., and Schlingemann, R. O. (2003). Vascular endothelial growth factors and angiogenesis in eye disease. Prog. Retinal Eye Res. 22, 1–29. doi: 10.1016/S1350-9462(02)00043-5

 Xiangxia, L., Junguo, D., Pinzheng, L., Lie, W., Yanggui, Y., Bo, Q., et al. (2009). Effect of qiming granule on retinal blood circulation of diabetic retinopathy: a multicenter clinical trial. Chin. J. Integr. Med. 15, 384–388. doi: 10.1007/s11655-009-0384-5

 Yisahak, S. F., Beagley, J., Hambleton, I. R., and Narayan, K. M. (2014). Diabetes in North America and the Caribbean: an update. Diab. Res. Clin. Pract. 103, 223–230. doi: 10.1016/j.diabres.2013.11.009

 Zhi, Z., Chen, H. B., Hui, Z., Liu, K., Luo, D. W., Chen, Y. D., et al. (2010). Inhibition of JAK2/STAT3-mediated VEGF upregulation under high glucose conditions by PEDF through a mitochondrial ROS pathway in vitro. Investig. Ophthalmol. Visual Sci. 51:64. doi: 10.1167/iovs.09-3511

Conflict of Interest Statement: Author MC was employed by company Beijing Handian Pharmaceutical Co. Ltd.

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

Copyright © 2017 Chen, Lv, Gan, Ren and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 04 January 2018
doi: 10.3389/fphys.2017.01091






[image: image2]

The Effect of Tai Chi on Cardiorespiratory Fitness for Coronary Disease Rehabilitation: A Systematic Review and Meta-Analysis


Ying-li Yang1,2, Ya-hong Wang2*, Shuo-ren Wang2, Pu-song Shi1,2 and Can Wang1,2


1First Clinical Medical School, Beijing University of Chinese Medicine, Beijing, China

2Department of Cardiology, Dongzhimen Hospital, Beijing University of Chinese Medicine, Beijing, China

Edited by:
Jing-Yan Han, Peking University, China

Reviewed by:
Xiao-Ping Wang, School of Medicine, Shanghai Jiao Tong University, China
 Kun Hu, Harvard Medical School, United States

* Correspondence: Ya-hong Wang, wyh411@hotmail.com

Specialty section: This article was submitted to Vascular Physiology, a section of the journal Frontiers in Physiology

Received: 15 August 2017
 Accepted: 11 December 2017
 Published: 04 January 2018

Citation: Yang Y-l, Wang Y-h, Wang S-r, Shi P-s and Wang C (2018) The Effect of Tai Chi on Cardiorespiratory Fitness for Coronary Disease Rehabilitation: A Systematic Review and Meta-Analysis. Front. Physiol. 8:1091. doi: 10.3389/fphys.2017.01091



Background: Tai Chi that originated in China as a martial art is an aerobic exercise with low-to-moderate intensity and may play a role in cardiac rehabilitation.

Aim: To systematically review the effect of Tai Chi on cardiorespiratory fitness for coronary disease rehabilitation.

Methods: We performed a search for Chinese and English studies in the following databases: PubMed, EMBASE, Cochrane Central Register of Controlled Trials, Chinese Biomedical Literature Database, China Knowledge Resource Integrated Database, Wanfang Data, and China Science and Technology Journal Database. The search strategy included terms relating to or describing Tai Chi and coronary disease, and there were no exclusion criteria for other types of diseases or disorders. Further, bibliographies of the related published systematic reviews were also reviewed. The searches, data extraction, and risk of bias (ROB) assessments were conducted by two independent investigators. Differences were resolved by consensus. RevMan 5.3.0 was used to analyze the study results. We used quantitative synthesis if the included studies were sufficiently homogeneous and performed subgroup analyses for studies with different control groups. To minimize bias in our findings, we used GRADEpro to grade the available evidence.

Results: Five studies were enrolled—two randomized controlled trials (RCTs) and three nonrandomized controlled trials (N-RCTs)—that included 291 patients. All patients had coronary disease. ROB assessments showed a relatively high selection and detection bias. Meta-analyses showed that compared to other types of low- or moderate-intensity exercise, Tai Chi could significantly improve VO2max [MD = 4.71, 95% CI (3.58, 5.84), P < 0.00001], but it seemed less effective at improving VO2max as compared to high-intensity exercise. This difference, however, was not statistically significant [MD = −1.10, 95% CI (−2.46, 0.26), P = 0.11]. The GRADEpro showed a low level of the available evidence.

Conclusion: Compared to no exercise or other types of exercise with low-to-moderate intensity, Tai Chi seems a good choice for coronary disease rehabilitation in improving cardiorespiratory fitness. However, owing to the poor methodology quality, more clinical trials with large sample size, strict randomization, and clear description about detection and reporting processes are needed to further verify the evidence.

Keywords: Tai Chi, coronary disease, rehabilitation, cardiorespiratory fitness, VO2max, systematic review, meta-analysis

Trial registration number: CRD42017063773.


INTRODUCTION

According to WHO statistics, coronary disease is the leading cause of death globally, more than even the sum of all cancer-related deaths (World Health Organization, 2017). In recent years, with advances in cardiac rehabilitation, coronary disease mortality in developed countries has been significantly reduced (Mozaffarian et al., 2016).

Cardiac rehabilitation has a 55-year-old development history, and meta-analyses show that exercise-based cardiac rehabilitation can reduce all-cause fatality rate by 8–37% and reduce cardiac fatality rates by 7–38% in patients with coronary disease (Anderson et al., 2016; Taylor et al., 2017). Cardiorespiratory fitness, or aerobic capacity, which is often reflected by VO2max, is one of the main concerning parameters in cardiac rehabilitation. Low aerobic capacity is a strong predictor of cardiac and all-cause mortality. Even a small increase in VO2max can improve the functional level in activities of daily living, therefore leading to better quality of life (Lan et al., 2013). Tai Chi, a Chinese martial art form, is a proven aerobic exercise with low-to-moderate intensity (Smith et al., 2015; Hui et al., 2016), which likely also has potential benefits in cardiac rehabilitation. Because Tai Chi is simple and easy to learn and practiced not only in China (Zheng, 2004; Liu, 2016; Sun and Lu, 2017), other developed countries have also gradually incorporated Tai Chi for cardiac rehabilitation research (Dunlop, 2011; Lee and Koo, 2011; Lan et al., 2013; Nery et al., 2015; Wieczorrek et al., 2016). Nery (Nery et al., 2014), Dalusung-Angosta (Dalusung-Angosta, 2011), and Ng (Ng et al., 2012) have conducted systematic reviews of randomized controlled trials (RCTs) of Tai Chi intervention on coronary disease. The results suggest that Tai Chi can be used as adjuvant therapy for coronary disease, thereby playing a role in cardiorespiratory fitness improvement. However, some of the shortcomings of these RCTs include a small sample size and relatively low methodological quality, notably lack of randomization and possible detection and reporting bias. Further, the above-mentioned systematic reviews were all conducted in the Western population 3–6 years ago, and the included literature were all in English publications. Therefore, it is necessary to update the systematic review and include Chinese studies conducted by Chinese researchers to comprehensively and systematically evaluate the effect of Tai Chi on cardiorespiratory fitness in patients with coronary disease and provide evidence-based data for the development of cardiac rehabilitation.



METHODS

We registered our protocol of this systematic review and meta-analysis on PROSPERO in advance (No. CRD42017063773, http://www.crd.york.ac.uk/PROSPERO).


Inclusion Criteria

(1) Participants: There were no restrictions on the patients' age, gender, disease duration, case source, nationality, or race. In the original literature, patients should have had a clear diagnosis of coronary disease, while the rehabilitation period did not have any restriction. Moreover, there were no restrictions with respect to other types of diseases or disorders.

(2) Intervention: The original literature should have provided clear descriptions about Tai Chi: the style (such as Yang's style, Chen's style, 24 styles, or 48 styles); the teaching and practicing process (e.g., taught by professional guider); and the practice frequency (e.g., 3–4 times a week, 30 min every week).

(3) Control: Considering the fact that Tai Chi is a practice, the control could be a blank control, which means no exercise or positive control such as walking, jogging, or stretching; therefore, any kind of exercise was acceptable.

(4) Outcomes: Primary outcomes were cardiorespiratory fitness assessed by VO2max, which was tested by the cardiopulmonary exercise test (CPET). Secondary outcomes were vital signs and adverse events.

(5) Study type: Clinical studies with treatment for more than 1 month. Owing to the specificity of Tai Chi intervention and the fact that the preliminary search had found only few strictly conducted RCTs of Tai Chi for coronary disease, we expanded the scope of the included study types to RCTs, non-randomized controlled trials (N-RCTs), as well as cohort studies and case-control studies.



Literature Searches

We performed a search for Chinese and English studies in the following databases: PubMed, EMBASE, Cochrane Central Register of Controlled Trials (CENTRAL), Chinese Biomedical Literature Database (CBM), China Knowledge Resource Integrated Database (CNKI), Wanfang Data, and China Science and Technology Journal Database (VIP). The search strategy included terms relating to or describing Tai Chi and coronary disease. Studies published between the day since the database was established and April 2017 were retrieved. Bibliographies of the related published systematic reviews were also reviewed. An illustrative PubMed search strategy is shown below:

#1 ((((((((((Coronary Disease [MeSH Terms]) OR Coronary Diseases) OR Disease, Coronary) OR Diseases, Coronary) OR Coronary Heart Disease) OR Coronary Heart Diseases) OR Disease, Coronary Heart) OR Diseases, Coronary Heart) OR Heart Disease, Coronary) OR Heart Diseases, Coronary)

#2 ((((((((((((((Myocardial Infarction [MeSH Terms]) OR Infarction, Myocardial) OR Infarctions, Myocardial) OR Myocardial Infarctions) OR Cardiovascular Stroke) OR Cardiovascular Strokes) OR Stroke, Cardiovascular) OR Strokes, Cardiovascular) OR Heart Attack) OR Heart Attacks) OR Myocardial Infarct) OR Infarct, Myocardial) OR Infarcts, Myocardial) OR Myocardial Infarcts)

#3 ((((Angina Pectoris [MeSH Terms]) OR Stenocardia) OR Stenocardias) OR Angor Pectoris)

#4 ((((((((((Myocardial Ischemia [MeSH Terms]) OR Ischemia, Myocardial) OR Ischemias, Myocardial) OR Myocardial Ischemias) OR Ischemic Heart Disease) OR Heart Disease, Ischemic) OR Disease, Ischemic Heart) OR Diseases, Ischemic Heart) OR Heart Diseases, Ischemic) OR Ischemic Heart Diseases)

#5 #1 OR #2 OR #3 OR #4

#6 (((((((((((Tai Ji [MeSH Terms]) OR Tai Chi Chuan) OR T'ai Chi) OR Taijiquan) OR Taiji) OR Quan, Tai Ji) OR Ji Quan, Tai) OR Tai Ji Quan) OR Chi, Tai) OR Tai Chi) OR Tai-ji)

#7 #5 AND #6

First, two independent investigators reviewed the titles and abstracts. Abstracts that did not meet the eligibility criteria were excluded, and those that did not provide sufficient information about the inclusion criteria were further reviewed. Next, the same investigators analyzed the full texts, blinded to each other's review. Differences between the reviewers were resolved by consensus.



Data Extraction

Two investigators independently performed data extraction by using the pre-piloted standardized forms. The collected data included: basic information (study ID, database, document type, author, publishing year, study type); methodological characteristics risk of bias (ROB); participants' demographic details (diagnostic criteria, inclusion criteria, exclusion criteria, sample size, age, gender, nationality, and disease duration); interventions (group numbers, intervention descriptions, control descriptions); outcomes, fall outs; results of outcomes; and others (foundations, conflicts of interests, ethical review, and important citations). All differences were resolved by consensus.



Risk of Bias Assessment

Two investigators independently assessed the methodological quality of the included studies by using RevMan 5.3.0, according to Cochrane Handbook criteria for judging ROB in the “Risk of bias” assessment tool. The judgment on the risk of bias was categorized as low, unclear, or high ROB in the following aspects: random sequence generation (selection bias), allocation concealment (selection bias), blinding of participants and personnel (performance bias), blinding of outcomes assessment (detection bias), incomplete outcome data (attrition bias), selective reporting (reporting bias), and other bias. Again, all differences were resolved by consensus.



Statistical Analyses

RevMan 5.3.0 provided by the Cochrane Collaboration was used to analyze the results of the studies. All outcomes were continuous variables, so we expressed them as mean ± standard deviation and then calculated the mean difference (MD) and obtained the two-sided P-value and 95% confidence interval (CI). We used the complete case data as the analysis data. Heterogeneity between the studies in effect measures was assessed using both the Chi-squared test and the I-squared statistic with an I-squared value >50% indicative of substantial heterogeneity. We used quantitative synthesis if the included studies were sufficiently homogeneous, both statistically and clinically. When the I-squared value was lower than 30% and P-value > 0.10, a fixed-effect model was used; otherwise, a random effects model was used.

As the meta-analysis of primary outcomes showed significant heterogeneity, we performed separate subgroup analyses for studies with different control groups. Since the methodological quality of the included studies was generally low, and the results of the subgroup analyses showed significant positive results, we did not carry out further sensitivity analyses.

Because we included only five studies, we did not generate a funnel plot to detect publication bias. To minimize bias in our findings and recommendations, we used the GRADEpro online summary of findings table for outcomes to grade the available evidence. The evaluation included bias risk, inconsistency (heterogeneity), indirect, imprecision, and publication bias; the level of each evidence was graded as very low, low, moderate, or high.




RESULTS


Literature Screening

We retrieved 333 original literatures from electronic bibliographic databases published between 1983 and 2017. After 119 duplications were excluded, we screened the titles and abstracts of 214 publications, whereby another 178 papers that did not meet the inclusion criteria were excluded. We downloaded the full text of the remaining 36 publications for future screening, of which we included two literatures from the bibliographies of the related published systematic reviews. Finally, five articles met the inclusion criteria and were completely analyzed (Figure 1).


[image: image]

FIGURE 1. Literature screening process.





Characteristics of Included Studies

The five studies were published between 1999 and 2015: two were RCTs and three were N-RCTs, and the studies' sample sizes were relatively small. Patients included in these studies were from China, Taiwan (China), and Brazil. Coronary disease included post coronary artery bypass grafting (CABG), post percutaneous coronary intervention (PCI), chronic stable angina, and the recovery period of acute myocardial infarction (AMI). Most studies considered Yang's style of Tai Chi as the intervention and had sessions by professional, experienced guiders who taught low-to-moderate intensity Tai Chi. Controls included blank, walking, jogging, and stretching. Outcomes included VO2max/VO2peak and peak heart rate (HR). The treatment duration lasted from 12 weeks to 1 year (Table 1).



Table 1. Characteristics of included studies.
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Risk of Bias Assessment

The methodological quality of the included studies was generally low. Because Tai Chi, as an intervention, cannot be blinded to the participants, the performance bias could not be ruled out. As three studies were N-RCTs, which did not carry out randomization, selection bias also existed. Furthermore, most studies did not provide enough descriptions to rule out the possibilities of detection and reporting bias (Table 2, Figure 2).



Table 2. Risk of bias assessment.
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FIGURE 2. Risk of bias graph.





Efficacy Analyses

Tai Chi vs. Positive Control

(1) The effect on VO2max

A total of four studies were included (Lan et al., 1999; Wang et al., 2010; Nery et al., 2012, 2015) with 171 patients, of whom 85 underwent Tai Chi intervention. Meta-analysis showed that there was significant heterogeneity among the studies (I2 = 93%, P < 0.00001). Therefore, we further conducted subgroup analyses according to different exercise intensity in the control groups. The in-group heterogeneity was small (I2 = 0%, P = 0.75), so we chose a fixed-effect model to do quantitative synthesis. Compared to other types of low-to-moderate intensity exercise, Tai Chi significantly improved VO2max in coronary disease [MD = 4.71, 95% CI [3.58, 5.84], P < 0.00001], while it tended to be less effective in improving VO2max compared to high-intensity exercise; this difference, however, was not statistically significant [MD = −1.10, 95% CI (−2.46, 0.26), P = 0.11] (Figure 3).

(2) The effect on HR peak

Three studies were included (Lan et al., 1999; Wang et al., 2010; Nery et al., 2015) with 130 patients, of whom 67 went through Tai Chi intervention. There was substantial heterogeneity among the included studies (I2 = 64%, P = 0.06), so we first performed quantitative synthesis using a random-effects model, which showed no difference between Tai Chi and other exercises on improving HR peak [MD = −1.32, 95% CI (−9.99, 7.36), P = 0.77]. Then, we performed subgroup analyses according to different exercise intensity in control groups. Compared to other types of low-to-moderate intensity exercise, Tai Chi showed no significant differences in improving HR peak [MD = 3.78, 95% CI (−4.44, 12.00), P = 0.37]; however, it did show reduced efficacy when compared to high-intensity exercise [MD = −7.00, 95% CI (−10.68, −3.32), P = 0.0002] (Figure 4).
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FIGURE 3. Forest plot of the comparison between Tai Chi and positive control for the outcome VO2max.
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FIGURE 4. Forest plot of the comparison between Tai Chi and positive control for the outcome HR peak.



Tai Chi vs. Blank

(1) The effect on VO2max

There was only one trial comparing the effects of Tai Chi on VO2max in patients with coronary disease with those without exercise. The results showed that even in low intensity exercise, Tai Chi could significantly improve VO2max, and when exercise intensity was increased to moderate, VO2max improved further (Wang et al., 2010).

(2) The effect on HR peak

Two studies were included (Chang et al., 2010; Wang et al., 2010) with 105 patients, of whom 49 underwent Tai Chi intervention. The heterogeneity among the included studies was relatively small (I2 = 28%, P = 0.24); hence, we carried out quantitative analysis using a fixed-effect model that showed Tai Chi could greatly improve HR peak compared to no exercise [MD = 13.68, 95% CI (10.39, 16.97), P < 0.00001] (Figure 5).
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FIGURE 5. Forest plot of the comparison between Tai Chi and blank for the outcome HR peak.





Adverse Event

Of the five included studies, the initial recruitment had 305 patients with coronary disease. There were only 14 cases lost to follow-up, none of which were due to a major cardiac event, and we collected complete data of 291 cases (95.41%). Only one study reported adverse reactions, wherein there were 13 cases of adverse reactions in the Tai Chi group: two cases of dyspnea, five of muscle pain, and six of fatigue.



Evidence Evaluation

We used the GRADEpro online summary of findings table for outcomes to grade the available evidence. Tai Chi as an intervention cannot be blinded to the participants, and the population size of each meta-analysis was <400; hence, the evidence of each finding was graded as low level (Table 3).



Table 3. GRADEpro evidence grading.
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DISCUSSION

Tai Chi is a traditional exercise in China and has been widely practiced since ancient times. In recent years, it has gained increased popularity in health care, especially among senior people (Hong et al., 2000; Li et al., 2008). Tai Chi has proven to be a low-to-moderate–intensity aerobic exercise. As cardiorespiratory fitness, or aerobic capacity, is one of the main concerns in cardiac rehabilitation, Tai Chi may have potential benefits in cardiac rehabilitation through the improvement of cardiorespiratory fitness.


Summary of Main Results

The participants in our systematic review were all elderly patients with coronary disease, and our quantitative analysis showed that compared to no exercise or other types of low- or moderate-intensity exercise, Tai Chi can significantly improve VO2max. At the same time, the completion rate of all studies was above 95% with no severe adverse events, which suggests that Tai Chi might be an effective and safe choice for coronary disease rehabilitation by improving cardiorespiratory fitness (Yang et al., 2015). Tai Chi was less effective when compared to high intensity aerobic exercises, which may be explained by the fact that Tai Chi comprises slow, gentle, and graceful movements, as well as deep breathing and relaxation. Further, it is a complex, multi-component intervention that integrates physical, psycho-social, emotional, spiritual, and behavioral elements, and not just the utilization of oxygen (Sannes et al., 2008; Taylor-Piliae, 2014). Studies have proved that apart from improving vascular endothelial function and balancing cardiovascular risk factors such as blood lipid and glucose levels and blood pressure, Tai Chi can also regulate patients' mental status and improve sleep quality (Hambrecht et al., 2000; Yeh et al., 2008; Gellis and Kang-Yi, 2012; Hui et al., 2016; Wang et al., 2016; Alenazi et al., 2017). Besides, our review showed inconsistencies of Tai Chi's effect on HR between different control groups; hence, further studies are needed.



Strengths and Limitations

A previous meta-analysis showed that Tai Chi is effective in improving aerobic capacity in different groups of people (Taylor-Piliae, 2008). Two other previous meta-analyses about Tai Chi for coronary disease only included one study concerning VO2max; thus, both only performed a qualitative analysis to describe the effect of Tai Chi on VO2max (Ng et al., 2012; Nery et al., 2014). By using quantitative synthesis, our review firstly showed that Tai Chi can improve VO2max in patients with coronary disease, which further suggests that Tai Chi could be applied in cardiac rehabilitation as an adjuvant therapy to improve cardiorespiratory fitness. Moreover, we have published the protocol for this study in PROSPERO.

This review also has limitations. We only performed a search for Chinese and English studies, and it is possible that articles on Tai Chi for coronary disease rehabilitation may have been published in other languages. Moreover, in our review, the dose of Tai Chi practice and duration of cardiac rehabilitation were not considered, and different doses of exercise may have different effects. The methodological quality of the included trials was not promising: in addition to the fact that Tai Chi cannot be blinded, the included studies have other flaws such as poor randomization and lack of trial protocols. Because we only included five studies, we did not generate a funnel plot to detect any probable publication bias. Further, the GRADEpro showed a low level of available evidence.



Implications for Research

Although this study shows that Tai Chi may be effective and safe for coronary disease rehabilitation, the current evidence, and potential findings should be interpreted carefully because of poor methodological quality of these studies, insufficient evidence for efficacy and safety, and clinical heterogeneity.

Future studies should pay more attention to the effect of Tai Chi on VO2max in patients with coronary disease. Further rigorous RCTs with larger sample size and high methodology quality are required to explore the effects of Tai Chi intervention in clinical practice and provide evidence-based data for the promotion of Tai Chi.




CONCLUSION

Compared to no exercise or other types of low-to-moderate intensity exercise, Tai Chi seems a good choice for coronary disease rehabilitation in improving cardiorespiratory fitness. However, due to the poor methodology quality, more clinical trials with larger sample size, strict randomization, and clear description about detection and reporting processes are needed to further strengthen this evidence.
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Trichosanthes pericarpium (TP) had been widely used to cure patients of cardiovascular disease for 2,000 years in China. This study aims to extend our previous work to explore the mechanism underlying the protective effect of TP on acute myocardial ischemia (AMI). We hypothesized that TP may display its protective effect on AMI by promoting the mobilization of endothelial progenitor cells (EPC) via up-regulating the expression level of vascular endothelial growth factor (VEGF), endothelial nitric oxide syntheses (eNOS), nitric oxide (NO), and matrix metalloproteinase 9 (MMP-9) in AMI rats. To confirm this hypothesis, we treated AMI model rats with intragastrical administration of TP aqueous extract (TPAE), and examined both changes in the number of CEPC, and the expression levels of VEGF, eNOS, NO, and MMP-9 in myocardial tissue and their plasma content in these rats. Rats in each group were randomly divided into seven subgroups. From day 1 to 7 following AMI modeling, rats in these subgroups was sequentially phlebotomized from their celiac artery after being anesthetized by chloral hydrate. We found that, compared with the AMI model rats, in rats treated by TPAE, the CEPC counts, the expression of VEGF, eNOS, NO, and MMP-9 in myocardial tissue and their plasma content all increased more rapidly 7 days after AMI and remained at higher level (P < 0.05 or P < 0.01). Our results showed that, in AMI rats, the TPAE could significantly promote the mobilization of EPC and up-regulate the expression level of VEGF, eNOS, NO, and MMP-9 in myocardium and their plasma content. Therefore, our results suggest that TAPE may regulate EPC mobilization through up-regulating the expression level of VEGF, eNOS, NO and MMP-9 in the myocardium of AMI rats.

Keywords: Trichosanthes pericarpium, endothelial progenitor cells, acute myocardial ischemia, vascular endothelial growth factor, endothelial nitric oxide syntheses, matrix metalloproteinase-9


INTRODUCTION

Heart failure due to ischemic heart disease is the leading cause of death worldwide. Human adult hearts have limited capability to generate new vascular endothelial cells, cardiomyocytes, etc. Stem/progenitor cell based-cardiac regeneration offers the basis for repairing the failing hearts following AMI (Murasawa and Asahara, 2008; Laflamme and Murry, 2011).

Endothelial progenitor cells (EPC) are the precursors of vascular endothelial cells and the basis for protecting and repairing the whole body endothelial layers (António et al., 2010). The EPC are mainly stored in the bone marrow (BM) in adult animals at resting state under physiological condition. Only a small fraction of them are able to develop into circulating endothelial progenitor cells (CEPC, EPC in the peripheral blood). During angiogenesis or for repairing injured blood vessel, the EPC have to be mobilized from the BM to the peripheral blood, and then homing into the appropriate sites before they can differentiate into new VEC (Asahara et al., 1999a; Moreno et al., 2009).

Numerous studies confirmed that AMI could induce rapid mobilization of BM EPC, and that EPC participated in the process of revascularization, tissue repair and the recovery of the ischemic myocardium following AMI (Murasawa and Asahara, 2008; Leone et al., 2009; Ye et al., 2012). It was reported that, after AMI or limb ischemia in healthy animals, the EPC proliferate and mobilize from BM rapidly, and the number of CEPC per ml blood increase rapidly in 7 days (Moreno et al., 2009; Povsic et al., 2013; Regueiro et al., 2015). Ischemic tissue releases a number of cytokines, including vascular endothelial growth factor (VEGF), endothelial nitric oxide synthase (eNOS), nitric oxide (NO), and matrix metalloproteinase 9 (MMP-9), etc. (Leone et al., 2009; Ye et al., 2012; Regueiro et al., 2015). These four molecules are known to play key roles in EPC mobilization. VEGF activates MMP-9 via VEGF/eNOS/NO/MMP-9 signal pathway (Asahara et al., 1999a; Aicher et al., 2003; Ling et al., 2012). MMP-9 catalyzes stem cells factor receptor (Kit), and transforms Kit from membrane-bound state (mKit) into soluble state (sKit), which is the stronger activating factor for the EPC mobilization. sKit leads to the transition of BM EPC from the quiescent state to the proliferative state, and enables them to migrate to vascular niche, which favors the differentiation and reconstitution of the stem/progenitor cells (Iwakura et al., 2006). So, all four molecules, VEGF, eNOS, NO, and MMP-9, are indispensable for the mobilization of BM EPC.

Trichosanthes kirilowii Maxiam (TK, Figure 1A) is a well-known medicinal plant, widespread planted in Shandong, Hebei, Shanxi, Jiangsu and Zhejiang province of China. This herbal medicine has been recorded in literature throughout the history. In TCM, the mature fruit, seed, pericarpium and root tucer of this plant are named trichosanthis fructus, trichosanthis seed, trichosanthis pericarpium, and trichosanthis radix, respectively. They are frequently used to treat various diseases, and displays marked curative effect (Chinese Pharmacopoeia Commission, 2015).
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FIGURE 1. Cucurbitaceae trichosanthes kirilowii Maxim and the Chinese herbal medicine trichosanthes pericarpium The Chinese herbal medicine trichosanthes pericarpium is the dry mature pericarpium of cucurbitaceous trichosanthes kirilowii Maxim. It was purchased from Good Agricultural Practice of Traditional Chinese Medicine and Materials (GAP) base of trichosanthis fructus, Zhuangke village, Mashan town of Changqing District, Shandong Province, China, and was identified and assessed by Herbal Identification Staff Room, School of Pharmaceutical Sciences, Shandong University of Traditional Chinese Medicine. (A) Cucurbitaceous trichosanthes kirilowii Maxim and its fruit that shooted in the plantation of trichosanthis fructus in SDTCM; (B) the dry mature fruit of trichosanthes kirilowii Maxim; (C) the Chinese herbal medicine trichosanthes pericarpium. The voucher specimen (No. 20160807005 (B), No. 20160911003-006 (C)) were deposited in the SDTCM.



Trichosanthes Pericarpium (TP) is prepared from the dried mature pericarp of TK (Figures 1B,C). Due to its effect on the clearance of heat, the dissipation of phlegm, the amelioration of chest stuffiness, and the regulation of flow of vital energy, TP has been widely used for treating cardiovascular, cerebrovascular, and respiratory diseases for 2,000 years (Yan, 1987; Chinese Pharmacopoeia Commission, 2015). In nowadays, TP and its patent medicine were also widely used to treat patients of coronary heart disease (CHD), angina, hyperlipidemia, and various cardiovascular diseases in China, Taiwan, and Asian countries (Pengfei et al., 2013; Mingzi, 2016; Ren et al., 2016). The rich resource and the minimum side-effect of TP made it much more attractive for further development. However, the mechanism by which TP affect above diseases remains unknown, which makes it difficult to improve the efficacy of TP.

In previous studies, we found that TP displayed distinct protective effect on AMI model rats (Juan et al., 2013; Zhao et al., 2013). The present study aims to extend our previous work, to reveal the mechanism underlying the protective effect of TP on AMI. From a lot of documents and predecessor's researches, we hypothesized that TP may display its protective effect on AMI by promoting the mobilization of EPCs, and up-regulate the expression or secretion of VEGF, eNOS, NO, and MMP-9 in AMI rats. In other words, we think that, these four molecules may be the target of TP. To confirm this hypothesis, we treated AMI model rats with TP aqueous extract (TPAE) through intragastrical administration, and examined the changes in the number of CEPC per ml blood, and the changes in the expression of VEGF, eNOS, NO, and MMP-9 in myocardial tissue and their plasma concentration or activity in these rats.



MATERIALS AND METHODS


Reagents

Anti-CD34 monoclonal antibody labeled by PE was purchased from Santa Cruz Co. USA (sc-7324). Anti-vWF antibody labeled by FITC, mouse anti-rat GAPDH monoclonal antibody, goat anti-mouse polyclonal IgG labeled by HRP and rabbit anti-rat MMP-9 monoclonal antibody were obtained from Abcam Co. USA (ab8822, ab9484, ab6789, ab76003). Hemolysin was purchased from BD Co. US (349202). ELISA kits for detecting the plasma level of VEGF, eNOS, NO, MMP-9 was purchased from Bejing Sizhengbo Biological Co. China (CRE0010). A total protein extraction kit was obtained from Applygen Technologies, Beijing, China. RIPA lysis solution was purchased from Beyotime Institute of Biotechnology (P0013B); ECL reagent was obtained from Millipore Co. (WBKLS0500). All other reagents were ultrapure grade.



Plant Materia

The Chinese herbal medicine TP was purchased from Good Agricultural Practice of Traditional Chinese Medicine and Materials (GAP) base of trichosanthis fructus, Zhuangke village, Mashan town of Changqing District, Shandong Province, China, and was identified and assessed by Herbal Identification Staff Room, School of Pharmaceutical Sciences, Shandong University of Traditional Chinese Medicine.

Preparation of the TP Aqueous Extract (TPAE)

The air-dried, powdered TP were extracted three times with distilled water at 100°C for 2 h. The combined extracts were filtered and concentrated to reach a concentration of 2 g raw materials/mL. Add 95% ethanol to the concentrated extracts in 2:1 ratio; until the concentration of ethanol in the decoction is about 70%. The total extract was allowed to settle down for 72 h before it was filtered again. The resulting supernatant was concentrated to extractum under reduced pressure and was weighed and stored at 20°C. The extractum was dissolved in 0.9% NaCL (NS) at 10 mg/ml when was intragastrical administered to the rat.



Animals

The study protocol was followed in accordance with standards and guidelines established by the Guide for the Care and Use of Laboratory Animals formulated by the Ministry of Health, China, and were approved by the Institutional Committee for Animal Care and Use of Shandong University of Traditional Chinese Medicine (approval number: DWSY200710227). All efforts were made to minimize the distress of the animal and the number of animals used in the experiment.

Male wistar rats (220–250 g, SPF) were obtained from the Lu-Nan Animal Experimental Center (SCXK(LU) 20090003, Shandong Province, China), and were housed under 23–25°C RT, 35–65% RH at 12 h light/dark cycle (lights on at 06:00) with free access to food and tap water. Animals were habituated to laboratory conditions for at least 1 week before testing. The health and general behavior of all rats were assessed daily.



Experimental Procedure

The Wistar male rats were first fed for 7 days to adapt the environment. Next, the one hundred and sixty-eight experimental wistar male rats were randomly divided into three groups as follows: Control group (Ctrl; n = 56), rats underwent identical surgical procedure, with the exception of coronary artery ligation, and were intragastrical administered with 0.9% NaCL; Model group or acute myocardial ischemia (AMI) group (Isch; n = 56), rats underwent coronary artery ligation, and were intragastrical administered 0.9% NaCL; TPAE group (Trich; n = 56), rats underwent coronary artery ligation, and were intragastrical administered with TPAE NS solution, according to 2 g per kg avoirdupois.

During the whole experimental period, for rats in different groups, TPAE NS solution and NS were administered once a day respectively. On the 7th day, after the administration (30 min), the rats underwent the left coronary artery ligation. From the 8th day, all the rats go on to be administered with TPAE NS solution or NS until they were executed and phlebotomized.

According to the method described by Zeng et al. (2009), to investigate the mobilization of EPC, rats were executed and phlebotomized at serial time points after establishing AMI models, then the number of CEPC per ml blood in each rats was evaluated by flow cytometric analysis (FCM). In brief, rats in each group mentioned above were randomly subdivided into seven subgroups, namely the 1st−7th subgroup, 8 rats per subgroup. According to the experimental design shown in Table 1, at day 1–7 following AMI modeling, rats in 1–7 subgroups were selected to be phlebotomized from their celiac artery after being anesthetized by chloral hydrate (Table 1) respectively. FCM was performed to quantify CEPC with whole fresh blood sample of each rat.



Table 1. Time points of the content of CEPC evaluated by FCM in rats of each subgroup.
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Acute Myocardial Ischemia Model

The rat AMI model was made according to the method described by Zhao et al. (2013). Briefly, rats were anesthetized with an intraperitoneal injection of 10% chloral hydrate (0.3 ml/100 g), then the chest was opened between the left third and the fourth inter costal space, and fixed on the operating table for the surgical procedures. A tracheotomy was performed and an intubation cannula was connected with a volume controlled ventilator. The normal electrocardiogram was recorded via a multi-channel recorder after the electrodes were subcutaneously placed onto the four limbs and connected to an electrocardiograph. The left anterior descending artery (LAD) was ligated by a 6–0 silk suture 1 mm below the tip of the left atrial appendage, and then the heart was repositioned to the chest. Successful ligation was verified by echocardiography and by the color change of hearts.



Flow Cytometric Analysis of CEPC

CEPC are defined as cells positive for haematopoietic stem cell markers, such as CD34, and endothelial markers, such as von willebrand factor (vWF) (Asahara et al., 1997; Peichev et al., 2000). So, in this study, the mononuclear cells (MNCs) in blood were positively identified as CEPC by immunofluorescent staining for the both CD34 and the vWF. For assessing the surface markers of cells, whole fresh blood samples anticoagulated by EDTA.2Na were incubated with PE-conjugated anti-CD34 and FITC-conjugated anti-vWF antibodys. Then hemolysin was dissolved in distilled water, and applied to cells at the final concentration 10% (v/v). The CD34+/vWF+ cells in blood were identified as CEPC.

In order to enumerate the CEPC in per milliliter blood, a two-color cytometry analysis of above samples was performed on a Jass cytometry equipped with the four-color option (Becton Dickinson). Appropriate gate analysis was used for the detection of EPC excluding events of different origin, such as non-hematopoietic circulating cells and non-specifically stained events (Figure 2). The data were collected from 50,000 cells for each sample and analyzed with BD FACSTM software (Becton Dickinson, CA).
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FIGURE 2. Scatter diagram of leukocyte measured by flow cytometry in the peripheral blood of rat. Whole fresh blood samples anti-coagulated by EDTA.2Na were incubated with PE-conjugated anti-CD34 antibody and FITC-conjugated anti-vWF antibody. Then hemolysin was dissolved in distilled water, and applied to cells at the final concentration 10% (v/v). (A) The forward-scatter (FSC) and side-scatter (SSC) diagram, Cells in gate represent the mononuclear cells; (B) The fluorescence intensity scatter diagram. MNCs that were positively identified as CEPC by immunofluorescent staining for the PE+/FITC+ or CD34+/vWF+ (P2-Q2) represent EPC.





Western Blots Analysis

Protein Extraction

Rat hearts were removed after animals were phlebotomized from their celiac artery under anesthesia. The LV tissue sample was taken at 2 mm under ligature, frozen in liquid nitrogen, and stored at −80°C before use. The sample was thawed and centrifuged at 20,000 g to fracture the membrane. Total tissue protein was extracted using the total protein extraction kit mentioned above according to manufacturer's instruction.

The protein expression in myocardial tissue of rats was measured by western blot. In brief, the total protein concentration was determined by the BCA protein Assay Kit. Protein was separated by 10% reduced sodium-dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Then, protein was transferred to nitrocellulose membranes. The membranes were then blocked by 5% skim milk powder diluted in PBS with 0.05% Tuween (PBST, pH 7.6), and incubated overnight on a rocking platform at 4°C with the antibodies against VEGF, eNOS, MMP-9 (1:2,000), and GAPDH (1:5,000). After that, the membrane was washed with 50 mM PBST three times, 10 min per time, and incubated with the second antibodies for 1 h at room temperature. The membranes were thoroughly washed again, and proteins were visualized by enhanced ECL chemiluminescence solution. Finally, the membranes were exposure with Western Blot Workflow System (Bio RAD). Relative intensities of protein bands were analyzed by Image Lab (Bio RAD).



Enzyme-Linked Immunosorbent Assay

The plasma level of VEGF, eNOS, NO, and MMP-9 in rats were detected by ELISA. Protocols reference to the manufacturer instruction of these ELISA kits. Whole fresh blood sample above mentioned was centrifugalized 10 min at the speed of 3,000 r/min. The supernate was stored at 4°C. All supernatant samples were tested at the same time after all of rats had been executed and phlebotomized. The plasma level of VEGF, eNOS, NO, and MMP-9 was expressed as ng/Ml, U/mL, or nmol/mL.



Statistics Analysis

Continuous variables were presented as mean ± standard error. Category variables were estimated the statistical significance by one-way ANOVA and post-hoc Bonferroni test using SPSS Statistics version 20 (IBM, Armonk, NY, USA). A p-value < 0.05 was considered as statistical significance.




RESULTS


Effect of TPAE on the Mobilization of EPC in AMI Rats

The dynamic curve was graphed according to the FCM data to show the change on the content of CEPC in individual rats 7 days after AMI. As showed in Figures 3A–C, 4, in control group, the number of EPC in peripheral blood were between 935 and 1290 per milliliter throughout 7 days following sham operation. In the AMI model group, the content of CEPC increased significantly on the 1st day after AMI, and reached its peak value (3,544 ± 183/ml) on the 2nd day. The cell number remained at high level in the next 4 days, and started to decline since the 5th day. In rats received intragastrical administration of TPAE, after the coronary ligating operation, the number of CEPC increased rapidly at the 1st−3rd day, reached its peak value (4868±155/ml) on the 3rd day; this number decreased slowly at the 3rd−6th day. Since the 3rd day after AMI, the content of CEPC in the trich group remained at the highest level among three groups (Figures 3A–C, 4, P < 0.01).


[image: image]

FIGURE 3. Effect of TAPE on the mobilization of EPC in AMI rats, the fluorescence intensity scatter diagrams of blood samples from the 3rd subgroup rats. Rats in each group were randomly subdivided into seven subgroups, the 1st−7th subgroup. On the 1st−7th day following AMI modeling, rats in 1st−7th subgroups were selected to be phlebotomized from their celiac artery after being anesthetized by chloral hydrate, respectively. FCM was performed to quantify CEPC with whole fresh blood sample of each rat. Cells in gate P2-Q2 (PE+/FITC+ or CD34+/vWF+) represent EPC. This is the fluorescence intensity scatter diagrams of blood samples from the 3rd subgroup rats. (A) The scatter diagram of blood sample from one rat of the control group; (B) The scatter diagram of blood sample from one rat of the model or isch group; (C) The scatter diagram of blood sample from one rat of the trich group.
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FIGURE 4. Effect of TAPE on the mobilization of EPC in AMI rats, change in the content of CEPC in each group of rats in 7 days after AMI. Rats in each group were randomly subdivided into seven subgroups, the 1st−7th subgroup. On the 1st−7th day next AMI modeling, rats in the 1st−7th subgroups were selected to be phlebotomized from their celiac artery after being anesthetized by chloral hydrate, respectively. FCM was performed to quantify CEPC with whole fresh blood sample of each rat. Ctrl, Isch, and Trich, represent the CEPC counts per milliliter blood in the rats of control group, the model group and the trich group, respectively; 1 d−7 d, represents the 1st−7th day next the coronary ligation or sham operation; # or ##, P < 0.05 or P < 0.01, compared with the control group; * or **, P < 0.05 or P < 0.01, compared with the model group. Each data represents the average of group of 8 rats, and vertical lines indicate the standard error of the mean (SEM).





Effect of TPAE on the Expression of VEGF, eNOS, and MMP-9 in Myocardium of AMI Rats

We further detected the expression of VEGF, eNOS, and MMP-9 in myocardium of AMI rats by western blot analysis. As showed in Figure 5A, in control group, VEGF expression level was not changed in myocardium 7 days following sham operation. Compared with the control group, in the model group, the VEGF expression level increased significantly in 7 days after AMI operation and reached peak level on the 6th day, then decreased quickly. Meanwhile, in the trich group, its expression level increased more quickly to reach its peak level on the 5th day, and remained the highest level among three groups (Figures 5A1,A2, P < 0.01).
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FIGURE 5. Effect of TAPE on the expression of VEGF, eNOS, and MMP-9 in the myocardium of each group rats in 7 days after AMI. As mentioned above, rats in each group were randomly subdivided into seven subgroups, the 1st−7th subgroup. On the 1st−7th day next AMI modeling, rats in the 1st−7th subgroups were selected to be executed, respectively. Hearts were removed after animals were phlebotomized from their celiac artery under anesthesia. The LV tissue sample was taken at 2 mm under ligature, frozen in liquid nitrogen, and stored at −80°C before use. All myocardial protein samples were detected at the same time after all of rats had been executed and phlebotomized. The expression of VEGF, eNOS, and MMP-9 was analyzed by Western Blot. (A1,B1,C1), Western blot analysis of protein expression of VEGF, eNOS and MMP-9 in the myocardial tissue of each group rats; GAPDH was an internal reference protein for Western blot. (A2,B2,C2), Quantitative Western blot analysis of VEGF, eNOS and MMP-9 in myocardial tissue of each group rats; Ctrl, Isch, and Trich, the control group, the model group and the trich group, respectively; 1 d−7 d, represents the 1st−7th day next the coronary ligation or sham operation; ■, ■■, P < 0.05 or P < 0.01, compared with the Ctrl group; *, **, P < 0.05 or P < 0.01, compared with the Isch group. Δ, ΔΔ, P < 0.05 or P < 0.01, compared with the previous subgroup in the same group. Each data represents the average of group of 8 rats, and vertical lines indicate the standard error of the mean (SEM).



As showed in Figure 5B, in control group, no marked change could be observed on the expression of eNOS in the myocardium throughout 7 days following sham operation. Meanwhile, in the model group, since the 1st day following the coronary ligation operation, the expression level of this enzyme in myocardial tissue increased significantly, reached its peak level on the 4th day, and decreased gradually. Compared with the model group, in the trich group, the expression level of eNOS increased more rapidly, and decreased more slowly. Moreover, the expression level of this protein remained relative higher than other two groups (Figures 5B1,B2, P < 0.05 or P < 0.01).

The expression of MMP-9 in the myocardium of rats is showed in Figure 5C. In the control group, the expression level of MMP-9 was stable 7 days after sham operation. Meanwhile, in the model group, its expression level increased rapidly, reached its peak level on the 3rd day following AMI, and decreased quickly to the base level on the 4th day. In the trich group, its expression level increased more sharply than the model group, reaching the peak level on the 4th day, and decreased gradually. Since the 4th day, the expression level of MMP-9 was the highest among three groups (Figures 5C1,C2, P < 0.05 or P < 0.01).

These results suggested that TPAE may significantly up-regulate the expression of VEGF, eNOS, and MMP-9 in the myocardium of AMI rats.



Effect of TPAE on the Plasma Level of VEGF, eNOS, NO, and MMP-9 in AMI Rats

In order to find out roles of VEGF, eNOS, NO and MMP-9 in the mobilization of EPC in AMI rats and the protective effects of TPAE treatment on these rats, the plasma level of VEGF, eNOS, NO, and MMP-9 in rats were examined by ELISA.

As showed in Figure 5A, the plasma content of VEGF was relatively steady between 341.78 and 367.31 ng/L throughout 7 days in rats of the control group after sham operation. In the next 7 days after AMI operation, the plasma content of VEGF in the rats of model group increased significantly on the 1st day after AMI, and reached its peak value on the 4th day. This content was higher than that of control groups (449.94–509.3 ng/L). Meanwhile, in the trich group, that content was ranged between 476.68 and 561.38 ng/L. After the coronary ligation operation, the plasma content of VEGF began to increase and, reached its peak value on the 5th day; and dropped sharply on the 6th day. Moreover, on the 2nd, 3rd, 4th, and 5th day after the AMI, the VEGF plasma concentration was markedly higher than that of model group rats (Figure 6A, P < 0.01).
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FIGURE 6. Effect of TAPE on the plasma level of VEGF, eNOS, NO, and MMP-9 of each group rats in 7 days after AMI. Rats in each group were randomly subdivided into seven subgroups, the 1st−7th subgroup. On the 1st−7th day next AMI modeling, rats in the 1st−7th subgroups were selected to be phlebotomized from their celiac artery after being anesthetized by chloral hydrate, respectively. Whole fresh blood sample was centrifugalized 10 min at the speed of 3,000 r/min. The supernatant was stored at 4°C. All samples were tested at the same time after all of rats had been executed and phlebotomized. The plasma level of VEGF, eNOS, NO, and MMP-9 was detected by ELISA. Protocols reference to the manufacturer instruction of these ELISA kits. (A) the plasma content of VEGF in each group rats; (B) the plasma activity of eNOS in each group rats; (C) the plasma concentration of NO in each group rats; (D) the plasma activity of MMP-9 in each group rats. Ctrl, Isch, and Trich, the control group, the model group and the trich group respectively; 1 d−7 d, represents the 1st−7th day next the coronary ligation or sham operation; ■, ■■, P < 0.05 or P < 0.01, compared with the Ctrl group; *,**, P < 0.05 or P < 0.01, compared with the Isch group. Δ, ΔΔ, P < 0.05 or P < 0.01, compared with the previous subgroup. Each data represents the average of group of 8 rats, and vertical lines indicate the standard error of the mean (SEM).



No marked change could be observed on the activity of eNOS (19.07–19.84 U/ml) in the plasma of the control group rats in the next 7 days after the thoracotomy. Meanwhile, in the Isch group, the plasma activity of this enzyme fluctuated between 21.82 and 23.35 U/ml, higher than that of the control group. The plasma activity of eNOS in the rats of the trich group were at the highest level (24.65–26.24 U/ml) in the same experiments (Figure 6B, P < 0.05 or P < 0.01).

As showed in Figure 5C, in the control group, in the next 7 days after sham operation the plasma concentration of NO was relatively steady between 41.44 and 41.86 nmol/L. Meanwhile, in the Isch group, the NO plasma content increased significantly to, reach its peak value (51.37 nmol/L) on the 5th day, and decreased since the 6th day following AMI operation. The plasma level was significantly higher than that of control group (44.67–51.37 nmol/L) throughout 7 days. In the trich group, the plasma content of NO increased gradually to reached its peak value (58.86 nmol/L) on the 5th day, and remained at the highest level among three groups rats (Figure 6C, P < 0.05 or P < 0.01).

The plasma level of MMP-9 is showed in Figure 6D. In control group, the plasma activity of MMP-9 was relative steady between 87.24 and 95.5 U/mL, and remained at low level in the next 7 days after sham operation. Meanwhile, in the Isch group, that activity is significantly stronger than that of control group to reach between 120.05 and 135.49 U/mL. However, in the trich group, the plasma activity of MMP-9 increased gradually to reach its peak value on the 5th day, and decreased slowly. Moreover, the activity remained the highest level among three groups in 7 days at 135.65–151.36 U/mL (Figure 6D, P < 0.05 or P < 0.01).

Our data showed that, TPAE could significantly up-regulate the plasma level of VEGF, eNOS, NO, and MMP-9 in the AMI rats.




DISCUSSION

Heart failure by AMI is the main cause of death in the world. It has become an unsustainable economic burden for our society. In TCM, TP has been widely used for treating cardiovascular and cerebrovascular diseases for 2,000 years (Yan, 1987; Chinese Pharmacopoeia Commission, 2015). Due to its safety, efficacy and low cost, it is also frequently used to cure AMI, CHD, and hyperlipidemia patients in modern China (Pengfei et al., 2013; Mingzi, 2016; Ren et al., 2016). Our previous studies have showed the significant protective effect of this herbal medicine on AMI model rats (Sun et al., 2013; Zhao et al., 2013). In present study, we further demonstrated that, in the AMI rats, the aqueous extract of TP could promote the mobilization of EPC and notably up-regulate the expression of VEGF, eNOS, and MMP-9.

The relationship between EPC mobilization and cardiac repairment following AMI has been extensively studied. Mounting evidence suggest that AMI is the most accepted acute pathological stimulus for EPC mobilization. Spontaneous mobilization of both HPC and EPC occurs within a few hours after the onset of AMI and remains detectable until after 2 months. These cells are released into peripheral blood and subsequently homed in the myocardium (Ling et al., 2012; António et al., 2014; López-Ruiz et al., 2014; Regueiro et al., 2015). Our present studies also showed that, compared with the control group, within 7 days after AMI in model rats, the circulating EPC counts remained high and peaked on the 4th days following AMI. This finding provides new evidence for the relationships between the mobilization of EPC and AMI.

Although the exact mechanism of EPC mobilization from BM is still poorly understood, it is speculated that it depend on the activation of eNOS, MMP-9 in the presence of several mobilizing factors including VEGF. Asahara had tested the hypothesis that VEGF may modulate EPC kinetics for postnatal revascularization. They observed an increase in CEPC following VEGF administration in mice model (Asahara et al., 1999b). Emerging evidence suggests that the mobilization of EPC after AMI is eNOS-dependent (Iwakura et al., 2006). Mice deficient in eNOS (eNOS−/−) showed reduced VEGF-induced mobilization of EPC and increased mortality after myelosuppression. In eNOS−/− mice hind-limb ischemia model, intravenous infusion of wild-type progenitor cells, but not BM transplantation, rescued the defective neovascularization. This finding suggested that the process of progenitor cells mobilization from the BM is impaired in eNOS−/− mice. Mechanistically, MMP-9, which is required for stem cell mobilization, was reduced in the BM of eNOS−/− mice (Aicher et al., 2003). In the diabetic rat model of AMI, decreased circulating EPC was accompanied by reduced expression of phospho-eNOS and MMP-9 (Ling et al., 2012). Many cytokines and active molecules could modulate the kinetics of EPC via either MMP-9-dependent or eNOS-dependent mechanisms, such as estradiol, oxygen/ozone among others (Iwakura et al., 2006; Di Filippo et al., 2010). Our data in this study also showed that, in 7 days after induction of AMI in rat model, the expression level of VEGF, eNOS, and MMP-9 in myocardium and their plasma contents, together with the plasma content of NO, all were up-regulated significantly. This finding provides new insights into the roles of these cytokines in the mobilizations of EPC.

It has been demonstrated that EPC are mobilized to the peripheral circulation in response to AMI, however, the mobilization pattern after AMI remains largely unknown. Regueiro et al measured the EPC levels in AMI patients within 24 h and at 7, 30, 180 days after the acute ischemic event. They found that the number of EPC in peripheral blood was peaked at 30 days post-infarction in these patients (Regueiro et al., 2015). In Shintani'study, in AMI patients, the circulating CD34+ count was quantified on days 1, 3, 7, 14, and 28 after AMI events, and flow cytometry revealed that the cells counts were significantly increased and peaked on day 7 after AMI onset (Shintani et al., 2001). However, in their studies, the daily change on the number of EPC in blood post AMI was not recorded. Our study first characterized the dynamics of EPC mobilization in AMI model rats in the 7 days following the AMI. In our present studies, in order to investigate the mobilization pattern of EPC, rats in each treatment group were further randomly subdivided into 7 subgroups by the date following AMI modeling. The total blood was drawn from the celiac artery of these rats in each subgroups respectively, and the number of CEPC in the whole blood of each rat was quantified by FCM. In our study, rats suffered no hemorrhagic injury before sacrifice except the coronary artery ligation itself. In other studies, it is a common practice to draw blood from the same animal repeatedly, such as drawing blood from orbit, caudal vein, or carotid sinus. These practices lead to local vessel rupture and blood loss, thus activating the mobilization of bone marrow EPC. Moreover, the blood collected from orbit or caudal vein is local to reflect the CEPC level at systemic level. In contrast, our method could maximally exclude other interferences to provide an objective reflection at systemic level. On the other hand, our study can only detect the average CEPC level in the whole circulating blood, rather than the gradient distribution from bone marrow to myocardial ischemia-affected area.

We also investigated the kinetics pattern of plasma VEGF, eNOS, NO and MMP-9 following AMI in this study. Ye's study showed that, in AMI patients during the first 24 h, high VEGF levels were associated with increased EPC levels (Ye et al., 2012). Shintani and Sun observed that, in post-AMI patients, on days 1, 3, 5, 7, 14, and 28 after MI, the kinetics of plasma VEGF was very similar to the kinetics of the EPC (Shintani et al., 2001; Sun et al., 2013). We found that the change patterns of VEGF, eNOS, NO, and MMP-9 plasma level were not similar to the kinetics of the EPC. We speculate that the mobilization of EPC following AMI is regulated synergistically by various factors including cytokines, chemokines, growth factors, and other active molecules. The mean EPC level in peripheral blood might be not associated with the mean plasma concentration or activity of any single specific factor.

In summary, this study aims to extend our previous work, to reveal the mechanism underlying the protective effect of TP on AMI. It is attested by plentiful evidences that all four molecules, VEGF, eNOS, NO, and MMP-9, are indispensable for the mobilization of BM EPCs in AMI. Based on this conclusion of other researchers, we hypothesized that TP may display its protective effect on AMI by promoting the mobilization of EPCs through up-regulating the expression of VEGF, eNOS, and MMP-9 in AMI rats. The finding of present study verified this hypothesis preliminarily. The present study is a part of our serial studies on TP. In further mechanistic studies, the genetic knock-out and the transgenic animals will be used to verify this hypothesis, and to identify the mechanism underlying the beneficial effect of TP.

With the increased understanding of EPC in modern medicine, this type of cell has also gained attention in the field of TCM. In the past decade, studies in this field have confirmed that many kinds of Chinese herbal medicine could improve the function of EPC (Qitao et al., 2014). Understanding the role of Chinese medicine in EPC function may help to develop novel therapeutic strategies in treatment of patients with myocardial damage.
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Intravenous stem cell transplantation initiates neuroprotection related to the secretion of trophic factor. Borneol, a potential herbal neuroprotective agent, is a penetration enhancer. Here, we aimed to investigate whether they have additive neuroprotective effect on cerebral ischemia. Borneol was given to mice by gavage 3 days before middle cerebral artery occlusion (MCAO) induction until the day when the mice were sacrificed. Mesenchymal stem cells (MSCs) were intravenously injected at 24 h after MCAO induction. Neurological deficits, infarct volume, cell death, and neurogenesis were evaluated. Combined use of MSCs and borneol could more effectively reduce infarction volume and cell apoptosis, enhance neurogenesis, and improve the functional recovery than that of MSCs alone. The findings showed that combined use of borneol and stem cells provided additive neuroprotective effect on cerebral ischemia. However, the supposed effect of borneol on the improved MSC penetration still needs further direct evidence.
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INTRODUCTION

Ischemic stroke is one of leading causes of adult death and physical disability worldwide (Kleinschnitz et al., 2010). Its morbidity and mortality keep increasing during last decades especially in developing countries, which brings enormous social and economic burden to patients and their caregivers (Hao et al., 2014). Despite considerable progress, including the establishment of a specialized stroke care unit, thrombolysis with tissue plasminogen activator within 4.5 h after the stroke attack, endovascular treatment of acute ischemic stroke and prevention therapies for secondary stroke, few neuroprotective therapies exist which can effectively reduce brain damage and improve neurological recovery.

Stem cell-based therapy has emerged as a novel and promising candidate approach by the limited eligibility for thrombolysis and failure of the neuroprotective paradigm (Jäkälä and Jolkkonen, 2012). Although advantageous effects of intracerebral delivery of stem cell in stroke could be obtained from high intracerebral numbers of grafted cells, the process of invasive surgery was not suitable for clinics (Doeppner et al., 2012). Intravenous stem cell transplantation was reported safe and might improve recovery for stroke patients (Bang et al., 2016). Unfortunately, studies in rodents have clearly shown that following intravenous administration, stem cells accumulated mainly in the lungs, liver, spleen, and bones, whereas the concentration reached in the brain is negligible (Bansal et al., 2015; Ohshima et al., 2015). Thus, intravenous mesenchymal stem cells (MSCs) initiates neuroprotection, which might secrete various bioactive substances into the injured lesions such as trophic factors and extracellular vesicles, leading to enhanced neurogenesis, angiogenesis and synaptogenesis (Chen et al., 2002; Liu Z. et al., 2011). Although these nutritional ingredients could penetrate the damaged blood-brain barrier (BBB) to some extent in condition of ischemic stroke, the concentration accumulated in the brain might not be high enough to produce sufficient curative effect.

Borneol, a terpene and bicyclic organic compound found in several species of Artemisia and Dipterocarpaceae, has shown many bioactivities such as anti-inflammatory, improving energy metabolism and neuroprotection against cerebral ischemia/reperfusion injury (Gutiérrez-Fernández et al., 2011; Ehrnhofer-Ressler et al., 2013). Furthermore, its strong fat-soluble active ingredients made it a quite good penetration enhancer. Several lines of evidence have revealed that borneol could increase the concentration of other agents in brain tissues such as gastrodin and edaravone (Cai et al., 2008; Wu et al., 2014). The penetration enhancing effects of borneol can be acted via the reaction of the lipophilic fraction with the lipid parts of cell membranes, and thus influence the bioactivity of enzymes, carriers, ion channels, and receptors (Gabbanini et al., 2009). Borneol also had the ability to increase the number and volume of pinocytosis vesicles in BBB cells, and thus accelerate the transportation of substance by way of cell pinocytosis in the brain (Chen et al., 2010). Currently, borneol has attained increasing attention as a promising approach in nervous system diseases as disparate as stroke (Liu R. et al., 2011), Alzheimer disease (Han et al., 2011), and Parkinson's disease (Tian et al., 2007).

Given these benefits between borneol and stem cells, a hypothesis was raised that combined use of borneol and stem cells might bring more benefits for ischemic lesions, obtaining an additive neuroprotective effect. Thus, in the present study we established ischemic mouse model through middle cerebral artery occlusion (MCAO) and then evaluated the effect of borneol, C57BL/6 mouse fetus-derived MSCs and borneol plus MSCs on neurological deficits, infarct volume, cell death and neurogenesis, respectively.



MATERIALS AND METHODS


Animals

Eighty adult male C57BL/6 mice, 11–13 weeks of age, body weight 25–30 g, were obtained from Shanghai laboratory animal research center and housed in the experimental animal center of Shanghai Tongji hospital. All the mice were housed under 12 h light/dark cycles, temperature 22 ± 1°C and provided with available food and water ad libitum. All procedures were performed following the national institutes of health for the care and use of laboratory animals (NIH publication No. 8023) and were approved by the animal ethics committee of Shanghai Tongji hospital. All efforts were made to minimize the suffering of animals used and the number of animals needed for this study.



MSCs Isolation and Identification

MSCs were isolated and harvested as follows. Briefly, fetal mice were obtained by aseptic cesarean delivery from 13.5 d pregnant mice and flushed with phosphate-buffered saline (PBS). The body of fetal mice was clearly isolated and cut into pieces <1 mm3, followed by trypsinization at 37°C for 5 min, with DMEM used to neutralize trypsin activity. The suspension was centrifuged, resuspended with Dulbecco modified Eagle medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and cultured in 10 cm dish at 37°C with 5% CO2 in an incubator. Nonadherent cells were removed every 48 h and primary cells were subcultured 1:3 when 80%-90% confluence. On the third pass (P3) they were trypsinized and counted before administration to the experimental mice.

Identification of MSCs was performed by flow cytometry to examine the surface markers CD11b-PE (1:200, Biolegend), CD29-FITC (1:200, Biolegend), CD34-FITC (1:200, Biolegend), CD44-PE (1:200, Biolegend), CD45-APC (1:200, Biolegend), and SCA1-APC (1:200, Biolegend). Cells (1 × 106) were incubated in a 200 μl buffer (PBS with 1 μl of CD11b-PE, CD29-FITC, CD34-FITC, CD44-PE, CD45-APC, SCA1-APC, and isotope control antibodies, respectively) for 30 min at 4°C in the dark followed by three washes with PBS. Next, the cells were resuspended in 200 μl PBS and analyzed in an FACS instrument (BD AccuriC6).



Osteogenic and Adipogenic Induction of MSCs

On the third pass (P3) with 60–80% confluence the cells were trypsinized and plated into 12-well plates at a density of 1 × 104/mL. The cells were cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin, 1 mg/mL streptomycin in combination with either osteogenic induction medium, including dexamethasone (0.1 μmol/L), β-sodium glycerophosphate (10 mmol/L) and ascorbic acid phosphate (50 μmol/L), or adipogenic induction medium, including dexamethasone (1 μmol/L), insulin (5 or 10 mg/L), IBMX (0.5 mmol/L) and indomethacin (200 μmol/L). The medium was replaced every 3 days for 2 weeks. Calcium deposits and fat droplet formation were observed by Alizarin Red S staining and oil red O staining, respectively.



Focal Cerebral Ischemia-Reperfusion Model and Agents Administration

Transient MCAO model was employed as focal cerebral ischemia/reperfusion model following a previously described method (Haddad et al., 2013). The filament was removed after 1 h occlusion to induce reperfusion. Sham group received the same procedure without the induction of the filament. Mice receiving surgery showing a Longa score from 1 to 3 points at 6 h post-stroke were included in this study (Longa et al., 1989). Those animals that showed lack of neurologic deficit (n = 4), brain hemorrhage (n = 3), or death after ischemia (n = 5) were excluded from the study. Animals were randomly divided into the following 5 groups (n = 16 per group): Sham, MCAO plus saline, MCAO plus borneol, MCAO plus MSCs and MCAO with borneol plus MSCs.

At 24 h after MCAO induction, animals were anesthetized with 1% sodium pentobartital and then subjected to intravenous injections of 5 × 105 MSCs in 0.2 ml sterile PBS solution through caudal vein. MCAO plus saline group received the same procedure except for the injection of the same amount of saline. Borneol was dissolved in 5% Tween 80 and given to mice by gavage at 200 mg/kg 3 days before MCAO induction until the day when the mice were sacrificed.



Neurological Deficits Evaluation

Neurological deficits were evaluated by global score of neurological score (Wahl et al., 1992) as well as grip and string tests (Haddad et al., 2013), which were performed in a dedicated room at 20–22°C on 1st, 3rd, 7th, and 14th day after MSCs transplantation. The scores of the three tests were added as the global score, the maximum of which was 21. The lower global score indicated the more severe neurological deficits.



Cerebral Infarct Volume Measurement

At 7 days after MSCs transplantation mice were sacrificed. The brain was removed and then coronally sliced into 1 mm slices. These slices were stained with 2% 2,3,5-triphenylterazolium (TTC) in normal saline for 30 min at 37°C. Normal brain tissue was stained red while the unstained area was considered to be the infarct area. The size of infarct areas were measured by Image J software (National Institutes of Health, Bethesda, USA) and presented as the percentage of the total brain volume.



Cell Death

Apoptotic cell death was detected in 6 μm frozen coronal sections by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (Roche Diagnostics, Mannheim, Germany) following the manufacturer's protocol. Sections were counterstained with DAPI. The number of TUNEL-positive cells in infarct zone was counted Image J software (National Institutes of Health, Bethesda, USA).



Immunofluorescence Staining

Two weeks after MSCs transplantation, coronal sections (6 μm) were processed for immunofluorescence staining. Sections were permeabilized with Triton X-100 and blocked with goat serum, then incubated with primary antibodies overnight at 4°C, either mouse anti-NeuN: (1:500; Millipore) or rabbit anti-GFAP: (1:1,000; Dako). Second antibodies including goat anti-rabbit or goat anti-mouse secondary antibody-conjugated to Alexa594 (1:500; Gibco) were used at 37°C for 1 h. Immunofluorescent signaling was observed with an Olympus fluorescence microscope (Olympus, Tokyo, Japan). The number of NeuN-positive cells were counted blindly using Image J software (National Institutes of Health, Bethesda, USA) and the integral optical density (IOD) of GFAP was obtained using Image-ProPlus 4.1 software (Media Cybernetics, Rockville, MD, USA).



Statistical Analysis

Data were expressed as mean ± standard deviation (SD). Normality was determined using the Kolmogorov–Smirnov test. If normality was given and there were no significant differences in variance between groups (F-test), multiple groups were compared using one-way analysis of variance (ANOVA) and followed by LSD post hoc comparisons when appropriate. Otherwise, comparisons for non-normally distributed data were performed using non-parametric Kruskal–Wallis test followed by Mann–Whitney U-test. All statistical analyses were performed using SPSS 20.0 software (IBM, Armonk, NY) and GraphPad Prism 6.05 (GraphPad, La Jolla, CA). Values of P < 0.05 were considered statistically significant.




RESULTS


Characterization of Mouse Fetus-Derived MSCs

Before transplantation of MSCs for restoring the neurological function after ischemia, we first confirmed that the mouse fetus-derived MSCs had the features of stem cells. The MSCs showed typical fibroblast-like cell morphology in culture (Figure 1). Flow cytometric analysis confirmed that CD29, CD44 and SGA1 surface markers in MSCs were positive, whereas CD34, CD45, and CD11b surface markers were negative (Figure 2). The cell matrix exhibited nodus-like calcium deposition following the alizarin red staining and enlarged and fused fat drops in some cell bodies appeared salmon pink following oil red staining after 2 weeks induction, suggesting that these MSCs had the ability to differentiate into osteoblasts and adipocytes (Figure 1).
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FIGURE 1. Morphology and differentiation induction of MSCs. (A) Typical fibroblast-like cell morphology of MSCs in culture. Scale bar = 100 μm. (B) Oil red staining demonstrating fat drops in cell bodies following 2 w adipogenic induction. Scale bar = 50 μm. (C) Alizarin red staining demonstrating calcium deposition in cell matrix following 2 w osteogenic induction. Scale bar = 100 μm.
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FIGURE 2. Flow cytometry characterization of MSC expressed markers. (A) CD29; (B) CD44; (C) SGA-1; (D) CD34; (E) CD45; (F) CD11b.





Effect of Borneol and MSCs Transplantation on Neurological Deficits

Compared with sham group, mice in MCAO group showed significant deficits in neurological score (P < 0.01; Figure 3A), string test (P < 0.01; Figure 3C) and global score (P < 0.01; Figure 3D), no matter at 1, 3, 7, or 14 d after ischemic stroke except for grip test (Figure 3B). With administration of borneol, mice in MCAO plus borneol group showed significant improvement in neurological score at 3 d (P < 0.01; Figure 3C; P < 0.05; Figure 3D), 7 d (P < 0.05; Figure 3A) and 14 d (P < 0.01; Figure 3A), in string test and global score at 3 d (P < 0.01, Figure 3C; P < 0.05; Figure 3D), 7 d (P < 0.01; Figures 3C,D) and 14 d (P < 0.01; Figures 3C,D) compared with MCAO group. Similarly, mice in MCAO plus MSCs group showed significant improvement in neurological score at 14 d (P < 0.05; Figure 3A), in string test and global score at 7 d (P < 0.05; Figures 3C,D), 14 d (P < 0.01; Figure 3C; P < 0.05; Figure 3D). Compared with MCAO group, mice in borneol plus MSCs group showed significant improvement in neurological score, string test and global score, no matter at 1 d (P < 0.05; Figures 3A,C,D), 3 d (P < 0.01, Figures 3A,C,D), 7 d (P < 0.01; Figures 3A,C,D) or 14 d (P < 0.01; Figures 3A,C,D). Moreover, combination of borneol administration and MSCs transplantation brought more benefit than MSCs transplantation alone on neurological score at 7 d (P < 0.05; Figure 3A) and 14 d (P < 0.05; Figure 3A), on string test at 7 d (P < 0.05; Figure 3C), and on global score at 3 d (P < 0.05; Figure 3D), 7 d (P < 0.05; Figure 3D) and 14 d (P < 0.05; Figure 3D).


[image: image]

FIGURE 3. Effect of borneol and MSCs transplantation on neurological deficits. At 1, 3, 7, and 14 d after MSCs transplantation, neulogical deficits were evaluated by (A) the neurological score, (B) the grip test, (C) the string test and (D) the global score. Data were expressed as mean ± SD. ##P < 0.01 compared with sham group; *P < 0.05, **P < 0.01 compared with MCAO plus saline group; ▴P < 0.05, compared with MSCs group.





Effect of Borneol and MSCs Transplantation on Infarct Volume

TTC staining was conducted to detect brain tissue damage caused by ischemic reperfusion. Infarction area was showed in sham, MCAO plus saline, borneol, MSCs, and borneol plus MSCs group, respectively (Figure 4A). Compared with sham group, MCAO plus saline mice showed significant increase in cerebral infarct volume (27.8 ± 5.4; P < 0.01; Figure 4B). Either borneol administration alone (14.5 ± 3.7; P < 0.01), MSCs transplantation alone (17.4 ± 1.8; P < 0.05) or combination of these two (8.5 ± 1.0; P < 0.01) significantly decreased the infarct volume of ischemic mice, and borneol plus MSCs brought more benefit on infarct volume compared with borneol administration alone and MSCs transplantation alone (P < 0.05 or P < 0.01; Figure 4B).
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FIGURE 4. Effect of borneol and MSCs transplantation on infarct volume at 7 d after MSCs transplantation. (A) TTC-stained brain slices from sham, MCAO plus saline, borneol, MSCs, and borneol plus MSCs group. (B) Quantitative analysis of infarct volume. Data were expressed as mean ± SD. ##P < 0.01 compared with sham group; *P < 0.05, **P < 0.01 compared with MCAO plus saline group; ▴P < 0.05 compared with borneol group; ♦♦P < 0.01 compared with MSCs group.





Effect of Borneol and MSCs Transplantation on Cell Death

Cell death was evaluated by detecting TUNEL positive cells at the infarct zone of stroke mice. Photomicrographs of apoptotic cells were showed in sham, MCAO plus saline, borneol, MSCs, and borneol plus MSCs group, respectively (Figure 5A). As show in Figure 5B, TUNEL positive cells was significantly increased in MCAO plus saline mice (89.6 ± 3.64) comparing with sham group (2.0 ± 0; P < 0.01). Borneol and MSCs treatment alone could slightly decreased TUNEL positive cells, with the amount of TUNEL positive cells reaching to 79.0 ± 3.87 and 87.6 ± 7.30, respectively. However, there was no significant statistical difference relative to MCAO group (P > 0.05; Figure 5B). The combination of these two (56.8 ± 9.15) could significantly attenuated TUNEL positive cells comparing with MCAO group (P < 0.01), borneol group (P < 0.05) and MSCs group (P < 0.01) (Figure 5B).
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FIGURE 5. Effect of borneol and MSCs transplantation on cell death at 7 d after MSCs transplantation. (A) Photomicrographs (*200) of apoptotic cells. (B) Quantitative analysis of the number of TUNEL positive cells. Data were expressed as mean ± SD. ##P < 0.01 compared with sham group; **P < 0.01 compared with MCAO plus saline group; ▴P < 0.05 compared with borneol group; ♦♦P < 0.01 compared with MSCs group.





Effect of Borneol and MSCs Transplantation on Neurogenesis in Infarct Lesion

To investigate the effect of borneol and MSCs on neurogenesis in vivo, NeuN+ cells (Figure 6A) and GFAP+ cells (Figure 6B) in the infarct cortex were assessed by immunofluorescence in sham, MCAO plus saline, borneol, MSCs, and borneol plus MSCs group, respectively. Immunofluorescence study revealed that NeuN+ cells decreased significantly in ischemic mice (24.4 ± 4.9, P < 0.01; Figure 6C), while borneol administration alone (43.2 ± 3.9, P < 0.01; Figure 6C), MSCs transplantation alone (34.8 ± 3.3, P < 0.05; Figure 6C) and combination of these two (55.0 ± 6.9, P < 0.01; Figure 6C) all significantly increased the number of NeuN+ cells compared with MCAO group. Moreover, borneol plus MSCs had a better effect on NeuN+ cells improvement compared with either borneol administration alone (P < 0.05; Figure 6C) or MSCs transplantation alone (P < 0.01; Figure 6C).
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FIGURE 6. Effect of borneol and MSCs transplantation on neurons and astrocytes at 14 d after MSCs transplantation. (A) Photomicrographs (*400) of NeuN positive cells in infarct zone. (B) Photomicrographs (*400) of GFAP positive cells in the lesion border. (C) Quantitative analysis of the number of NeuN positive cells. Data were expressed as mean ± SD. ##P < 0.01 compared with sham group; *P < 0.05, **P < 0.01 compared with MCAO plus saline group; ▴P < 0.05 compared with borneol group; ♦♦P < 0.01 compared with MSCs group. (D) Quantitative analysis of the number of GFAP positive cells. Data were expressed as mean ± SD. ##P < 0.01 compared with sham group; *P < 0.05, **P < 0.01 compared with MCAO plus saline group; ▴P < 0.05 compared with borneol group; ♦P < 0.05 compared with MSCs group.



The IOD of GFAP increased markedly in MCAO group, whereas after borneol administration (1,129,171 ± 436,009, P < 0.05; Figure 6D), MSCs transplantation (1,207,876 ± 191,142, P < 0.05; Figure 6D) and borneol plus MSCs (722,058 ± 111,587, P < 0.01; Figure 6D), IOD of GFAP decreased significantly compared with MCAO group (2,518,680 ± 885,565). Compared with either borneol administration alone (P < 0.05; Figure 6D) or MSCs transplantation alone (P < 0.05; Figure 6D), borneol plus MSCs group slightly reduce the number of GFAP+ cells.




DISCUSSION

The present study showed that intravenous infusion of MSCs in combination with borneol by gavage could more effectively improve the neurological deficits, reduce infarction volume and cell apoptosis, and enhance neurogenesis than that of MSCs alone. These data supported the hypothesis that combination use of borneol and stem cells might provide an additive neuroprotective effect on cerebral ischemia.

Recent studies have demonstrated the efficacy of stem cell-based therapy in experimental ischemic stroke (Rodríguez-Frutos et al., 2016). Although stem cell therapy was considered to be a promising regenerative strategy for stroke patients, its efficacy was still controversial within current clinical trials (Bang, 2016). An open-label, observer-blinded, randomized clinical trial with intravenous infusion of 5 × 107 autologous MSCs in patients with subacute ischemic stroke (seventh admission day with stable course) showed long-term beneficial effects in 5-year follow-up (Lee et al., 2010). Conversely, in a phase II, multicenter, parallel group, randomized trial, intravenous administration of a mean of 2.8 × 107 autologous bone marrow mononuclear cells in subacute phase (median of 18.5 days after stroke onset) of stroke patients failed to show its effectiveness (Prasad et al., 2014). The inconsistent results might be attributed to the state of patients, cell dosage, therapeutic window, etc. Further studies concerning the effect of stem cell-based therapy on cerebral ischemia were still needed.

Recently, a hypothesis has been proposed that combinations of neuroprotective agents may have additive or multiplicative beneficial effects (Aronowski et al., 2003; Liu et al., 2009). For instance, either administration of ethanol or caffeine alone showed little effect, while the combination of those two was effective for treatment of ischemic stroke (Aronowski et al., 2003). Borneol and MSCs were both regarded as neuroprotective agents, for the reason that borneol could increase drug penetration into brain while MSCs could provide trophic support. However, whether they have the additive effect on cerebral ischemic protection was unknown. Thus in the present study, we evaluated whether borneol could enhance the neuroprotective effect of MSCs in the mouse MCAO model.

Borneol in combination with MSCs or MSCs alone reduced lesion volume and cell apoptosis as assayed by histology, but this protective effect was greater in the borneol plus MSCs group. Cerebral ischemia/reperfusion is a dynamic process, which can cause a non-recoverable loss of cell viability, further leading to neuronal death (Hossmann, 2006). TUNEL marking of cell death was significantly decreased in the infarct zone of the MSCs group. This finding was consistent with previous studies that reported reduction in apoptotic cell number after 2 × 106 BM-MSCs administration at 90 mins after ischemia (Gutiérrez-Fernández et al., 2011) and 2 × 106 AD-MSCs administration at 0, 12, 24 h after ischemia (Leu et al., 2010). When combining with borneol, apoptotic cells reduced more significantly compared with MSCs group, suggesting that borneol might strengthen the protective effect of MSCs on cell viability and the reduction of infarct volume might be attributed to the reduction in the number of apoptotic cells to some extent.

Several factors are probably involved in achieving the benefits of MSCs in the ischemic brain, among which the improvement of functional recovery and infarct volume reduction could believe to be the consequence of the activation of endogenous repair mechanisms such as proliferation and migration of endogenous neural stem cells (Zhang and Chopp, 2009; Gutiérrez-Fernández et al., 2011). The effect of endogenous neurogenesis would further be enlarged by the trophic support provided by MSCs in the ischemic brain. As found in this study, MSCs used alone could significantly increase the number of NeuN+ cells in infarct area. Moreover, combination of borneol and MSCs had a better effect on NeuN+ cells improvement compared with MSCs used alone. However, the IOD of GFAP+ cells were significantly lower in the borneol plus MSCs group. Astrocytes were found mainly in the corpus callosum of the ischemic hemisphere and sporadically at the lesion border at the beginning of ischemic reperfusion. With time the reactive astrocytes infiltrated into the lesion core and formed a visible dense “wall” at the lesion border which was indicated for a mature glial scar as a physical barrier that prevented the spread of the inflammation (Hamzei Taj et al., 2016). Recent study reported that this astrocytic scar could also enable spontaneous axon regrowth through severe lesions (Rolls et al., 2009; Anderson et al., 2016). Interestingly, inconsistent with the effect of borneol plus MSCs on NeuN+ cells improvement, we found that GFAP+ density slightly decreased by the joint application of borneol and MSCs. This change might enable more trophic factors to infiltrate into the lesion core and thus contributed to neuron regeneration.

In summary, the present study demonstrated that borneol and MSCs had the additive neuroprotective effect on cerebral ischemia. However, the supposed effect of borneol on the improved MSC penetration still needs further direct evidence.
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Background: Ischemic heart disease (IHD) has been the leading cause of death for several decades globally, IHD patients usually hold the symptoms of phlegm-stasis cementation syndrome (PSCS) as significant complications. However, the underlying molecular mechanisms of PSCS complicated with IHD have not yet been fully elucidated.

Materials and Methods: Network medicine methods were utilized to elucidate the underlying molecular mechanisms of IHD phenotypes. Firstly, high-quality IHD-associated genes from both human curated disease-gene association database and biomedical literatures were integrated. Secondly, the IHD disease modules were obtained by dissecting the protein-protein interaction (PPI) topological modules in the String V9.1 database and the mapping of IHD-associated genes to the PPI topological modules. After that, molecular functional analyses (e.g., Gene Ontology and pathway enrichment analyses) for these IHD disease modules were conducted. Finally, the PSCS syndrome modules were identified by mapping the PSCS related symptom-genes to the IHD disease modules, which were further validated by both pharmacological and physiological evidences derived from published literatures.

Results: The total of 1,056 high-quality IHD-associated genes were integrated and evaluated. In addition, eight IHD disease modules (the PPI sub-networks significantly relevant to IHD) were identified, in which two disease modules were relevant to PSCS syndrome (i.e., two PSCS syndrome modules). These two modules had enriched pathways on Toll-like receptor signaling pathway (hsa04620) and Renin-angiotensin system (hsa04614), with the molecular functions of angiotensin maturation (GO:0002003) and response to bacterium (GO:0009617), which had been validated by classical Chinese herbal formulas-related targets, IHD-related drug targets, and the phenotype features derived from human phenotype ontology (HPO) and published biomedical literatures.

Conclusion: A network medicine-based approach was proposed to identify the underlying molecular modules of PSCS complicated with IHD, which could be used for interpreting the pharmacological mechanisms of well-established Chinese herbal formulas (e.g., Tao Hong Si Wu Tang, Dan Shen Yin, Hunag Lian Wen Dan Tang and Gua Lou Xie Bai Ban Xia Tang). In addition, these results delivered novel understandings of the molecular network mechanisms of IHD phenotype subtypes with PSCS complications, which would be both insightful for IHD precision medicine and the integration of disease and TCM syndrome diagnoses.

Keywords: ischemic heart disease, phlegm-stasis cementation syndrome, network medicine, disease module, systems biology


BACKGROUND

Ischemic heart disease (IHD), caused by the atherosclerosis of coronary vessels, is also called coronary atherosclerosis heart disease. IHD has remained the leading cause of death during the past several decades, according to a 2017 WHO report (World Health Organization, 2017). In recent years, many progresses have been made in identifying the underlying mechanisms of IHD in terms of genetic architecture (Tikkanen and Helio, 1994; Samani, 1998; Ma and Liew, 2003; Wang, 2005; Liu H. et al., 2011; Wang et al., 2011; Hua et al., 2014; Roberts, 2014; Ozaki and Tanaka, 2016). For example, the CADgene database, a comprehensive database for Coronary Heart Disease (CAD) associated genes, have been curated by collecting relevant literatures from PubMed (Liu H. et al., 2011). However, as a complex disease, IHD incorporates several disease subtypes, including ariant/unstable angina pectoris, myocardial infarction, acute coronary syndrome and cardiac sudden death (Chinese Minister of Health, 2010). These subtypes represent different stages of disease development, and additional genetic profiles (e.g., genetic interaction network) should be investigated to better understand the molecular mechanisms of IHD.

Syndrome (also called Zheng) is the basic diagnostic unit and a key concept in Traditional Chinese Medicine (TCM) (Gu, 1956). Syndromes could be regarded as phenotype subtypes of diseases to a certain degree. According to TCM theory, a syndrome is a combination of clinical manifestations that commonly occur together, thus implying the existence of a particular disease condition (Wang and Xu, 2014; Zhao Y. F. et al., 2014). One syndrome always consists of a characteristic profile of all clinical manifestations, including signs, symptoms, tongue appearances, and pulse feelings (briefly called symptoms in the following text), in a patient these are identifiable to TCM practitioners. Phlegm syndrome (abbreviated as PS) and blood-stasis syndrome (abbreviated as BS) are both among the most common syndromes in IHD patients in China (Mao et al., 2011; Ren et al., 2012; Li et al., 2014). For example, a comprehensive retrieval of CAD syndromes published in the China National Knowledge Infrastructure (CNKI) database and VIP Information Network databases from 1970 to 2010 indicated that the main syndromes were primarily associated with BS and PS, and the incidence of both had increased in recent years (Mao et al., 2011). Another clinical epidemiological investigation on current syndrome characteristics of 8,129 IHD patients indicated that BS appeared in 77.89% of IHD patients and PS appeared in 43.97% of IHD patients (Bi et al., 2017). Phlegm-stasis cementation syndrome (abbreviated as PSCS), which represents both PS and BS in IHD patients, occurred in 24.33~26.22% of IHD patients and was significant complication with IHD (Bi et al., 2013, 2017).

Following syndrome differentiation, TCM physicians usually utilize herb prescriptions for disease treatments. Several classical formulas have been used for thousands of years to treat BS and PS complicated with IHD. For example, Huang Lian Wen Dan Decoction, a formula to treat PS with IHD in TCM clinical practice, can ameliorate the clinical symptoms of stable angina pectoris, reduce the incidence of angina and delay the progression of atherosclerosis (Gong, 2012; Yan et al., 2015). Gua Lou Xie Bai Ban Xia Decoction, a classical formula created by the medical sage Zhang Zhong-jing over 2000 years ago, exerts a protective effect on the ischemic rabbit myocardium, and the underlying mechanisms may involve the inhibition of nitric oxide synthase (NOS) activity and are duction in the excessive production of nitric oxide (NO) (Zhou et al., 2010; Zhang et al., 2011). Dan Shen Yin Decoction and Tao Hong Si Wu Decoction are both well-known decoctions used to treat BS with IHD (Yan et al., 2012; Yin et al., 2013; Liu et al., 2015).

Network medicine (Barabasi et al., 2011), particularly that involving disease modules, is a promising approach to investigate the network mechanisms of complex diseases (Goh et al., 2007; Menche et al., 2015), particularly for disease subtypes (Wang et al., 2017), disease phenotypes and disease-disease associations (Barabasi et al., 2011; Chen and Butte, 2013; Wang et al., 2017). Transcriptomics, metabolomics, proteomics, and other omics technologies have the potential to provide new insights into complex disease pathogenesis and heterogeneity, especially if they are applied within a network biology framework (Silverman and Loscalzo, 2012). Recent studies have tried to investigate the association of one symptom with one syndrome [such as quantitative facial color features with cold pattern (Mun et al., 2017)] or understanding the syndrome from the view of genotypes-phenotypes interactions (Chung, 2014; Fraser et al., 2015). And the main strategies include: (1) conducting the metabonomic and proteomic research (Shi et al., 2014b; Zou et al., 2014; Jiang et al., 2015; Sun et al., 2015); (2) constructing MiRNA-target network (Liao et al., 2016; Liu et al., 2017); (3) integrating the classical formulas or herb pair (Chen et al., 2016; Xu et al., 2016; Zhou et al., 2016; Yue et al., 2017); (4) analyzing compound–nature pairs from TCM via chemical space visualizations (Liang et al., 2013; Fu et al., 2017); (5) using compound-target-disease associations to reconstruct the biologically-meaningful networks based on systems pharmacology (Zhou and Wang, 2014). Moreover, in recent years, a growing number of studies have focused on the biological mechanisms underlying BS with IHD (Mao et al., 2004; Liu Y. et al., 2011; Chen, 2012; Hao et al., 2013; Huang et al., 2013; Su et al., 2013; Wang and Yu, 2013; Li et al., 2015), PS with IHD (Wang et al., 2009; Zhao, 2009; Fang et al., 2011; Kong et al., 2014) and PSCS with IHD (Zhang et al., 1995, 1999; Liu et al., 2008; Bai and Song, 2012; Lin et al., 2014; Zhao L. et al., 2014; Ren et al., 2015). However, the molecular mechanisms of PSCS with IHD have not been fully elucidated clearly and have not yet been investigated from a network medicine perspective (Hopkins, 2007; Li and Zhang, 2013), in particular the symptoms or cluster of symptoms (corresponding to specific syndromes) have been always ignored to be explored in system biology (Zhou et al., 2014a,b), although symptoms were the most common and focused phenotypes in TCM (Chung, 2014).

In this study, we proposed a network medicine-based approach to identify the underlying molecular modules of PSCS complicated with IHD. We firstly identified protein-protein interaction (PPI) topical modules that were closely related to PSCS with IHD and explored the molecular mechanisms of PSCS with IHD via integrated modules analysis. PSCS with IHD associated syndrome modules were detected by integrating symptom-gene relationships based on the identification of IHD disease modules. Under the theoretical guideline of correspondence between prescription and syndrome (Gao et al., 2012; Lu et al., 2014), Dan Shen Yin Decoction and Tao Hong Si Wu Decoction were both classical formulas to treat BS with IHD not for PS with IHD, Gua Lou Xie Bai Ban Xia Decoction and Huang Lian Wen Dan Decoction were both classical formulas to treat PS with IHD not for BS with IHD. When Chinese Medicine treated the PSCS, treatments for PS and BS with IHD should been used synchronously. Targets of the four classical formulas and known IHD-related targets were used to validate the reliability of the syndrome modules because network pharmacology had become an important approach in TCM to understand the underlying mechanisms of syndromes (Li and Zhang, 2013; Li et al., 2013; Pei et al., 2013; Zhang et al., 2013, 2017; Yue et al., 2017). The Human Phenotype Ontology (HPO) and published literatures were also examined to gather supplementary evidences. Ultimately, we identified two modules that were closely associated with PSCS with IHD and explored their molecular network mechanisms by performing molecular functional analyses. The main steps in our work were as shown in Figure 1.
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FIGURE 1. The major steps of syndrome module development. To obtain the most reliable results, the following steps were taken: (A) Ischemic heart disease (IHD)-associated genes were integrated from three different sources: the CADgene database, PubMed literatures, and the Online Mendelian Inheritance in Man (OMIM) database and Genome-wide association study (GWAS). Gene Ontology (GO) and pathway enrichment functional analysis were conducted on ischemic heart disease—associated genes set. (B) Following the detection of protein-protein interaction (PPI) topological modules in the String V9.1 database, ischemic heart disease—associated genes were mapped into the protein-protein interaction (PPI) topological modules to obtain disease modules. Gene Ontology (GO) and pathway enrichment functional analyses were carried out for the disease modules. (C) Syndrome modules were identified by mapping phlegm-stasis cementation syndrome (PSCS) symptom-related genes from Human Symptoms-Disease Network (HSDN) into disease modules. Syndrome reliability was validated with known classical formula-related targets from the Herb Ingredients' Targets (HIT), known ischemic heart disease-related targets from the Therapeutic Target Database (TTD and DrugBank databases), the Human Phenotype Ontology (HPO) and published literatures.





MATERIALS AND METHODS


Curation of IHD-Associated Genes

We included all subtypes of IHD as MeSH terms and integrated three different data sources: the CADgene database (Liu H. et al., 2011), PubMed and Disease-Connect [including Online Mendelian Inheritance in Man database (OMIM) and Genome-wide association study (GWAS)] (Liu et al., 2014). We incorporated all genes from the CADgene database as IHD-associated genes. For PubMed literatures, we adopted systematic steps to manually curate disease-gene associations from published records. First, we manually selected MeSH terms related to IHD subtypes from the MeSH terminology (https://www.nlm.nih.gov/mesh/2014). Then, we manually searched the PubMed database using each MeSH term to obtain records related to IHD and its human genes. Next, we filtered the records by querying the PubMed database using the full names or symbols of genes from the National Center for Biotechnology Information (NCBI) gene database. Finally, we identified IHD MeSH terms and their associated genes in terms of their co-occurrence in PubMed records. Because CADgene and PubMed records may contain repetitive associations, we calculated the overlap between the CADgene and PubMed records. After excluding these records, we manually checked the remaining associations between genes and disease subtypes. One association might have multiple related biographical records, and we considered the association to be true if at least one record indicated the relationship between the query gene and a disease subtype existed. Another data source for disease-gene associations was the Disease-Connect database (Liu et al., 2014) (Accessed on Feb 5, 2015), from which we extracted the OMIM and GWAS subset.



Identification of Disease Modules

Community structures were widely distributed within complex networks. Each community comprised nodes that densely connected its members and were sparsely connected with the nodes in other modules (Dittrich et al., 2008). Firstly, we obtained a reliable PPI network that included 15,524 nodes (proteins) and 218,409 edges (protein-protein associations) by filtering high-quality protein-protein associations (weight of edges > 700) from the String V9.1 database (Szklarczyk et al., 2011; Franceschini et al., 2013). Then, we applied a widely used algorithm called BGLL (Subelj and Bajec, 2011) to obtain PPI topological modules. The PPI network was partitioned into 314 modules. Modules containing at least one IHD-associated gene were regarded as potential disease modules. By calculating p-values (hypergeometric distribution) between IHD-associated genes and potential disease modules, all enriched modules (p-value < 0.01) were considered disease modules.



Identification of Syndrome Modules

By mapping PSCS symptom-related genes into potential disease modules and calculating p-values (hypergeometric distribution) between PSCS-associated genes and potential disease modules, all enriched modules (p-value < 0.01) that simultaneously overlapped with disease modules were deemed syndrome modules. PSCS symptom-gene relationships were obtained from the Human Symptoms-Disease Network (HSDN) in our previous study (Zhou et al., 2014b). All symptoms consistent with PSCS with IHD were derived from the diagnostic criteria for PSCS with IHD in our previous study (Hu et al., 2016). We combined the diagnostic criteria for BS with IHD (Fu et al., 2012) and PS with IHD (Hu et al., 2016) (China Association of Traditional Chinese Medicine, 2017) to establish the diagnostic criteria for PSCS with IHD. In the diagnostic criteria for PSCS with IHD, PSCS with IHD involved 25 symptoms in total: chest tightness/chest heaviness, heaviness in limbs, sticky mouth, sticky stool, abdominal distension, dark cloudy complexion, decreased appetite/appetite absent, petechiae /cracks, dark purple lips/gums, abnormal sublingual veins, squamous and dry skin, darkish complexion, ecchymosis, body weight, morbidobesity, cyanosis, lethargy, chest pain, dark purple tongue, fat tooth-imprinted tongue, greasy coating, white tongue coating, soft pulse, slippery pulse, and uneven pulse. The 25 Chinese symptom terms were manually translated into terms with English version by TCM researcher, and these terms were automatically matched against the “symptom” and “disease” terms in Medical Subject Headings (MeSH) containing a large number of standard medical terminologies (https://www.nlm.nih.gov/mesh/meshhome.html#, accessed on Oct.30, 2014) and the side effect-related terms in the SIDER database (Kuhn et al., 2016).



Reliability Validation

Four different aspects of information were used to validate the reliability of the syndrome modules: known classical formula-related targets from the Herb Ingredients' Targets (HIT) (Ye et al., 2011), known IHD-related targets, the HPO (Kohler et al., 2017) and the published literatures. Effective ingredients and their corresponding targets from herbs contained in Huang Lian Wen Dan Decoction, Gua Lou Xie Bai BanXia Decoction, Dan Shen Yin Decoction and Tao Hong Si Wu Decoction were integrated from the HIT (accessed on Apr.12, 2015; Ye et al., 2011). As we did not predict the exact number of targets in these formulas, one disease modules may include BS's classical formula-related targets and PS's classical formula-related targets at the same time, the difference of occurrence probability would be affected by the unequal number of the herbs consisted of classical formulas. In order to avoid the difference, we added one herbs Rhizoma Acori Talarinowii (ShiChangPu [image: image] in Chinese) as an herb utilized to treat PS with IHD because this herb was widely used to eliminate phlegm syndrome according to TCM theory and clinical practice (Gao et al., 2015). Thus, we ensured the number of herbs used to treat PS with IHD was equal to the number of herbs used to treat BS with IHD. Then, these known classical formula-related targets were mapped into disease modules. Known IHD-related targets were obtained from the Therapeutic Target Database (TTD) (accessed on Apr.10, 2015) (Zhu et al., 2012) and the DrugBank database (accessed on Apr.10, 2015) (Wishart et al., 2008; Law et al., 2014) under the assumption that modules containing known IHD-related targets were more accurate and reliable than modules that did not contain any IHD-related target. In the TTD, IHD-related targets were identified using 20-25 corresponding International Classification of Diseases (ICD) disease names. In the DrugBank database, disease names were used as keywords to search for IHD-related targets. The HPO, independent of the HSDN database, was a computational representation of a knowledge domain based upon a controlled, standardized vocabulary to describe entities and the semantic relationships between them (Kohler et al., 2017). So HPO was used to validate symptom-gene relationships in the syndrome modules. Published literatures were also collected to validate the reliability of syndrome modules.



Enrichment Analyses

To validate the reliability of the integrated results and explore the molecular mechanisms of disease modules (syndrome modules belonged to disease modules), gene ontology (GO), and pathway enrichment analyses were carried out on IHD-associated gene set and disease modules. There are many online analysis platforms and tools to conduct GO enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG)1 pathway analysis (Khatri and Draghici, 2005), in our study, we used the KOBAS 2.0 database (Xie et al., 2011). Gene Ontology database and KEGG PATHWAY database were chosen for analysis in the KOBAS 2.0 settings. By calculating the hypergeometric distribution relationship, we obtained statistically significant GO terms and pathways. We performed Bonferroni corrections to control the false-positive rate in the analysis, and finally filtered the disease modules by CPVs (corrected p-values), which resulted in significant GO terms and pathways (CPV < 0.01).




RESULTS


IHD-Associated Genes

As shown in Figure 2A and Table S1–4, a total of 604 IHD-associated genes were obtained from the CADgene database (accessed on Oct.30, 2014, see Table S1). As shown in Table 1 and Figure 2B, MeSH term headings referring to IHD and its subtypes (up-down relationships between subtypes also included) were identified by searching 2014 MeSH. (https://www.nlm.nih.gov/mesh/meshhome.html#, accessed on Oct.30, 2014). “Myocardial Ischemia” was determined to be an appropriate MeSH term to search PumMed. Therefore, the search strategy “Myocardial Ischemia and Genetic” was applied in PubMed to identify all related published studies that investigated relationships between IHD and human genes. In addition, we used the names (strings) of all human genes from NCBI to select more specific literatures. We obtained a total of 15,670 records covering 1,723 human genes. There were 442 overlapping genes between the 604 IHD-associated genes from the CADgene database and 1,723 genes in the literatures. After manually checking the remaining 1,281 genes in PubMed, we identified 450 IHD-associated genes (see Table S2) and excluded 831 genes (see Table S3). Among the 831 genes, the string names of 36 genes (36/831 = 0.0433 < 0.05, potentially false negatives) were common and likely referred to other things. For example, DBP often referred to diastolic blood pressure and not a gene name, and therefore, hits with DBP were directly not regarded as associated genes. A total of 383 IHD-associated genes appeared in the OMIM database and GWAS after using corresponding disease names in Table 1 as keywords to search the associated genes in Disease-Connect (Liu et al., 2014). We identified 381 genes that overlapped with the above results. Finally, we obtained 1,056 IHD-associated genes (see Table S4) which mainly were relevant to the molecular functions of response to wounding (GO:0009611) and inflammatory response (GO:0006954) et al, and the enriched pathways, such as complement and coagulation cascades(hsa04610) and cytokine-cytokine receptor interaction (hsa04060) (see Table 2 for top 10 significant GO terms and enriched pathways).
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FIGURE 2. The main results of the study. (A) The steps and process how ischemic heart disease associated genes formed. (B) The upper and down relationships between the MeSH headings of ischemic heart disease (IHD). (C) Modules 195 and 95 representing phlegm-stasis cementation syndrome (PSCS) with ischemic heart disease (IHD) (syndrome modules).





Table 1. MeSH term headings and their corresponding disease names in the context of ischemic heart disease.
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Table 2. Top 10 Significant GO terms and pathways (CPV < 0.01) in the ischemic heart disease associated gene set.
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IHD Disease Modules

From the PPI network derived from String V9.1 database, we obtained 157 potential disease modules covering a total of 11,380 proteins. As shown in Table S5, there were 997 IHD-associated genes appearing in 157 potential disease modules. Thus, the average proportion of IHD-associated genes appearing in potential disease modules was 8.76% (= 997/11,380). Using the relative risk measurement, we finally identified 8 disease modules (i.e., Modules 195, 204, 95, 203, 194, 212, 59, and 146) with the proportion of associated genes in corresponding disease modules >8.76% × 3 = 26.28%, see Table 3).We also analyzed the enrichment GO and pathway of disease modules and These disease modules had enriched pathways on Renin-angiotensin system (hsa04614), Vitamin digestion and absorption (hsa04977) et al, with the molecular functions of angiotensin maturation(GO:0002003), extracellular space(GO:0005615) et al (see Table 4 for the top significant GO terms and pathway in disease modules).



Table 3. Ischemic heart disease associated genes, symptom-related genes, known classical formula-related targets and IHD-related targets appearing in disease modules.
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Table 4. The top significant GO terms and pathways in disease modules.
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PSCS Syndrome Modules

In the Human Symptoms Disease Network (Zhou et al., 2014b), we identified 1,219 genes corresponding to the following seven symptoms: ecchymosis (MeSH ID: D004438), body weight (MeSH ID: D012816), obesity, morbid (MeSH ID: D009767), cyanosis (MeSH ID:D003490), lethargy (MeSH ID: D053609), and chest pain (MeSH ID:D002637) (see Table S6).We mapped a total of 890 symptom-related genes into 157 potential disease modules. Compared to the average proportion (890/11,380 = 7.82%), Modules 95 and 195 (as shown in Figure 2C), which included significantly more symptom-related genes (see Table 3), were designated syndrome modules.



Validation

A total of 133 distinct known classical formula-related targets for PS with IHD (see Table S7) and 152 distinct classical formula-related targets for BS with IHD (see Table S8) from HIT were mapped into disease modules. There were 3 BS-related targets and 1 PS-related target in Module 195 and 19 BS-related targets and 15 PS-related targets in Module 95 (as shown in Figure 2C), suggesting these two modules represent PSCS with IHD based on the co-occurrence of prescriptions and syndromes (Deng et al., 2012; Lu et al., 2014).

Overall, we obtained 158 distinct IHD-related targets, in which 34 distinct IHD-related targets were curated from the TTD database (47 targets in total, see Table S9) and 140 distinct IHD-related targets from the DrugBank database (259 targets in total, see Table S10). When these 158 targets were mapped into disease modules (see Table S5), as shown in Figure 2C, Module 195 contained 4 IHD-related targets and Module 95 contained 7 IHD-related targets (as shown in Figure 2C). This directly demonstrated the reliability of Modules195 and 95 from the pharmacological perspective.

We identified corresponding symptom-gene relationships for 3 symptoms in Module 95 in the HPO (as shown in Figure 2C): obesity (HP:0001513) -WWOX (Gene ID:51741), cyanosis (HP:0000961)-GJA1(Gene ID:2697), and chest pain(HP:0100749)-WWOX(Gene ID: 51741). However, we found no corresponding symptom-gene relationships for the symptom-related genes in Module 195.

Based on the literatures, matrix metallo peptidase 9 (MMP9) in Module 95, which was simultaneously an IHD-associated gene/IHD-related target/classical formula-related target for BS and PS with IHD, was chose as an example for analysis. A synthesis of available evidence suggested that MMP9–1562C/T polymorphism was a risk factor for CHD (Liu et al., 2013), and MMP9 serum levels were consistently associated with markers of carotid atherosclerosis and lesion vulnerability (Blankenberg et al., 2003; Tanner et al., 2011; Silvello et al., 2014). Importantly, two studies in China demonstrated that MMP9 levels in the blood decreased significantly after treatment with Shan Zha Xiao Zhi Decoction (Li, 2011; Wang et al., 2012b) or Danlou Tablet (Wang et al., 2012a) (another two formulas use to treat PSCS with IHD) compared with the levels prior to treatment (p < 0.01). Additionally, two genes in Module 195, specifically angiotensin-converting enzyme (ACE) and plasminogen activator, urokinase (PLAU), were IHD-associated genes/known IHD-related targets / symptom-related genes. ACE was the target of inhibitor drugs, such as ramipril, trandolapril, and benazepril, all FDA-approved, which were used to treat hypertension to reduce the rate of death, myocardial infarction, and stroke in individuals at high risk for cardiovascular events. Our study indicated that ACE was related to the symptom morbid obesity. According to Edson Lucas Santos's research, the ACE inhibitor enalapril decreased body weight gain and increased life span by activating PPARγ in adipose tissue (Santos et al., 2009). Additionally, based on a recent clinical trial, PLAU appeared to be related to the symptom chest pain. Furthermore, soluble urokinase plasminogen activator receptor was a strong predictor of adverse long-term outcomes and improves risk stratification beyond traditional risk variables in chest pain patients admitted with suspected non-ST-segment elevation acute coronary syndrome (Lyngbaek et al., 2013). Bao Xin decoction (another formula to treat PSCS with IHD) was effective in curing CAD with stable angina pectoris and acting by inhibiting serum interleukin 6 (IL-6), intercellular adhesion molecule 1 (ICAM-1) and tumor necrosis factor-α (TNF-α) levels and decreasing inflammatory reactions (Peng et al., 2011). Notably, IL-6 and ICAM-1 appeared in Module 95. Another study reported significantly increased (p < 0.05) serum ICAM-1 levels in acute coronary syndrome patients, and serum ICAM-1 levels were higher in patients with PSCS (Ma et al., 2017).

Finally, evidence suggested that corresponding targets in Module 195 may be used to treat other types of disease for which PSCS was the main syndrome or protein levels correlated with PSCS. For example, C-reactive protein (CRP) mRNA was the target of ISIS-CRPRx, which was used to treat trial fibrillation (Adis Insight, 2017). According to another study, BS and PS represented the primary pathogenesis of trial fibrillation with CHD based on the distribution of TCM syndrome in 259 patients with a trial fibrillation and CHD (Yin et al., 2007). Nitric oxide synthase 2 (NOS2), which also appeared in Module 195, was the target of triflusal, which was used to prevent cardiovascular events such as stroke. A clinical epidemiological survey of 1,418 stroke patients showed BS and PS were both the main pathological factors of apoplexy throughout stroke: during the acute stage, the rate of PSCS occurrence was 66.4%. During the recovery period, the rate of PSCS was 68.7%. In the sequelae phase, the rate was 61.2% (Yang et al., 2004).




DISCUSSION

Based on our study, Modules 195 and 95 may be closely associated with PSCS with IHD. From the enrichment function analysis results of these two potentially syndrome modules, we also further validated the relativity of the two modules with PSCS with IHD. For example, it showed that MyD88-dependent pathway that leads to the production of proinflammatory cytokines, such as TNF-α, interleukin-6 (IL-6), interleukin-8 (IL-8), and interleukin-1β(IL-1β), accompanied by the rapid activation of NF-kappa B and MAPK signaling pathways (KEGG)1 (as shown in the website Toll-like receptor signaling pathway, 2016, red objects indicated proteins that appear in Module 95). IL-1β, TNF-α, and IL-6 stimulated the liver to produce high-sensitivity CRP (hs-CRP) (Yamashita et al., 2015), which had a strong relationship with the recurrent events of cardiovascular diseases as shown in several randomized clinical trials (Ridker et al., 2011; Everett et al., 2013). One study reported that was fully compatible with the existence of a multi-cytokine resistin pathway in cells and tissues (resistin affects IL-1β, IL-6, IL-8, IL-12, and TNF-α expression, thus suggesting the existence of a multi-cytokine “resistin pathway”). Additionally, another study demonstrated that Danlou tablets [the only formula approved by the China Food and Drug Administration to treat PSCS with IHD (Yang and Wang, 2012)] reduced levels of serum resistin, endothelin-1 (ET-1), IL-6 and TNF-α, improved NO levels and relieved vascular endothelial injury in atherosclerotic model rats (Miu et al., 2016).

In our study, a total of 1,056 IHD-associated genes were curated after validating each disease-gene relationship in the biomedical literatures. This gene list may be the most comprehensive phenotype-genotype association data repository for IHD molecular mechanisms. According to our functional enrichment analysis results for the IHD-associated gene set (see Table S11), the primary pathology consisted of response to wounding, inflammatory response, circulatory system process, blood circulation, regulation of response to wounding, response to oxygen-containing compound, response to lipid, response to lipopolys accharide, response to molecule of bacterial origin, and regulation of response to external stimulus. IHD was a complex disease, and there had been many hypotheses to explain its pathology and mechanism, such as the thrombosis theory (Zaman et al., 2000), lipid infiltration (Castelli et al., 1986), response to injury hypothesis, oxidative hypothesis (Stocker and Keaney, 2004), immune and inflammatory mechanisms (Epstein and Ross, 1999), shear stress hypothesis (Ku et al., 1985), and others. The function analysis results for the IHD-associated gene set were mostly consistent with current knowledge and provided strong evidence that the genes we integrated in the study were reliably related to IHD. However, reasons why the results were not completely consistent with present knowledge of IHD may include: (1) interactome incompleteness: current PPI maps had only covered < 10% of all potential interactions (Hart et al., 2006; Venkatesan et al., 2009; Vidal et al., 2011). Thus, many additional isolated proteins may be part of a single disease module, but the missing links had not been isolated. (2) False positives: not all genes in the seed gene set had a mechanistic association with IHD.

Unlike the understanding of a syndrome in the context of the neuro-endocrine-immune network (Li et al., 2007, 2013), we proposed a network medicine module-based strategy by integrating symptoms-gene relationship, then validating by compound-target-disease associations and known knowledge. And we identified relevant modules representing one syndrome of a complex disease under the guideline of integrating pattern classification and biomedical diagnosis using a systems biology approach (Lu et al., 2012). The relationships between diseases and syndromes were complex, one disease may express different syndromes, while one syndrome may appear in different diseases. For example, one previous study had reported that 223 patients with acute cerebral infarction could be divided into six syndromes: wind syndrome, fire syndrome, PS, BS, deficiency of qi syndrome, and yin deficiency causing hyperactivity of yang syndrome (Li et al., 2011). To identify the modules representing PSCS with IHD as accurately as possible, we first collected PSCS symptom-related genes to represent a syndrome where “syndrome” consisted of the overall “manifestation” of human body pathological and physiological changes expressed in the form of information obtained from four diagnostic methods: inspection, listening and smelling, interrogation, and pulse feeling and palpation (Shi et al., 2014a). To confirm the reliability of the PSCS modules, network medicine approaches were implemented to integrate the data from multiple databases in which network pharmacology approaches provided new insight to understand TCM syndrome from a scientific perspective (Li et al., 2013; Hao da and Xiao, 2014; Fang et al., 2017). Besides, classical formula-related target information was integrated to demonstrate that Modules 195 and 95 representing PSCS with IHD from the classical formula perspective. Additionally, because known classical formula-related targets are potentially less credible than known IHD-related targets, IHD-related targets were used for further confirmation. Finally, the HPO and published studies were used to validate our results. After collecting different types of evidence as completely as we could, our study suggested that these two modules represent PSCS with IHD.

The genes and proteins that appeared in Module 195 and Module 95 may be biomarkers for PSCS with IHD, and these modules also comprise classical formula-related target and IHD-related target information, indicating the potential of these targets for the treatment of IHD and the discovery of new drugs based on Chinese formulae and herbs.

Our results were affected by incomplete data and may even be enriched for biased publications. Furthermore, different algorithms may result in different division results for the topological modules. Due to its timing and conditions, this study did not experimentally validate the two syndrome modules. However, researchers had previously explored potential therapeutic targets by comparing the target proteins of classic traditional TCM herbal formulas and modern drugs used to treat other types of diseases, as described in Qianru Zhang's study (Zhang et al., 2017).

Notwithstanding these challenges and shortcomings, we believed that this study puts forward a novel strategy to identify modules representing syndromes of complex diseases and provide insights into the molecular mechanism of PSCS with IHD. In future studies, we will incorporate experimental evidence and clinical research to validate the reliability of these two syndrome modules.



CONCLUSION

We proposed a network medicine-based approach to identify the underlying molecular modules of PSCS complicated with IHD, which could be used for interpreting the pharmacological mechanisms of well-established Chinese herbal formulas (e.g., Tao Hong Si Wu Decoction, Dan Shen Yin Decoction, Hunag Lian Wen Dan Decoction, and Gua Lou Xie Bai Ban Xia Decoction). In addition, our results delivered novel understandings of the molecular network mechanisms of IHD phenotype subtypes with PSCS complications, which would be both insightful for IHD precision medicine and the integration of disease and TCM syndrome diagnoses.
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FOOTNOTES

1KEGG Toll-like Receptor Signaling Pathway - Homo sapiens (human) [Online]. KEGG. Available online at: http://www.genome.jp/kegg-bin/show_pathway?hsa04620/hsa:51311%09red/hsa:3569%09red/hsa:7100%09red/hsa:353376%09red/hsa:7096%09red/hsa:7097%09red/hsa:7124%09red/hsa:54472%09red/hsa:4615%09red/hsa:23643%09red/hsa:3576%09red/hsa:7099%09red/hsa:114609%09red/hsa:3553%09red/hsa:51284%09red/hsa:54106%09red/hsa:929%09red/hsa:51135%09red/hsa:3654%09red (Accessed May 5, 2017].
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Background: Yiqifumai Injection (YQFM) is clinically used to treat various cardiovascular diseases including chronic heart failure (CHF). The efficacy of YQFM for treating heart failure has been suggested, but the mechanism of action for pharmacological effects of YQFM is unclear.

Methods: Echocardiography detection, left ventricular intubation evaluation, histopathology and immunohistochemical examination were performed in CHF rats to evaluate the cardioprotective effect of YQFM. Rat miRNA microarray and bioinformatics analysis were employed to investigate the differentially expressed microRNAs. In vitro models of AngII-induced hypertrophy and t-BHP induced oxidative stress in H9c2 myocardial cells were used to validate the anti-hypertrophy and anti-apoptosis effects of YQFM. Measurement of cell surface area, ATP content and cell viability, Real-time PCR and Western blot were performed.

Results: YQFM significantly improved the cardiac function of CHF rats by increasing left ventricular ejection fraction and fractional shortening, decreasing left ventricular internal diameter and enhancing cardiac output. Seven microRNAs which have a reversible regulation by YQFM treatment were found. Among them, miR-21-3p and miR-542-3p are related to myocardial hypertrophy and cell proliferation, respectively and were further verified by RT-PCR. Target gene network was established and potential related signaling pathways were predicted. YQFM could significantly alleviate AngII induced hypertrophy in cellular model. It also significantly increased cell viabilities and ATP content in t-BHP induced apoptotic cell model. Western blot analysis showed that YQFM could increase the phosphorylation of Akt.

Conclusion: Our findings provided scientific evidence to uncover the mechanism of action of YQFM on miRNAs regulation against CHF by miRNA expression profile technology. The results indicated that YQFM has a potential effect on alleviate cardiac hypertrophy and apoptosis in chronic heart failure.

Keywords: Yiqifumai injection, miRNA expression profiling, chronic heart failure, traditional Chinese medicine, hypertrophy, apoptosis


INTRODUCTION

Chronic heart failure (CHF) refers to a progressive syndrome of heart failure with high morbidity and mortality (Ramani et al., 2010; Segers and De Keulenaer, 2013). Clinical observations show that several syndromes have high risk inducing CHF, such as hypertension (He et al., 2001), age factors (Fukuta and Little, 2007) and neurohormonal system disorder (Landmesser et al., 2009), etc. Common used therapies for CHF include angiotensin converting enzyme inhibitors (Berliner and Bauersachs, 2017), beta-receptor blockers (Oniorisan and Lanfear, 2014), mineralocorticoid receptor antagonist (Liu et al., 2015), diuretics (Faris et al., 2012) and other modern medicines.

Compared to the conventional treatment by small molecule drugs, Traditional Chinese Medicine (TCM) including botanical drug, provides a more flexible approach for individualized medicine with better efficacy and less side effects (Xu, 2009). Shengmaifang, a particular prescription of TCM, has obvious clinical curative effects on preventing or curing CHF (Fu et al., 2010). Yiqifumai Injection (YQFM), derived from Shengmaifang, is composed of Panax ginseng, Ophiopogon japonicas, and Schisandra chinensis.ginseng (Li et al., 2015). It is a modern botanical drug to treat microcirculatory disturbance-related diseases (Yuan et al., 2011). Several studies showed that YQFM can exert cardioprotective effects through protecting cardiomyocytes, preventing myocardial calcium overload (Yang et al., 2017), exhibiting anti-hypoxic function (Feng et al., 2016), apoptosis reduction (Li et al., 2016), anti-inflammatory (Xing et al., 2013) and other pharmacological regulations. However, investigation on pharmacological mechanism of YQFM for treating CHF has been hampered due to the lacking of holistic strategies.

MicroRNAs (miRNAs) are noncoding regulatory single stranded small RNAs with short length (19~25 nucleotides in general) (Kuo and Ying, 2013). miRNAs play pivotal roles in regulating cell proliferation, differentiation and apoptosis by degrading down street mRNAs or inhibiting protein expression (Bartel, 2009; Kuo and Ying, 2013; Ciszek et al., 2015). Aberrant miRNA profiles have been reported to associate with several diseases such as myocardial diseases and cancers in human (Hayes et al., 2014; Olson, 2014). For miRNA profiling study, microarray technique makes it possible to detect hundreds of miRNAs expression efficiently (Wu et al., 2013; Rong et al., 2015). The technique mainly focuses on mining and identifying new or already known miRNAs among abundance of differentially expressed miRNAs (Rong et al., 2015). By further predicting target genes with their interaction and relative pathways, it can indicate the aberrant physiological conditions or developmental stages of the samples.

In this study, we employed microarray-based approach to investigate the miRNA expression profiles of YQFM in treating chronic heart failure and found out pivotal differentially expressed miRNAs. By further predicting related gene targets and pathways, we found the anti-CHF effects of YQFM may be attributed to preventing cardiac hypertrophy and apoptosis, which were further validated by in vitro cellular models. This systematic approach to investigate the miRNA expression profiles and pharmacological validation of Yiqifumai Injection improved the understanding of mechanism of action of Shengmaifang, and provided the basis to its effective components discovery.



MATERIALS AND METHODS


Animal Experiments

In this study, all procedures that involved animals were performed in accordance with institutional guidelines and with approval from the Animal Use Committee of Tianjin University of Traditional Chinese Medicine. 30 male wistar rats (180~200 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All rats were reared under standard laboratory conditions. A chronic heart failure (CHF) model was produced secondary to ligation of the left anterior descending coronary artery. Briefly, rats were anesthetized by 5% chloral hydrate. A left thoracotomy was performed at the 5th intercostal space, the heart was rapidly exteriorized, and the left anterior descending coronary artery was ligated by a 6~0 polypropylene suture, placed approximately 2–3 mm distant from its origin, and tied securely. Subsequently, the heart was returned to its original position and the incision was closed. 400,000 U penicillin per rat was injected after surgical treatment.

If ST segment elevated more than 0.2 mV on electrocardiograms and echocardiography was used to detect ejection fraction (EF) values were between 38% and 50% after 24 h surgical treatment, it was suggestive of myocardial infarction (MI). Sham-operated rats similarly treated without ligature served as controls. The surviving rats (20 MI rats and 10 Sham rats) were housed and maintained on standard chow. All procedures involving animals and their care in this investigation conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85–23, revised 1996). The rats were maintained for a period of 4 weeks and alive ones were randomly separated into three groups (n = 10) as follows: Sham-operated group (Sham, physiological saline, i.p.), Myocardial Injury group (MI, physiological saline, i.p.) and Yiqifumai Injection-treated group (YQFM, 5 mg/Kg/d, i.p.). Drug treated rats were administrated for 28 days, Sham and MI rats received an equivalent volume of physiological saline each day.



Echocardiography Detection and Left Ventricular Intubation Evaluation

Echocardiography was used to detect ejection fraction (EF), fraction shortening (FS) and peak velocity (Peak Vel) by Vevo2100 Ultrasonic doppler instrument (VisualSonics, Canada) at 4 weeks after the operation as performed in our previous study. Left ventricular intubation (Millar, USA) evaluated maximum rate of left ventricular systolic pressure rise (dP/dt max), cardiac output (CO) and stroke work (SW). BNP and c-TNT levels were evaluated with an enzyme linked immunosorbent assay (ELISA) kit according to the manufacturer's instructions.



Histopathology and Immunohistochemical Examination

Rats underwent a left thoracotomy under anesthesia (chloral hydrate i.p.), and heart sections were fixed with 4% paraformaldehyde (PFA) and treated with masson-trichrome staining for histopathological examination. Heart sections was made into paraffin sections. After general dewaxing and antigen reparation, the tissue slices were overlayed with primary antibodies, including B-cell lymphoma-2 (Bcl-2, Proteintech, China) and B-cell associated X (BAX, Proteintech, China) at 4°C overnight. Slides were incubated with the biotinylated secondary antibodies for 30 min at 4°C and then with a streptavidin (Dako, Kyoto, Japan). Color development was accomplished using DAB as a chromogen.



Agilent Rat MiRNA Microarray Experiment and Data Analysis

Total miRNAs were extracted from tissues in the left ventricle near infarction area of rats, using mirVanaTM RNA Isolation Kit according to the manufacturer's specifications. Total miRNA was quantified by the NanoDrop ND-2000 (Thermo Scientific) and the miRNA integrity was assessed using Agilent Bioanalyzer 2100 (Agilent Technologies). The sample labeling, microarray hybridization and washing were performed based on the manufacturer's standard protocols. Briefly, total miRNA was dephosphorylated, denaturated and then labeled with Cyanine-3-CTP. After purification the labeled miRNAs were hybridized onto the microarray. After washing, the arrays were scanned with the Agilent Scanner G2505C (Agilent Technologies).

Feature Extraction software (version10.7.1.1, Agilent Technologies) was used to analyze array images to get raw data. Next, Genespring software (version 12.5; Agilent Technologies) was employed to finish the basic analysis with the raw data. Both raw data and normalized data have uploaded into GEO database as the accession number of: GSE106547. Differentially expressed miRNAs were then identified through fold change (fc) and Reverse Rate (RR). The threshold set for up- and down-regulated genes was a fold change ≥4 (or ≤1/4) and a Reverse Rate (RR) from 1 to 2. Hierarchical Clustering was performed to show the distinguishable miRNAs expression pattern among samples. Target genes of differentially expressed miRNAs were the intersection of the prediction by 2 databases: Diana microT-CDS v5.0 (Reczko et al., 2012; Paraskevopoulou et al., 2013) and miRwalk v3.0 (Dweep et al., 2011; Dweep and Gretz, 2015). DAVID Bioinformatics Resources v6.8 was used to determine the function of target genes and predicted signaling pathways. String v10.5 and Cytoscape v3.3.0 was employed to construct the network of target genes.



Real-Time PCR of Differential miRNAs

Quantification of miRNAs was performed with a two-step reaction process: reverse transcription (RT) and PCR. Each RT reaction consisted of 1 μg RNA, 4 μl of miScript HiSpec Buffer, 2 μl of Nucleics Mix and 2 μl of miScript Reverse Transcriptase Mix (Qiagen, Germany), in a total volume of 20 μl. Reactions were performed for 60 min at 37°C, followed by heat inactivation of RT for 5 min at 95°C. The 20 μl RT reaction mix was then diluted × 5 in nuclease-free water and held at −20°C. Real-time PCR was performed with 10 μl PCR reaction mixture that included 1μl of cDNA, 5 μl of 2 × LightCycler® 480 SYBR Green I Master (Roche, Swiss), 0.2 μl of universal primer (Qiagen, Germany), 0.2 μl of microRNA-specific primer and 3.6 μl of nuclease-free water. Reactions were incubated in a 384-well optical plate at 95°C for 10 min, followed by 40 cycles of 95°C for 10 s, 60°C for 30 s. The microRNA-specific primer sequences were as follows: rno-miR-21-3p: CAA CAG CAG TCG ATG GGC T; rno-miR-542-3p: TGT GAC AGA TTG ATA ACT GAA A. The expression levels of microRNAs were normalized to rno-miR-92a-3p, and they were calculated by 2−ΔΔCT method.



Cell Culture

Rat H9c2 myocardial cells (from rat cardiac) (Cell bank of Chinese Science Academy, Shanghai, China) were cultured in DMEM (Corning, USA) containing 10% fetal bovine serum (Sigma, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco, USA). All the cells were grown in 5% humidified CO2 atmosphere at 37°C.



Myocardial Hypertrophy Cell Model and Measurement of Cell Surface Area

H9c2 myocardial cells were grown in 96-wells and pre-incubated with angiotensin II (AngII) (0.1 μM) and YQFM (2.5 mg/ml) for 48 h. After Fixing cells by 4% formaldehyde and increasing cellular permeability by 0.1% Triton X-100, cell fluorescence was performed by incubating for 15 min with Alexa Fluor® 488 Phalloidin (1:20, CST), to stain the F-actin, and Hoechst 33342 (1:1,000, Sigma), to stain the nucleus. After being washed with PBS, cell fluorescence was visualized using Leica DMI 6000 Inversed Fluorescent Microscope (Leica, Germany). Photographic images were collected from randomly selected fields. Cardiomyocytes surface area was determined from four pictures each group using Image-Pro Plus 6.0 by total cell area divided total cell number.



Real-Time PCR of mRNA

Relative mRNA expression of ANP, a myocardial hypertrophic marker was detected by Real-time PCR in AngII induced hypertrophy H9c2 myocardial cells. Total RNA was extracted using RNeasy® Mini Kit (QIAGEN, Germany) according to the manufacturer's protocol. Two micrograms of total RNA were used to synthesize cDNA with QuantiTect Rev.Transcription Kit (QIAGEN, Germany) using random primers. 50 ng of total cDNA was used for PCRs by GenElute™ QuantiFast SYBR Green PCR Kit (QIAGEN, Germany). Primers specific to the atrial natriuretic peptide (ANP) gene (Fw: GGG AAG TCA ACC CGT CTC A; Rev: GGC TCC AAT CCT GTC AAT CC, Sangon, China) and Rat GAPDH Endogenous Reference Genes Primers (Sangon, China) were used to PCR. The expression level of ANP was normalized to GAPDH, and they were calculated by 2−ΔΔCT method.



Cell Apoptotic Model and Hoechst 33342 Staining

H9c2 myocardial cells were seeded in 96-wells at the density of 4,000/well. The cells were pre-incubated with YQFM (2.5 mg/ml) for 24 h before exposed to tert-butyl hydroperoxide (t-BHP) for 1 h. Intracellular Nuclear DNA in treated cells contained in 96-well plates was visualized by staining with the DNA-specific dye Hoechst 33342 at a final concentration of 5 mg/ml. Cells were observed immediately with filters for blue fluorescence.



Western Blot Analysis

H9c2 myocardial cells were seeded in 6-wells at the density of 100,000/well. The cells were pre-incubated with YQFM (2.5 mg/ml) for 24 h before exposed to tert-butyl hydroperoxide (t-BHP) for 1 h. The expressions of p-Akt and Akt were measured by Western Blot. Briefly, H9c2 cardiomyocytes with or without oxidative stress and YQFM treatment were rinsed twice with PBS buffer and lysed with a lysis buffer for Western blot and IP on ice to extract the protein. After quantification of protein concentration by BCA protein assay (Thermo Scientific, USA). The protein was separated by SDS-PAGE gel electrophoresis and transferred onto PVDF membrane. Membrane was blocked with 5% nonfat dry milk for 2 h at room temperature. Antibodies against p-Akt (Cell Signaling Technology, USA), Akt (Cell Signaling Technology, USA), HRP-labeled Goat Anti-Rabbit IgG (H+L) (Beyotime, USA) and GAPDH (Hangzhou HuaAn Biotechnology Co., Ltd, China) were used at 1:1,000. The antigen-antibody complexes were then detected with an ultra-sensitive-enhanced chemiluminescent (ECL) substrate (Invitrogen) then visualized by GelDoc XR System (BIO RAD). GAPDH was used as internal standards.



Measurement of ATP Content and Cell Viability

After YQFM and t-BHP treatment, intracellular ATP content was measured by CellTiter-Glo® Luminescent Assay kit (Promega) according to the instruction of manufacture. Cell viability was measured by methyl thiazolyl tetrazolium (MTT) assay and the absorbance was recorded by a TECAN infinite F200 Multi-function microplate with wavelength 580 nm. The changes of ATP content and cell viability were calculated by comparing the luminescent or absorbance signal of the treated cells with that of untreated H9c2 myocardial cells.



Statistical Analysis

All values were expressed as the means ± SD. Unpaired Student's t-test and One-Way ANOVA were used to analyze differences among groups. Statistical analysis was performed using GraphPad Prism. P-values of less than 0.05 were considered statistically significant.




RESULTS


YQFM Improved Cardiac Functions of Rats with Chronic Heart Failure

Rats with extensive myocardial infarction were regarded as a reliable model for chronic heart failure. As shown in Figure 1, Masson's trichrome and HE staining images showed that the MI group existed myocardial fibrosis caused by CHF. YQFM treatment could inhibit hyperplasia of interstitial fibers in myocardium, thus reversed ventricular remodeling process. The immunohistochemical results of myocardial tissue showed that YQFM obviously reduced expression of BAX and increased expression of Bcl-2. It indicated that YQFM might reduce myocardial apoptosis through regulating expression of BAX and Bcl-2.
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FIGURE 1. Cardiac function evaluation with histopathology and immunohistochemical examination. Masson's trichrome and HE staining image (value of scale bar is 640 μm); Immunohistochemical image of BAX and Bcl-2 (value of scale bar is 100 μm).



The result of PV-loop showed a markedly decreased maximum rate of left ventricular systolic pressure rise (dP/dt max), cardiac output (CO) and stroke work (SW) (P < 0.01) in MI group. However, YQFM treatment could obviously increase dP/dt max (P < 0.01), CO (P < 0.05), and SW (P < 0.01), indicating that YQFM could effectively improve adverse physiological function caused by CHF. The cardiac EF and FS of MI group, which reflects the overall cardiac function, were significantly decreased to 50% or less compared to Sham groups (P < 0.01), suggesting the cardiac function was significantly reduced. In YQFM group, EF and FS were significantly increased (P < 0.01), which indicated that YQFM could protect overall cardiac function against CHF. In the aspect of arterial hemodynamics, YQFM group effectively ameliorated the aortic outflow peak velocity (Peak Vel) (P < 0.05). The left ventricular internal diameter (LVID) in MI rats significantly expanded in the end-diastolic phase (P < 0.01) compared to the Sham-operated group. However, YQFM significantly reduced it (P < 0.01). Meanwhile, YQFM could also decrease BNP (P < 0.01) and c-TNT (P < 0.01) levels in order to protect cardiomyocytes from hypertrophy and cardiac dysfunction (Figure 2).
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FIGURE 2. Cardiac function evaluation with echocardiography detection (n = 10), left ventricular intubation evaluation (n = 8) and immunohistochemical examination (n = 8). All data are shown as the mean ± S.D. Unpaired Student t-test was performed. *P < 0.05, **P < 0.01, vs. MI group; ##P < 0.01 vs. Sham group.





MiRNAs Expression Profiling Analysis

MiRNA chip technology was used to investigate the alteration of miRNA expression profiling in the present study. We analyzed the effect of YQFM on miRNA expression in myocardial tissue of CHF rat. Finally, as Table 1 showed, seven differentially expressed miRNAs were picked out complying with fold change (fc)≥4 (or ≤1/4) (both Sham group and YQFM group compared to MI group) and Reverse Rate (RR) (YQFM group compared to MI group) between 1 and 2. Finally, miR-21-3p, miR216-5p, miR219a-2-3p, miR381-3p, miR466c-5p, miR542-3p, and miR-702-5p were considered as the differentially reversed miRNAs regulated by YQFM. These miRNAs were analyzed by hierarchical clustering, showing the main established function of each one (Figure 3).



Table 1. Differential miRNAs among all groups.
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FIGURE 3. Heatmap of differential miRNAs by hierarchical clustering analysis: The S (1,2,3,4), M (1,2,3,4), Y (1,2,3,4) represents 4 samples in Sham, MI, and YQFM groups, respectively. The relative function of each miRNA was also listed.



According to recent reports, miR-21-3p could regulate cardiac hypertrophic response (Bang et al., 2014; Romay et al., 2015; Yan et al., 2015), inflammatory reaction (Yan et al., 2015), vascular reparation (Zahedi et al., 2016), aortic Stenosis (Jing et al., 2016), sepsis-associated cardiac dysfunction and cancer (Báez-Vega et al., 2016; Wang et al., 2016a). miR-216b-5p was connected with liver detoxication (Dluzen et al., 2016). miR381-3p is related to suppressive tumor proliferation (Xiao et al., 2017). miR-542-3p could modulate expression level of p53 (Wang et al., 2014), cell apoptosis and was connected with cancer (Wang et al., 2016c), ischemic stroke (He et al., 2016), liver failure (Ding et al., 2015), neointimal formation (Qian et al., 2015), diabetic cardiomyopathy and osteogenesis (Chavali et al., 2014; Kureel et al., 2014). miR219a-2-3p, miR466c-5p, and miR-702-5p were rarely reported for their functions so far.

Since miR-21-3p is related to myocardial hypertrophy and miR-542-3p is regulated to p53 expression and more importantly, both of them were regulated by YQFM, we hypothesized that YQFM might have the effects against cardiac hypertrophy and apoptosis.



Target Gene Prediction and Pathway Analysis

Two databases were used in predicting target genes of differential miRNAs. Finally, 1473 and 5732 target genes gained from each software. Taking intersection of predicted genes, 744 common genes were generated for further analysis.

The 744 target genes were put into String software in order to obtain interaction network. The up-regulated target genes were colored yellow and down-regulated were in blue according to the regulation status of differentially altered miRNAs (Figure 4A). There were 167 target genes up-regulated (yellow) and 30 down-regulated (blue) mediated by YQFM (Figure 4B). The target genes were imported into KEGG database and we chose top 5 pathways according to a descending order of gene counts as the important ones (Figure 4C). The results showed that PI3K-Akt and MAPK signaling pathways in the top 5 pathways were related to cardiomyocyte hypertrophy and apoptosis, indicating that YQFM might attenuate cardiomyocyte hypertrophy and apoptosis through PI3K-Akt and MAPK signaling pathways. The involved genes were highlighted in partial gene network with different colors. It also showed a positive correlation between the importance of genes and node size (Figure 4D).
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FIGURE 4. Target genes prediction and network construction. (A) Venn diagram of target gene counts from two different databases, taking the intersection of them finally got 744 miRNAs for further study. (B) YQFM Regulated target genes according to differential altered miRNAs: (yellow: up-regulated, blue: down-regulated, gray: not regulated); (C) Signaling pathway prediction ranking top 5 from KEGG database. The colors show consistent with that in image (D); (D) Genes in 3 predicted pathways clustering in the network according to KEGG database.





Verification of miRNAs

MiR-21-3p and miR-542-3 were further verified by RT-PCR. The result clearly indicated that the expression of miR-21-3p significantly decreased in MI group compared to sham-operated controls. However, the p-values of miR-21-3p and miR-542-3p between YQFM treated and MI group are 0.11 and 0.40, respectively, which is not statistical significant. It may be attributed to the individual differences of five biological replicates. Although there is no significantly reversed, it still exhibited obvious reversed expression of two miRNAs after YQFM treatment (Figure 5). It showed the same variation trend as the result of miRNA chip. The verification result further suggested YQFM has the effect against cardiomyocyte hypertrophy and apoptosis by regulating related miRNAs.
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FIGURE 5. MiR-21-3p and miR-542-3p expression for validation of miRNA chip (n = 5). Unpaired Student t-test was performed. ##P < 0.01 vs. Sham group.





Validation of YQFM against Myocardial Hypertrophy

Myocardial hypertrophy is a powerful compensatory state of cardiac muscle cells. Chronic heart failure develops gradually based on the myocardial compensatory hypertrophy. Thus, we used angiotensin II(AngII)to induce hypotrophy of H9c2 myocardial cells, and applied Phalloidin to stain F-actin and Hoechst to stain the nucleus. As Figure 6 showed, AngII induced larger cell surface area (P < 0.05), indicating a hypertrophic phenomenon of H9c2 myocardial cells. However, YQFM treatment (P < 0.05) significantly attenuated the surface area of cells. By estimating hypertrophic marker gene ANP, YQFM treatment showed a significant decrease of ANP expression than AngII-induced hypertropic H9c2 myocardial cells.
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FIGURE 6. Changes of hypertrophy cell areas and ANP expression level (n = 4). One-way ANOVA was performed. *P < 0.05, vs. AngII group; #P < 0.05, vs. Control group.





Validation of YQFM against Myocardial Apoptosis

After YQFM pre-protection, H9c2 myocardial cells were treated with 300 μM tert-butyl hydroperoxide (t-BHP) for 1 h, Hoechst 33342 was used to examine cell apoptotic effect. The results showed that the nucleus was dyed into distinct bright blue and fragmentation of nucleus appeared after t-BHP treatment. Nucleus of cells pre-protection with YQFM was dye into ordinary blue without fragmentation (Figure 7). Besides, YQFM might significantly improve cell viability (P < 0.01) which was decreased by t-BHP (P < 0.01). ATP content examination showed that ATP level of t-BHP injured cells was decreased (P < 0.01), and YQFM attenuated this effect (P < 0.05). Thus YQFM had the effect of anti-apoptosis on t-BHP induced H9c2 myocardial cells apoptosis model.
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FIGURE 7. Hoechst staining, cell viability and ATP content of t-BHP injured H9c2 myocardial cells (n = 3). One-way ANOVA was performed. *P < 0.05, **P < 0.01, vs. t-BHP group; ##P < 0.01 vs. Control group.



According to the network analysis in the previous result. YQFM has the potential in regulating PI3K-Akt pathway against myocardial apoptosis. Therefore, the protein expression of p-Akt/Akt in t-BHP injured H9c2 myocytes after YQFM treatment was measured. As shown in Figure 8, YQFM significantly elevated the phosphorylation of Akt compared to untreated cells, suggested that activation of Akt may be attributed to anti-apoptosis effect of YQFM. Our findings are accordance with the previous reports (Cui et al., 2013; Liu et al., 2016).
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FIGURE 8. Involvement Akt expression by YQFM against myocardial apoptosis. Densitometry analysis showed the protein expression of p-AKT and AKT. Unpaired Student t-test was performed (n = 4). *P < 0.05, vs. t-BHP group; ##P < 0.01 vs. Control group.






DISCUSSION AND CONCLUSION

Yiqifumai Injection (YQFM) is widely used for treating microcirculatory disturbance-related diseases in China, and was approved by China Food and Drug Administration (Yuan et al., 2011). Currently, most of the pharmacological studies of YQFM demonstrated that it has antioxidant, anti-inflammatory and other protective effects (Xing et al., 2013). To uncover the mechanism of YQFM in a holistic way, our present study used miRNA expression profiling to illustrate the effects of YQFM on CHF-rats.

By employing the echocardiography detection and left ventricular intubation evaluation, YQFM showed a marked improvement of cardiac function of CHF-rats. According to histopathology and immunohistochemical examinations, YQFM inhibited hyperplasia of interstitial fibers in order to improve cardiac function. These results consolidated that the altered miRNAs regulated by YQFM on CHF-rats were the representative miRNAs that might have the potential to explain YQFM mechanism in the further miRNA expression profiling study.

Considering both fold change (fc) and reverse rate (RR) of miRNA expression analysis are important, we utilized a strict criteria of fc≥4 (or ≤1/4) and <1 RR <2 to pick out altered miRNAs (Li et al., 2014). Finally, 7 differential miRNAs were picked out. Among them, miR-21-3p, miR216-5p, and miR542-3p are related to myocardial hypertrophy, cancer and apoptosis, respectively. The close relationship between these miRNAs especially for miR-21-3p and miR-542 and myocardial function drew our attention. MiR-21-3p has been reported to ameliorate cardiac hypertrophy respond (Bang et al., 2014). MiR-542 has been reported to inhibit the cancer cells from proliferation, invasion and migration (Cai et al., 2015; Yuan et al., 2017). By regulating them, YQFM might protect cardiomyocytes from hypertrophy and aberrant cell cycle.

To further depict and study the miRNA function, we predicted the target genes of all seven miRNAs and constructed gene network and pathway enrichment. The so-called 744 differentially expressed genes (predicted by miRNAs) were chosen as intersection of two databases. According to the regulation status of their miRNAs, the genes altered status was depicted in the gene network. More genes were up-regulated than down-regulated by YQFM in CHF-rats. Combined with the pathway enrichment results, 3 clusters of genes indicating different pathways were highlighted prominently in the gene network. We chose the top 5 pathways according to the gene counts involved in the pathways. The results showed that PI3K-Akt signaling pathway (contained 21 genes), MAPK signaling pathway (contained 17 genes) and Rap1 signaling pathway (contained 16 genes) indicated that the myocardial protective effect of YQFM. Among them, PI3K-Akt signaling pathway and MAPK signaling pathways are two notable pathways related to cardiomyocyte hypertrophy and apoptosis (Song et al., 2015; Sun et al., 2016; Xia et al., 2016). In the earlier report, Yu and colleagues found YQFM Powder Injection could attenuate myocardial remodeling and heart failure through modulating MAPKs signaling pathway, which is further supported by our findings (Pang et al., 2017).

Based on these findings, we presumed that YQFM could alleviate hypertrophy and apoptosis in heart tissue during CHF in order to maintain heart function by regulating the miRNAs expression such as miR-21-3p and miR-542-3p. Combined with miRNA expression profile and other results in cellular model, we speculate the genes and signaling pathways mediated by YQFM on CHF rats (Figure 9). Based on the discovery from miRNA expression profiling study, we employed angiotensin II (AngII) induced hypertrophy and tert-butyl hydroperoxide- (t-BHP) injured cellular models on H9c2 myocardial cells to estimate the protective effects of YQFM. Ang-II is an well-known neurohumoral factor which regulates the progress of myocardial hypertrophy and is considered to induce hypertrophy of myocardial cells (Liu et al., 2014; Wu et al., 2014). YQFM decreased the ANP expression to normal value which indicated that YQFM could protect H9c2 myocardial cells from hypertrophy induced by Ang-II. t-BHP is used for inducing cell apoptosis (Wang et al., 2016b). By pre-treated with YQFM (2.5 mg/ml) for 24 h before exposed to t-BHP (300 μM) for 1 h, the results showed that YQFM had a marked protective effect against cell apoptosis. It also improved the cell viability and increased ATP level. Moreover, we found YQFM significantly improved phosphorylation of Akt, which contributes to the anti-apoptosis effect. In summary, the cellular results showed that YQFM could protect H9c2 myocardial cells against Ang-II induced hypertrophy and t-BHP induced apoptosis. These results also illustrated that the pathways enriched by altered target genes were indeed indicating YQFM effects on protecting myocardial cells.
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FIGURE 9. Schema of YQFM potential protective effects against hypertrophy and apoptosis by regulating miRNAs and related target genes. Colored gene icons represent genes directly mediated by YQFM in the miRNA profiling study and the key genes which were not showed up in the miRNA profiling study were added for the integrity of the figure. The blue, orange and green colors are represented for three predicted pathways: PI3K-Akt, MAPK, and Rap1 pathways, respectively. These pathways are related to Hypertrophy and Apoptosis which has been further validated on cellular model in the study. They are also related to cell survival/death, proliferation and differentiation.



In conclusion, our results showed that YQFM can regulate miRNA expression in protecting heart tissue. MiR-21-3p and miR-542-3p were two important altered miRNAs found in YQFM treated group according to miRNA profiling study. We also validated the protective effect of YQFM against hypertrophy and apoptosis in cellular models. Our findings provide scientific evidence for the mechanism of action of YQFM against chronic heart failure.
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Chronic kidney disease (CKD) is a significant worldwide healthcare problem. Regardless of the initial injury, renal fibrosis is the common final pathway leading to end stage renal disease. Although the underlying mechanisms are not fully defined, evidence indicates that besides inflammation, oxidative stress plays a crucial role in the etiology of renal fibrosis. Oxidative stress results from an imbalance between the production of free radicals that are often increased by inflammation and mitochondrial dysfunction, and reduced anti-oxidant defenses. Several studies have demonstrated that oxidative stress may occur secondary to activation of transforming growth factor β1 (TGF-β1) activity, consistent with its role to increase nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox) activity. A number of other oxidative stress-related signal pathways have also been identified, such as nuclear factor erythroid-2 related factor 2 (Nrf2), the nitric oxide (NO)-cyclic guanosine monophosphate (cGMP)-cGMP-dependent protein kinase 1-phosphodiesterase (cGMP-cGK1-PDE) signaling pathway, and the peroxisome proliferator-activated receptor gamma (PPARγ) pathway. Several antioxidant and renoprotective agents, including cysteamine bitartrate, epoxyeicosatrienoic acids (EETs), and cytoglobin (Cygb) have demonstrated ameliorative effects on renal fibrosis in preclinical or clinical studies. The mechanism of action of many traditional Chinese medicines used to treat renal disorders is based on their antioxidant properties, which could form the basis for new therapeutic approaches. This review focuses on the signaling pathways triggered by oxidative stress that lead to renal fibrosis and provides an update on the development of novel anti-oxidant therapies for CKD.
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INTRODUCTION

The incidence and prevalence of chronic kidney disease (CKD) continues to increase world-wide, even though some studies suggest that the overall prevalence may be tapering off in some developed countries during the recent decade (Hallan et al., 2016; Murphy et al., 2016; Shin and Kang, 2016). However, according to the United States Renal Data System 2017 Annual Data Report (https://www.usrds.org/adr.aspx), the burden of kidney disease in the USA remains high with rates of kidney failure that require dialysis or transplantation among the highest in the world. The associated poor outcomes result in increased costs to the healthcare system (Mozaffarian et al., 2016). The total annual cost of treating end-stage renal disease in the USA was nearly $30 billion in 2012, representing close to 6% of the total Medicare budget. In addition, a study of nearly 20,000 ethnic Chinese adult women and men showed that changes in renal function, along with metabolic syndrome, predict longevity (Chien et al., 2008). The multivariate relative risk for death from cardiovascular disease was 30.6 in individuals with the highest creatinine and presence of metabolic syndrome compared with those with the lowest creatinine and without metabolic syndrome.

Increased renal interstitial fibrosis, vasculopathy, tubular atrophy, glomerulosclerosis, and a reduced capacity for renal regeneration are characteristics of CKD. Histologically, progressive kidney disease is marked by renal fibrosis, although underlying mechanisms are incompletely understood (Khwaja et al., 2007; Liu, 2011; Yu et al., 2016). The kidney relies on aerobic metabolism and oxidative phosphorylation for energy production necessary for tubular reabsorption. Many features of renal fibrosis result from the loss of ATP production due to mitochondrial dysfunction, which is associated with increased free radical generation and oxidative stress. Thus, oxidative stress, involving various reactive oxygen and nitrogen species, has an important role in the pathophysiology of CKD (Mimura et al., 2010; Soetikno et al., 2013; Trujillo et al., 2013; Decleves and Sharma, 2014; Kim et al., 2014, 2015). Under normal conditions, the production of reactive species activates many beneficial signaling pathways that maintain homeostasis, but excess production of reactive species is highly damaging. Progressive mitochondrial damage results in loss of efficiency of the electron transport chain, further elevations in ROS generation and lowered ATP production. Hemodialysis and CKD patients exhibit impaired mitochondrial respiration indicative of dysregulated aerobic metabolism and increased oxidative stress (Granata et al., 2009). Disturbances in cellular anti-oxidant systems also impact on downstream signaling events during the pathogenesis of CKD, contributing to renal senescence and cell apoptosis, renal fibrosis, and decreased regeneration of renal cells. Moreover, many traditional Chinese medicine long used for the treatment of renal disorders are antioxidants. Here we review the signaling pathways, transcription factors, and sources of ROS that are altered by oxidative stress during the development of renal fibrosis, and provide an update on the development of novel anti-oxidant therapies for CKD (Figure 1).
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FIGURE 1. Renal fibrosis occurs downstream of TGF-β intracellular signaling and increased ROS generation. Through its cell surface receptors TGFR1 and TGFR2, TGF-β activates several signaling cascades (including AKT, Smad2/3, NF-κB, p38 MAPK, JNK, ERK1/2) that lead to formation of activated fibroblasts (directly from interstitial fibroblasts or by epithelial mesenchymal transition/EMT or endothelial to mesenchymal transition/EndMT). These myofibroblasts synthesize ECM components leading to fibrosis and express NOX2/4 that generates ROS, which can enhance fibrosis or induce anti-oxidant/cytoprotective genes by activating the transcription factor Nrf2. Activation of the nuclear receptor PPARγ also reduces ROS formation by improving mitochondrial function and defenses. The cell-surface chondroitin sulfate/heparan sulfate proteoglycan betaglycan facilitates the interaction of TGF-β with TGFR2, and a soluble truncated form of betaglycan (P144) can serve as a decoy receptor to attenuate TGF-β signaling. The hormone relaxin engages the G-protein receptor RXFP1 to induce NOS1 expression and generate NO, which can directly reduce ROS or indirectly reduce ROS via increased renal blood flow. The PDE5 inhibitors CTP-499 and Icariin enhance the beneficial effects of NO on the kidney. By increasing cAMP and PKA activity, the PDE inhibitor pentoxifylline interferes with Smad3/4-dependent CTGF transcription. CTGF enhances TGF-β signaling.





NADPH OXIDASES AND RENAL FIBROSIS

There are seven members of the NOX family of membrane-bound NADPH oxidases that generate superoxide and/or hydrogen peroxide. NOX activity is increased in different animal models of renal injury, and reduced NOX activity is associated with renal protection in pre-clinical models of CKD (Baltanas et al., 2013; Holterman et al., 2015a,b). Nox1, Nox2, and Nox4, which are expressed in both human and rodent kidneys, have a central role in mediating oxidative stress in CKD and promote vascular inflammation, dysfunction, and fibrosis (Decleves and Sharma, 2014).

The role of Nox1 in pathophysiology of renal injury is incompletely understood; however, Nox1 is thought to contribute to angiotensin II (Ang II)-mediated hypertension (Lee et al., 2015). Nox2 generates superoxide anions, while Nox4 is constitutively active and may directly generate hydrogen peroxide (Holterman et al., 2015a). Nox4 has a renoprotective action in the unilateral ureteral obstruction (UUO) mouse model of CKD (Decleves and Sharma, 2014), and Nox4-deficient mice exhibited elevated tubulointerstitial fibrosis and oxidative stress after obstruction, and reduced levels of antioxidant markers, including hypoxia-inducible factor 1α and Nrf2. However, the function of Nox4 in CKD is not well defined (Nlandu Khodo et al., 2012; Decleves and Sharma, 2014). Treatment with GKT137831, a dual Nox1 and Nox4 inhibitor, reduces inflammation and ROS production in various murine kidney disease models, along with reduced expression of profibrotic markers and vascular adhesion molecules (Gray et al., 2013; Decleves and Sharma, 2014). A randomized, double-blind, placebo-controlled phase II study (Genkyotex Innovation SAS, 2014) to assess the effect of GKT137831 on albuminuria in patients with type 2 diabetes mellitus recently completed, but as of November 2017 the results were not available.

Currently, not much is known about the role of Nox5 in kidney disease, as it is only expressed in human kidneys (Holterman et al., 2015b). Transgenic mice that express Nox5 in podocytes exhibit podocyte foot process effacement, albuminuria, and hypertension (Holterman et al., 2014). These changes were aggravated by streptozotocin-induced diabetes (Holterman et al., 2014). Notably, Nox5 expression is also increased in the kidney of diabetic nephropathy patients (Holterman et al., 2014) and may contribute to the development of CKD.

TGF-β1 causes oxidative stress and fibrosis in the kidney in part by activating NADPH oxidases (Baltanas et al., 2013; Decleves and Sharma, 2014; Lee et al., 2015). Previous studies indicated that Smad3-mediated upregulation of Nox4 may contribute to the conversion of fibroblasts to the myofibroblast phenotype in the kidney, as well their expression of an alternatively spliced variant of fibronectin, Fn-ED-A, downstream of ERK1/2 activation (Bondi et al., 2010). Betaglycan (aka TGF-β1 type III receptor) is the most abundant TGF-β1 membrane binding protein. It potentiates TGF-β1 binding to the type I and type II signaling receptors. A synthetic peptide (P144), representing the membrane-proximal ligand-binding domain of betaglycan, effectively blocks TGF-β1-induced effects in various animal models. For example, Baltanas and colleagues reported that P144 prevents oxidative stress and inhibits NADPH oxidases in kidneys of spontaneously hypertensive rats (Baltanas et al., 2013). In addition, P144 reduced renal fibrosis and expression of collagen and connective tissue growth factor (CTGF). Thus, P144 may be a potential antifibrotic therapeutic agent in hypertension induced nephropathy (Baltanas et al., 2013).



NUCLEAR FACTOR ERYTHROID-2 RELATED FACTOR 2 AND RENAL FIBROSIS

The transcription factor nuclear factor erythroid-2 related factor 2 (Nrf2) regulates expression of many genes that oppose inflammatory and oxidative damage, including genes that encode thiol molecules, detoxifying enzymes, antioxidant proteins, and stress response proteins. Accumulating evidence indicates that Nrf2 signaling is protective in various models of renal disease (Choi et al., 2014). Moreover, impaired Nrf2 activity and decreased expression of its antioxidant and renoprotective targets have been observed in CKD animal models (Soetikno et al., 2013; Trujillo et al., 2013). Thus, pharmacological interventions that activate Nrf2 signaling may be helpful in protecting against renal dysfunction in CKD (Soetikno et al., 2013; Tapia et al., 2016).

Mycophenolate mofetil (MMF) is the ester prodrug of mycophenolic acid (MPA), a non-competitive, highly selective, and reversible inhibitor of inosine monophosphate dehydrogenase. Recent evidence indicates that MMF protects from renal damage and reduces oxidative stress and renal inflammation secondary to immunosuppression (Morath et al., 2006). Tapia and colleagues demonstrated that MMF preserved Nrf2-Keap1 and renal dopamine antioxidant pathways and prevented functional renal alterations in a reduced renal mass model of CKD (Tapia et al., 2016). Many naturally occurring Nrf2 activators, such as resveratrol, curcumin, sulforaphane, and cinnamic aldehyde, have been shown to reduce renal oxidative stress and slow the progression of CKD (Choi et al., 2014). The renoprotective effects of curcumin are due in part to induction of Nrf2 and prevention of oxidative stress through the inhibition of mitochondrial dysfunction, the preservation of antioxidant enzymes, and the attenuation of inflammation (Soetikno et al., 2013; Trujillo et al., 2013). However, in a recent pilot study on nondiabetic and diabetic CKD patients curcumin had no effect on proteinuria, glomerular filtration rate, lipid profile, or antioxidant enzyme activities and Nrf2 activation. However, the patients were only treated for 8 weeks, which is arguably too short to reach a definitive conclusion. Curcumin did reduce lipid peroxidation in nondiabetic CKD patients and enhanced antioxidant capacity of plasma in diabetic patients (Jimenez-Osorio et al., 2016). One caveat is that the measurements were from blood, which does not necessarily represent the changes in the kidneys.

Synthetic triterpenoid bardoxolone methyl and its analogs are potent activators of the Nrf2 pathway, and clinical trials that included individuals with type 2 diabetes mellitus and stage 3b or 4 CKD demonstrated that it reduced serum creatinine concentrations for up to 52 weeks (de Zeeuw et al., 2013b). However, a phase 3 BEACON trial was terminated because of serious side effects, including increased mortality (De Zeeuw et al., 2013a; de Zeeuw et al., 2013b; Strutz, 2014). Nonetheless, Nrf2 remains an attractive potential drug target for CKD, as shown by the approval of another Nrf2 activator, dimethyl fumarate, for multiple sclerosis. Nrf2 also regulates the expression of multiple drug-metabolizing enzymes and transporters, including ABCC2 (multidrug resistance-associated protein 2) raising the possibility of serious drug interactions (Molnar et al., 2014). Future trials of Nrf2 activators in patients with chronic diseases need to consider potential drug-drug interactions.



CGMP-CGK1-PDE SIGNALING AND RENAL FIBROSIS

Accumulating evidence indicates the cyclic guanosine monophosphate (cGMP)-cGMP-dependent protein kinase 1 (cGMP-cGK1) signaling pathway is involved in renal fibrosis (Shen et al., 2016). Nitric oxide (NO) and phosphodiesterase type 5 (PDE5) are key regulators of this pathway, as they stimulate the formation or breakdown of intracellular cGMP, respectively (Zalba et al., 2001; Firoozi et al., 2005). Notably, NO deficiency related to endothelial dysfunction is linked to the development of hypertension, CKD, and renal fibrosis (Morrissey et al., 1996; Moncada and Higgs, 2006; Baylis, 2008).

Recently, relaxin has been reported to have anti-fibrotic renal effects in various animal models (Danielson et al., 2006; Sasser, 2013, 2014). Relaxin, a member of the insulin-like growth factor family of hormones, is used to treat patients with scleroderma (Negri, 2004). Knockout of the relaxin gene in mice was associated with renal fibrosis that was reversed by exogenous relaxin (Samuel et al., 2005). Previous studies indicated that relaxin exerts its renal anti-fibrotic effects by stimulating the formation and release of NO (Leo et al., 2017), and recent studies demonstrated that the ability of relaxin to increase expression of matrix metalloproteinases (MMPs) and inhibit TGF-β signaling are dependent on NO derived from nitric oxide synthase 1 (NOS1) and NO-cGMP signaling in renal myofibroblasts (Mookerjee et al., 2009; Chow et al., 2012; Sasser, 2013).

Relaxin upregulates NOS1 expression in renal myofibroblasts by activating ERK1/2 through the relaxin family peptide receptor 1 (RXFP1) (Chow et al., 2012). Multiple studies have shown that relaxin also increases the production of NO by activating endothelial NOS (eNOS, aka NOS3), thereby improving endothelial function and attenuating inflammation (Mcguane et al., 2011; Dschietzig et al., 2012; Collino et al., 2013; Ng et al., 2016; Valle Raleigh et al., 2017). Relaxin may indirectly increase NO bioavailability by decreasing oxidative stress. In different animal models, relaxin increases expression of manganese superoxide dismutase (MnSOD/SOD2), and decreases 8-hydroxy-2′-deoxyguanosine levels and lipid peroxidation (Masini et al., 1997, 2006). In Ang II-dependent hypertension, relaxin also resulted in reduced circulating and urinary markers of oxidative stress, and nitrotyrosine levels in the kidney (Sasser et al., 2011). Chow et al. (2014) found that the Ang II type 2 receptor (AT2) may contribute to the renoprotective effects of relaxin. Relaxin's antifibrotic effects were found to depend on heterodimerization of AT2 and RXFP-1 (Chow et al., 2014). Current trials of recombinant human relaxin are assessing its utility in cardiovascular pathologies (Sasser, 2013). Based on the fact that relaxin and its receptor are expressed in the kidney, exploiting the relaxin signaling pathway may have potential for treating fibrotic kidney diseases (Sasser, 2013, 2014).

The nonspecific phosphodiesterase inhibitor pentoxifylline, often used for treating neuropathic injuries and peripheral vascular diseases, inhibited TGF-β1-induced CTGF expression and reduced collagen type I and α-smooth muscle actin expression in normal renal cells (Lin et al., 2005). CTGF binds TGF-β1 and enhances its signaling. Pentoxifylline inhibited CTGF expression by protein kinase A-mediated interference of Smad3/4-dependent CTGF transcription. In the UUO model of renal injury, pentoxifylline attenuated tubulointerstitial fibrosis, accumulation of myofibroblasts, and the expression of CTGF and Col I (α1). There have been conflicting findings concerning its effect on proteinuria (Perkins et al., 2009). CTP-499 is a novel multi-subtype selective, oral inhibitor of phosphodiesterases that is well tolerated (Sabounjian et al., 2016). A recent clinical trial of CTP-499 in CKD patients established its safety and tolerability, justifying further assessment of efficacy with longer-term dosing (Sabounjian et al., 2016). Treatment of alloxan-induced diabetic rabbits with the oral PDE5 inhibitor, vardenafil, normalized serum creatinine levels (Lau et al., 2007). In diabetic rats, sildenafil ameliorated macrophage infiltration into the tubulointerstitium. These preclinical studies demonstrate the therapeutic potential of PDE5 inhibition to reduce oxidative stress and renal fibrosis (Jeong et al., 2009). A recently completed placebo-controlled phase II trial involving patients with diabetic nephropathy tested the hypothesis that the PDE5 inhibitor PF-00489791 (Pfizer) would enhance relaxation of blood vessels in the kidney and subsequently reduce blood pressure and improve renal function (Pfizer, 2013). PF-00489791, which was generally well tolerated, reduced the urinary albumin-to-creatinine ratio indicating improved renal function (Scheele et al., 2016).

Icariin, the major active compound of Epimedium, is a strong PDE5 inhibitor. Dell'Agli et al. (2008) modified the structure of icariin to create icaritin, which increased its potency ability to inhibit PDE5A1 by 80-fold. Icariin is renoprotective in various animal models (Qi et al., 2011; Talapanti et al., 2015; Zhang F. et al., 2015), but it remains to be determined if its beneficial effects are related to enhanced cGMP signaling. More research is needed to assess the effects of icariin specifically for treating kidney fibrosis based on its ability to inhibit PDE5.



RENAL FIBROSIS AND PEROXISOME PROLIFERATOR-ACTIVATED RECEPTOR GAMMA (PPARγ)

PPAR-γ is a member of the ligand-activated nuclear transcriptional superfamily that is expressed in the kidney. In addition to enhancing insulin sensitivity and glucose metabolism, agonists of PPARγ have other effects, such as cell cycle regulation, attenuating inflammation, regulating cytokine production, and decreasing fibrosis. The PPAR-γ agonist pioglitazone protected against renal injury and decreased glomerulosclerosis and interstitial fibrosis in alloxan-induced diabetic rabbits and aged rats. It reduced oxidative stress and improve mitochondrial function in addition to suppressing TGF-β1-induced fibronectin mRNA expression (Gumieniczek, 2003; Yang et al., 2009). L-carnitine has efficacy against hypertension-associated renal fibrosis from in vivo and in vitro studies. Its effects seem to be dependent on the PPAR pathway as its antifibrotic effects were blocked by the PPAR-γ antagonist GW9662 (Zambrano et al., 2014).

Pioglitazone attenuates fibrosis in part by reducing mitochondrial ROS. It affects mitochondrial function by several means, including (a) by increasing mtDNA; (b) by affecting coupling-uncoupling dynamics and increasing glucose use, thus reducing ROS production; (c) by promoting mitochondrial biogenesis along with PPAR coactivator 1α and nuclear respiratory factor 1; (d) by increasing expression of mitochondrial enzymes involved in eliminating or producing ROS; (e) by reducing cytochrome C oxidase activity and subsequent phosphorylation of p66Shc, which induces mitochondrial permeability transition pore opening and ROS. In cells that express p66Shc, protein kinase C-β overexpression causes mitochondrial fragmentation and Ca2+ signaling defects, which are prevented by PPARγ agonists. This action is likely due to activation of 5′AMP-activated protein kinase (AMPK) and diacylglycerol kinase, two upstream inhibitors directly induced by PPARγ agonists.

The antifibrotic effects of PPARγ agonists are more complicated. PPARγ agonists may also oppose the reduction in NO and TNF-α production via PPARγ-independent mechanisms (Zhang et al., 2008; Yang et al., 2009). For example, besides being a partial agonist of PPARγ, telmisartan is also an Ang II type 1 receptor blocker. Hepatocyte growth factor (HGF) is a well-known antifibrotic factor that is the downstream effector of PPARγ activation by telmisartan (Kusunoki et al., 2012). Telmisartan significantly increased renal HGF expression after UUO in Ang II type 1 receptor-deficient mice, and a HGF neutralizing antibody reduced the renal protective action of telmisartan (Kusunoki et al., 2012).

The PPAR-γ agonist rosiglitazone, an antidiabetic drug in the thiazolidinedione class that increases insulin sensitivity in adipocytes, was well tolerated in children with drug-resistant focal segmental glomerulosclerosis (FSGS) in the FONT phase 1 trial. At 16 months of follow-up, 71% of participants showed stable glomerular filtration rate and reduced proteinuria. However, the trial was halted after the release of the warnings by FDA about rosiglitazone's adverse cardiovascular effects in elderly type 2 diabetics. Nevertheless, it should be noted that no specific safety concerns were identified in children involved in the FSGS FONT trial (Joy et al., 2009; Malaga-Dieguez et al., 2015). In summary, a large body of evidence supports the anti-inflammatory and anti-fibrotic effects of PPAR-γ agonists in kidney disease.



ROLE OF ANTI-OXIDATIVE AGENTS IN AMELIORATING RENAL FIBROSIS

Several antioxidant and renoprotective agents have renal protective effects in preclinical or clinical studies (Table 1). Cysteamine bitartrate, an antioxidant drug for nephropathic cystinosis, reduced fibrosis in a mouse model of UUO at 14 and 21 days after surgery (Okamura et al., 2014). Renal oxidized protein levels decreased at each time point, suggesting that oxidative stress was reduced by this agent. In fact, cellular generation of ROS was reduced in cultured macrophages treated with cysteamine. Furthermore, treatment of mice with cysteamine reduced mRNA levels of extracellular matrix (ECM) proteins and interstitial α-SMA-positive myofibroblast proliferation, as well as myofibroblast proliferation and differentiation in vitro (Okamura et al., 2014). Two week treatment with cysteamine started 10 days after, renal IRI decreased renal fibrosis by 40%. These findings uncovered a previously unrecognized antifibrotic action of cysteamine via TGF-β-independent mechanisms that includes attenuation of oxidative stress and myofibroblast responses to kidney injury (Okamura et al., 2014).



Table 1. Novel anti-oxidative agents that ameliorate renal fibrosis.
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Semicarbazide-sensitive amine oxidases (SSAOs) are copper-containing enzymes that oxidatively deaminate primary amines, thereby producing ammonium, hydrogen peroxide, and aldehydes (Wong et al., 2013). SSAOs are type 1 membrane-bound proteins with a distal adhesion domain and a catalytic amine oxidase site proximal to the membrane (Wong et al., 2013). Stolen et al. (2004) reported that SSAO overexpression increased glomerulosclerosis in mice. Lin et al. (2008) reported that serum SSAO levels were correlated with existing biomarkers of progressive renal disease. Moreover, after adjusting for sex, age, and smoking elevated serum SSAO levels were associated with early CKD (Koc-Zorawska et al., 2012). In the UUO model of renal fibrosis, the selective SSAO inhibitor, PXS-4728A, reduced oxidative stress, suppressed pro-inflammatory and profibrotic cytokine secretion, and limited inflammatory cell accumulation and ECM deposition (Wong et al., 2014; Katagiri et al., 2016). Thus, SSAO inhibitors may be promising therapeutics for preventing kidney disease.

Epoxyeicosatrienoic acids (EETs), which are abundant in the kidney, are cytochrome P-450-dependent derivatives of arachidonic acid with anti-inflammatory, anti-oxidant, and fibrinolytic functions (Zhao et al., 2012; Chen et al., 2014; Kim et al., 2015). Their ability to attenuate oxidative stress results from improved kidney function and anti-inflammatory actions (Khan et al., 2014). Serum levels of EETs were found to be decreased in patients with cardiorenal syndrome (Zhang K. et al., 2015). The cytochrome P450 epoxygenase, CYP2J2, converts arachidonic acid into four regioisomeric EETs. Zhao et al. (2012) showed that rAAV-CYP2J2 gene delivery protected the remnant kidney against renal injury by inhibiting fibrosis and apoptosis via regulation of the expression of TGF-β1/Smads, mitogen-activated protein kinase (MAPKs), MMPs, and apoptosis-related proteins. Soluble epoxide hydrolase (sEH) also plays an essential role in CKD by hydrolyzing EETs to the corresponding inactive dihydroxyeicosatrienoic acids. Inhibiting sEH with 12-(3-adamantan-1-yl-ureido)-dodecanoic acid (AUDA) reduced EMT associated E-cadherin suppression, phenotypic transition, α-SMA elevation, PI3K-Akt activation, and GSK-3β phosphorylation (Liang et al., 2015). In mouse models of CKD, knockout of sEH increased EET bioavailability and prevented inflammation and renal tubulointerstitial fibrosis by activating PPAR isoforms and downregulating TGF-β1/Smad3, NF-κB, and inflammatory signaling pathways (Imig et al., 1996; Kim et al., 2014). Kim et al. (2015) analyzed the renoprotective effect of a sEH inhibitor, trans-4-(4-[3-(4-trifluoromethylphenyl)-ureido]cyclohexyloxy) benzoic acid (t-TUCB) in the UUO model. sEH inhibition enhanced levels of EET regioisomers and inhibited UUO-induced upregulated TGF-β1/Smad3 and NF-κB signaling, oxidative stress, tubular injury, and apoptosis, and also downregulated antifibrotic factors (Kim et al., 2015). Therefore, sEH inhibitors and EETs agonists might be potential strategies for reducing renal inflammation, oxidative stress, and blocking EMT and renal fibrosis (Imig, 2005).

Cytoglobin (Cygb), a novel member of the globin superfamily, is expressed by fibroblasts in various organs. Using the remnant kidney model, Mimura et al. (2010) investigated its role in kidney fibrosis and found that it was attenuated by upregulation of the expression of Cygb. Cygb overexpression was associated with reduced deposition of nitrotyrosine in the kidney and urinary excretion of a marker of oxidative stress (Mimura et al., 2010). Additionally, a mutation in the heme moiety of Cygb that impaired its antioxidant properties attenuated its antifibrotic effects, suggesting that Cygb reduces fibrosis by scavenging free radicals. Thus, Cygb protects the kidney against fibrosis by lessening oxidative stress and may represent a good therapeutic target in CKD (Mimura et al., 2010).



TRADITIONAL CHINESE MEDICINES FOR TREATING CKD

A number of traditional Chinese medicines with anti-oxidant properties have been shown to have beneficial actions in treating CKD in preclinical models, some of which are listed in Table 2. For many years, the traditional Chinese medicine, Fufang Xue Shuan Tong (FXST) capsules, have been used to treat diabetic nephropathy. Eight chemical constituents of FXST were recently identified by periodic polarity-switching liquid chromatography–tandem mass spectrometry (Zhou et al., 2015; Figure 2). In the high-fat diet and low-dose streptozotocin rat model of type 2 diabetes, administration of FXST improved renal function and prevented adverse renal remodeling, while increasing SOD activities and reducing malondialdehyde (MDA) levels (a measure of oxidant status and lipid peroxidation) in the renal cortex (Fang et al., 2012). Thus, it will be important to study each of the components of FXST in isolation and in combinations to identify which of the compounds are the most efficacious agent.



Table 2. Traditional Chinese medicines with anti-oxidant and renoprotective actions.
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FIGURE 2. Recently identified constituents of Fufang Xue Shuan Tong (FXST) identified using liquid chromatography–tandem mass spectrometry (Zhou et al., 2015). (Capsule image adapted and reproduced with permission from the copyright holder http://servier.com/Powerpoint-image-bank).



Hu-Lu-Ba-Wan (HLBW), a Chinese herbal prescription composed of Trigonella foenum-graecum L. (TFG) and Psoralea corylifolia L., is used to treat kidney deficiency. HLBW was recently shown to improve hyperglycemia, hyperlipidemia, and proteinuria in type 2 diabetic rats induced by high fat diet and streptozotocin treatment (Zhou et al., 2013). HLBW attenuated ECM accumulation, glomerular expansion and fibrosis, and effacement of foot processes. In addition, HLBW reduced superoxide anion levels, as well as expression and activity of NOX protein. In the same model, a mixture of the Chinese herb Radix Puerariae and Fructus Crataegi, both with strong anti-oxidant actions, attenuated glomerulus mesangial matrix expansion, renal tubular epithelial cell edema, and renal capsule constriction (Chen Z. et al., 2017). Renal fibrosis was attenuated as evidenced by reduced protein levels of α-SMA and collagen IV. Rokumi-jio-gan-containing prescriptions, which are widely used to treat renal dysfunction in Japan, also appear to attenuate oxidative stress in the kidney (Park et al., 2013).

Evidence was recently reported that the ethyl acetate extract of Salvia miltiorrhiza (commonly known as Danshen) attenuates oxidative stress in the streptozotocin-treated mouse model of diabetic nephropathy via upregulated expression of Nrf2 (An et al., 2017). Triptolide, the main active ingredient of Tripterygium wilfordii Hook. F. (TwHF), was found to downregulate expression of oxidative carbonyl proteins in the streptozotocin-treated rat model of diabetic nephropathy (dong et al., 2017). This was associated with improved renal function, decreased kidney nitrotyrosine levels, and increased renal SOD expression. Berberine, a compound of several herbal traditional Chinese medicines, has protective actions on the kidney in several preclinical models, including in streptozotocin–nicotinamide-induced type 2-diabetic mice (Chatuphonprasert et al., 2014). In models of diabetic nephropathy, berberine has been shown to exert anti-fibrotic and anti-inflammatory effects and improve renal function. By blocking NF-κB activation, berberine inhibits rat mesangial cell proliferation and protein expression of fibronectin, TGF-β1, and inflammatory mediators (Jiang et al., 2011; Xie et al., 2013; Lan et al., 2014). Recently, berberine was reported to activate Nrf2 nuclear translocation and inhibit apoptosis of renal tubular epithelial cells induced by high glucose (Zhang et al., 2016). Curcumin from Curcuma Longa L. has well-documented anti-oxidant and renoprotective actions in several animal models of kidney injury, including Rhabdomyolysis-induced AKI (Chen X. et al., 2017), maleate-induced renal injury (Molina-Jijon et al., 2016), streptozotocin-induced diabetes (Ho et al., 2016), and the rat remnant kidney (Tapia et al., 2013). Recent evidence indicates that curcumin and its derivatives are potent hydrogen donors and may thus act primarily as chain breaking antioxidants, as opposed to direct free radical scavengers (Morales et al., 2015).

Total glucosides of peony (TGP), extracted from the traditional Chinese herb root of Paeonia lactiflora Pall., was reported to prevent diabetes-associated renal damage from oxidative stress in the rat and increase renal activity of antioxidant enzyme such as SOD and catalase (Su et al., 2010). A subsequent study found that TGP improved renal function and attenuated the expression of pro-inflammatory cytokines (Xu et al., 2014). A recent small prospective, randomized, parallel-group study involving 76 type 2 diabetics with diabetic kidney disease found that TGP reduced albuminuria and circulating inflammatory markers (Zhu et al., 2016).

Sodium ferulate (SF), extracted from several plants including Angelica sinensis, Cimicifuga heracleifolia, and Lignsticum chuangxiong, has well known anti-platelet, antithrombotic, and antioxidant actions. SF was reported to protect the kidney of streptozotocin-induced diabetic rats by inhibiting the expression of TGF-β1 and collagen IV (Zhao et al., 2004). In a recent large retrospective cohort study involving CKD patients, certain renoprotective Chinese herbal medicines, especially those containing Angelica sinensis, were associated with a lower risk of mortality (Hsieh et al., 2017). The compound Sequoyitol present in several plants, including Aristolochia arcuata, Amentotaxus yunnanensis, and Crossostephium chinensis, was found to improve insulin levels and renal function of diabetic rats, induced by a high-fat diet and low dose streptozotocin (Li et al., 2014). Renal level of total antioxidative capacity was increased, while ROS and MDA levels were decreased, as was expression of NOX components, NF-κB, and TGF-β1.

Total flavonoids (TFs) from Rosa laevigata Michx. (RLM) fruit were found to attenuate ischemia-reperfusion injury in the rat, which was associated with upregulation of Nrf2, as well as silent information regulator factor 2-related enzyme 1 (Sirt1) and heme oxygenase-1 (HO-1) (Zhao et al., 2016). Levels of ROS, MDA, NF-κB p65, and expression of inflammatory cytokines were decreased, while activities of SOD and glutathione peroxidase (GSH-Px), and levels of anti-oxidant glutathione (GSH) were increased. Similar findings were reported in the same model using Panax notoginseng, a well-known traditional Chinese herb medicine with antioxidant and anti-inflammatory properties (Liu et al., 2010).

Magnesium lithospermate B (MLB/LAB), extracted from Salviae miltiorrhizae radix, is a scavenger of superoxide anions and hydroxyl radicals (Wu et al., 2000). MLB was recently shown to attenuate renal oxidative stress and kidney damage in elderly rats (Park et al., 2017). MLB administration was associated with reduced renal protein expression of major NOX subunits (Nox4 and p22phox), as well as NF-κB p65, cyclooxygenase-2, phospho-p38 MAPK, and inducible NOS. MLP was similarly protective against renal injury in streptozotocin-induced diabetic rats (Lee et al., 2003) and in rats after subtotal nephrectomy (Yokozawa et al., 1997).



CONCLUSIONS

In conclusion, oxidative stress plays an important role in the pathophysiology of renal fibrosis. Increased ROS formation is not only a consequence of renal fibrosis, but also positively impacts on pro-fibrotic signaling. A better understanding of the signaling pathways by which oxidative stress induces renal fibrosis may lead to the development of novel therapeutic strategies. The mechanism of action of many traditional Chinese medicines with proven therapeutic value in treating kidney disorders is based on their anti-oxidant properties. A better understanding of the cellular and molecular mechanisms behind their actions will undoubtedly lead to new drugs that effectively prevent or reverse renal fibrosis. It is our contention that further studies on the mechanisms underlying the renoprotective effect of antioxidant agents in traditional Chinese medicines will provide new insights that propel the development of novel therapies to slow the progression of CKD.
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The prevalence of non-alcoholic fatty liver disease (NAFLD), which is developed from hepatic steatosis, is increasing worldwide. However, no specific drugs for NAFLD have been approved yet. To observe the effects of Rho, a fraction from Rhodiola crenulate, on non-alcoholic hepatic steatosis, three mouse models with characteristics of NAFLD were used including high-fat diet (HFD)-induced obesity (DIO) mice, KKAy mice, and HFD combined with tetracycline stimulated Model-T mice. Hepatic lipid accumulation was determined via histopathological analysis and/or hepatic TG determination. The responses to insulin were evaluated by insulin tolerance test (ITT), glucose tolerance test (GTT), and hyperinsulinemic-euglycemic clamp, respectively. The pathways involved in hepatic lipid metabolism were observed via western-blot. Furthermore, the liver microcirculation was observed by inverted microscopy. The HPLC analysis indicated that the main components of Rho were flavan polymers. The results of histopathological analysis showed that Rho could ameliorate hepatic steatosis in DIO, KKAy, and Model-T hepatic steatosis mouse models, respectively. After Rho treatment in DIO mice, insulin resistance was improved with increasing glucose infusion rate (GIR) in hyperinsulinemic-euglycemic clamp, and decreasing areas under the blood glucose-time curve (AUC) in both ITT and GTT; the pathways involved in fatty acid uptake and de novo lipogenesis were both down-regulated, respectively. However, the pathways involved in beta-oxidation and VLDL-export on hepatic steatosis were not changed significantly. The liver microcirculation disturbances were also improved by Rho in DIO mice. These results suggest that Rho is a lead nature product for hepatic steatosis treatment. The mechanism is related to enhancing insulin sensitivity, suppressing fatty acid uptake and inhibiting de novo lipogenesis in liver.

Keywords: a fraction from Rhodiola crenulate (Rho), non-alcoholic fatty liver disease (NAFLD), hepatic steatosis, insulin resistance, hepatic lipid metabolism


INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD), a spectrum of liver disease developing progressively from simple steatosis to steatohepatitis, fibrosis, and cirrhosis, is increasing worldwide with the incidence of 20–30% in Western countries and 5–18% in Asia (Sayiner et al., 2016) and is caused by a multitude of factors including the insulin resistance (Bugianesi et al., 2010; Petta et al., 2016). In normal conditions, insulin inhibits the lipolysis of white adipose tissue and gluconeogenesis of liver, but promotes hepatic lipogenesis; in insulin-resistant states, usually, the inhibitions of lipolysis and gluconeogenesis are failed, but the promotion of lipogenesis is preserved (Gruben et al., 2014). As a result, the auxo-action of insulin resistance in hepatic steatosis/NASH is induced by enhancing de novo lipogenesis in liver and subsequent lipolysis in adipose tissue. Therefore, insulin resistance plays a key role in the progression of NAFLD and maybe a therapeutic target for its treatment.

Vitamin E and pioglitazone currently remain the first line off label drugs for NASH. Several agents are currently in intermediate or advanced stages of development, however, no specific drugs for NAFLD have been approved yet (Banini and Sanyal, 2017). Here, we identified Rho, the active fractions from Rhodiola crenulate, as an effective nature product for NAFLD treatment. Rhodiola crenulata has been used for the treatment of cardiovascular disease for more than one thousand years in China. It is classified to Crassulaceae family, and contains phenols, flavonoids, and other compounds, which produce antioxidant, anti-inflammatory, antidepressant, anti-fatigue, cardiac protection, neuroprotection, and anti-lipogenesis effects (Wu et al., 2009; Chan, 2012; Grech-Baran et al., 2015). In this study, we demonstrated that Rho could improve hepatic steatosis in three NAFLD animal models. Moreover, its mechanism, including the insulin sensitizing effect and the pathways involved in hepatic lipid metabolism, was investigated in DIO mice.



METHODS


Preparation of Active Fractions From Rhodiola crenulata (Rho)

The roots of R. crenulata were collected in October 2010 from Shannan Tibet Autonomous Region, and identified by Prof. Lin Ma (Institute of Materia Medica, Peking Union Medical College and Chinese Academy of Medical Sciences, Beijing, China). Its voucher specimen was deposited in the Herbarium of the Department of Medicinal plants, Institute of Materia Media, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, P. R. China.

Dried roots (100 kg) of R. crenulata were extracted with 80% EtOH for three times. After the solvent was evaporated under reduced pressure, the residue was resuspended in H2O (50 L) for 24 h. The deposits were filtered from the solution. Then, the aqueous layer (18 Kg) was concentrated under reduced pressure, and applied to a HP-20 macroporous adsorbent resin (40 Kg, dried weight) column. Successive elution from the column with H2O (RC-1), 15% EtOH (RC-2), 30% EtOH (RC-3), 50% EtOH (RC-4), 70% EtOH (RC-5), and finally 95% EtOH (RC-6) yielded five corresponding fractions after removing solvents.

The chemical constituents of the prepared RC-3 were analyzed by high-performance liquid chromatography (HPLC) consisting of a quaternary delivery system, an auto-sampler, and a diode array detector (DAD). The analysis was performed on an Apollo C18 (250 mm × 4.6 mm, 5 μm) column using the mixture of methanol (A) and 0.2% acetic acid (B) as mobile phase in an elution program (0–30 min, 5% A to 15% A; 30–60 min, 15% A; 60–80 min, 15% A to 25% A; 80–90 min, 25% A to 100% A; 90–100 min, 100% A). The flow rate was 1.0 ml/min and the chromatogram was recorded at 280 nm.



Chemicals and Reagents

Fenofibrate (Feno) from Fournier Pharma (France); Fluvastatin (Flu) from Beijing Novartis Pharma Ltd; Tetracycline was purchased from AMRESCO (USA); Polyene Phosphatidylcholine (PPC) from Sanofi, Beijing (China); Rosiglitazone (Rosi) from GSK, China; Anti-β-actin antibody, anti-FAS antibody, anti-ACC antibody from Cell Signaling Technology (USA); anti-MTTP antibody, anti-CPT-1 antibody, anti-CD36 antibody from Abcam (USA); anti-SREBP-1c antibody from SANTA (USA); commercial kits for liver triglyceride, ECL reactions from Applygen Technologies Inc.



Animal and Diets

All animals were purchased from the Animal Center of Institute of Laboratory Animal Sciences, CAMS & PUMC, and grouped housed (four mice per cage) in grommet cages under the condition of temperature 21~23°C, humidity 40~60%, 12 h light/dark cycle, ad libitum access to water and chow diet. Efforts were made to minimize animal suffering. All animal experiments were performed in accordance with the guidelines established by the National Institutes of Health for the care and use of laboratory animals and were approved by the Animal Care Committee of CAMS & PUMC.

The DIO mice were induced by HFD (containing 50% fat, 36% carbohydrate, and 14% protein in energy) in male 4 weeks C57BL/6 mice. After a 12-week induction, mice with body weight >40 g were selected and randomly divided into three groups (n = 8): the DIO group, Positive drug group (Feno, 100 mg/kg body weight/d; or Flu, 50 mg/kg body weight/d; or Rosi, 8 mg/kg body weight/d), and Rho treatment group (200 mg/kg body weight/d). Meanwhile, aged-matched mice fed with the standard chow diet (containing 12% fat, 62% carbohydrate, and 26% protein in energy) were used as normal control (Con).

The male KKAy mice, which were 11 weeks old with the average weight about 35 g, were fed chow diet (1K65, Beijing HFK Bioscience Co. Ltd., China), and randomly divided into three groups (n = 8): model control KKAy, PPC-K, and Rho-K; and orally treated with water, PPC (200 mg/kg body weight/d), and Rho (400 mg/kg body weight/d), respectively.

Model-T mice were induced with HFD for 11 weeks and then intraperitoneally injected with tetracycline (50 mg/kg body weight/d) for 17 days in male 4 weeks old C57BL/6 mice. The model mice were also divided into three groups (n = 8): the model control Model-T, PPC-T, and Rho-T; administrated with water, PPC (200 mg/kg body weight/d), and Rho (200 mg/kg body weight/d), respectively. Aged-matched mice fed with the standard chow diet were used as normal control (Con-T).



Insulin Sensitivity Evaluation

Insulin tolerance test (ITT) and intraperitoneal glucose tolerance test (IPGTT) were performed as previously described (Tian et al., 2015). Briefly, mice were fasted for 2 h. Blood samples were collected from tails for determination of baseline values of blood glucose (t = 0 min). The mice were then subcutaneous injected with insulin 0.27 U/kg or intraperitoneal injected with glucose 1 g/kg, then blood samples were collected at 30, 60, 120 min for glucose measurement. The levels of blood glucose were measured by a glucose oxidase (GOD) method. The values of area under the glucose-time curve (AUC) were calculated.

The hyperinsulinemic-euglycemic clamp test was conducted according to a protocol previously published (Ye et al., 2008). Briefly, after fasting for 4 h, the serum insulin level of mouse was clamped by injecting insulin at 60 pmol/kg/min rates, meanwhile, its homeostatic blood glucose was maintain at normal physiological level by infusing 10% glucose at the different rates. The glucose infusion rate (GIR) was calculated when the blood glucose was maintained at 95 ± 5 mg/dl for more than 20 min.



Histological Analysis of Liver

After 5 weeks of treatment for DIO mice, 8 weeks of treatment for KKAy mice, 6 weeks of treatment for Model-T mice, mice were sacrificed after a 16-h fasting. Liver tissues were dissected quickly on ice. Parts of them (the left middle lobe) were immediately fixed in 4% paraformaldehyde, paraffin embedded, and then stained with hematoxylin and eosin. Hepatic steatosis was graded on the basis of the semiquantitative scoring system as previously described (Ma et al., 2011).



Determination of Triglyceride Content in Liver

After 5 weeks of treatment for DIO mice, TG content were determined, the Left lateral lobe was collected. The TG content of liver were extracted according to the method published previously (Bligh and Dyer, 1959), and determined with the commercial biochemical kits (Jian Cheng Bioengineering Institute, Nanjing, China).



Western-Blot Analysis

After 5 weeks of treatment for DIO mice, livers were homogenized in ice-cold buffer (containing 50 mM HEPES, 10 mM sodium pyrophosphate, 100 mM sodium fluoride, 2 mM sodium orthovanadate, 1% NP-40, 4 mM EDTA, and 2 mM PMSF, pH 7.4). Western blotting was performed to determine the pathways related to hepatic lipid metabolism as previously described (Ma et al., 2011). The gel image analysis system (Flurochem 5500, Alpha Innotech, USA) was used for the images acquisition.



Determination of Microcirculatory Parameters

The hepatic microcirculation in DIO mice was observed with stereomicroscope (DM-IRB, Leica, Germany), and recorded with a color camera (JK-TU53H, 3CCD camera, Toshiba, Japan) and a DVD recorder (DVR-R25, Malata, China), respectively, as the method previously described (Chen et al., 2008).



Statistical Methods

The data were analyzed by one-way ANOVA analysis. All values are presented as means ± SD, and statistical significance was set at a value of P < 0.05.




RESULTS


Analysis of Chemical Constituents in Rho

The results indicated that the main components of the RC-3 are flavan polymers (Figure 1A). A literature (Thompson et al., 1972) search revealed that acid-mediated depolymerization of flavan polymers in the presence of thiol nucleophiles leads to β-C-4 substituted flavanol derivatives (Figure 1B). Hence, the main contents of RC-3 were confirmed as flavan polymers by using the reported method. The analysis of the thiolysis of RC-3 was performed by the same HPLC method with that of RC-3 (Figure 1C)
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FIGURE 1. Analysis of chemical constituents in RC-3. (A) HPLC analysis of RC-3. (B) Acid-mediated depolymerization of flavan polymers in the presence of thiol nucleophiles. (C) HPLC analysis of the thiolysis of the RC-3.





Rho Ameliorates Hepatic Steatosis in 3 Animal Models

The hepatic steatosis in DIO mice was induced by long-term ad libitum feeding of HFD which contents much higher fat (50%) compared with the chow diet (12%). In this manner, the process of hepatic steatosis reflects well the clinical cases (Cong et al., 2008). The DIO mice displayed marked macrovesicular and microvesicular steatosis in liver (Figure 2A). Semiquantitative scoring result showed that the score of the DIO mice was 2.1-fold increased compared with that of Con mice (Figure 2D). The hepatic steatosis was significantly improved by Rho treatment with 35.5% reduction in lipid accumulation compared with DIO mice (Figures 2A,D). The hepatic TG content in DIO mice was 6.5-fold increased compared with that in Con mice. Notably, the elevated TG content was decreased by 35.8% in Rho treatment group (Figure 2E).
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FIGURE 2. The effect of Rho on hepatic steatosis. (A) Liver histopathological analysis in DIO mice. (B) Liver histopathological analysis in KKAy mice. (C) Liver histopathological analysis in high-fat diet combined with tetracycline-induced Model-T mice. (H&E stained) (D) Semiquantitative scoring of steatosis. (E) Hepatic triglyceride content. ###p < 0.001 vs. normal control group; *p < 0.05, **p < 0.01, ***p < 0.001, vs. model control group, respectively, n = 8.



The KKAy mice are tipical T2DM animal model with obese, hyperglycemic, hyperinsulinemic, insulin resistant, and obvious hepatic steatosis (Yamamoto et al., 2010). KKAy mice exhibited obvious hepatic steatosis with hepatocyte lipidosis throughout the entire lobule, and the hepatic cords structure was not clear (Figure 2B). After 8 weeks Rho treatment, the elevated hepatocyte lipidosis was completely ameliorated with 33.3% decrease in the hepatic steatosis scores compared with that in KKAy mice (Figures 2B,D).

Model-T is an animal model of drug-induced hepatotoxicity and steatosis (Heaton et al., 2007; Brüning et al., 2014). It is found that tetracycline can induce hepatic mcrovesicular steatosis, which is severe and even fatal in some vulnerable patients, by regulating the expressions of the genes associated with lipid metabolism, such as increased biosynthesis of TG and cholesterol, decreased β-oxidation of fatty acids (Bhagavan et al., 1982; Yin et al., 2006). In Model-T mice, the lobules displayed severe lipidosis and ballooning degeneration (Figure 2C). Rho treatment significantly ameliorated the steatosis and hepatocyte swelling. The steatosis score in Model-T group was significantly increased compared with that in Con-T group, and decreased by 25% after Rho treatment (Figure 2D).



Rho Improves Insulin Resistance in DIO Mice

Glucose infusion rate (GIR) in hyperinsulinemic-euglycemic clamp test is the recognized gold index for the evaluation of insulin sensitivity in vivo. In our studies, the GIR value in DIO mice was 79.9% lower than that in Con mice. After 3 weeks of treatment, GIR was increased by 141.1, 158.7, and 108.7% in Rosi, Feno, and Rho group, respectively, compared with that in DIO group (Figure 3A).
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FIGURE 3. Effects of Rho on insulin resistance in high-fat-diet induced DIO mice. (A) Values of GIR in hyperinsulinemic-euglycemic clamp test. The DIO mice were administrated with Rho (200 mg/kg) for 20 days. Both rosiglitazone (Rosi, 10 mg/kg) and fenofibrate (Feno, 10 mg/kg) were used as the positive control. After fasting for 4 h, the animals were infused insulin at 60 pmol/kg/min rates and 10% glucose at different rates for clamping the level of blood glucose at 95 ± 5 mg/dl. (B) Changes of fasting plasma insulin. (C) Changes of blood glucose levels in ITT. (D) Values of AUC-ITT. E, Changes of blood glucose in IPGTT. (F) Values of AUC-IPGTT, n = 8. ###p < 0.001 vs. Con; *p < 0.05, **p < 0.01, ***p < 0.001 vs. DIO.



Furthermore, to evaluate the insulin sensitizing effect of Rho, ITT, and IPGTT were conducted at day 22 and day 25, respectively. DIO mice exhibited a higher level of glucose in response to insulin and glucose load (Figures 3C,E). The two parameters, AUC-ITT (area under the curve in ITT) and AUC-IPGTT (area under the curve in IPGTT) were both much higher in DIO mice than those of control mice (Figures 3D,F). Rho administration suppressed the elevated glucose levels both in ITT and IPGTT (Figures 3C,E). Consistently, the elevated AUC-ITT and AUC-IPGTT was reduced by 18.9% and 15.5%, respectively (Figures 3D,F).

The FPI (fasting plasma insulin) was also determined to evaluate the insulin sensitizing effect of Rho. As shown in Figure 3B, DIO mice displayed notable hyperinsulinemia compared to Con mice; Rho treatment decreased the FPI significantly and had comparable effects with the positive drug.



Rho Ameliorates Hepatic Microcirculation Disturbances in DIO Mice

The hepatic microcirculation was observed by inverted microscopy, the central venular diameter, sinusoids perfusion, velocities of RBCs and shear rate of RBCs in central veins area were estimated, respectively. As shown in Figure 4, Rho could ameliorate the hepatic microcirculation disturbances. The narrowed central vein diameter in DIO mice was expanded by 14.9% after Rho treatment (Figures 4A,B). Compared with Con mice, the number of perfused sinusoids in central veins area was 64.6% decreased in DIO mice; after Rho treatment it was increased by 67.6% compared with that in DIO mice (Figures 4C,D). The RBCs velocity and share rates in central veins area were also enhanced by Rho treatment, and the enhancement was 55.3 and 32.9% compared with that in DIO mice, respectively (Figures 4E,F).
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FIGURE 4. Effects of Rho on hepatic microcirculation disturbances in DIO mice. (A) Representative images of central venular diameter (×200). (B) Central venular diameter. (C) Representative images of sinusoids of central veins area (×200). (D) Perfused sinusoids in the central veins area (per field). (E) The velocity of RBCs in central veins. (F) Shear rates of RBCs in central veins. Data are shown as the means ± SD. ##p < 0.01, ###p < 0.001 vs. Con; *p < 0.05, **p < 0.01 vs. DIO, n = 8.





Rho Changes Pathways Involved in Hepatic Lipid Metabolism in DIO Mice

After 5 weeks of Rho treatment in DIO mice, the pathways involved in hepatic lipid metabolism including uptake, lipogenesis, oxidation and export were evaluated by Western Blot. As shown in Figure 5, the expression of CD36, SREBP-1c, FAS, ACC, CPT-1, and MTTP was up-regulated in livers of DIO mice, which indicated that the 4 pathways were all enhanced by HFD inducement. Remarkably, the pathways involved in fatty acid uptake and de novo lipogenesis were both down-regulated by Rho treatment with decreased expression of CD36, FAS, and ACC. However, the pathways involved in beta-oxidation and VLDL-export on hepatic steatosis were not changed significantly without changing the protein level of CPT-1 and MTTP.
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FIGURE 5. Effect of Rho on the pathways involved in hepatic lipid metabolism in DIO mice. (A) Expression of CD36, SREBP-1, FAS, ACC, CPT-1, and MTTP in liver. (B) Band intensities of proteins quantified by densitometry. Each data is from three independent tests. #p < 0.05, ##p < 0.01 vs. Con; *p < 0.05, **p < 0.01 vs. DIO.






DISCUSSION

Numerous studies have shown that R. crenulata has neuroprotective, anti-tumor, anti-inflammatory, anti-depression, anti-fatigue, immune regulation, and other effects (Lekomtseva et al., 2017; Wei et al., 2017). Lin et al. indicated that R. crenulata root extract (RCE), which contained 3.5% salidroside, regulated hepatic glycogen, and lipid metabolism in vitro (HepG2 cells) and in vivo (SD rats) via activation of the AMPK pathway (Lin et al., 2016). These results suggest that RCE is a potential intervention for patients with NAFLD. However, this inference is not reliable because the animal model used in this study did not have lipid accumulation in the liver, and the SD rats were fed RCE just for 3 days. David Vauzour et al. indicated that n-3 Fatty acids combined with flavan-3-ols (FLAV) prevent steatosis and liver injury in a murine model by regulating the expression of genes involved in hepatic lipid accumulation, such as PPARα (Vauzour et al., 2018). FLAV, a class of plant bioactive flavonoid compounds found in cocoa, tea, and berries, were found to have the effects of insulin sensitizing, antioxidant and anti-inflammation, and used as an emerging dietary strategy for NAFLD prevention (Rodriguez-Ramiro et al., 2016). In our study, the HPLC analysis indicated that the main components of Rho were flavan polymers. Rho ameliorated hepatic steatosis in three NAFLD mice models including high-fat diet-induced DIO mice, KKAy mice, and HFD combined with tetracycline stimulated Model-T mice. These results suggest that Rho is a lead nature product for NAFLD treatment.


Rho Decreased the Uptake of Free Fatty Acids via Down-Regulating the Expression of CD36 in the Liver of DIO Mice

In steatosis, the early stadge of NAFLD, the imbalance between lipid storage and lipid removal in the liver results in the triacylglycerols (TAGs) accumulation (Bugianesi et al., 2010). The lipid storage mainly derived from the uptake of free fatty acids and de novo synthesis within the liver. The lipid removal is mainly derived from fatty acid oxidation in the mitochondria and the VLDL export. CD36 is an important membrane protein for FFAs uptake. The up-regulated expression of CD36 was observed in some pathological conditions such as obesity, diabetes and non-alcoholic fatty liver disease, resulted in the increasing uptake of free fatty acids into the liver (Koonen et al., 2007). Miquilena-Colina ME et al. showed that overexpression of CD36 is strongly associated with insulin resistance (Miquilena-Colina et al., 2011). In this study, the hepatic expression of CD36 in DIO mice was raised. Rho treatment reduced the expression of CD36, thus reduced the intake of liver fatty acids and improved lipid accumulation in the liver. Though the detail mechanism between insulin resistance and CD36 expression is still unknown, the down-regulation of CD36 might be relate to the improvement of insulin resistance. Carnitine palmitoyl transferase 1 (CPT1) is the key factor in fatty acid oxidation in the mitochondria (Orellana-Gavaldà et al., 2011). The human microsomal triglyceride transfer protein (MTTP) carries lipid transfer function to remove lipid from liver by the assembly and secretion of very-low-density lipoprotein (VLDL) (Pereira et al., 2011). In DIO mice, the CPT1 expression was up-regulated, and there were no changes observed in the MTTP expression. Rho treatment did not affect the expression of the two proteins mentioned above. These results indicated that the pathways involved in beta-oxidation and VLDL-export on hepatic steatosis were not changed significantly after Rho treatment. Usually, hepatic lipogenesis means TG synthesized from the esterification of free fatty acids (FFA) with glycerol-3-phosphate (Rodríguez et al., 2006). Tglycerol-3-phosphate derives from three metabolic sources: (1) glucose from glycolysis; (2) lipolysis-derived glycerol; and (3) glycerol uptake mediated by AQP9 (Rodríguez et al., 2011; Calamita et al., 2012), which expresses lower during NAFLD in patients and in murine models (Gena et al., 2013; Rodríguez et al., 2014). The down-regulated expression of AQP9 may be a compensatory mechanism to decrease the de novo TG synthesis. Sexual dimorphism in hepatocyte glycerol permeability might be a significant cause for their different prevalence of insulin resistance and NAFLD (Rodríguez et al., 2015). The change of the AQP9 and the gender difference was not observed in this study. These issues should be addressed in the future.



Rho Decreased the de Novo Lipogenesis via Down-Regulating the Expression of SREBP-1c, FAS, and ACC in the Liver of DIO Mice

The expressions of SREBP-1c, FAS, and ACC in the liver affect the hepatic de novo synthesis. SREBP-1c is considered the major mediator for the insulin-regulated lipogenesis. It is up-regulated in NAFLD and plays an important role in the lipid accumulation in fatty liver (Ferre and Foufelle, 2010). In our study, the hepatic expression of SREBP-1c in the DIO mice was significantly higher than that in Con mice. Rho had a tendency to reduce SREBP-1c expression in DIO mice. SREBP-1c has been reported to activate FAS and ACC promoters (Wang et al., 2015). Fatty acid synthase (FAS) can catalyzes the de novo synthesis of fatty acids in cytoplasm (Jensen-Urstad and Semenkovich, 2012). Our results showed that the hepatic expression of FAS in DIO mouse was significantly higher than that in Con mice; Rho has the effect of reducing FAS protein expression, reducing de novo synthesis of fatty acids in liver to improve lipid accumulation in the liver. The first step, also the rate limiting step, in fatty acid biosynthesis is the reaction of ATP-dependent carboxylation of acetyl-CoA to form malonyl-CoA, and is catalyzed by acetyl-CoA carboxylase (ACC) (Tong and Harwood, 2006). In this study, the hepatic expression of ACC in DIO mice was significantly higher than that in Con mice. Rho has the effect of down-regulating ACC protein expression and reducing the synthesis of fatty acids.



Rho Decreased the de Novo Lipogenesis via Improving Insulin Resistance in DIO Mice

Insulin resistance plays a key role in hepatic lipid (especially fatty acids) accumulation and the subsequent increase of adipose tissue lipolysis (Bugianesi et al., 2010). In insulin resistance state, the pancreas compensates to increase the production of insulin to maintain normal glucose levels. It is reported that the higher level of insulin over-stimulates de novo lipogenesis, and leads to lipids accumulation based on the regulation of SREBP-1c (Shimomura et al., 2000; Konner and Bruning, 2012). As mentioned above, SREBP-1c is a key regulator in de novo adipogenesis (Rawson, 2003; Wang et al., 2015). Insulin is considered an important SREBP-1c activator that induces SREBP-1c expression via multiple insulin signaling pathways such as mTORC1, PI3K-AKT, and others (Wong and Sul, 2010; Shao and Espenshade, 2012; Alam et al., 2016). This indicates that improving insulin resistance may reduce the lipid synthesis and accumulation in the liver. This insulin sensitizing effect may relate to the down-regulated SREBP-1c expressions in Rho treatment group.



Rho Improved Insulin Resistance via Inhibiting PTP1B Activity in DIO Mice

The protein tyrosine phosphatase1B (PTP1B) is a negative regulator of both insulin and leptin signaling, and shows a highly validated therapeutic target for the treatment of diabetes and obesity (Zhang and Zhang, 2007). In previous study in our lab, Rho was proved to have inhibitory effect on PTP1B (IC50 = 0.106 mg·L−1) (Tian et al., 2016). This might contribute to the insulin sensitizing effects of Rho. The mechanism of the improvement effects of Rho was summarized as follows:
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Furthermore, Rho was observed to ameliorate hepatic microcirculation disturbances in DIO mice in this study. It might be speculated that Rho ameliorated the lipid accumulation in liver, and the specific mechanism needs to be further explored.

In conclusion, our data suggest that Rho is a lead nature product for hepatic steatosis treatment. Its mechanism is related to improving insulin resistance, suppressing fatty acid uptake, inhibiting de novo lipogenesis, and could ameliorate microcirculatory disturbances in liver.
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Intricate health problems, such as insulin resistance (IR) and its associated diseases, call for multi-targeted therapies with few side effects. Based on traditional Chinese medicine (TCM), Dai-Zong-Fang (DZF) is an herbal formula mainly composed of Rhizoma Coptidis (Huanglian) and Fructus Aurantii Immaturus (Zhishi), of which berberine and naringin are the main constituents. Though DZF has been clinically used for treatment of IR and metabolic syndrome for decades, its mechanism in vivo remains unknown. In the present study, we observed that both DZF and metformin, the first-line drug for type 2 diabetes, ameliorated insulin resistance with significant improvement of oral glucose tolerance test (OGTT) and homeostasis model assessment of IR (HOMA-IR) level in diabetic C57BL/Ksj-Lepr db−/− (db/db) mice. Low-density lipoprotein cholesterol (LDL-C) and fatty acids (FAs) also decreased in the blood. Higher dose of DZF (1 g·kg−1), but not metformin (0.25 g·kg−1), alleviated hepatic steatosis with reduced liver weight and hepatic lipid accumulation and provided protection from hepatic injury with lower alanine aminotransferase and aspartate aminotransferase and increased hepatic superoxide dismutase activity in db/db mice. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) showed a decrease in FA synthase gene (Fasn) and an increase in FA oxidation gene Ppara expression. Western blot demonstrated that both DZF and metformin activated 5′ AMP-activated protein kinase (AMPK) but inhibited Notch intracellular domain (NICD) and Hairy/enhancer-of-split 1 (Hes1) of Notch signaling pathway in the liver. DZF also dramatically improved the ultrastructure of skeletal muscles, AMPK phosphorylation, and GLUT4 translocation. DZF also promoted FA transport and oxidation with Cd36 and Cpt1b up-regulation in the skeletal muscle. In conclusion, DZF improves insulin sensitivity by reducing hepatic lipids through AMPK activation and Notch signal pathway inhibition and enhancing energy metabolism in the skeletal muscle via AMPK. This study provides insights into the treatment of complex conditions, such as IR, where TCM herbal formulas exert multipronged effects through correlating pathways.

Keywords: traditional Chinese medicine, Dai-Zong-Fang formula, insulin resistance, hepatic steatosis, skeletal muscle mitochondria, AMPK, notch signaling, db/db mice


INTRODUCTION

With the epidemic of obesity, rising prevalence is observed in intertwined diseases, such as metabolic syndrome (MetS), nonalcoholic fatty liver disease (NAFLD), type 2 diabetes mellitus (T2DM), and atherosclerotic heart disease (Samuel and Shulman, 2012). T2DM is one of the most urgent health problems, affecting 425 million adults across the globe and leading to substantial complications (IDF, 2017). Insulin resistance (IR) is a forerunner and hallmark of T2DM and also a common pathophysiological mechanism of MetS and NAFLD, for which therapies mainly rely on lifestyle and weight loss (Asrih and Jornayvaz, 2015). IR is associated with myocardial dysfunction before the onset of diabetes (Fontes-Carvalho et al., 2015). Thus, understanding IR pathogenesis and finding proper therapies have become increasingly important.

Systemic IR results from the interactions of different tissues and cell types (Tomas et al., 2004; Samuel and Shulman, 2012; Odegaard and Chawla, 2013). Accumulation of ectopic lipids in the liver, muscle, or other tissues, together with mitochondrial defects, converge to promote IR (Samuel and Shulman, 2016). The liver and skeletal muscles both serve as depots of energy and are also main tissues of lipid and glucose metabolism. Hepatic lipid deposits contribute to fasting blood glucose (FBG), dyslipidemia, and IR and probably form prior to alterations in other tissues (Kotronen et al., 2008). Skeletal muscle plays an important role in peripheral glucose uptake, insulin-stimulated glucose disposal, and whole-body energy homeostasis (Shulman et al., 1990). Fatty acids (FAs) partly originate from the hydrolysis of triglyceride (TG)-rich lipoproteins, which are secreted by the hepatic tissue, and can be uptaken by skeletal muscle mitochondria for oxidation (Goldberg and Ginsberg, 2006). Skeletal muscle mitochondria provide a platform for ATP generation by oxidation of lipids and carbohydrates (Montgomery and Turner, 2015), and its dysfunction (possibly due to excessive FA influx) serves as an important factor in IR pathogenesis (Montgomery and Turner, 2015; Turner and Robker, 2015), which promotes energy conversion into hepatic de novo lipogenesis, thus promoting atherogenic dyslipidemia (Kotronen et al., 2008).

IR occurs under any defects of the insulin signaling pathway. Insulin binds to the subunit of insulin receptor, phosphorylates the insulin receptor substrate (IRS) proteins, and then promotes activation of phosphatidylinositol 3 kinase (PI3K) and protein kinase B (PKB [Akt]), which are essential for reduction of hepatic glyconeogenesis and insulin-stimulated translocation of glucose transporter 4 (GLUT4) to the plasma membrane in the skeletal muscles (Okada et al., 1994). In recent years, studies have revealed the key role of Notch signaling pathway, which is regarded a novel regulator of metabolism (Bi and Kuang, 2015). Abnormal activation of Notch signaling in the liver is associated with hepatic lipogenesis, thus inducing IR, hyperglycemia, and fatty liver disease (Pajvani et al., 2011, 2013; Valenti et al., 2013; Geisler and Strazzabosco, 2015); however, Notch signaling can be inhibited by 5′ AMP-activated protein kinase (AMPK) activation (Li et al., 2014). AMPK is a fuel-sensing enzyme, and it can regulate a wide array of events, such as glucose transport, FA oxidation, and mitochondrial function. (Ruderman et al., 2013). Pharmacological AMPK activation (Ruderman et al., 2013) and Notch inhibition (Liu et al., 2013) improve IR.

The concept of wholism is a major characteristic of traditional Chinese medicine (TCM). In the perception of intricate problems, such as IR, TCM provides insights from a macroscopic perspective. Dai-Zong-Fang (DZF), an herbal formula based on TCM, has been used in TCM clinic for decades and mainly composed of Rhizoma Coptidis (Huanglian) and Fructus Aurantii Immaturus (Zhishi). In previous studies, DZF was proven to be significantly effective in glucose and lipid disorders in patients with metabolic syndrome (Zhu et al., 2017). DZF lowered blood glucose and serum lipids and ameliorated IR in diabetic KKAy mice (Zhao, 2017). In in vitro studies, DZF inhibited intracellular lipid accumulation in HepG2 cells induced by oleic acid (Dong et al., 2015). DZF also promotes glucose consumption and regulates the dynamic balance of lipolysis and lipogenesis in 3T3-L1 adipocytes (Zhu et al., 2015). DZF increases glucose uptake in C2C12 skeletal muscle cells by promoting GLUT4 translocation (Zhao et al., 2016). However, no study has elucidated the in vivo mechanism, which is essential due to systemic interaction, for the effect of DZF. In the present study, we further defined the effects of DZF on insulin-resistant (Kodama et al., 1994), obese, and diabetic C57BL/Ksj-Lepr db−/− (db/db) mice and the underlying mechanisms.



RESULTS


Qualitative Analysis of Bioactive Compounds in DZF Formula

DZF extract (dried powder) was provided and produced by Zhejiang Jiu Xu pharmaceutical Co., LTD (Jinhua, China, #20141201). The formula was traditionally prepared as decoction, but it was optimized for better and stable extraction ratio of effective constituents and for improved pharmacological efficacy. The contents of representative chemical compositions in DZF were determined by high-performance liquid chromatography (HPLC), and their constancy and reproducibility were ensured. Figure 1 shows the chromatograms of the primarily identified and quantified components of DZF, and Table 1 lists their specific contents.
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FIGURE 1. Representative chromatogram of major compounds in DZF. 1. Naringin; 2. Hesperidin; 3. Neohesperidin; 4. Jatrorrhizine; 5. Palmatine; 6. Berberine.





Table 1. Contents of the main identified compounds in DZF extract.
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Fasting Blood Glucose and Body Weight of db/db Mice

FBG and body weight were evaluated after 6 h of food removal. Blood was drawn from the tail veins. As shown in Figure 2A, during 12 weeks of observation, db/db mice presented significant hyperglycemia compared with the wild-type controls (p < 0.001). FBG of the vehicle db/db mice continuously increased, whereas metformin administration significantly lowered blood glucose (p < 0.05). DZF exerted a hypoglycemic effect on db/db mice in the first 8 weeks (p < 0.05). With the progress of diabetic conditions, hypoglycemic effect of DZF weakened (p > 0.05). No significant difference was observed in body weight between the groups at the end of the experiments. However, metformin presented a weight-gain effect in db/db mice (p = 0.064), which contradicts clinical observations. At the eighth week, higher body weight was observed in metformin-treated mice than that those administered with DZF (0.5 g·kg−1) (p < 0.05, Figure 2B).
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FIGURE 2. Effects on FBG (A), body weight (B) after vehicle, metformin, and DZF administration in db/db mice. Data are described as mean ± SD (n = 10). ###p < 0.001 vs. WT control; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. db/db+ vehicle. &p < 0.05 vs. db/db+ metformin.





DZF Improves Insulin Sensitivity in db/db Mice

Oral glucose tolerance test (OGTT), fasting serum insulin, and homeostasis model assessment of insulin resistance (HOMA-IR) were assessed to determine insulin sensitivity. OGTT was conducted on the 11th week, whereas insulin and HOMA-IR were assessed after 12 weeks of administration. Compared with the wild-type controls, the vehicle db/db mice presented significantly higher blood glucose both before and after glucose administration (Figure 3A). Metformin and both doses of DZF reduced the area under the curve (AUC, Figure 3B), indicating that these compounds improved glucose tolerance in db/db mice. Fasting serum insulin and HOMA-IR in vehicle db/db mice markedly increased compared with wild type controls (p < 0.001). Serum insulin level and HOMA-IR significantly reduced after administration of both doses of DZF (p < 0.001) and were lower than those with metformin treatment (p < 0.01, Figures 3C,D). Leptin levels decreased compared with the wild-type controls (p < 0.001) in db/db mice. Between the groups of db/db mice, there were no significant difference (p > 0.05) (Figure 3E). For the investigation of the mechanism of DZF effect, we mainly focused on the higher dose (1 g·kg−1) of DZF given that it achieved more manifested effects than the lower measurement (0.5 g·kg−1). As shown by Western blot, both DZF (1 g·kg−1) and metformin can increase Akt phosphorylation (p < 0.01) and phospho-IRS-1 relative expression (Figures 3F–H), indicating that DZF exhibited the potential to stimulate insulin signaling pathway in the liver of db/db mice.
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FIGURE 3. Effects on IR after vehicle, metformin, and DZF administration in db/db mice. (A) OGTT; (B) AUCs of OGTT, normalized by wild-type control; (C) Serum insulin concentration; (D) HOMA-IR = [fasting glucose (mmol/l)] × [fasting insulin (μU/ml)] /22.5. (E) Serum leptin concentration; (F–H) Representative immunoblots of IRS-1 and Akt phosphorylation in the liver of wild-type and vehicle-, metformin-, and DZF- (1 g·kg−1) treated db/db mice. Data are described as mean ± SD. (A–D) n = 10; (E) n = 7; (F–H) n = 3. #p < 0.05, ###p < 0.001 vs. WT control; *p < 0.05, **p < 0.01 and ***p < 0.001 vs. db/db+ vehicle; &p < 0.05, &&p < 0.01 and &&&p < 0.001 vs. db/db+metformin.





DZF Lowers Serum Low-Density Lipoprotein Cholesterol (LDL-C) and Non-esterified FA (NEFA) in db/db Mice

Serum lipid profiles, including total cholesterol (CHOL), LDL-C, high-density lipoprotein cholesterol (HDL-C), TG, and NEFA, were detected (Figure 4). Compared with the wild-type controls, all lipid profiles presented a notable increase in db/db mice (p < 0.001 or p < 0.05). Metformin significantly reduced LDL-C and TG levels (p < 0.01 and p < 0.05, respectively) and increased HDL-C level (p < 0.05). Both doses of DZF lowered LDL-C, whereas the higher-dose DZF (1 g·kg−1) also reduced serum NEFA (p < 0.05). In the present study, no significant change was observed in serum CHOL, HDL-C, and TG with DZF administration (p > 0.05).
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FIGURE 4. Serum lipid profiles in wild-type and vehicle-, metformin-, and DZF-treated db/db mice. (A) Serum CHOL level; (B) Serum LDL-C level; (C) HDL-C level; (D) Serum TG level; (E) Serum NEFA level. Data are described as mean ± SD. (A–D) n = 10; (E) n = 7. #p < 0.05, ###p < 0.001 vs. WT control; *p < 0.05, **p < 0.01 vs. db/db+ vehicle.





DZF Improves Hepatic Steatosis and Injury in db/db Mice

Hepatic Steatosis

Compared with the wild-type controls, a significant increase in liver weight (g/100 g body weight) was noted in db/db mice (p < 0.001). DZF (1 g·kg−1) lowered liver weight with a significant difference (p < 0.01) in comparison with metformin, which exhibited no notable effect (p > 0.05, Figure 5A). In db/db mice, hepatic TG was much higher than that in wild-type controls (p < 0.001, Figure 5B). In this experiment, metformin reduced hepatic TG but with no significant difference (p > 0.05). Both doses of DZF remarkably reduced hepatic TG levels (p < 0.01). In hematoxylin and eosin (H&E) staining, mixed appearances of microvesicular and macrovesicular steatosis, visible inflammatory cell accumulation, and structural disorganization of hepatocytes were observed in the liver of vehicle db/db mice. Hepatic steatosis was more notable in Oil Red O staining as we can observe impressive lipid diffusion (red stain). Such situations were reversed in the DZF groups, wherein lipid droplets decreased in the hepatic tissues. However, the effect of metformin was not as significant (Figure 5C).
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FIGURE 5. Hepatic steatosis and injury and gene expressions related to lipid metabolism in vehicle-, metformin-, and DZF- (1 g·kg−1) treated db/db mice. (A) Liver weight normalized by total body weight. (B) Hepatic TG levels. (C) H&E and Oil Red O staining of hepatic tissues. Hepatic steatosis (arrow); inflammatory cells (▴). Original magnification ×200. (D) Serum ALT and AST levels. (E) SOD activity in the liver of db/db mice. (F–H) Relative mRNA levels of Fasn, Ppara, and Cpt1a in the hepatic tissue. Data are described as mean ± SD. (A,B,D,E) n = 10; (C) n = 5; (F–H) n = 3. #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. WT control; *p < 0.05 and **p < 0.01 vs. db/db+ vehicle; &p < 0.05 vs. db/db+ metformin.



Hepatic Injury

Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities were determined to evaluate liver functions. Although ALT and AST levels were significantly higher in the vehicle db/db mice than that in wild-type controls (p < 0.001 and p < 0.05, respectively), they notably decreased in DZF-treated mice (p < 0.05), especially with higher dose of DZF (1 g·kg−1) administration. As depicted in Figure 5D (p > 0.05), a notable decrease in hepatic superoxide dismutase (SOD) activity was observed in vehicle db/db mice (p < 0.001), indicating serious hepatic injury caused by lipid peroxidation. With DZF (1 g·kg−1) administration, hepatic SOD activity remarkably increased compared with that in vehicle db/db mice (p < 0.05). DZF (0.5 g·kg−1) and metformin administration raised SOD activity with no significant difference (p > 0.05, Figure 5E).

Gene Expressions of FA Synthesis and Oxidation in Hepatic Tissues

To investigate whether alteration of gene expressions related to lipid metabolism occurred in the hepatic tissue, mRNA levels of fatty acid synthase (Fasn, for FA synthesis) and peroxisome proliferator-activated receptor alpha (Ppara) and carnitine palmitoyltransferase 1a (Cpt1a), which are associated with FA oxidation, were detected by quantitative reverse transcription polymerase chain reaction (qRT-PCR). We observed the strong activation of Fasn in vehicle db/db mice (p < 0.05) and a notable reduction in both metformin- and DZF-treated db/db mice (p < 0.05, Figure 5F). On the other hand, Ppara, but not Cpt1a, was significantly up-regulated in DZF-treated mice (p < 0.05, Figures 5G,H).



DZF Activates AMPK and Inhibits Notch Signaling in the Liver of db/db Mice

Western blots presented a significant reduction in AMPK phosphorylation in vehicle db/db mice (p < 0.001), whereas metformin and DZF increased pAMPK expression compared with that in vehicle db/db mice (p < 0.05). Two key proteins in the Notch signaling pathway, the Notch intracellular domain (NICD) and its downstream targets Hairy/enhancer-of-split 1 (Hes1), were evaluated. NICD is the activated form of Notch signaling. Results showed a distinct increase in NICD and Hes1 expressions in the vehicle db/db mice compared with wild-type controls (p < 0.001). However, DZF and metformin significantly reduced NICD and Hes1 expressions compared with those in the vehicle mice (p < 0.001, p < 0.01, and p < 0.05). These results strongly indicate that DZF and metformin can inhibit the Notch signaling pathway in the liver of db/db mice (Figure 6).
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FIGURE 6. Representative immunoblots and relative expressions of AMPK and Notch signaling proteins in the liver of wild-type and vehicle-, metformin-, and DZF- (1 g·kg−1) treated db/db mice. (A) Representative immunoblots of pAMPK, AMPK, NICD, Hes1, and tubulin in liver. (B–D) Relative expressions of pAMPK, NICD, and Hes1 in the liver. Data are described as mean ± SD (n = 3). ###p < 0.001 vs. WT control; *p < 0.05, **p < 0.01 and ***p < 0.001 vs. db/db+ vehicle.





Hepatic Glycogen Content After Drug Administration in db/db Mice

Hepatic glycogen content, as an important indicator of glucose metabolism, was assessed by periodic acid Schiff (PAS) staining and assay kit. In PAS staining (Figure 7A), glycogen was stained as red and purple and nucleus blue. The liver sections were deeply stained in wild-type mice, less stained in the vehicle db/db mice, and the least stained in metformin-treated mice. No evident glycogen distribution was observed in the DZF-treated mice compared with vehicle db/db mice. Glycogen assay kit assessment (Figure 7B) showed the same results with PAS staining. Reduction in glycogen was observed in vehicle db/db mice compared with the wild-type controls (p < 0.05), whereas metformin caused a more significant reduction and much lower observed values (p < 0.05). DZF presented no specific effects on glycogen compared with the vehicle db/db mice (p > 0.05).
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FIGURE 7. Hepatic glycogen content in wild-type controls and vehicle-, metformin-, and DZF-treated db/db mice. (A) PAS staining of liver tissues. Original magnification ×200 (n = 5). (B) Hepatic glycogen content in wild-type and db/db mice (n = 10). Data are described as mean ± SD. #p < 0.05 vs. WT control; *p < 0.05 vs. db/db+ vehicle.





Effect of Drug Administration on Pancreas of db/db Mice

In wild-type control mice, the pink-stained pancreatic islets were well-structured. The borders of these structures were distinctive from the exocrine glands, which were red-stained because of adequate zymogen granules. In vehicle db/db mice, we can visibly observed hypertrophic islets, blurred borders, and islet cells extending to the exocrine portion. In metformin- and DZF-treated mice, though the islets remained hypertrophic compared with the wild-type controls, the islet cells were regularly distributed, and the borders were better trimmed than those in vehicle db/db mice (Figure 8).
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FIGURE 8. Pancreases from wild-type controls and vehicle-, metformin-, and DZF-treated db/db mice. Some islet cells of vehicle db/db mice extending to the exocrine portion (arrow). (H&E, original magnification ×400. n = 5).





Effects of DZF on Skeletal Muscles of db/db Mice

DZF Improves Ultrastructural Alteration of Skeletal Muscles in db/db Mice

To observe ultrastructural alteration of skeletal muscles, transmission electron microscopy (TEM) was applied. TEM showed that the skeletal muscles of wild-type control mice presented well-defined myofibrils and sarcomeric patterns with ordered and distinct Z lines, H zones, and M lines. Mitochondria lay between two adjacent myofibrils (Figure 9A). By contrast, the skeletal muscle of vehicle db/db mice displayed disarrayed, dissolved, or ruptured myofibrils, thickening and vague Z lines, and blurred H zones and M lines. Especially, the mitochondria appeared enlarged and swollen (Figure 9B). However, the muscle fibers and mitochondrial morphology of metformin- and DZF-treated mice were normalized compared with vehicle db/db mice (Figures 9C,D).
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FIGURE 9. Ultrastructure alteration (A–D), protein (E–G), and gene expressions (H,I) of the skeletal muscle in wild-type controls and vehicle-, metformin-, and DZF- (1 g·kg−1) treated db/db mice. (A–D): TEM; label: Z lines (Z), H zones (H), M lines (arrow), and mitochondria (M). Left panel: scale bar = 1 μm, original magnification ×30000; right panel: scale bar = 200 nm, original magnification ×80000. (E–G) Representative immunoblots and relative expressions of pAMPK in muscle and GLUT4 in plasma membrane fraction of the skeletal muscle. (H,I): relative mRNA levels of Cd36 and Cpt1b in the skeletal muscle. Data are described as mean ± SD. (A–I) n = 3. ##p < 0.01, and ###p < 0.001 vs. WT control; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. db/db+ vehicle.



DZF Up-Regulates Cd36 and Cpt1b in the Skeletal Muscles of db/db Mice

mRNA levels of cluster of differentiation 36 (Cd36, for FA transport into cells) (Figure 9H) and Cpt1b (for FA transport into the mitochondria and for FA oxidation) (Figure 9I) of skeletal muscles were detected by qRT-PCR. In vehicle db/db mice, Cd36 expression was higher than those of the wild-type controls (p < 0.01), and both metformin and DZF can further up-regulate its expression (p < 0.01 and p < 0.05, respectively). Cpt1b also increased with metformin and DZF administration (p < 0.01 and p < 0.05, respectively), indicating that both compounds can promote FA transport and oxidation in the skeletal muscles of db/db mice.

DZF Activates AMPK Phosphorylation and GLUT4 Translocation in the Skeletal Muscles of db/db Mice

Relative expressions of pAMPK in the skeletal muscle and GLUT4 in the plasma membrane were investigated. Figures 9E–G show a significant reduction in AMPK phosphorylation in the vehicle db/db mice (p < 0.01) and an increase in both metformin- and DZF-treated mice (p < 0.01). GLUT4 expression in the plasma membrane was lower in the vehicle db/db mice compared with that in wild-type controls (p < 0.001). DZF and metformin treatment can significantly increase GLUT4 expression (p < 0.001), indicating the reinforced GLUT4 translocation to the plasma membrane in the skeletal muscles.




DISCUSSION

Although IR is a general phenomenon of many physiological states, it has long been incriminated in various diseases or disease states (Straub, 2014). In the present study, we observed that TCM herbal formula DZF exerted a satisfactory effect on IR, with improved glucose tolerance, HOMA-IR level, and activated insulin signaling pathway (Figure 3). The effect of DZF on hepatic steatosis was equally notable. Hepatic steatosis, manifested as excessive accumulation of lipids in the liver, refers to lipid formation in lipid droplets of hepatocytes and usually results from lipid synthesis or oxidation perturbation. Hepatic lipids possibly act as markers for the underlying and causative insult for IR (Farese et al., 2012). Hepatic steatosis is a dominant characteristic of NAFLD, which may develop into or lead to cirrhosis, hepatocellular failure, carcinoma, and cardiovascular diseases (Haas et al., 2016). Over 90% of obese and diabetic patients present NAFLD (Tolman et al., 2007). A clinical study showed intrahepatic TG content as the best predictor of progressive impairment of insulin action in the liver, skeletal muscles, and adipose tissues (Korenblat et al., 2008). Our data showed that DZF can significantly reduce hepatic TG and liver weight, with reduction of hepatic lipid accumulation shown in H&E staining and Oil-Red O staining (Figure 5), indicating that DZF can alleviate hepatic steatosis.

Serum NEFA level was also reduced (Figure 4E). We supposed that DZF may inhibit hepatic lipogenesis or promote FA oxidation in both liver and skeletal muscles. Such result was confirmed by qRT-PCR, which showed a reduction in Fasn and an increase in Ppara mRNA level (Figures 5F,G) in the hepatic tissues and up-regulation of Cd36 and Cpt1b in the skeletal muscles of db/db mice (Figures 9H,I). FAs are essential substrates for TG synthesis and is second to glucose as the main fuel for energy production (Samuel and Shulman, 2012). However, excessive FAs contribute to ectopic lipid accumulation and IR. Previous studies showed that glucose utilization improved with chronically increasing FA oxidation in muscle via CPT1 (Bruce et al., 2009); this result coincides with our study, where simultaneous increase in GLUT4 translocation (Figure 9E) and FA transport and oxidation were observed in skeletal muscles. LDL-C is the most important risk factor for cardiovascular diseases, such as myocardial infarction and vascular death (PSC et al., 2007; Ridker, 2014). DZF (1 g·kg−1) significantly reduced serum LDL-C (Figure 4B). Reduction of LDL is strongly associated with reduced vascular events (CTTC et al., 2010).

Notch promotes de novo lipogenesis possibly through stabilizing mammalian target of rapamycin complex 1 (mTORC1), which can be activated by Akt phosphorylation and promote lipogenesis. However, inhibition of Notch signaling can uncouple Akt from steatosis by decreasing mTORC1 stability (Pajvani et al., 2013). Hes1, one of the main Notch targets, is significantly correlated with plasma insulin level, HOMA-IR, and ALT level (Valenti et al., 2013). Western blots showed activated AMPK and inhibited Notch signaling in the liver (Figure 6) of DZF-treated mice; this result may partly explain how DZF caused reduction in hepatic lipid accumulation and alleviated hepatic injury.

In the present study, no significant reduction was observed in hepatic TG concentration in metformin-administered mice (Figure 5B). This result agrees with those of previous studies, which showed that metformin increased hepatic insulin sensitivity without affecting liver fat in patients with T2DM (Tiikkainen et al., 2004; Teranishi et al., 2007). As metformin has long been assumed to reduce weight in obesity treatment (Marchesini et al., 2001), the present observation of weight-gain tendency contradicted clinical results (Figure 2B). However, such phenomenon is consistent with some previous studies concerning db/db mice (Liu et al., 2015; Zheng et al., 2015) or Zucker diabetic fatty rat (ZDF, fa/fa) (Wessels et al., 2014). One possible explanation for the effect is that as the db/db mice and ZDF rats are leptin receptor-deficient models, any leptin or leptin receptor agonists cannot decrease body weight, but pose a weight-reduction effect on other models (Liu et al., 2015). Metformin can increase leptin receptor expression (Tang et al., 2016), which may be one reason for the weight-loss effect of this compound in other models, but not in the leptin receptor-deficient db/db mice. As shown in Figure 3E, no significant difference was observed in serum leptin concentration between the groups of db/db mice, indicating the absence of effects on leptin with metformin or DZF treatment in leptin receptor-deficient db/db mice. Surprisingly, serum leptin decreased compared with wild-type controls, contradictory to the results of previous studies (Ae Park et al., 2006; Ge et al., 2010). The distinct results may be due to varied observation stages of db/db mice. DZF, although reducing hepatic lipids and promoting FA oxidation, caused no changes in body weight (Figure 2B). A previous in vitro study showed that DZF promoted lipolysis in 3T3-L1 adipocytes without increasing FA concentration in cell culture supernatant (Zhu et al., 2015). Thus, potential alteration of body composition possible occurred (high lean mass and less fat mass), requiring further studies for verification.

Metformin was previously reported to increase hepatic glycogen (Zheng et al., 2015; Xu et al., 2016). In our studies, however, hepatic glycogen content remarkably decreased according to PAS staining and assay kit assessment (Figure 7). We observed the same result in other studies (Otto et al., 2003; Wang et al., 2012; Xiong et al., 2013). The conflicting results may be worth considering. On the one hand, as an insulin sensitizer, metformin should increase hepatic glycogen by allosteric activation of glycogen synthase (GS). However, on the other hand, metformin is also an AMPK activator, which can acutely inhibit glycogen synthesis by inhibitory phosphorylation of GS (Jeon, 2016). Chronic AMPK activation indirectly increases glycogen synthesis by enhancing glucose uptake and allosteric activation of GS (Hunter et al., 2011; Jeon, 2016). AMPK inhibits lipogenesis and activates lipolysis, whereas insulin signaling promotes lipogenesis. In the present study, we observed that both AMPK and insulin signaling were activated by metformin and DZF administration (Figures 3, 6). However, their effects diverge. DZF caused no significant changes in hepatic glycogen content, different from the result of metformin in db/db mice, but reduced hepatic lipids better than metformin (Figure 5B). Correspondingly, DZF reduced serum insulin superior to metformin. (Figure 3C). A balance may exist between insulin signaling action and AMPK effect. The dose administered may be an important factor. Nevertheless, this speculation needs further detection.

The effects of DZF on FBG should not be overlooked. In the first 8 weeks, a significant reduction in FBG was detected after DZF administration, whereas at the end of the experiment, the difference became insignificant (Figure 2A). C57/ BKS- db/db mice develop serious diabetes over time (Davis et al., 2010). However, DZF is clinically used in the prediabetic state and metabolic syndrome with characteristic abdominal obesity. Results showed that DZF may not reverse hyperglycemia progression in serious diabetic context. However, DZF remarkably reduced serum insulin concentration. Some arguments claimed that hyperinsulinemia may indicate a primary disruption that drives IR in obesity (Shanik et al., 2008), as the blockade of hyperinsulinemia prevents obesity while increasing energy expenditure (Czech, 2017). Fasting insulin, not glucose nor HbA1c, is associated with coronary artery calcification and its progression (Yamazoe et al., 2016). Although the hypoglycemic effect is not as significant as metformin, DZF improved hyperinsulinemia and general metabolic homeostasis. Such improvement may benefit diabetic prognosis, thus requiring further research.

In this study, in addition to the liver tissue, we observed ultrastructural alteration in skeletal muscles of db/db mice. Altered morphology results in biochemical dysfunction of mitochondria (Vogel, 2001). Through TEM, we observed the normalized shape, number, and distribution of mitochondria in the myocytes of DZF-treated mice (Figures 9A–D). Western blots showed increased translocation of GLUT4 to the plasma membrane and activation of AMPK phosphorylation in DZF-treated mice (Figure 9E), indicating that DZF may increase glucose uptake and promote energy metabolism in the skeletal muscles of diabetic mice. However, we need further investigation in the future to determine the exact effects of DZF on skeletal muscle mitochondria and fuel metabolism with quantitative determination.

In conclusion, DZF, as a TCM herbal formula containing berberine, naringin, and other components, exhibits a prominent effect in improving insulin sensitivity, hepatic steatosis, and skeletal muscle energy metabolism in db/db mice. DZF activated AMPK and FA oxidation in liver and skeletal muscle tissues, inhibited Notch signaling in liver, and promoted GLUT4 translocation in skeletal muscles. As a main component of DZF, berberine has the hypoglycemic, hypolipidemic, and insulin sensitizing effect (Yin et al., 2008; Zhang et al., 2008; Wang et al., 2011; Pirillo and Catapano, 2015), attenuating hepatic steatosis (Sun et al., 2018), and activates AMPK and GLUT4 in the skeletal muscle (Lee et al., 2006). Naringin, in addition to its potent antioxidant nature, affects AMPK-, CPT1–, and PPARa– mediated fat utilization, and also preserves mitochondrial function in the treatment of diabetes, metabolic syndrome, and associated complications (Alam et al., 2014). To the best of our knowledge, we observed no defined berberine and naringin effects on Notch signaling in liver and the coexistence of all effects illustrated in this study. All these effects that DZF achieved are not likely to depend on a particular component. Berberine may primarily contribute to DZF effects, and whether DZF effects are superior to berberine necessitates further investigation.

The mechanism of DZF defies explanation by a single pathway, but correlates with the effect of multiple interactions. The underlying mechanism of DZF in db/db mice may be as follows (Figure 10). DZF activates AMPK in the liver, reducing hepatic lipids by inhibiting lipogenesis and promoting FA oxidation. Inhibition of Notch signaling pathway by AMPK activation uncouples Akt from steatosis. Hepatic lipids can be causative of IR, and as a result, IRS-1/PI3K/Akt signaling will be inhibited. With hepatic lipid reduction, DZF indirectly activates hepatic insulin signaling pathway, improves hyperinsulinemia, and promotes glycogen synthesis. However, the glycogen-associated effect can be balanced with inhibition from AMPK. The hepatic tissue secretes TG-rich lipoproteins (i.e., very-low-density lipoprotein-triglyceride, VLDL-TG) into circulation, which then turns into FAs with the effect of lipoprotein lipase (Goldberg and Ginsberg, 2006). FAs are transported to the mitochondria of skeletal muscles. The well-structured mitochondria provide a fine platform for FA β-oxidation, which may generate considerable ATP. On the other hand, DZF activates AMPK in the skeletal muscles and promotes GLUT4 translocation to the plasma membrane, thus increasing glucose uptake, which proves critical in decreasing blood glucose and generating ATP in cells. The whole process has not been fully verified, but we hope that such a model may provide some ideas for treatment of IR from a systemic point of view.


[image: image]

FIGURE 10. Summary of DZF effects on liver and skeletal muscle in insulin-resistant and diabetic db/db mice. Dashed lines: processes in the present study that were suppressed or indistinct with DZF administration partly due to interactions of different signaling effects. Dotted square: key proteins of insulin signaling and Notch signaling. FA, fatty acid; VLDL, very low– density lipoprotein; TG, triglyceride.





MATERIALS AND METHODS


HPLC Analysis

Samples of DZF extract were separated on an Agilent Zorbax SB C18 column (4.6 × 250 mm2, 5 μm, USA), and mobile phases consisted of solvents A (pure water) and B (acetonitrile). A gradient eluting program was selected as follows: 0–14 min, 78% A with 22% B; 14–15 min, linear gradient elution 22−30% B; 15–25 min maintaining 30% B for 10 min; 25–28 min, linear gradient 30−60% B; maintaining 60% B for 10 min. Flow rate was 1.0 ml/min, and volume for sample analysis was 10 μL injection. Reference substances of berberine, palmatine, jatrorrhizine, naringin, hesperidin, and neohesperidin were purchased from the National Institutes for Food and Drug Control (Beijing, China).



Animals

All experimental procedures in the study were in compliance and approved by the Ethics Committee of the Institute of Medicinal Plant Development, CAMS & PUMC (Beijing, China) and were carried out according to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publications No. 85-23, revised 1996). A total of 40 male db/db mice and 10 male wild-type C57BL/Ksj mice were purchased from Nanjing Biomedical Research Institute of Nanjing University (Nanjing, China) at 6 weeks of age. Animals were housed at 25 ± 1°C, 55−65% relative humidity, and a light/dark cycle of 12 h. All mice were given free access to food (standard chow diet) and drinking water. Best efforts were exerted to minimize mice suffering. After 2 weeks of acclimation, db/db mice were randomly divided into 4 groups (n = 10) and were treated daily via gavage with vehicle (distilled water, 5 mL·kg−1), metformin (BMS, Shanghai, 0.25 g·kg−1) and DZF (0.5 g·kg−1, 1 g·kg−1). Ten wild-type mice, as normal control, were treated with vehicle. After 12 weeks of administration, mice were starved for 12 h and sacrificed under anesthesia by chloral hydrate. Blood samples were collected for serum assessment. Liver, skeletal muscle, and pancreatic tissues were removed and frozen at −80°C until analyzed or fixed in paraformaldehyde (PFA). Livers were weighed for analysis.



OGTT

On the eleventh week, OGTT was conducted over 12 h of food removal. After baseline blood glucose (0 min) had been measured, mice were given 2 g/ kg of glucose, followed by blood glucose measurement at 30, 60, 90, and 120 min. AUCs were assessed. Blood glucose was measured by an automatic glucometer (One Touch Ultra, Lifescan, USA).



Serum Insulin and HOMA-IR

After 12 weeks of administration, blood samples were collected after a 12 h of overnight starvation and were centrifuged at 3500 rpm for 15 min. Serum insulin was measured using the Mouse Ultrasensitive Insulin Elisa kit (Alpco, USA) according to manufacturer's instructions. Insulin sensitivity was also determined by calculating HOMA-IR according to the following formula (Matthews et al., 1985): HOMA-IR = [fasting glucose (mmol/l)] × [fasting insulin (μU/ml)] /22.5.



Serum and Liver Measurements

Serum TG, CHO, HDL, LDL, ALT, and AST levels were assessed by an automatic biochemical analyzer in Guang'anmen Hospital. Serum NEFA, hepatic SOD, and hepatic glycogen contents were measured by assay kits (Nanjing Jiancheng Bioengineering Institute, China). Serum leptin was detected by Mouse Leptin ELISA Kit (Cusabio, China). Hepatic TG was assayed using a TG assay kit (Applygen, China). All procedures were conducted according to manufacturer's recommended protocols.



Histological Analysis

H&E Staining

Excised liver and pancreas tissues were fixed in 4% PFA, embedded in paraffin, and cut into 5 μm-thick sections. The sections were then stained with H&E and assessed on a light microscope (Nikon Eclipse E100 microscope; Nikon, Tokyo, Japan).

Oil Red O Staining

To further detect hepatic lipid distribution, Oil Red O staining was performed as previously described (Araújo et al., 2016). Briefly, the fixed liver samples (5 per group) were embedded in the presence of liquid nitrogen. Frozen cuts were made on a cryostat (Cryostar NX50, Thermo, USA), and the cuts were fixed in fixation solution for 15 min and stained with Oil Red O for 8–10 min, after which they were rinsed with distilled water. The samples were immersed in 75% ethanol and rinsed again. Then, the nuclei lightly stained with hematoxylin were observed. Images of the same magnification (200×) were collected.

PAS Staining

To observe hepatic glycogen, PAS staining was performed. First, sections were deparaffinized and hydrated with water and then oxidized in periodic acid solution for 15 min. After rinsing the sections with distilled water, they were placed in Schiff reagent for 30 min and rinsed with tap water for 5 min. Then, the samples were counterstained in hematoxylin for 3 min and rinsed.



Electron Microscopic Observations of the Skeletal Muscle

Gastrocnemius skeletal muscles were cut into 1 mm cubes and were immediately fixed in 2.5% glutaraldehyde. After rinsing thoroughly with phosphate buffered solution, the skeletal muscles were fixed in 1% osmium tetroxide for 2 h, rinsed again, and dehydrated by a graded series of ethanol (30, 50, 70, 80, 90, 95, and 100%) and transferred to absolute acetone for 15 min. Then, the specimens were infiltrated, embedded, and polymerized. After ultrathin sectioning by Leica EM-UC 6, the specimen sections were stained with uranyl acetate and alkaline lead citrate and observed under a transmission electron microscope (HITACHI H-7500).



Western Blots

Tissue fractions from the wild type and vehicle, metformin-, and DZF- (1 g·kg−1) treated db/db mice were weighed and accordingly added with RIPA and PMSF (Beyotime, China) mix (99:1) at the ratio of 1:10. Lysis was initiated in a high-flux tissue grinding mill. After centrifugation at 13,000 rpm for 20 min, the supernatant was transferred to new centrifuge tubes (to avoid the superficial layer of lipids). Membrane protein extraction of skeletal muscles was conducted according to manufacturer's protocol (BestBio, China). Bicinchoninic acid (BCA) method was used to determine protein concentration. The following Western blotting procedures were carried out as previously described (Chen et al., 2017). Proteins were separated on 10 or 8% SDS-PAGE gels and then transferred onto nitrocellulose membranes. After the membranes were blocked with 5% non-fat milk blocking buffer for 2 h at room temperature, the following primary antibodies were used for overnight incubation at 4°C. Antibodies against IRS1 (2382 S), pIRS1 (Ser 307, 2381 S), pAkt (4060 S), and pAMPK (# 2535) were obtained from Cell Signaling Technology and used at a dilution of 1:1,000; antibodies against α-tubulin (ab 176560), Akt (ab 64148), AMPK (ab 80039), GLUT4 (ab 166704), NICD (ab 8925), and Hes1 (ab 70576) were obtained from Abcam and were used at a dilution of 1:1,000. Then, the membranes were washed thrice with TBST and incubated with secondary antibodies (Zsbio, China) for 1.5 h at room temperature, after which they were washed again as before. Protein bands were visualized after development using an enhanced chemiluminescence solution for 5 min. Western blots were quantified using Gel-Pro Analyzer 4.



qRT-PCR

Total RNA was extracted with Trizol Reagent from frozen liver and skeletal muscle tissues, and RNA concentrations were measured by a spectrophotometer (Nanodrop 2000c, Thermo Fisher). cDNA synthesis was performed with PrimeScript RT reagent Kit (Takara, Japan). qRT-PCR using SYBR Premix ExTaq reagent Kit (Takara, Japan) was run in the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, USA). Primers used were as follows: mouse β-Actin: Forward 5′-GGCTGTATTCCCCTCCATCG-3′, Reverse 5′-CCAGTTGGTAACAATGCCATGT-3′; Cpt1α: Forward 5′-CTCCGCCTGAGCCATGAAG-3′, Reverse 5′-CACCAGTGATGATGCCATTCT-3′;

Cpt1b: Forward 5′-GCACACCAGGCAGTAGCTTT-3′, Reverse 5′- CAGGAGTTGATTCCAGACAGGTA-3′; Fasn: Forward 5′-GGAGGTGGTGATAGCCGGTAT-3′, Reverse 5′-TGGGTAATCCATAGAGCCCAG-3′; Ppara: Forward 5′-AGAGCCCCATCTGTCCTCTC-3′, Reverse 5′-ACTGGTAGTCTGCAAAACCAAA-3′; Cd36: Forward 5′-ATGGGCTGTGATCGGAACTG-3′, Reverse 5′-GTCTTCCCAATAAGCATGTCTCC-3′. The mRNA expressions were calculated according to a comparative method (2−ΔΔCt) using β-Actin as control.



Statistical Analysis

Data were expressed as mean ± standard deviation (SD). One-way ANOVA, followed by Newman–Keuls post hoc test, was used to compare differences among all groups by Prism 5.0 software (GraphPad Software, La Jolla, CA, USA). p < 0.05 was considered statistically significant. All data are the result of at least three replicates.
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QiShenYiQi dripping pills (QSYQ), a traditional Chinese medicine, are commonly used to treat coronary heart disease, and QSYQ was recently approved as a complementary treatment for ischemic heart failure in China. However, only few studies reported on whether QSYQ exerts a protective effect on heart failure induced by pressure overload. In this study, we explored the role of QSYQ in a mouse model of heart failure induced by transverse aortic constriction (TAC). Twenty-eight C57BL/6J mice were divided into four groups: Sham + NS group, Sham + QSYQ group, TAC + NS group, and TAC + QSYQ group. QSYQ dissolved in normal saline (NS) was administered intragastrically (3.5 mg/100 g/day) in the Sham + QSYQ and TAC + QSYQ groups. In the Sham + NS and TAC + NS groups, NS was provided every day intragastrically. Eight weeks after TAC, echocardiography, and cardiac catheterization were performed to evaluate the cardiac function, and immunofluorescent staining with anti-actinin2 antibody was performed to determine the structure of the myocardial fibers. Moreover, TUNEL staining and Masson trichrome staining were employed to assess the effects of QSYQ on cardiac apoptosis and cardiac fibrosis. Western blots and real-time polymerase chain reaction (PCR) were used to measure the expression levels of vascular endothelial growth factor (VEGF) in the heart, and immunohistochemical staining with anti-CD31 antibody was performed to explore the role of QSYQ in cardiac angiogenesis. Results showed that TAC-induced cardiac dysfunction and disrupted structure of myocardial fibers significantly improved after QSYQ treatment. Moreover, QSYQ treatment also significantly improved cardiac apoptosis and cardiac fibrosis in TAC-induced heart failure, which was accompanied by an increase in VEGF expression levels and maintenance of microvessel density in the heart. In conclusion, QSYQ exerts a protective effect on TAC-induced heart failure, which could be attributed to enhanced cardiac angiogenesis, which is closely related to QSYQ. Thus, QSYQ may be a promising traditional Chinese medicine for the treatment of heart failure induced by pressure overload such as hypertension.

Keywords: traditional Chinese medicine, QiShenYiQi dripping pills, heart failure, cardiac remodeling, apoptosis, fibrosis, angiogenesis


INTRODUCTION

QiShenYiQi dripping pills (QSYQ) is a compound Chinese medicine, which is composed of six herbs including 2 star herbs: Astragalus membranaceus (Fisch.) Bunge (“huang-qi” in Chinese) and Salvia Miltiorrhiza Bunge (“danshen” in Chinese), and 4 adjunctive herbs: Lonicera japonica Thunb., Scrophularia aestivalis Griseb., Aconitum fischeri Rchb., and Glycyrrhiza uralensis Fisch (Wang et al., 2017). QSYQ is approved by the China State Food and Drug Administration in 2003 for the treatment of coronary heart disease and angina pectoris (Wang et al., 2011). Recently, QSYQ was used as a complementary treatment for ischemic heart failure in China (Hou et al., 2013; Wang et al., 2013). However, only few studies that explore the potential effect of QSYQ on pressure overload-induced heart failure have been conducted. Although some studies reported that QSYQ could attenuate pressure overload-induced cardiac hypertrophy and myocardial fibrosis (Li et al., 2012; Chen et al., 2015; Lv et al., 2015), studies using various methodologies to draw a more convincing conclusion on the potential effect of QSYQ on pressure overload-induced heart failure remain essential.

Heart failure is the ultimate result of a large number of cardiovascular diseases, which are a leading causes of morbidity and mortality worldwide (Shah and Mann, 2011). It is regarded as a progressive and irreversible process characterized by cardiac pump failure and cardiac remodeling (Hou and Kang, 2012). Pathological cardiac remodeling, resulting from cardiac pressure, volume overload, or ischemic injury, is considered the most crucial mechanism for the development of heart failure (Ho et al., 2010; Ahmad et al., 2012) and is a progressive and irreversible process characterized by cardiac hypertrophy, cardiac apoptosis, and cardiac fibrosis (Cohn et al., 2000). Therefore, preventing or reversing pathological cardiac remodeling is an effective way to prevent heart failure (Kirkpatrick and St John Sutton, 2012).

Angiogenesis plays a critical protective role in pressure-overload heart failure by preventing cardiac remodeling (Shiojima et al., 2005; Oka et al., 2014). Myocardial angiogenesis is regulated by secreted angiogenic growth factors, including VEGFs, fibroblast growth factors (Kardami et al., 2007), angiopoietin-1and-2 (Dallabrida et al., 2008), platelet-derived growth factors (Andrae et al., 2008), and transforming growth factors (Dobaczewski et al., 2011). Among them, VEGFs are one of prime regulators of myocardial angiogenesis. Overexpression of VEGF improves heart failure by maintaining myocardial capillary density while downregulation of VEGF results in impaired capillary density and exacerbated heart failure (Shiojima et al., 2005; Oka et al., 2014; Yin et al., 2016).

Studies conducted to explore the effect of QSYQ on cardiac angiogenesis have been increasing. Results revealed that QSYQ could preserve microvascular function in patients undergoing elective percutaneous coronary intervention (He et al., 2017), improve coronary microcirculation in diabetic rats (Jin et al., 2010), and promote angiogenesis after myocardial infarction in rats (Zhang et al., 2010). All these studies suggested that QSYQ may exert a beneficial effect on cardiac angiogenesis. Hence, we hypothesized that QSYQ could prevent cardiac remodeling and thus improve cardiac dysfunction by ameliorating cardiac microvessel impairment in pressure overload-induced heart failure. Our study aimed to investigate the effects of QSYQ on heart failure induced by pressure overload and explore the underlying mechanism.



MATERIALS AND METHODS


Animals

Male C57BL/6 mice (8–10 weeks old, 20–25 g) were purchased from the Experimental Animal Center of Wuhan University (Wuhan, China). All these mice were raised in the animal center of Wuhan University of Science and Technology (Wuhan, China). After 1 week of adaptation period, the mice were randomly divided into four groups (n ≥ 6 per group): Sham + NS group, Sham + QSYQ group, TAC + NS group, and TAC + QSYQ group. Pressure overload was induced through transverse aortic constriction (TAC), as described previously (Takimoto et al., 2005). The mice were anesthetized and subjected to sham surgery or TAC with a 27-gauge blunted needle for 8 weeks. QSYQ (Tianjin Tasly Pharmaceutical Co., Ltd., Tianjin, China) dissolved in normal saline (NS) was administered intragastrically (3.5 mg/100 g/day) in the Sham + QSYQ and TAC + QSYQ groups. In the Sham + NS and TAC + NS groups, NS was provided every day intragastrically. All animal experimental protocols were approved by the Animal Care and Use Committee of Wuhan University of Science and Technology and were in accordance with the NIH Guide for the Care and Use of Laboratory Animals. For echocardiographic analysis, mice were anesthetized initially with 2% isoflurane, and then at 1% during the examination. Heart catheterization was performed under intraperitoneal pentobarbital anesthesia (30 mg/kg body weight). Then, all animals were sacrificed under deep anesthesia with excessive inhalation of isoflurane, and cardiac tissue samples were snap-frozen in liquid nitrogen for Western blots or real-time PCR or were fixed with 4% neutral formalin for paraffin embedding, and subsequent analysis were performed in a blind fashion. Additionally, in order to prevent personal, laboratory, and environmental exposure to potentially biohazards or harmful materials, all experimental protocols were in accordance with the guidance from the 5th edition of the Biosafety in Microbiological and Biomedical Laboratories and World Health Organization's Laboratory Biosecurity Guidance.



Echocardiography

The mice were tied after anesthesia administration, and a pet razor was used to remove their chest hairs. Subsequently, echocardiographic analysis was performed using a high-resolution imaging system with a 30-MHz high-frequency scan head (VisualSonics Vevo1100, VisualSonics Inc., Toronto, Canada) at 8 weeks after TAC, as described previously (Wu et al., 2010). M-mode images of parasternal short axis at the tip of the papillary muscle level were recorded. Left ventricular internal dimension in diastole (LVIDd), left ventricular internal dimension in systole (LVIDs), left ventricular end-diastolic volume (LVEDV), left ventricular end-systolic volume (LVESV), ejection fraction (EF), and fractional shortening (FS) were recorded.



Hemodynamics

Hemodynamic analysis was performed with the Millar pressure-volume system (AInstruments, New South Wales, Australia). The protocols were described previously (Yang et al., 2015). Briefly, the animals were tied after anesthesia administration. The right common carotid artery was separated, with the proximal artery clamped and the distal artery pulled with a suture. Subsequently, an incision of a suitable size was made and the catheter was inserted into the artery. Finally, the clamp was loosened and the catheter was pushed toward the left ventricular cavity. Maximal slope of systolic pressure increment (Max dP/dt) and the minimal slope of diastolic pressure decrement (Min dP/dt) were recorded for at least 15 min.



Enzyme-Linked Immunosorbent Assay (ELISA) Analysis

After hemodynamic measurement, a blood sample was collected from the right carotid artery. Serum levels of VEGF was measured by the corresponding ELISA Kits (R&D System, Minneapolis, MN, USA), according to manufacturer's instruction. Absorbances were read at 450 nm (Microplate Reader Model 550, Bio-Rad, Hercules, CA, USA). All samples were assayed in triplicate.



Immunohistochemical Staining

After the mice were sacrificed, the hearts were separated, fixed with 4% neutral formalin, dehydrated, and prepared in paraffin sections. To evaluate cardiac fibrosis, Masson staining kit (Jiancheng Bioengineering Institute, Nanjing, China) was employed according to the manufacturer's instructions. For CD31 staining, sections were incubated with anti-CD31 antibody (1:100; ABclonal Biotech., MA), and a 0.3% hydrogen peroxide solution was used to block the endogenous peroxidase activity. Following application of an appropriate biotinylated secondary antibody, sections were developed with DAB substrates, and the number of vessels was determined with Image-Pro Plus 6. For TUNEL staining, TACS TdT in situ Apoptosis Detection Kit—DAB (R&D Systems, Minneapolis, MN) was employed. Tissue sections were visualized under light microscope (Nikon, Tokyo, Japan). For immunofluorescent staining, tissue sections were incubated with anti-actinin2 antibody (1:100; GeneTex, Inc.) overnight and with a secondary antibody for 90 min. DAPI solution was subsequently added for 5 min to stain the nuclei. Subsequently, sections were imaged under a Nikon DXM1200 fluorescence microscope with Nikon InfinityOptical System (Nikon, Tokyo, Japan).

The level of fibrosis were quantified in 5 microscopic fields chosen randomly at × 100 magnification under the microscope. Image analysis software (Image-Pro Plus 6.0) was used to calculate the ratio of myocardial collagen fiber area to all area and the average value was taken. Quantitative assessment of capillary density were identified by CD31 staining. Five microscopic fields were chosen randomly at × 400 magnification under the microscope. Image analysis software (Image-Pro Plus 6.0) was used to calculate the ratio of CD31 positive cell to all area, and the average value was taken. Similar to CD31 staining, quantitative assessment of cardiac apoptosis were quantified in 5 microscopic fields chosen randomly at × 400 magnification under the microscope. Image analysis software (Image-Pro Plus 6.0) was used to calculate the ratio of TUNEL positive cell to all area, and the average value was taken.



Western Blot Analysis

Western blot analysis was performed as described previously (Wang et al., 2003). In brief, cardiac lysates were homogenized in an radio immunoprecipitation assay (RIPA) buffer with protease and phosphatase inhibitors cocktail (Roche). Total protein lysates were separated using SDS/PAGE, transferred overnight to a PVDF membrane, and immunoblotted. The membranes were soaked in a blocking buffer (5% BSA) for 1 h at room temperature and then incubated overnight at 4°C with primary antibodies. VEGF, Akt, serin473-phospho-Akt (p-Akt), endothelial NO synthase (eNOS), and serin1177-phospho-eNOS (p-eNOS) protein levels were performed using specific primary antibodies as belows: rabbit anti-VEGF (1:1000 dilution; abcam); rabbit anti-Akt (1:1000 dilution; Cell signaling); rabbit anti-p-Akt (1:2000 dilution; Cell signaling); rabbit anti-eNOS, (1:1500 dilution; Affinity); rabbit anti-p-eNOS, (1:1000 dilution; Affinity). After washing in TBST, membranes were incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h. The protein signal detection was performed using the SuperSignal ECL system (ThermoScientific, Waltham, Massachusetts) and bands were analyzed by ImageJ software. Band intensity was normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The p-Akt to t-Akt ratio and p-eNOS to t-eNOS ratio indicated, respectively, the levels of Akt and eNOS phosphorylation in the heart.



Quantitative Real-Time RT-PCR (qRT-PCR)

Total RNAs were extracted from myocardial tissue samples with the Trizol reagent (Invitrogen, Carlsbad, CA) and reverse transcribed to cDNA using the reverse translation PCR kit (Thermo Fisher Scientific, Waltham, MA). Thereafter, the cDNA was used as a template, and specific primers as well as SYBR Green (Thermo Fisher Scientific, Waltham, MA) were used to detect the expression of the targets on a 7900HT Real-Time PCR System (Applied Biosystems, Foster City, CA). Reactions were performed in triplicate, the level of mRNA was normalized to that of GAPDH, and analysis was performed using the 2-ΔΔCt method.

The PCR primers used were as follows: VEGF forward, 5′-TCGTCCAACTTCTGGGCTCTT-3′; and reverse, 5′-CCCCTCTCCTCTTCCTTCTCT-3′; GAPDH forward, 5′ -ATGGGTGTGAACCACGAGA-3′; and reverse, 5′- CAGGGATGATGTTCTGGGCA-3′.



Statistical Analysis

All data were presented as mean ± standard error of the mean (SEM). Data were analyzed with SPSS (version 19.0; SPSS, Chicago, USA). Two-way analysis of variance was performed to compare multiple groups followed by Student-Newman-Keuls post hoc test. P < 0.05 was considered statistically significant.




RESULTS


QSYQ Protects Against TAC-Induced Cardiac Dysfunction in Mice

To assess the cardiac function and chamber size in the mice, we used M-mode echocardiography in the Sham + NS, Sham + QSYQ, TAC + NS, and TAC + QSYQ groups 8 weeks after TAC. Figure 1A, which shows the representative M-mode echocardiography in the four groups 8 weeks after TAC, demonstrates that heart failure with LV dilatation existed in TAC mice and that QSYQ prevented the development of LV dilatation in TAC mice. Specifically, as shown in Figures 1B,D, EF and FS in the TAC + NS group significantly decreased compared with that in the Sham + NS group, which was accompanied by increased LVIDd and LVIDs (see Supplementary Material online, Table S1), as well as increased LVEDV, LVESV, and lung wet/dry weight ratio, thereby suggesting heart failure in the TAC + NS group. After treatment with QSYQ, EF, and FS significantly recovered, and LVIDd and LVIDs, as well as LVEDV, LVESV, and lung wet/dry weight ratio, also improved in the TAC + NS group.
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FIGURE 1. QSYQ improved cardiac function and hemodynamics of heart failure in TAC mice. (A) Representative M-mode echocardiography in the Sham + NS, Sham + QSYQ, TAC + NS, and TAC + QSYQ groups at 8 weeks after TAC, showing evidence of heart failure with LV dilatation in TAC mice; QSYQ prevented the development of cardiac failure in TAC mice. (B) Echocardiographic analysis of mice 8 weeks after TAC. (C) Hemodynamic analysis was performed with Millar cardiac catheter system in the four groups. (D) The lung wet/dry weight ratio. LVAWd, left ventricular anterior wall thickness in diastole; LVAWs, left ventricular anterior wall thickness in systole; LVPWd, left ventricular posterior wall thickness in diastole; LVPWs, left ventricular anterior wall thickness in systole; LVIDd, left ventricular internal dimension in diastole; LVIDs, left ventricular internal dimension in systole; EF, ejection fraction; FS, fractional shortening; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; Max dP/dt, maximal slope of systolic pressure increment; Min dP/dt, minimal slope of diastolic pressure decrement. Data shown are means ± SEM (n = 6–7 per group). *P < 0.05 vs. Sham + NS group; #P < 0.05 vs. TAC + NS group.



To further evaluate the hemodynamics in the mice, Max dP/dt and Min dP/dt, which reflect LV systolic function and diastolic function, respectively, were determined with Millar cardiac catheter system. Figure 1C shows that compared with those in the Sham + NS group, Max dP/dt, and Min dP/dt in the TAC + NS group were significantly reduced, whereas in the TAC + QSYQ group, Max dP/dt, and Min dP/dt significantly improved (see Supplementary Material online, Table S2).

No significant difference in heart rate among the four groups was observed. Echocardiographic and hemodynamic examinations indicated that QSYQ markedly improved cardiac dysfunction in TAC mice.



QSYQ Improves Loss of Organization of Myocardial Fibers in TAC Mice

To further investigate the effect of QSYQ on the structure of myocardial tissues in TAC mice, immunofluorescent staining with anti-actinin2 antibody was performed to show the organization of the myocardial fibers. Figure 2 shows that the organization of the myocardial fibers in the Sham + NS group was ordered. By contrast, the TAC + NS group showed disrupted myocardial fibers. Myocardial fiber disruption in the TAC + QSYQ significantly improved compared with that in the TAC + NS group.


[image: image]

FIGURE 2. QSYQ improved loss of organization of myocardial fibers in TAC mice. Representative photographs of sections of left ventricles stained with anti-actinin2 antibody with a secondary antibody conjugated to Cy3. Sections were obtained from the Sham + NS, Sham + QSYQ, TAC + NS, and TAC + QSYQ groups 8 weeks after TAC. The Sham + NS group showed ordered myocardial fibers. By contrast, hearts from TAC mice showed disrupted myocardial fibers. QSYQ prevented loss of organization of myocardial fibers in TAC mice.





QSYQ Attenuates Cardiac Fibrosis in TAC Mice

Cardiac fibrosis, including myocardial interstitial fibrosis and perivascular fibrosis, is a vital indicator for the assessment of cardiac remodeling. To investigate whether QSYQ exerts effects on cardiac fibrosis, Masson trichrome staining in myocardial tissue was performed. Figures 3A,B shows that in the Sham + NS group, extremely few blue fibers exist, suggesting insignificant myocardial interstitial fibrosis, whereas the blue fiber in the TAC + NS group was significantly increased and distributed irregularly, suggesting that myocardial interstitial fibrosis was evident. After treatment with QSYQ, the blue fiber significantly decreased. Similarly, Figures 3C,D shows that no significant perivascular collagen deposition was observed in the Sham + NS group, whereas perivascular collagen deposition significantly increased in the TAC + NS group. Moreover, perivascular collagen deposition significantly decreased after treatment with QSYQ.
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FIGURE 3. QSYQ attenuated cardiac fibrosis in TAC mice. (A) Representative photographs of sections of left ventricles with Masson trichrome staining in the Sham + NS, Sham + QSYQ, TAC + NS, and TAC + QSYQ groups 8 weeks after TAC. Blue staining indicates interstitial fibrosis. (B) Quantitative analysis of interstitial fibrosis in the four groups. (C) Representative photographs of sections of left ventricles with Masson trichrome staining in the four groups. Blue staining indicates perivascular fibrosis. (D) Quantitative analysis of perivascular fibrosis in the four groups. (E) Representative immunoblots for MMP-1 and TIMP-1 in the heart. (F–H) Quantitation of protein levels of MMP-1 and TIMP-1 in the heart. *P < 0.05 vs. Sham + NS group; #P < 0.05 vs. TAC + NS group; data shown are means ± SEM (n = 6 per group).



Besides, we investigated the effect of QSYQ on the regulation of MMP-1 and TIMP-1. Figures 3E–H showed that the protein expression of MMP-1 and TIMP-1 in heart was increased in TAC + NS group compared with sham + NS group, but the ratio of MMP-1/TIMP-1 was decreased. However, the QSYQ produced a significant decrease in the protein expression of MMP-1 and TIMP-1 in TAC mice and a significant increase in the ratio of MMP-1/TIMP-1. These results indicated that QSYQ can improve cardiac fiborsis in TAC mice by regulating the expression of MMP-1 and TIMP-1.



QSYQ Reduces Cardiac Apoptosis in TAC Mice

To evaluate the effect of QSYQ on cardiac apoptosis, TUNEL staining in heart sections was performed. Extremely few TUNEL-positive cells were observed in the Sham + NS group, whereas in the TAC + NS group, TUNEL-positive cells significantly increased, suggesting apparent cardiac apoptosis; however, a statistically significant decrease in TUNEL-positive cells was found after QSYQ treatment (Figures 4A,B). In addition, Western blot analysis was performed to evaluate the protein expression levels of Bax and Bcl-2. As shown in Figures 4C–E, the TAC + NS group had higher protein expression levels of Bax and lower protein expression levels of Bcl-2, which suggested elevated cardiac apoptosis. Conversely, compared with the TAC + NS group, the TAC + QSYQ group had remarkably decreased Bax expression levels and increased Bcl-2 expression levels, which suggested decreased cardiac apoptosis. Also, the other apoptosis-related protein expression levels of cleaved-caspase 3 and cleaved-PARP1 were examined. In line with the results of Bax, similar results were observed (Figures 4F–H). In addition, our results observed that no significant difference was found in the protein expression levels of p53 and FasL between sham + NS group and TAC + NS group and QSYQ has no significant effect on the protein expression levels of p53 and Fas ligand (FasL) in TAC mice (see Supplementary Material online, Figure S1).
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FIGURE 4. QSYQ reduced cardiac apoptosis in TAC mice. (A) Representative photographs of staining in heart sections. (B) Quantitative analysis of TUNEL staining in heart sections (*P < 0.05 vs. Sham + NS group; #P < 0.05 vs. TAC + NS group); data shown are means ± SEM (n = 6 per group). (C) Representative immunoblots for Bax and Bcl-2 in the heart. (D–E) Quantitation of protein levels of Bax and Bcl-2 in the heart. (F) Representative immunoblots for cleaved-caspase 3 and cleaved-PARP1 in the heart. (G–H) Quantitation of protein levels of cleaved-caspase 3 and cleaved-PARP1 in the heart. (*P < 0.05 vs. Sham + NS group; #P < 0.05 vs. TAC + NS group); data shown are means ± SEM (n = 3 per group).





QSYQ Alleviates Cardiac Microvessel Impairment in TAC Mice

To explore the role of QSYQ in cardiac angiogenesis, immunohistochemical staining with anti-CD31 antibody was performed. As shown in Figures 5A,B, the expression of CD31, which is an indicator of tissue microvessel density, in the heart was significantly decreased in the TAC + NS group. In the TAC + QSYQ group, the CD31 expression level was remarkably elevated, suggesting that treatment with QSYQ reversed the reduction in microvessel density induced by TAC.
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FIGURE 5. QSYQ alleviated cardiac microvessel impairment in TAC mice. (A) Representative photographs of sections of left ventricles with immunohistochemical staining with anti-CD31 antibody (scale bar, 100 μm). (B) Quantitation of CD31 expression level in the heart (*P < 0.05 vs. Sham + NS group; #P < 0.05 vs. TAC + NS group); data shown are means ± SEM (n ≥ 4 per group). (C) Representative immunoblots for VEGF in the heart. (D) Quantitative analysis of cardiac expression of VEGF measured by western blot. (E) Representative immunoblots for t-Akt (total-Akt) and p-Akt (phospho-Akt) in the heart. (F) Quantitative analysis of cardiac expression of t-Akt and p-Akt measured by western blot. (G) Representative immunoblots for t-eNOS (total-eNOS) and p-eNOS (phospho-eNOS) in the heart. (H) Quantitative analysis of cardiac expression of t-eNOS and p-eNOS measured by western blot. (I) Quantitation of VEGF expression level in the heart measured by real-time PCR. (J) Quantitation of VEGF expression level in plasma measured by elisa. The p-Akt to t-Akt ratio and p-eNOS to t-eNOS ratio indicated, respectively, the levels of Akt and eNOS phosphorylation in the heart. *P < 0.05 vs. Sham + NS group; #P < 0.05 vs. TAC + NS group; data shown are means ± SEM (n = 3 per group).



Western blots showed that the protein expression levels of VEGF in the TAC + NS group was significantly decreased compared with those in the Sham + NS group; treatment with QSYQ significantly increased VEGF expression levels in TAC mice (Figures 5C,D). Moreover, we found that VEGF mRNA expression level in the TAC + NS group was significantly decreased compared with that in the TAC + QSYQ group, whereas the VEGF mRNA expression level in the TAC + QSYQ group was significantly elevated, suggesting that treatment with QSYQ reversed the reduction in microvessel density induced by TAC (Figure 5I) (see Supplementary Material online, Figure S3). Similar results were determined in serum by ELISA (Figure 5J).

Interestingly, as shown in Figures 5E–H, we also found that a significant reduction of Akt activation and eNOS phosphorylation in TAC + NS group was observed compared with those in sham + NS group, which was reflected by the ratio of phospho-Akt/total-Akt (p-Akt/t-Akt) and phospho-eNOS/total-eNOS (p-eNOS/t-eNOS), respectively. Surprisingly, after treatment with QSYQ, the Akt activation and eNOS phosphorylation was significantly increased in TAC + NS group.

These results indicated that cardiac VEGF/Akt/eNOS pathway in the TAC + NS group was strongly suppressed compared with those in the Sham + NS group and the QSYQ was able to induce the activation of cardiac VEGF/Akt/eNOS pathway. In addition, our results observed that no significant difference was found in the expression of microRNA-223-3p (mir-223-3p) between sham + NS group and TAC + NS group and QSYQ has no significant effect on the expression of mir-223-3p in TAC mice (see Supplementary Material online, Figure S2).




DISCUSSION

The aim of this study was to evaluate the potential effects of QSYQ on TAC-induced heart failure in mice. Our results showed that treatment with QSYQ could protect against TAC-induced cardiac dysfunction and disrupted myocardial fiber structure. Moreover, treatment with QSYQ significantly improved cardiac apoptosis and cardiac fibrosis in TAC-induced heart failure, and we also observed that QSYQ could increase the expression levels of VEGF and promote cardiac angiogenesis.

To assess cardiac function, echocardiographic and hemodynamic examinations were performed, and immunofluorescent staining with anti-actinin2 antibody was employed to determine the organization of the myocardial fibers. Previous studies showed that QSYQ improves cardiac function in a rat model of myocardial ischemia induced by left anterior descending coronary artery ligation (JianXin et al., 2016). Additionally, QSYQ was also reported to effectively attenuate pressure overload-induced disorders in cardiac function in a rat model of heart failure (Chen et al., 2015). QSYQ was also found to ameliorate doxorubicin-induced myocardial structure damage and cardiac dysfunction in rats (Tang et al., 2013). Consistent with these reports, our study demonstrated that QSYQ could improve TAC-induced disorders in cardiac structure and function.

Furthermore, cardiac apoptosis and cardiac fibrosis were examined to evaluate cardiac remodeling in TAC-induced heart failure. Previous studies showed that after treatment with QSYQ, cardiac fibrosis in left ventricle hypertrophy induced by pressure overload through ascending aortic stenosis was attenuated (Li et al., 2012). Moreover, QSYQ protected against left ventricular remodeling induced by left anterior descending coronary artery ligation by attenuating the AngII–NADPH oxidase pathway (Li et al., 2014) or downregulating the RAAS pathway (Wang et al., 2015b). Additionally, QSYQ could effectively improve the cardiac function in adriamycin-induced cardiomyopathy, and the probable mechanism of action could be the inhibition of myocardial cell apoptosis (Tong et al., 2013). In our study, we found that QSYQ could remarkably reduce cardiac apoptosis in TAC mice. A previous study reported QSYQ was able to suppress cardiac cox-p53-FasL mediated apoptosis pathway in heart failure model induced by ligation of left anterior descending coronary artery (Wang et al., 2015a). However, our results observed that no significant difference was found in the protein expression levels of p53 and FasL between sham + NS group and TAC + NS group and QSYQ has no significant effect on the protein expression levels of p53 and FasL in TAC mice. This discrepancy may result from the difference of heart failure model. In addition, we also observed that QSYQ could not only ameliorate myocardial interstitial fibrosis but also improve perivascular fibrosis in TAC mice, which is also reported by only few studies. Previous studies showed that QSYQ can adjust the myocardial collagen metabolism in the abdominal aorta coarctation rat by regulating the expression of MMP-1 and TIMP-1 (Lv et al., 2015), which was also observed in our study.

Given that angiogenesis plays a vital role in the pathophysiology of heart failure (Semenza, 2014; Oka et al., 2016), we also investigated whether QSYQ could affect cardiac angiogenesis in TAC-induced heart failure. No compelling evidence from previous studies on whether QSYQ has any influence on cardiac angiogenesis in heart failure exists. Nevertheless, a previous study reported that QSYQ accelerates angiogenesis after myocardial infarction in rats (Zhang et al., 2010). In our study, we found that treatment with QSYQ significantly attenuates cardiac apoptosis and cardiac fibrosis in TAC-induced heart failure, which was accompanied by an upregulation of VEGF expression levels and maintenance of microvessel density in the heart. This in turn revealed that the potential mechanism of QSYQ in preventing cardiac remodeling may be closely related to improved cardiac angiogenesis. Meanwhile, we also found that a significant reduction of Akt activation and eNOS phosphorylation in TAC + NS group was observed compared with those in sham + NS group, which was reflected by the ratio of phospho-Akt/total-Akt (p-Akt/t-Akt) and phospho-eNOS/total-eNOS (p-eNOS/t-eNOS), respectively. Surprisingly, after treatment with QSYQ, the Akt activation and eNOS phosphorylation was significantly increased in TAC + NS group.

These results indicated that cardiac VEGF/Akt/eNOS pathway in the TAC + NS group was strongly suppressed compared with those in the Sham + NS group and the QSYQ was able to induce the activation of cardiac VEGF/Akt/eNOS pathway. This revealed that the potential mechanism of QSYQ in improving cardiac angiogenesis may be closely related to the activation of cardiac VEGF/Akt/eNOS pathway. Previous studies reported mir-223-3p has the most significant upregulation in ischemic cardiac microvascular endothelial cells (CMECs) compared with normal CMECs (Dai et al., 2014) and QSYQ promote ischemic cardiac angiogenesis by downregulating mir-223-3p expression in rats ischemic CMECs derived from rats myocardial infarction model (Dai et al., 2016). However, our results observed that no significant difference was found in the expression of mir-223-3p between sham + NS group and TAC + NS group and QSYQ has no significant effect on the expression of mir-223-3p in TAC mice. This discrepancy may result from the difference of model.

Our study comprehensively investigated the effects of QSYQ on TAC-induced heart failure. Moreover, our study simultaneously investigated the associated potential mechanism. However, evidence on the association between the cardioprotective effects of QSYQ on TAC-induced heart failure and cardiac angiogenesis, as well as evidence on the association between the proangiogenic effects of QSYQ on TAC-induced heart failure and cardiac VEGF/Akt/eNOS pathway, is extremely weak. Studies with more rigorous methodologies are warranted to draw a more convincing conclusion, and repeatable research findings are essential to make the conclusion solid.

In conclusion, our study suggested that QSYQ exerts a cardioprotective effect on heart failure induced by pressure overload, and the potential mechanism may be closely associated with the improvement in impaired cardiac angiogenesis by QSYQ.
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Background: Gualou Xiebai Decoction (GLXB) is a classic prescription of Chinese medicine used for the treatment of cardiac problems. The present study was designed to explore the effect and mechanism of GLXB on ischemia/reperfusion (I/R) induced disorders in myocardial structure and function, focusing on the regulation of energy metabolism and the RhoA/ROCK pathway.

Methods: After hyperlipidemic rat model was established by oral administration of high fat diet, the rats were treated with GLXB for 6 weeks and subjected to 30 min occlusion of the left anterior descending coronary artery (LADCA) followed by 90 min reperfusion to elicit I/R challenge. Myocardial infarct size was assessed by Evans blue-TTC staining. Myocardial blood flow (MBF) and cardiac function were evaluated. Enzyme-linked immunosorbent assay was performed to examine the content of ATP, ADP, AMP, CK, CK-MB, LDH, cTnT, cTnI, and IL-6. Double staining of F-actin and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling was conducted to assess myocardial apoptosis. Expressions of ATP synthase subunit δ (ATP 5D), and RhoA and ROCK were determined by Western blotting.

Results: Administration with GLXB at high dose for 6 weeks protected heart against I/R-induced MBF decrease, myocardial infarction and apoptosis, ameliorated I/R-caused impairment of cardiac function and myocardial structure, restored the decrease in the ratio of ADP/ATP and AMP/ATP, and the expression of ATP 5D with inhibiting the expression of RhoA and ROCK.

Conclusions: Treatment with GLXB effectively protects myocardial structure and function from I/R challenge, possibly via regulating energy metabolism involving inactivation of RhoA/ROCK signaling pathway.

Keywords: cardiac function, myocardial structure, ATP synthase subunit, apoptosis, Rho-associated protein kinase, Rho GTPases


INTRODUCTION

Despite advancements, cardiovascular diseases are considered a leading burden for public health worldwide (Bayeva et al., 2013; Dzau, 2016), among which coronary heart disease (CHD) is the most common form. CHD is a complex condition caused by many factors. Of them, hyperlipidemia is a major risk factor for the induction and development of CHD (Balakumar and Babbar, 2012). Hyperlipidemia elevates levels of serum lipids and triglycerides, which in turn lead to heart diseases such as atherosclerosis, CHD, myocardial infarction and stroke (Gupta et al., 2015; Zhang et al., 2017).

After an acute myocardial infarction, early and successful myocardial reperfusion using thrombolytic therapy or primary percutaneous coronary intervention (PCI) is the most effective strategy for reducing the size of myocardial infarct and improving the clinical outcome. The process of restoring blood flow to the ischemic myocardium, however, can induce injury. This phenomenon known as myocardial reperfusion injury can paradoxically reduce the beneficial effects of myocardial reperfusion (Yellon and Hausenloy, 2007). The clogged arteries further exaggerate myocardial ischemic injury due to the deposition of lipids and the endogenous cellular mediators released in hyperlipidemic state (Gupta et al., 2015).

Imbalances in metabolic supply and demand within the ischemic organ lead to hypoxia and microvascular dysfunction (Eltzschig and Eckle, 2011). A key factor during insufficient perfusion of myocardial tissue is the destruction of mitochondrial oxidative phosphorylation resulting in the depletion of adenosine triphosphate (ATP). Insufficient ATP-production and resultant intracellular acidosis promote an activation of the Na+/H+ and the Na+/Ca2+ exchanger, causing intracellular sodium and calcium overload with loss of resting potential and cellular swelling. Calcium overload and increased level of reactive oxygen due to breakdown of respiratory chain provoke prolonged opening of mitochondrial permeability transition pores (MPTPs) resulting in mitochondrial swelling and rupture, cytochrome C release, and induction of cell apoptosis (Salameh et al., 2017). In addition, the role of RhoA/ROCK signaling in I/R injury has attracted increasing attention (Budzyn et al., 2006; Dong et al., 2010). Studies have shown that the I/R-decreased mitochondrial ATP synthase subunit and energy metabolism disorders can be attenuated by inhibiting the ROCK pathway (He et al., 2014; Cui et al., 2017).

I/R-induced cardiac injury involves a variety of pathological processes that change as the injury progresses. In recent years, studies have shown that traditional Chinese medicine has the advantages of multi-target treatment of I/R-induced injury (Han et al., 2017). Gualou Xiebai Decoction (GLXB), composed of Trichosanthis Pericarpium, Allii Macrostemonis Bulbus, and wine, is a classic prescription of the famous doctor Zhang Zhongjing in the Han Dynasty of China (AD 200-205). It has been used to deal with heart conditions in China for thousands years. Modern pharmacological research results show that GLXB has a diversified activities including protecting myocardium, anti-oxidation, anti-apoptosis, anti-inflammation, anti-hypoxia, improving blood rheology, anticoagulation, anti-fibrosis, regulation of neurotransmitters and cardiac functions, among others. T. Pericarpium and A. Macrostemonis Bulbus have also been reported to exert lipid-lowering effect. A number of studies are available regarding the effect of this medicine on I/R-induced myocardial injury in normal animals, showing the potential of GLXB in reducing the electrocardiogram ST-segment elevation induced by myocardial I/R and the range of myocardial infarction, protecting myocardial tissue, decreasing the lactic dehydrogenase (LDH) level, creatine kinase (CK-MB), and malonaldehyde (MDA) activity, increasing the activity of serum superoxide dismutase (SOD), and improving myocardial fibrosis caused by ischemia model. The proposed mechanisms involved in its effects include: inhibiting the activity of nitric oxide synthase (NOS) and reducing the excessive nitric oxide (NO); inhibiting mitogen activated protein kinase (MAPK) signaling pathway; inhibiting the expression of caspase3, and promoting the expression of phosphorylated Akt protein, and inhibiting the phosphorylation of p38 MAPK in myocardial tissue. The action on chronic myocardial ischemia has been shown via removal of oxygen free radicals, inhibition of P38, JNK, ERK1/2 protein phosphorylation. However, no study is available regarding the effect of GLXB on the I/R-induced myocardial injury in the hyperlipidemia subject, a condition more closer to the clinical practice due to the higher morbidity of myocardial I/R in people with hyperlipidemia.

The purpose of present study was to explore the effect of GLXB on I/R-induced impairment on myocardial structure and cardiac functions in hyperlipidemia rats, with focus on the possible implication of GLXB in energy metabolism modulation.



MATERIALS AND METHODS


Animals

Male Sprague–Dawley rats, 4 weeks old, weighing 95 ± 10 g, were purchased from the Animal Center of Peking University with the certificate number SCXK 2016-0010. The rats were housed in cages at temperature 22 ± 2°C, humidity 40 ± 5%, under a 12-h light/dark cycle, and received standard diet or high fat diet (HFD) and water ad libitum. The rats were fasted for 12 h before experiment but allowed to access water freely.

The experimental procedures were in accordance with the recommendations of guidelines, EU Directive 2010/63/EU for animal experiments. Experiment protocols were approved by Peking University Biomedical Ethics Committee Experimental Animal Ethics Branch (LA2010-001). The authors of this manuscript have certified that they comply with the Principles of Ethical Publishing in the International Journal of Cardiology.



Herbs

The decoction pieces of T. Pericarpium and A. Macrostemonis Bulbus were purchased from Handan Chinese Herbal Medicinal Materials Company (Handan, China) and identified by Prof. Guang-Xiong Zhou of Jinan University. The quality of the decoction pieces complied with the requirements of the two herbs in Chinese Pharmacopoeia Edition 2015. Voucher specimens were deposited in the Institute of Traditional Chinese Medicine & Natural Products, Jinan University (No. JNU-TK-201503 and No. JNU-AM-201503).



Extraction and Isolation of GLXB

To prepare GLXB extract, 15 kg dry T. Pericarpium and 10 kg A. Macrostemonis Bulbus were mixed and extracted by heat-reflux in 60% ethanol, yielding 5 kg exact (GX) after removing the solvents in vacuo.



UHPLC-TOF-MS Analysis of GLXB Extract

The total extract was first passed through a solid-phase extraction column (SPE, Phenomenex Strata™-C18E, 500 mg, 2 cc, Phenomenex, California, USA), eluted with 2 mL water and 2 mL methanol, successively. The eluted solutions were poured together and evaporated, and then re-dissolved in 50% acetonitrile at a concentration of 8.0 mg/mL. The resultant sample was subjected to chromatographic analysis on an Agilent 1290 UHPLC system (Agilent Technologies, California, USA) equipped with a Waters Acquity™ BEH-C18 column (ϕ10 × 100 mm, 1.7 μm) and the MS spectra were acquired by an Agilent 6230 HR-TOF-MS system. The mobile phases were (A) 0.1% formic acid in water (B) and 0.1% formic acid in acetonitrile, and the gradient elution program was (time/B%): 0–5 min, 3–10%; 5–15 min, 10–15%; 15–16 min, 15–18%; 16–20 min, 18–20%; 20–30 min, 20–30%; 30–35 min, 30–40%. The chromatographic analysis was performed at 40°C with a flow rate 0.4 mL/min and injection volume 4 μL. The mass spectrometer parameters were as follows: drying gas was 325°C at 8 L/min, nebulizer pressure was 35 psig, sheath gas flow was at 11 L/min, fragmentor voltage was 175 V and skimmer voltage was 65 V. Acquisition was conducted in positive mode and mass range was 50–2,000 Da. All the chemical reagents mentioned above were UPLC grade, and water was prepared with a Millipore Ultrapure System (Merck Millipore, Darmstadt, Germany).



Other Reagents

Evans blue was purchased from Sigma-Aldrich Ltd. (St. Louis, USA), freshly prepared to 4% solution with saline before experiment. 2,3,5-triphenyltetrazolium chloride (TTC) was from Sigma-Aldrich Ltd (St. Louis, USA), and prepared to 0.375% solution with phosphate buffer. Pentobarbital sodium was purchased from Beijing Chemical Agent Ltd. (Beijing, China). Triglycerides (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-C) detection reagents were purchased from Hitachi high-tech Co., Ltd. (Tokyo, Japan). CK, CK-MB, cTnT, cTnI, LDH, IL-6, ATP, ADP, and AMP ELISA Kits were from Shanghai BlueGene Biotech CO., Ltd (Shanghai, China). The antibody against ATP5D was from Santa Cruz (California, USA). The antibody against ROCK1 and RhoA were obtained from Abcam (Cambridge, MA, USA). Simvastatin was from Merck Sharp & Dohme Ltd. (Haarlem, the Netherlands).



Animal Model and Drug Administration

One hundred and fourteen rats were fed daily with high fat diet (Research Diets D12451, 45 kcal % fat) (Beijing ncobio Co., Ltd., Beijing, China) (Hambly et al., 2005; Seo et al., 2012; Lu et al., 2017; Wang et al., 2017) for 4 weeks. Blood was taken from rats through intraocular canthus penetration, centrifuged at 956 g for 10 min, then the serum was collected. The contents of TG, TC, HDL-C, and LDL-C were tested once a week until the 9th week by HITACHI7020 automatic biochemical analyzer (Hitachi high-tech Co., Ltd., Tokyo, Japan). The 4 indicators of blood lipids significantly differed from that in standard feed rats after 9 weeks, showing that hyperlipidemia rat model was established.

Hyperlipidemia rats were randomly divided into 6 groups, 19 in each, including 2 Sham-operated groups and 4 I/R-injured groups. I/R-injured rats were randomly assigned to I/R + Saline group, I/R + GLXB low dose group, I/R + GLXB high dose group and IR + Simvastatin group. Rats were administered with GLXB or Simvastatin at the dose indicated or saline by gavage daily for 6 weeks, and remained fed with high fat diet during the period of treatment. Twelve SD rats fed with standard diet were used as control (See Table 1 for detail).



Table 1. Experimental grouping.
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I/R Challenge and Myocardial Infarct Size Assessment

Animals were anesthetized with 2% pentobarbital sodium (60 mg/kg) by intraperitoneal injection, and placed in a supine position. A tracheal cannula was inserted via mouth, with one end being connected with an animal breathing apparatus (ALC-V8, Shanghai Alcott Biotech Co., Shanghai, China) with 1:1 respiration rate, the frequency 75/min, and tidal volume 12 ml/kg. A thoracotomy was performed to expose the heart, and the proximal left anterior descending coronary artery (LADCA) was ligated with a 5/0 silk. Post 30 min the suture silk was released for reperfusion. The animals in Sham group underwent the same treatment except for the ligation of suture silk. The LADCA was ligated again 90 m after reperfusion, and 2 ml of 0.35% Evans blue was administrated via femoral vein. Hearts were rapidly excised and sliced into 5 sections of 1 mm thick from the apex cordis to the ligation site. To reveal the infarction, the slices were incubated with a 0.375% solution of TTC at 37°C for 15 min, and then photographed with a stereomicroscope connected with Digital Sight (DS-5M-U1, Nikon, Nanjing, China). Myocardial infarct area (IA), myocardial area at risk (AAR) and left ventricle size (LV) were analyzed on each slice by Image-Pro Plus 6.0 (Media Cybernetic, Bethesda, MD, USA) (n = 6) (Lin et al., 2013). The average ratios of AAR/LV (%) and IA/AAR (%) from 5 slices were used to denote the degree of myocardial ischemia and infarction.



Myocardial Blood Flow

After exposure of heart, myocardial blood flow (MBF) was measured by a Laser-Doppler Perfusion Imager (PeriScan PIM3 System; PERIMED, Stockholm, Sweden) equipped with a computer, at baseline, immediately after ischemia and 30, 60, and 90 min after reperfusion. A color-coded image was used to denote the magnitude of MBF with blue to red representing low to high (Li et al., 2018).



Heart Function

A biofunctional experimental system BL-420F (Chengdu Taimen Technology Ltd, Chengdu, China) was applied to assess the heart function at baseline, immediately after ischemia, and 90 min after reperfusion. The variables measured included heart rate (HR), left ventricular systolic pressure (LVSP), left ventricular diastolic pressure (LVDP), left ventricular end diastolic pressure (LVEDP), left ventricular maximum upstroke velocity (+dp/dtmax), and left ventricular maximum descent velocity (–dp/dtmax) (Li et al., 2018).



ELISA Assay

Blood was collected at 90 min after reperfusion and centrifuged at 4°C and 1,000 g for 15 min to separate serum using heparin as an anticoagulant. The supernatant was harvested, and the contents of CK, CK -MB, LDH, cTnT, cTnI, IL-6, ATP, ADP, and AMP were detected using rat ELISA Kit by microplate reader (MULTISKAN MK3; Thermo, San Jose, CA, USA).

At 90 min after reperfusion, rats under anesthesia were perfused with saline, and the hearts were removed. The left ventricle tissue was sampled 2 mm under ligature, frozen in liquid nitrogen, and stored at −80°C. The protein of the tissues was extracted with a protein extraction kit (Applygen Technologies, Beijing, China), as per the manufacture's instruction. In brief, 80–100 mg of tissue pieces was mixed with 1 ml of RIPA containing 5 μg/ml leupeptin, 5 μg/ml aprotinin, 5 μg/ml pepstatin, and 5 mM PMSF, homogenized, incubated on ice for 30 min, and centrifuged at 19,357 g, 4°C, for 10 min. The resultant supernatant served as whole protein, and the content of ATP, ADP, and AMP of myocardium was assessed with ELISA by microplate reader (MULTISKAN MK3; Thermo, San Jose, CA, USA), according to the manufacturer's instruction. ADP/ATP and AMP/ATP were calculated based on the standard curves.



Histology and Double Staining of F-Actin and Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling

At 90 min after reperfusion, thoracotomy was performed, and heart was removed (n = 3), fixed in 4% paraformaldehyde (PFA) solution for 48 h for processing paraffin section. The paraffin sections (5 μm) were stained with hematoxylin eosin (HE) as routine.

The sections were doubly stained with rhodamine phalloidine (R415, Invitrogen, Carlsbad, CA, USA) for F-actin and a cell death detection kit (Roche, Basel, Switzerland) for terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL), according to the manufacture's instruction, and the nucleus were labeled with Hoechest 33342. Sections were observed with a Laser Scanning Confocal Microscope (TCS SP5, Leica, Mannheim, Germany) with five view fields being selected at 40 × magnification of objective from the surrounding infarction areas of the left ventricle for each section. The numbers of the TUNEL-positive cells in the five fields were counted, using the average as a measure of apoptosis (Li et al., 2018).



Western Blotting Assay

Myocardial tissue was harvested from the surrounding of infarct area of LV 90 min after reperfusion. The myocardial tissue was homogenized in lysis buffer containing the protease inhibitor. Equivalent amount of proteins were loaded, electrophoresis, and transferred onto the membranes, and incubated with antibodies against ATP5D (1:200), RhoA (1:1,000), ROCK1 (1:1,000), GAPDH (1:2,000), respectively, followed by incubation with corresponding secondary antibodies. The GADPH western blotting was performed for each membrane as a loading control.



Statistical Analysis

All data were expressed as mean ± SEM. Statistical analysis was carried out with GraphPad Prism 6 statistical software, and one-way analysis of variance was used, and then for post-hoc testing, Fisher's least-significant-difference test was used for multiple comparisons between groups. P < 0.05 was considered as statistically significant.




RESULTS


UHPLC-TOF-MS Chromatograph and Chemical Profile of GLXB

To identify the chemicals contained in GLXB, UHPLC-TOF-MS Chromatography was applied, as shown in Figure 1. A total of 10 major compounds were identified by analyzing MS peaks and comparing the retention times with standard compounds, as listed in Table 2.
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FIGURE 1. Base peaks in chromatography (BPC) of the total extract of GLXB in positive mode (time/B%): 0–5 min, 3–10%; 5–15 min, 10–15%; 15–16 min, 15–18%; 16–20 min, 18–20%; 20–30 min, 20–30%; 30–35 min, 30–40%.





Table 2. Major compounds in the total extract of GLXB.
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GLXB Decreases Serum TC, TG, and LDL-C, but Has No Influence on HDL-C

Serum levels of TC, TG, HDL-C, and LDL-C were tested by ELISA assay to determine whether GLXB has a lipid-lowering effect. The results of serum TC, TG, HDL-C, and LDL-C are illustrated in Figure 2. Compared with Control group, the level of TC, TG, and LDL-C were significantly increased after HFD treatment, and the HDL-C level was markedly decreased. I/R insult had no effect on the level of serum TC, TG, HDL-C, and LDL-C. Interestingly, the levels of serum TC, TG and LDL-C were significantly decreased in Sham + GLXB High group, compared with both Sham group and I/R group, while the HDL-C level did not vary significantly among the four groups. GLXB at low dose exhibited similar but less effect as high dose. These results indicate the lipid-lowering activity of GLXB. Simvastatin was found able to attenuate all the four alterations induced by HFD.
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FIGURE 2. The effect of GLXB on the level of serum TC, TG, HDL-C, and LDL-C in rat. (A) The level of serum TC in different group. (B) The level of serum TG in different group. (C) The level of serum HDL-C in different group. (D) The level of serum LDL-C in different group. Data are mean ± SEM, n = 6. *P < 0.05 vs. Control group, #P < 0.05 vs. Sham group, †P < 0.05 vs. I/R group.





GLXB Reduces I/R-Induced Myocardial Infarct Size

As a major outcome for evaluating the effect of GLXB, myocardial infarct was assessed by Evans blue-TTC staining 90 min after reperfusion and the representative images in different groups are shown in Figure 3A, wherein the pink tissue represents ischemic area, while the white tissue represents the infarction region. Apparently, myocardial tissue slices from Control group, Sham group and Sham + GLXB group exhibited no ischemia and infarct. In contrast, noticeable ischemia and infarct areas were observed in I/R groups. However, myocardial infarct areas in I/R + GLXB High group and I/R + Simvastatin group were significantly smaller than that in I/R group.
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FIGURE 3. The effect of GLXB on I/R-induced myocardial infarct size in rats. (A) Representative myocardial tissue slices of left ventricle stained by Evans blue-TTC in Control, Sham, Sham + GLXB High, I/R, I/R + GLXB Low, I/R + GLXB High, and I/R + Simvastatin. (B) Quantitative analysis of AAR/LV in various groups. (C) Quantitative analysis of IA/AAR in various groups. Data are mean ± SEM, n = 6. *P < 0.05 vs. Sham group, #P < 0.05 vs. I/R group.



The quantitative analysis of AAR/LV and IA/AAR is shown in Figures 3B,C, respectively. Compared with Sham group, AAR/LV increased markedly in I/R group, which was not attenuated by GLXB at the two doses, nor by Simvastatin. IA/AAR in I/R group increased noticeably compared to Sham group, either, however, which was significantly alleviated by treatment with high dose of GLXB and Simvastatin. The results showed that GLXB at high dose may improve the outcome of animals underwent myocardial I/R challenge with an effectiveness similar to Simvastatin.



GLXB Attenuates I/R-Induced Myocardial Injury

The potential of GLXB to protect myocardial tissue from I/R injury was verified further by HE staining and assessment of myocardial enzymes and inflammatory cytokines. The representative HE staining paraffin sections from different groups are shown in Figure 4A. Compared with Control group (a), the myocardium in Sham group (b) exhibited apparent cardiomyocyte hypertrophy and enlarged interstitial space, consistent with the results from others (Geetha et al., 2015). A similar pathohistology pattern was observed in Sham + GLXB High (c) group, implying no effect of GLXB on high fat diet-induced cardiomyocyte hypertrophy. Nevertheless, distinct alterations occurred in the surrounding infarction areas of myocardial tissues from I/R group (d), manifesting myocardial fibers disruption, myocardial interstitial edema, and neutrophils infiltration. Of notice, all of the I/R-evoked injuries were ameliorated by GLXB treatment, especially at the high dose of 4 g/kg (f), as well as by Simvastatin (g) but to a less extent.
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FIGURE 4. The effect of GLXB on I/R-evoked myocardial injury in rats. (A) Representative photographs of HE-stained myocardium (20×) in Control (a), Sham (b), Sham + GLXB High (c), I/R (d), I/R + GLXB Low (e), I/R + GLXB High (f), I/R + Simvastatin (g). Bar = 100 μm. (B) Serum levels of CK in different groups. (C) Serum levels of CK-MB in different groups. (D) Serum levels of LDH in different groups. (E) Serum levels of cTnI in different groups. (F) Serum levels of cTnT in different groups. (G) Serum levels of IL-6 in different groups. Data are mean ± SEM, n = 6. *P < 0.05 vs. Sham group, #P < 0.05 vs. I/R group.



Furthermore, the markers of myocardial damage were also assessed. As shown in Figures 4B–G, the serum levels of CK (Figure 4B), CK-MB (Figure 4C), LDH (Figure 4D), cTnI (Figure 4E), cTnT (Figure 4F), and IL-6 (Figure 4G) were all significantly upregulated by I/R insult, however, which were inhibited by high dose of GLXB. Low dose of GLXB and Simvastatin showed a similar trend but only a significant effect on a few markers.

These results confirm the beneficial role of GLXB at high dose in attenuating myocardial I/R injury, exhibiting an even better effect than Simvastatin did.



GLXB Attenuates I/R-Evoked Cardiac Energy Metabolism Disorder and ATP 5D Down Regulation

Energy metabolism disorder is a key event in initiation and progression of myocardial I/R injury. Thus, experiments were undertaken to address the energy metabolism status in different conditions, in terms of the contents of ATP, ADP, and AMP in serum and myocardium. As shown in Figures 5, 6, no significant difference was observed in the three energy related variables tested between Control and Sham group, suggesting that high fat diet did not influence the energy status in rat. Noticeably, the content of ATP in both serum (Figure 5A) and myocardial tissue (Figure 6A) decreased significantly 90 min after reperfusion, as compared with Sham group, which was evidently improved by treatment of GLXB at the high dose and Simvastatin. The changes in ADP and AMP level in both serum and myocardium exhibited a trend opposite to ATP (Figures 5B–E, 6B–E), indicating a more catabolism of ATP.


[image: image]

FIGURE 5. The effect of GLXB on serum level of AMP, ADP, and ATP in rats. (A) The serum levels of ATP in different groups. (B) The serum levels of ADP in different groups. (C) The serum levels of AMP in different groups. (D) The ratio of ADP/ATP in serum in different groups. (E) The ratio of AMP/ATP in serum in different groups. Data are mean ± SEM, n = 6. *P < 0.05 vs. Sham group, #P < 0.05 vs. I/R group.
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FIGURE 6. The effect of GLXB on the level of AMP, ADP and ATP in myocardial tissue of rats. (A) The content of ATP in myocardial tissues in different groups. (B) The content of ADP in myocardial tissues in different groups. (C) The content of AMP in myocardial tissues in different groups. (D) The ratio of ADP/ATP in myocardial tissues in different groups. (E) The ratio of AMP/ATP in myocardial tissues in different groups. Data are mean ± SEM, n = 6. *P < 0.05 vs. Sham group, #P < 0.05 vs. I/R group. (F) Representative Western blotting bands of ATP 5D in various groups. (G) The semi-quantitative analysis of ATP 5D in various groups. Data are mean ± SEM, n = 6. *P < 0.05 vs. Sham group, #P < 0.05 vs. I/R group.



As a subunit of ATP synthase, the expression of ATP 5D protein was determined by Western blotting. The representative blots from different groups and quantification of the results are displayed in Figures 6F,G and Figure S1, respectively. As noticed, the expression of ATP 5D reduced dramatically after I/R, as compared to Sham group. GLXB at the high dose and Simvastatin significantly restrained the decline of ATP 5D expression evoked by I/R.

These results demonstrate the ability of GLXB to attenuate I/R-elicited energy metabolism disorder in myocardium tissue by upregulation of ATP 5D expression, highlighting regulation of energy metabolism as a key player in the mechanism for the beneficial role of GLXB.



GLXB Attenuates RhoA/ROCK Activation Induced by I/R

RhoA/ROCK is a signaling pathway that participates in transcription regulation of a wide range of proteins, including ATP 5D. We thus examined RhoA/ROCK activity in different conditions to explore the likely implication of RhoA/ROCK in GLXB action. The expression of proteins implicated in RhoA/ROCK signaling pathway was assessed by using Western blotting. The results showed a significant increase in the expression of RhoA and ROCK1 in I/R-elicited myocardial tissue compared with Sham group, which was noticeably inhibited by GLXB or Simvastatin treatment (Figures 7A–C and Figure S2). This result highly suggests the involvement of RhoA/ROCK signaling pathway in the effect of GLXB, possibly via regulation of ATP5D expression thus improving energy metabolism.


[image: image]

FIGURE 7. Effect of GLXB on the expression of RhoA/ROCK signaling pathway in the myocardial tissue of rats subjected to I/R. (A) Representative Western blotting bands of RhoA and ROCK1 in various groups. (B) The semi-quantitative analysis of RhoA in various groups. (C) The semi-quantitative analysis of ROCK1 in various groups. Data are mean ± SEM, n = 6. *P < 0.05 vs. Sham group, #P < 0.05 vs. I/R group.





GLXB Inhibits I/R-Induced Myocardial Apoptosis

Energy metabolism disorder results in a spectrum of sequels, including cardiomyocyte apoptosis and F-actin disintegrity, among others. We next determined cardiomyocyte apoptosis and F-actin by double staining with TUNEL and rhodamine phalloidine. Figure 8 shows the representative images of various groups, wherein nuclei were stained blue, F-actin labeled by rhodamine phalloidin red, and TUNEL-positive cells green. In Control and Sham groups, no or few TUNEL-positive cells were seen. By contrast, a large number of TUNEL-positive cells were observed in I/R groups, however, which were reduced apparently by high dose of GLXB, but not by low dose of GLXB and Simvastatin. Apparently, the I/R-induced cardiomyocyte apoptosis, F-actin decrease and myocardial fibers rupture were protected by GLXB. This result is in agreement with what expected from the role of GLXB in regulation of energy metabolism.
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FIGURE 8. The effect of GLXB on myocardial apoptosis. (A) Representative photographs of double staining of TUNEL and F-actin (40×). Nucleus are stained with blue, F-actin red, and TUNEL-positive cells green. Bar = 50 μm. (B) Quantitative analysis of apoptosis cells in the various groups. Data are mean ± SEM, n = 6. *P < 0.05 vs. Sham group, #P < 0.05 vs. I/R group.





GLXB Attenuates I/R-Induced Heart Dysfunction

Heart function is a critical target for evaluating the benefit of GLXB, which was thus assessed in different conditions at baseline, immediately after ischemia, and 90 min after reperfusion. As noticed in Figure 9, no significant difference was observed in all the 6 variables tested between Control and Sham group, suggesting that high fat diet did not affect heart function in the present setting. However, compared with Sham group, I/R caused a significant decline in LVSP and +dp/dtmax, and an apparent elevation in LVDP, LVEDP, and -dp/dtmax, indicating an impairment of heart function. Evidently, these impairments were ameliorated by pre-treatment of GLXB, especially at the dose of 4 g/kg. Simvastatin treatment revealed a protective effect similar to GLXB, but to a less extent. This result shows that the beneficial effect of GLXB on myocardial injury finally leads to an improved heart function.
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FIGURE 9. The effect of GLXB on cardiac function in rats. Presented are the time courses of HR (A), LVSP (B), +dp/dtmax (C), LVEDP (D), LVDP (E), and -dp/dtmax (F) in various groups, respectively. The linear mixed effects models were analyzed for repeated measurement data, and least squares means were calculated between the groups of different time points. Data are mean ± SEM, n = 6. *P < 0.05 vs. Sham group, #P < 0.05 vs. I/R group.





GLXB Attenuates I/R-Induced Decrease of Myocardial Blood Flow

I/R causes a decrease in MBF and an effective strategy for myocardial I/R injury should improve MBF as well. MBF was thus detected in different conditions. The color images acquired by the Laser Scanning Doppler in various groups are showed in Figure 10A. No obvious difference in MBF at baseline was observed among the seven groups, nor among Control, Sham, and Sham + GLXB High group at each time point, either. A prominent decrease in MBF occurred in I/R group immediately after ischemia, and persisted till the end of the observation. Pre-treatment with GLXB prevented MBF from decrease by I/R, with the higher dose being more efficient than lower dose. Simvastatin treatment attenuated MBF as well, but only at 90 min after reperfusion. Figure 10B is the time courses of MBF changes in the various groups at different time point, which confirmed the impression from Figure 10A. This result is parallel with the attenuating effect of GLXB on myocardial I/R injury.
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FIGURE 10. The effect of GLXB on MBF after I/R in rats. (A) Color images of MBF acquired by Laser Scanning Doppler Perfusion Imager in Control, Sham, Sham + GLXB High, I/R, I/R + GLXB Low, I/R + GLXB High, I/R + Simvastatin groups at Baseline, 0, 30, 60, and 90 min after reperfusion. (B) Time courses of MBF of rats subjected to I/R in various groups. The linear mixed effects models were analyzed for repeated measurement data, and least squares means were calculated between the groups of different time points. Data are mean ± SEM, n = 6. *P < 0.05 vs. Sham group, #P < 0.05 vs. I/R group.






DISCUSSION

The role of hyperlipidemia in cardiovascular diseases has long been recognized (Ferdinandy, 2003; Thakker et al., 2008), which not only presents as an independent risk factor for myocardial infarction, but also increases the severity of myocardial ischemia and reperfusion injury (Zhao et al., 2009), as evidenced by the upregulated expression of TNF-α and IL-1β in the heart (Han et al., 2016), increased left ventricular LDH, CK-MB, and collagen content (Ferdinandy et al., 1998; Giricz et al., 2006), enhanced superoxide production (Ohara et al., 1995), decreased myocardial NO concentration (Hoshida et al., 1996), excessive generation of ROS (Onody et al., 2003; Giricz et al., 2006; Csont et al., 2007), enhanced activation of apoptotic caspase-3 (Wang et al., 2002), impaired activation of the mitochondrial ATP-activated potassium channel (Katakam et al., 2007), and inhibition of MMP-2 (Giricz et al., 2006). Therefore, it is appealing to develop a strategy effective to attenuate the myocardial ischemia and reperfusion injury in the patients with hyperlipidemia.

Accumulating study has confirmed the ability of GLXB to lower the lipid in hyperlipidemia animals and attenuate the I/R-induced myocardial damage in rats with normal blood lipid. However, no study is published so far as to its effect on I/R induced myocardial injury in the hyperlipidemia subject, a condition that is more frequently encountered in clinic practice. The result of present study revealed that GLXB treatment significantly protected the myocardium from I/R injury in hyperlipidemia rat, as shown by the decreased level of CK, CK-MB, LDH, cTnI, cTnT, and IL-6, improved cardiac function, and mitigated myocardium damage, consistent with findings in animals with normal blood lipid. These results demonstrated that GLXB is able to reduce myocardial I/R injury in hyperlipidemic animals, with an efficiency similar to that for normal blood lipid animals.

The present study found that GLXB inhibits the elevation of LVEDP and LVDP, the decrease of +dp/dtmax and the increase of -dp/dtmax after I/R to improve cardiac function. The result is similar to the previous research in normal animals. On the other hand, we did not find any change in heart rate in rats after myocardial injury by I/R challenge, nor effect of GLXB on the heart rate either, which is inconsistent with the results by Ding and colleagues reporting that a deceased heart rate was observed in rats with myocardial infarction caused by ligation and subsequent release of the LADCA, while pretreatment with GLXB for 4 weeks prevented the decrease in the heart rate (Ding et al., 2016). A possible reason for this difference may be that arrhythmia occurs mostly in the early stage of reperfusion (Sun et al., 2014), while our study detected the heart rate at 90 min after reperfusion, missing the time window for finding the effect of GLXB on heart rate.

Most study regarding the mechanism for the protection of GLXB on I/R-induced myocardial infarction has focused on its effect on apoptosis, oxidative stress and inflammation, and the signaling pathways proposed include NF-κB, TGF-β1, and MAPKs (Ding et al., 2013, 2016). The new finding of the present study is that GLXB increases ATP content by up-regulating the expression of ATP 5D of ATP synthase in the myocardium, suggesting that GLXB may improve energy metabolism. Energy metabolism is well-known to be dysregulated in myocardium after ischemia-reperfusion due to the blockage of oxygen and nutrition, which leads to the depletion of ATP and initiates a spectrum of consequence, such as myocardial tissue F-actin depolymerization and myocardial tissue injury, vascular endothelial cells impairment and microcirculation dysfunction. Besides, as the major source of ATP, mitochondria disorder including the downregulation of ATP 5D may promote the production of peroxides and oxidative stress and mitochondria-mediated apoptosis, which together contribute to the decreased cardiac function (Lin et al., 2013). Our results show that GLXB can improve energy metabolism, prevent depolymerization of F-actin, attenuate myocardial tissue injury, apoptosis and cardiac dysfunction, suggesting improving energy metabolism as one of the mechanisms responsible for the protection of GLXB against I/R-injured myocardium.

The critical role of RhoA/ROCK in I/R injury has been well-recognized (Bao et al., 2004; Hamid et al., 2007; Shibata et al., 2008; Zhang et al., 2009), which is shown to inhibit PI3K/AKT/eNOS pathway, the expression of the anti-apoptotic protein Bcl-2 protein, and activation of the c-Jun NH2 terminal kinase. Particularly, ROCK inhibitors were found to increase the expression of lactate dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase and the level of ATP synthase alpha subunit during myocardial I/R injury (Cadete et al., 2010). We have previously reported that notoginsenoside NR1 can reduce the energy metabolism disorder caused by I/R by inhibiting the ROCK pathway and increasing the level of mitochondrial ATP synthase subunit, which at least partially protects I/R-injured myocardial tissue (He et al., 2014). Ginsenoside Rb1 can protects against I/R-induced myocardial injury via energy metabolism regulation mediated by RhoA signaling pathway (Cui et al., 2017). The finding of the present study demonstrated that GLXB is able to attenuate the I/R induced activation of RhoA/ROCK, highlighting the participation of this signaling pathway in the action of GLXB.

GLXB is known to contain a range of chemicals including the 10 compounds identified in the present study which belong to nitrogenous compounds and steroidal saponins. Of the 10 compounds, adenosine has been approved by the FDA in 1989 for the treatment of arrhythmias, adenosine, 2,3,4,9-tetrahydro-1H-pyrido [3,4-b] indole-3R carboxylic acid and 2,3,4,9-tetrahydro-1H-pyrido [3,4-b] indole-3S carboxylic acid have been shown to inhibit human platelet aggregation activity, anti-inflammatory and anti-procoagulant activity (Wang et al., 2016; Yao et al., 2016). However, none of them is known capable of mediating energy metabolism. The component (s) in GLXB responsible for its potential to upregulate ATP 5D and improve energy metabolism in cardiomyocytes remains to be identified by further study.

As a lipid-lowering medication, the potential of simvastatin to protect myocardium from I/R injury also attracts much attention, and anti-apoptosis and anti-inflammation have been proposed as the mechanisms implicated in its action. In line with the previous reports, we observed in the present study that simvastatin is able to lessen the I/R-induced myocardium infarction, attenuate inflammation and anti-apoptosis with efficiency between low and high dose of GLXB tested. Nevertheless, the present study revealed that simvastatin protected energy metabolism disorder in myocardium after I/R challenge in a manner similar to high dose of GLXB. The potential of simvastatin to increase mitochondrial activity and ATP content has been reported in human osteoblasts (Chuang et al., 2013) and by mitochondrial proteomics study of simvastatin effect, but has not been reported in I/R-injured myocardium. The finding of the present study provides a new insight for better understanding the mechanism for the benefit of simvastatin in myocardium undergoing I/R challenge. In addition, the result from simvastatin suggests that the protected effect of GLXB on myocardial I/R injury and energy metabolism disorder found in the present case is partly secondary to its action on plasma lipid, although its direct protection for these insults certainly exists, as demonstrated by the study in normal animals. More study is needed to discriminate the relative contribution of each of the two types of actions to the outcome seen in the present study. Furthermore, the present study shows that in comparison with simvastatin, GLXB is more effective in reducing CK and restoring heart function and cardiac blood flow, though less effective in lowering plasma lipid. Given the well-recognized adverse side effect of simvastatin, GLXB may be used as a potentially alternative for the hyperlipidemia people to prevent myocardial I/R injury.

In summary, the present study demonstrated that GLXB is able to relieve I/R-induced myocardial injury for the hyperlipidemia subject with an efficiency similar to simvastatin, a potential that is likely related with regulating energy metabolism involving RhoA/ROCK signaling pathway (Figure 11). The result of this study suggests GLXB as an alternative option for the hyperlipidemia patients at high risk of cardiac condition.
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FIGURE 11. A schematic showing the effect and signaling of GLXB on myocardial I/R injury. I/R activates RhoA/ROCK1 signaling that downregulates the expression of ATP 5D, leading to a decrease of ATP production, disintegrating of F-actin and cardiomyocyte necrosis. which contribute to the decrease in myocardial blood flow, myocardium infarct, and heart dysfunction. In addition, ischemia causes lack of oxygen and glucose which exaggerate the dysfunction of mitochondria respiratory chain, leading to oxidative stress and apoptosis, contributing to myocardium infarct, and heart dysfunction. GLXB inhibits RhoA/ROCK1 signaling, attenuates mitochondria dysfunction, thus improves the outcome of animals exposed to I/R.
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Figure S1. The full-length representative western blotting bands of ATP5D and GAPDH in different groups as shown with indication of molecular size. The samples derived from the same experiment and gels were processed in parallel. Selected fractions of bands used in the main text were framed as shown in the figure.

Figure S2. The full-length representative western blotting bands of ROCK, RhoA and GAPDH in different groups as shown with indication of molecular size. The samples derived from the same experiment and gels were processed in parallel. Selected fractions of bands used in the main text were framed as shown in the figure.



ABBREVIATIONS

AAR, area at risk; ADP, adenosine diphosphate; AMP, adenosine monophosphate; ATP, adenosine triphosphate; CK, creatinine kinase; CK-MB, creatine kinase isoenzyme MB; CTNT, troponin-T; CTNI, troponin-I; +dp/dtmax, left ventricular maximum upstroke velocity; –dp/dtmax, left ventricular maximum descent velocity; ELISA, enzyme-linked immunosorbent assay; HDL-C, high density lipoprotein cholesterol; HE, hematoxylin-eosin; HFD, high fat diet; HR, heart rate; IA, infarction area; IL-6, interleukin 6; I/R, ischemia/reperfusion; LDH, lactate dehydrogenase; LDL-C, low density lipoprotein cholesterol; LV, left ventricular; LVDP, left ventricular diastolic pressure; LVEDP, left ventricular end diastolic pressure; LVSP, left ventricular systolic pressure; MBF, myocardial blood flow; PBS, phosphate buffered saline; PCI, percutaneous coronary intervention; ROCK, Rho-associated Coiled-coil Containing Protein Kinase; TC, total cholesterol; TG, triglyceride; TNF-α, tumor necrosis factor-alpha; TTC, 2,3,5-triphenyltetrazolium chloride; TUNEL, terminal deoxynucleoitidyl transferase-mediated nick end labeling.
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Ischemic heart diseases remain a challenge for clinicians. QiShenYiQi pills® (QSYQ) has been reported to be curative during coronary heart diseases with modulation of energy metabolism as one of the underlying mechanisms. In this study, we detected the effect of QSYQ and its components on rat myocardial structure, mitochondrial respiratory chain complexes activity and energy metabolism, and heart function after 30 min of cardiac ischemia, with focusing on the contribution of each component to its potential to regulate energy metabolism. Results showed that treatment with QSYQ and all its five components protected myocardial structure from damage by ischemia. QSYQ also attenuated release of myocardial cTnI, and restored the production of ATP after cardiac ischemia. AS-IV and Rb1, but not Rg1, R1, and DLA, had similar effect as QSYQ in regulation of energy metabolism. These results indicate that QSYQ may prevent ischemia-induced cardiac injury via regulation of energy metabolism, to which each of its components contributes differently.

Keywords: ischemic heart disease, ATP synthesis, cardiac structure, F-actin, energy metabolism


INTRODUCTION

Ischemic heart disease remains to be one of the diseases with highest mortality in the world (Yellon and Hausenloy, 2007). Primary percutaneous coronary intervention (PCI) is currently the most effective strategy to improve the clinical outcome for patients presenting acute myocardial infarction. Although PCI restores blood flow in myocardium, it frequently results in reperfusion injury and adds hazards to cardiac function via ROS generation, apoptosis, etc. (Ambrosio et al., 1986; Arslan et al., 2010).

During cardiac ischemia, hypoxia leads to uncoupling of oxidative phosphorylation of the respiratory chain, resulting in depletion of ATP (Wheaton and Chandel, 2011), which plays a key role in ischemic myocardial injury. ATP synthase, the main resource of ATP production, is a multisubunit complex consisting of 15 subunits including ATP 5D in mammals (Nesci et al., 2016). The activity of cardiac ATP synthase is reported to decrease in response to heart ischemia, followed by ATP depletion (Tu et al., 2013). Reduction of ATP leads to depolymerization of F-actin (Korn et al., 1987) and phosphorylation of myosin light chain (MLC), one of the major component of heart contraction machinery, and thus the abnormality of cardiac structure and function (Han and Ogut, 2010). Most studies on the management of I/R focus on the alleviation of oxidative stress, apoptosis, or inflammation occurred in reperfusion phase, while few strategy is available targeting energy metabolism disorder initiated in ischemia phase. Given the critical role of energy supply in minimizing ischemia injury, a regime able to protect energy metabolism dysfunction is needed, particularly for those patients who cannot access timely to a PCI treatment.

QiShenYiQi Pills® (QSYQ) is a compound Chinese medicine composing of Radix Astragali (RA), Salvia miltiorrhiza (SM), Panax notoginseng (PN), and rosewood, which has been approved for treatment of coronary heart disease and angina by the Chinese State Food and Drug Administration. The efficiency of QSYQ in treatment of angina was documented and reviewed recently (Cao et al., 2017). Our previous study reported that QSYQ has the ability to attenuate energy metabolism deficiency and upregulate ATP 5D in cardiac I/R injury (Lin et al., 2013). QSYQ was also reported to be able to attenuate cardiac hypertrophy in a multicomponent and multitarget manner (Tang et al., 2013; Chen et al., 2015). The major active ingredients of QSYQ have been identified with the chemical structures showing in Figure 1. Of them, AS-IV (from RA) and Rb1 (from SM) are known as strong metabolism regulators, enhancing ATP production during cardiac I/R injury (Cui et al., 2017), R1 (from PN) has been proven having anti-oxidative (Wang et al., 2016) and anti-inflammatory effects (Su et al., 2016), as well as improvident role of energy metabolism (He et al., 2014), and Rg1 (from SM) exhibits anti-inflammation effects (Zhu et al., 2017). DLA has shown the potential of attenuating energy metabolism disorder (Yang et al., 2015) and antioxidant effect in cardiovascular protection (Wu et al., 2009) and vasodilatation (Lam et al., 2007). However, the contribution of each component in QSYQ to its effect on cardiac energy metabolism, especially the function of mitochondrial electron transport chain, remains unclear.


[image: image]

FIGURE 1. The chemical structure of components of QSYQ. (A–E) AS-IV, DLA, Rb1, Rg1, and R1.



In this study, we explored the effect of QSYQ and its five main components on ischemic cardiac injury intending to gain insight into the role of each component in attenuating cardiac energy metabolism and myocardial structure during heart ischemia.



MATERIALS AND METHODS


Animals

Male Sprague-Dawley (SD) rats weighing 230–270 g were obtained from the Animal Center of Peking University [certificate no. SCXK (Jing) 2006-0008]. The rats were kept at 22 ± 2°C and relative humidity 40 ± 5%, being allowed access to standard diet and water. The investigations complied with the Guide of Peking University Animal Research Committee. All experimental procedures were approved by Peking University Biomedical Ethics Committee Experimental Animal Ethics Branch (LA2010-001).



Regents

QiShenYiQi Pills® (Batch number: 20091005) was acquired from Tasly Pharmaceutical Co. Ltd. (Tianjin, China), the production process of which was in accordance with the guidelines of Good Manufacturing Practice and Good Laboratory Practice. The major components of QSYQ were determined by HPLC finger print. AS-IV, Rb1, Rg1, R1, and DLA were purchased from Feng Shan Jian Medicine Research Co. Ltd. (Kunming, Yunnan, China). QSYQ Pills and AS-IV were dispersed in saline before experiment to make a suspension in a concentration of 0.15 g/ml and 2.5 mg/ml, respectively, and Rb1, Rg1, R1, and DLA were dissolved in saline before experiment to make a solution in a concentration of 1.25 mg/ml.



Cardiac Ischemia Model and Experiment Protocols

Animals were anesthetized with 2% pentobarbital sodium (60 mg/kg) by intraperitoneal injection, and placed in a dorsal position. A tracheal cannula was inserted via mouth with one end connected to an animal breathing apparatus (ALC-V8; Shanghai Alcott Biotech Co., Shanghai, China), which was set at the breathing ratio 1:1, the frequency 75 times/min, and tidal volume 12 ml/kg. A thoracotomy was carried out to expose the heart, and the left anterior descending coronary artery was ligated with a 5/0 silk for 30 min. Thirty min before ischemia, the animals in Rb1+I, Rg1+I, R1+I, DLA+I groups received Rb1, or Rg1, R1, DLA by continuous infusion through femoral vein at 5 mg/kg/h. Animals in S+Sham group and S+I group received saline in the same way at 5 ml/kg/h. Animals in AS-IV+I group and QSYQ+I group were administrated through gavage with AS-IV in saline at a dose of 10 mg/kg and QSYQ in saline at a dose of 0.6 mg/kg, respectively, 90 min before ischemia. And animals in QSYQ+Sham, AS-IV+Sham, Rb1+Sham, Rg1+Sham, R1+Sham, and DLA+Sham groups were treated following the same procedure except for suture silk ligation. The doses used for different drugs were determined based on our former studies (Lin et al., 2013; Tu et al., 2013; He et al., 2014; Yang et al., 2015; Cui et al., 2017; Li et al., 2018).



Histological Evaluation of Myocardial Tissues

At the end of ischemia, hearts were cut from the middle one third between the apex and the ligation point and the lower part was fixed in 10% formalin, then prepared for paraffin sectioning. The paraffin sections (5 μm) were stained with hematoxylin and eosin (HE) and observed and photographed by a microscope equipped with a digital camera (BX512DP70, Olympus) (Lin et al., 2013).



Rhodamine Phalloidine Staining

Rat heart was perfused with saline followed by removal and fixation in 4% paraformaldehyde solution for 48 h. To reveal F-actin, heart paraffin section (5 μm) was prepared and subjected to staining with rhodamine phalloidine (R415; Invitrogen, Carlsbad, CA, USA) in accordance with the instruction of the manufacture. Nuclei were labeled with Hoechest 33342. A laser scanning confocal microscope (TCS SP5; Leica, Mannheim, Germany) was applied for observation of ischemic area at 40X magnification of objective (Lin et al., 2013).



Ultrastructure Examination

Rat hearts were perfused for 40 min with 4% paraformaldehyde and 2% glutaraldehyde (TedPella, Redding, CA, USA) in 0.1 mol/L phosphate buffer at a speed of 3 ml/min, and then removed. Myocardial tissue was collected at one third above the apex cordis, and left ventricle region was cut into 1 mm3 blocks. The tissue blocks were then fixed overnight at 4°C with 3% glutaraldehyde, washed three times with 0.1 mol/L phosphate-buffered solution, and post-fixed with 1% osmium tetraoxide for 2 h. The ultrathin sections were prepared, observed, and photographed with a transmission electron microscope (JEM 1230, JEOL, Tokyo, Japan) (Lin et al., 2013).



Protein Extraction

Rat hearts were removed after animals were perfused with saline under anesthesia. The left ventricle tissue sample was taken at 2 mm under ligature site, froze in liquid nitrogen, and stored at −80°C before use. Samples were thawed and centrifuged at 20,000 g, then total protein of tissue was extracted using total protein extraction kit (Applygen Technologies, Beijing, China), according to manufacturer's instruction (Cui et al., 2017).



Western Blot

The total protein concentration of each sample was determined twice with BCA protein assay kit (Applygen Technologies, Beijing, China) in accordance with the manufacture's instruction, taking the average as the concentration. The protein was then mixed with 5X electrophoresis buffer, separated in 10% SDS-PAGE, and transferred to polyvinylidene difluoride membrane. Membranes were blocked with 3% skimmed milk powder, rinsed with TBS-Tween for three times, 5 min each, then cut according to molecular weight and incubated at 4°C overnight with primary antibodies against glyceraldehyde-3-phosphatedehydrogenase (GAPDH) and cTnI (1:1,000, Abcam, Cambrige, MA, USA), and ATP5D (1:200, Santa Cruz, California, USA), respectively. After being rinsed three times, 5 min each, membranes were incubated with secondary antibody for 1 h at room temperature, and then rinsed again with TBS-Tween three times, 10 min each. The quantification of target protein was carried out by scanning densitometry in the X-film using a bio-image analysis system (Image-Pro plus 6.0; Media Cybernetic, Bethesda, MD, USA) (Cui et al., 2017).



ATP, ADP, AMP Content in Myocardium

ATP, ADP, AMP content in myocardium was determined with ELISA kits (MULTISKAN MK3, Thermo, San Jose, CA, USA) using a microplate reader (MULTISKAN MK3, Thermo, San Jose, CA, USA) in accordance with the manufacturer's instructions (Cui et al., 2017).



cTnI Content in Plasma

Blood was collected at the end of ischemia and plasma was prepared using heparin as an anticoagulant. The supernatant was collected after centrifugation for 15 min at 1,000 g. Determination of cTnI content was performed using rat cTnI ELISA Kit by microplate reader (MULTISKAN MK3; Thermo, San Jose, CA, USA) (Cui et al., 2017).



Mitochondrial Complex I, II, IV, V Activity

Myocardium total protein was adjusted to a concentration of 5.5 mg/ml. The sample was added with detergent at a ratio 1/10 (v/v), mixed and incubated on ice for 30 min. The supernatant was collected after centrifugation at 12,000 g for 20 min. Complex I, II, IV, V activity was determined using mitochondria complex activity microplate assay kit (Abcam, Cambridge, UK), with setting the plate in the MULTISKAN MK3 enzyme micro-plate reader (Thermo Fisher Scientific Inc., Illinois, USA). The absorbance of each well was measured at 340 nm, 30°C for 60 min using a kinetic program. Mitochondrial complex activity was expressed as change in absorbance per minute at 340 nm (mOD/min) (Cui et al., 2017).



Heart Function Test

Heart function was evaluated 30 min after ischemia by a bio-function experiment system BL-420F (Chengdu Taimen Technology Ltd., Chengdu, Sichuan, China), which was connected to a cannulation inserting into left ventricle through right carotid artery, and LVSP, LVDP, +dp/dtmax, and –dp/dtmax were assessed (Lin et al., 2013).



Statistical Analysis

All data were expressed as mean ± S.E.M. Statistical analysis was performed using one-way ANOVA followed by Newman–Keuls test. Data were analyzed using GraphPad Prism 5 software (GraphPad software Inc., USA). A p-value < 0.05 was regarded to be statistically significant.




RESULTS


Effect of QSYQ and Its Components on Myocardium Histology of Rat Subjected to Ischemia

The histology of myocardium stained by HE in different groups was examined with the results presenting in Figure 2. In S+I group, considerable morphological changes were observed in ischemic left ventricle areas of heart tissues compared with S+Sham group, including interstitium edema and disruption of myocardial fibers. However, QSYQ as well as all its five components remarkably prevented myocardial alterations after ischemia, with the best effect being found for QSYQ.
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FIGURE 2. Effect of QSYQ and its components on myocardial morphology after ischemic challenge. (A) Entire section of heart tissue under HE staining. (a1–a14) Representative photographs of myocardium stained by HE in different groups at high magnification (bar = 100 μm). Arrow: ruptured myocardial fiber, n = 3.





Effect of QSYQ and Its Components on F-actin Structure

Rhodamine phalloidine staining was applied to label F-actin and assess the alteration in myocardium structure. As presented in Figure 3, myocardium tissues in S+Sham groups displayed continuous F-actin bundles, while S+I group showed severe rupture in F-actin bundles, representing the damaged cardiac myofibrils. Obviously, ischemia-induced F-actin disruption was attenuated by QSYQ and all its five components.


[image: image]

FIGURE 3. Effect of QSYQ and its components on F-actin structure. The representative photographs of rat myocardium with staining for F-actin (c1–c14). Nuclei are stained with blue (a1–a14) and F-actin red (b1–b14). Arrow: ruptured F-actin. Bar = 50 μm, n = 3.





Effect of QSYQ and Its Components on Myocardial Ultrastructure of Rat Subjected to Ischemia

Representative ultrastructural images of myocardial tissue in all groups are presented in Figure 4. As expected, myocardial tissue in S+Sham group revealed normal ultrastructure presenting regularly arranged myofibrils, well-preserved sarcomeres, and mitochondria. Ischemic challenge induced obvious myocardium ultrastructure injury, including disrupted myofibrils and swelling mitochondria, which were protected by QSYQ and its five components to different extent.
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FIGURE 4. Effect of QSYQ and its components on myocardial morphology after ischemic challenge. (a1–a14) Presented are the representative electron micrographs of myocardium from different groups. Bar = 1 μm. a: disrupted myofibril, b: swelling mitochondria. n = 3.





Effect of QSYQ and Its Components on ATP 5D Expression in Myocardium and Plasma of Rats Subjected to Ischemia

We then determined the protein expression of ATP 5D, one subunit of ATP synthase, in cardiac tissues from different groups. As shown in Figures 5A,B, ATP 5D protein expression decreased significantly after cardiac ischemia, in comparison with S+Sham group, which was prevented by treatment with QSYQ, AS-IV, and Rb1, but not Rg1, R1 or DLA.
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FIGURE 5. Effect of QSYQ and its components on ATP 5D in rat myocardium and cTnI level in rat myocardium and plasma subjected to ischemia. (A) The representative Western blot bands of ATP 5D and cTnI in myocardium in different groups. GAPDH was used as a loading control. n = 4. (B,C) The semi-quantitative analysis of ATP 5D and cTnI, respectively. (D) cTnI level tested by ELISA in plasma after ischemia. Data are expressed as the means ± S.E.M. n = 6. *p < 0.05 vs. S+Sham group, #p < 0.05 vs. S+I group.



As a marker of myocardial damage, the level of cardiac troponin I (cTnI) in myocardium and plasma was determined using western blot and ELISA, respectively. Compared with S+Sham group, the level of cTnI in myocardium decreased significantly in response to ischemic challenge, as shown in Figures 5A,C. In contrast, the level of cTnI in plasma was very low in S+Sham group, but elevated impressively after ischemia challenge, as shown in Figure 5D. Of notice, ischemia-elicited change in cTnI level in both myocardium and plasma was significantly protected by treatment of QSYQ and AS-IV, but not Rb1, Rg1, R1, or DLA.



Effect of QSYQ and Its Components on ATP Production and Activity of Mitochondrial Complexes in Rat Myocardium After Ischemia

To assess energy metabolism, the ratios ATP/ADP and ATP/AMP in cardiac tissue were determined in different conditions (Figures 6A,B). As compared with S+Sham group, ischemic challenge decreased ATP/ADP and ATP/AMP considerably, which indicates a disorder in energy metabolism balance. Treatment with QSYQ, AS-IV, and Rb1 but not Rg1, R1, or DLA significantly prevented ATP/ADP from decreasing by cardiac ischemia. A similar effect of these treatments was found on the ratio of ATP/AMP with an exception that Rb1 was ineffective in this case.
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FIGURE 6. Effect of QSYQ and its components on ATP production and activity of mitochondrial complexes in rat myocardium subjected to ischemia. (A,B) The effects of QSYQ and its components on the ratio of ATP/ADP (A) and ATP/AMP (B) in myocardium in different groups. (C–F) The Effect of QSYQ and its components on the activity of mitochondrial complex I (C), II (D), IV (E), and V (F) in myocardial tissue in various groups. All Data are expressed as the means ± S.E.M. n = 6. *p < 0.05 vs. S+Sham group, #p < 0.05 vs. S+I group.



Then we evaluated activities of mitochondrial complexes I, II, IV, and V in cardiac tissues by ELISA. As noticed in Figures 6C–F, activities of complexes I, II, IV remained unchanged after ischemia for 30 min, and no effect of each treatment was observed on them. In contrast, activity of complex V diminished significantly after ischemia comparing to S+Sham group, which was considerably attenuated by QSYQ, AS-IV, and Rb1. On the other hand, Rg1, R1, and DLA did not affect the activity of complex V.



Effect of QSYQ and Its Components on Heart Function in Rats Subjected to Myocardium Ischemia

Heart function was evaluated to test the role of QSYQ and its components in preventing heart dysfunction. As noticed in Figures 7A–D, in comparison with S+Sham group, ischemia challenge caused a significant decrease in LVSP and +dp/dt, and increase in LVDP and –dp/dt, indicating an impairment of heart function. QSYQ and AS-IV alone attenuated all these alterations caused by ischemia challenge, while Rb1 only alleviated the change in LVSP and LVDP, and Rg1 only alleviated LVDP. No effect was observed for R1 and DLA on these parameters.
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FIGURE 7. Effect of QSYQ and its components on heart function after ischemia. (A–D) Effect of QSYQ and its components on LVSP (A), LVDP (B), +dp/dtmax (C), and –dp/dtmax (D) in different groups, respectively. All Data are expressed as the means ± S.E.M. n = 6. *p < 0.05 vs. S+Sham group, #p < 0.05 vs. S+I group.






DISCUSSION

In this study, we found that QSYQ significantly inhibited ischemia-induced rat myocardial injury, as demonstrated by the improvement of myocardial morphology and heart function and decline in cardiac cTnI release. QSYQ also relieved myocardial energy disorders manifested by the increase in ATP production, ATP 5D protein expression, and ATP synthase activity. Furthermore, we provided evidence showing that all the five components of QSYQ attenuated myocardial morphology induced by cardiac ischemia. Among them, AS-IV and Rb1 had alleviating effect on ATP production, ATP 5D expression, ATP synthase activity, and heart function during cardiac ischemic injury. Rg1 also attenuated impaired heart function caused by ischemic challenge. These findings suggest QSYQ as a potential alternative treatment for patients presenting with ischemic heart diseases like acute angina pectoris with modulation of energy metabolism as one of the major underlying mechanisms, to which AS-IV and Rb1 are the main contributors.

Energy metabolism disorder and resultant ATP deficiency occurs in ischemia- injured myocardium, which is responsible for a diversity of insults, including cation pumps dysfunction, and calcium overload, resulting in damage to the cell function and structure. In addition, the hydrolysis products of ATP are ADP and AMP, and rising of AMP/ATP and ADP/ATP ratios leads to activation of AMPK, which triggers a variety of signaling pathways concerning energy metabolism (Ke et al., 2017; Lin and Hardie, 2018). The immediate consequence of ischemia is the hypoxia and deprivation of nutrition, which impairs the respiratory chain in mitochondria. Respiratory chain consists of five complexes, a damage to any of which may cause interruption of the oxidative phosphorylation reaction. The present study revealed that ischemia for 30 min led to a downregulated expression of ATP 5D and ATP synthase activity, the fifth complex of mitochondrial respiratory chain, while had no effect on mitochondrial complex I, II, and IV, implying ATP5D dysfunction as the cause for the observed deficiency of ATP. The exact reason for the impairment of ATP 5D is at present unknown. Considering the time frame of the challenge, this impairment is unlikely caused by dysfunction of transcription, but possibly due to disordered translation or post translational modification. As expected, in the present study, QSYQ was observed to protect ATP5D and complex V in myocardium from decrease in expression and activity after ischemia. Among the ingredients in QSYQ, AS-IV, and Rb1 exhibited a similar potential as QSYQ in protection of ATP5D and complex V, consistent with the previous reports (He et al., 2014; Jiang et al., 2017), suggesting these two ingredients as the main contributors to the role of QSYQ in attenuation of energy metabolism in the present condition.

On the other hand, R1 was not observed to affect the ATP5D expression and complex V activity in the present setting, a result that is in contrast to a previous finding (He et al., 2014), suggesting that R1 targets at a link of ATP5D impairment process different from that for AS-IV and Rb1, and this inconsistency may be accounted for by the difference in the experiment protocols. In the present study, the challenge was 30 min ischemia while in the previous study was 30 min ischemia followed by reperfusion. It is likely that ATP5D expression impaired in both conditions, though, but at different link in different condition.

We have previously reported that DLA, another major ingredient of QSYQ, is able to upregulate ATP production in a cardiac ischemia and reperfusion model. In the present study, DLA did not show any effect on the decreased ATP production after 30 min of myocardium ischemia. This result is predicable considering the fact that in the previous study DLA was found to upregulate ATP production by binding to Sirt1 thus relieve the function of complex I of respiratory chain, which was impaired after ischemia and reperfusion, while in the present study complex I kept unchanged in the expression and activity after 30 min of ischemia. Likewise, we did not find any protective effect of Rg1 on the reduced ATP production and impaired ATP5D expression and ATP synthase activity after 30 min ischemia. However, Rg1 was observed to improve the myocardium structure and cardiac function after ischemia, although to a less extent. This effect may be attributable to the beneficial role of Rg1 in the ischemia-caused insults other than energy metabolism disorder, such as inflammation (Yu et al., 2017).

Taken together, comparing the results of the present study with the previous reports, it is most likely that the energy metabolism impairs in the myocardium after ischemia or ischemia/reperfusion, and the cause for the impairment may vary depending on the condition. Most of the ingredients included in QSYQ have potential to attenuate energy metabolism disorder caused by ischemia and reperfusion, but with a distinct target for each ingredient to exert its action. As a result, not all the ingredients are at work to attenuate energy metabolism in any condition. This results highlight the necessity to include in QSYQ multiple ingredients effective to attenuate energy metabolism.

The present study revealed that ischemia for 30 min resulted in a significantly decrease of cTnI in myocardium and increase in plasma, suggesting the occurrence of cardiac injury. This injury was also evidenced by the findings in histology and ultrastructure of myocardium. The effect of QSYQ and each ingredient on the change of cTnI, ATP5D and ATP production suggested the importance of energy supply in protection of cardiomyocytes from ischemic injury. However, we failed to find the infarction in TTC-stained myocardium slices in the present study (Data not shown), which is possibly due the infarction being too small to be detected by TTC stain.

In summary, these results suggested that QSYQ could be adopted as potential alternative treatment for patients presenting with ischemic heart diseases like acute angina pectoris, especially for those who cannot access to PCI treatment timely. This potential of QSYQ is correlated with regulation of energy metabolism to which AS-IV and Rb1 are the main contributors.



AUTHOR CONTRIBUTIONS

Y-CC: Performed the experiments, analyzed the data, and wrote the manuscript; LY, B-HH, and XC: Contributed to animal experiments; C-SP: Contributes to biochemical experiments; J-YF and J-YH: Revised the manuscript; J-YH: Designed and funded the research, interpreted the data, and finally approved the submission of this manuscript. All authors have read and agreed with the manuscript.



ACKNOWLEDGMENTS

This study was supported by the National Natural Science Foundation of China (81273637) for J-YH and the Production of New Medicine Program of Ministry of Science and Technology of China (2013ZX09402202).



ABBREVIATIONS
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Aim: Combined use of herbal medicines in patients underwent dual antiplatelet therapy (DAPT) might cause bleeding or thrombosis because herbal medicines with anti-platelet activities may exhibit interactions with DAPT. In this study, we tried to use a feedback system control (FSC) optimization technique to optimize dose strategy and clarify possible interactions in combined use of DAPT and herbal medicines.

Methods: Herbal medicines with reported anti-platelet activities were selected by searching related references in Pubmed. Experimental anti-platelet activities of representative compounds originated from these herbal medicines were investigated using in vitro assay, namely ADP-induced aggregation of rat platelet-rich-plasma. FSC scheme hybridized artificial intelligence calculation and bench experiments to iteratively optimize 4-drug combination and 2-drug combination from these drug candidates.

Results: Totally 68 herbal medicines were reported to have anti-platelet activities. In the present study, 7 representative compounds from these herbal medicines were selected to study combinatorial drug optimization together with DAPT, i.e., aspirin and ticagrelor. FSC technique first down-selected 9 drug candidates to the most significant 5 drugs. Then, FSC further secured 4 drugs in the optimal combination, including aspirin, ticagrelor, ferulic acid from DangGui, and forskolin from MaoHouQiaoRuiHua. Finally, FSC quantitatively estimated the possible interactions between aspirin:ticagrelor, aspirin:ferulic acid, ticagrelor:forskolin, and ferulic acid:forskolin. The estimation was further verified by experimentally determined Combination Index (CI) values.

Conclusion: Results of the present study suggested that FSC optimization technique could be used in optimization of anti-platelet drug combinations and might be helpful in designing personal anti-platelet therapy strategy. Furthermore, FSC analysis could also identify interactions between different drugs which might provide useful information for research of signal cascades in platelet.

Keywords: feedback system control, dual antiplatelet therapy, herbal medicine, platelet aggregation, optimization, synergism


INTRODUCTION

Anti-platelet therapy is an essential component of treatment in patients with coronary artery disease, especially those underwent percutaneous coronary intervention (Abbott, 2017; Majithia and Bhatt, 2017). Dual antiplatelet therapy (DAPT), a combination of aspirin and P2Y12 receptor antagonist, clopidogrel or ticagrelor, is popularly used in clinic. Inactivation of cyclooxygenase by aspirin and concomitant blockade of the P2Y12 receptor on the platelet surface by reversible or irreversible receptor antagonists could effectively reduce platelet aggregation and the risk of vascular occlusion (i.e., stent thrombosis) (Binder and Lüscher, 2015). Generally, for patients underwent percutaneous coronary intervention, an arbitrary recommendation for 12 months of DAPT after drug eluting stent implantation was issued by Cardiology Guideline Committees (Roffi et al., 2016). For these patients who have to take at least 12 months of DAPT, the fine-tuning of platelet activation and inhibition is very important because either bleeding or thrombosis would cause severe events in clinic. Therefore, popularly used herbal medicines and/or food additives with possible anti-platelet activities should be taken as a factor which could not be ignored.

Herbal medicines such as traditional Chinese medicine (TCM) are popularly used in China as well as in other Asian countries. According to a survey, more than 71.2% patients adopted integration of TCM and western medicine (conventional drugs) in clinic in China (Chen and Lu, 2006). Especially, in a real word study of 84,697 patients with coronary heart disease, 43.46% of patients in anti-platelet therapy also took TCMs with anti-platelet effects at the same time (Li et al., 2014). In Western countries, herbal medicine use is also growing. Preparations including single herb preparations, ethnic and modern herbal medicine formulations are widely used as adjunct therapies or to improve consumer wellbeing (Barnes et al., 2016; Job et al., 2016; Sammons et al., 2016; Teng et al., 2016; Enioutina et al., 2017). On one hand, herbal medicine interaction with conventional drugs such as DAPT may result in inadequate dosing of DAPT or adverse reactions and cause serious problems (Enioutina et al., 2017). While, on the other hand, combined use of herbal medicines with DAPT might be used as a method to optimize DAPT. To be noted, some patients underwent DAPT therapy could still experience ischemic events and lots of efforts to optimize DAPT were conducted (Binder and Lüscher, 2015; Palmerini and Stone, 2016; Sheyin et al., 2016; Verdoia et al., 2016; Paravattil and Elewa, 2017). Therefore, it is necessary and important to optimize dose strategy of combinations of herbal medicines and DAPT and to clarify the interactions between different drugs in the combinations.

Feedback system control (FSC) (Nowak-Sliwinska et al., 2016) is a recently developed technique which has been widely used in the optimization of drug combinations. The optimization procedure of FSC is phenotypically driven and does not require any mechanistic information of the system. Thus, FSC can be successfully applied in various complex biological systems (Weiss et al., 2015; Ding et al., 2017; Lee et al., 2017). Herein, for the first time, FSC technique is applied in the study of anti-platelet drug combinations. In the present study, we adopted FSC technique to optimize the combination of DAPT and herbal medicines in anti-platelet therapy. Scheme of the FSC application in this study is shown in Figure 1. With two generations of FSC optimization, the optimized drug combination and potent interactions between drug pairs were predicted. Then, the predicted interactions between drug pairs were further confirmed using Combination Index (CI) analysis (Chou, 2010).


[image: image]

FIGURE 1. Scheme of the FSC application in this study. The optimization process is based on an iterative cycle, in each generation drug combinations were tested in vitro and analyzed with mathematical models. The feedback search algorithm therefore uses the difference between the results of the tested combinations and the desired optimization goals to predict new combinations to be tested in the next generation. After the optimization process, we conducted a pairwise experiment to confirm conclusion from the FSC optimization process.





MATERIALS AND METHODS


Materials

Adenosine 5′-diphosphate (ADP), aspirin and ticagrelor were obtained from Sigma-Aldrich (St Louis, MO, USA). Ligustrazine, salvianolic acid B, 5-hydroxymethylfurfuraldehyde, garlicin and panax notoginsenosides were purchased from Shanghai Nature Standard Biotechnology Co., Ltd. (Shanghai, P. R. China). Forskolin and ferulic acid were purchased from Dalian Meilun Biotech Co., Ltd. (Dalian, P.R. China).



Making List of Herb Medicines With Anti-platelet Activities

References reported anti-platelet activities of herbal medicines, mainly TCM, were searched in Pubmed by using “traditional Chinese medicine” and “platelet” as key words. Then, the references were checked individually to record the information of herbs with anti-platelet activities. Herbs were then listed according to the frequency of reports, i.e., numbers of references which reported the anti-platelet activities of the herb.



Preparation of Rat Platelet-Rich-Plasma

Male Sprague-Dawley rats (230–250 g) were obtained from SLAC Laboratory Animal Co., Ltd. (Shanghai, P.R. China). Animal Experimental study was carried out in accordance with the recommendations of National Institutes of Health Guidelines on the Use of Laboratory Animals. The protocol was approved by the Committee on the Ethics of Animal Experiments of the School of Medicine, Shanghai Jiao Tong University. Blood was taken from anesthetic rat by direct puncture of the abdominal aorta with a 21-gauge needle and transferred into plastic tubes containing 3.8% trisodium citrate as anticoagulant in a volume ratio 9:1. Platelet-rich plasma (PRP) was obtained by centrifugation of blood at 200 × g for 10 min at room temperature.



Checking the Anti-platelet Activities of Drugs

The anti-platelet activities of drugs were experimentally determined by checking their inhibiting effects on ADP-induced platelet aggregation of rat PRP. Generally, drugs were dissolved in natural saline. For the drugs such as aspirin which could not be well dissolved in natural saline, drugs would be dissolved in ethanol and then be serially diluted in natural saline to keep the final concentration of ethanol in the assay system to be less than 0.1%. Rat PRP was incubated with various concentrations of tested drugs or vehicle control (natural saline or natural saline with 0.1% ethanol) at 37°C for 5 min before induction of platelet aggregation. Then, platelet aggregation was induced as reported in our previous papers (Yao et al., 2008a,b; Ma et al., 2011). Briefly, PRP was stimulated with 10 μM ADP under continuous stirring at 37°C in a silicone-treated glass cuvette and recorded using an aggregometer (Model TYXN-96, TongYong Corp., Shanghai, China). The inhibitory effect of treatments on platelet aggregation was expressed as the percentage of inhibition relative to the control using the following equation:
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The IC50 value (half-maximal inhibitory concentration) was calculated based on nonlinear fit of the log values using GraphPad Prism® 5 (Version 5.01, GraphPad Software, Inc., USA).



Neural Networks Models

The protocol of applying the FSC approach was described in previous literatures (Li et al., 2016; Nowak-Sliwinska et al., 2016). Herein, FSC used a single hidden layer two-neuron multilayer perceptron to fit the data in generation 1. The input is the coded dose level in the drug combination, and output is anti-platelet efficacy of the combination. The network was constructed and trained using the neuralnet (Günther and Fritsch, 2010) R package.



Linear Regression Model

FSC scheme applied Linear regression model to fit the data in generation 2. The Regression analysis was performed based on interaction model and quadratic model with the following forms:
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Where β0, βi, βii, and βij are the intercept, linear quadratic and interaction terms, respectively; y is the response variable (i.e., anti-platelet efficacy); xi and xj are independent variables (i.e., coded drug dose level); ε is an noise term with zero mean.



Analysis of Interactions in Drug Pairs

To confirm predicted possible interactions in drug pairs, we used constant ratio design to quantitatively measure the degree of drug interaction in terms of synergism and antagonism. We conducted 4 drug pair experiments, in each drug pair experiment two drugs were combined with different concentrations while the concentration ratio between them was held at constant. A series of concentrations (at least 5) of each drug pair were designed and then the experimental anti-platelet activities of the drug pairs were checked. CI calculation (Chou, 2006, 2010) was applied to measure the drug combination interaction. The CI theory of Chou-Talalay offers quantitative definition for additive effect (CI = 1), synergism (CI < 1), and antagonism (CI > 1) in drug combinations.



Statistical Analysis

In results of experimental checking anti-platelet activities of individual drugs, data are expressed as mean ± SEM of three independent experiments. The statistical analysis for the modeling, including Cook's distance and residual analysis, is provided in Supplemental Figures 1, 2. Drug combination synergy between drug pairs was quantified using CI analysis (Chou, 2006, 2010). The CI value calculated for each drug pair indicated synergistic interaction (CI < 1), additive effect (CI = 1) or antagonism (CI > 1).




RESULTS


List of Herb Medicines With Reported Anti-platelet Activities

In our searching of published papers in Pubmed using keywords of “traditional Chinese medicine” and “platelet,” there were 556 related articles up to September 8, 2016. By checking the references individually and manually, 67 herbs with reported anti-platelet activities were found. Based on our previous research results, Coleus forskohlii(Wild.)Briq., a herb medicine popularly used but not categorized as TCM, was also included. The herb medicines were then summarized and listed according to the number of references reported their anti-platelet activities (Supplemental Table 1).



Experimental Anti-platelet Activities of Drugs

By using the in vitro ADP-induced PRP aggregation assay, anti-platelet activities of aspirin, ticagrelor and representative components of herbal medicines listed in Supplemental Table 1 were examined. While, many herbal components showed weak or only moderate anti-platelet potency, which made it impossible to calculate their IC50 values in inhibiting platelet aggregation. For example, panax notoginsenosides, which is main components of SanQi, exhibited only about 20–25% inhibition rate at doses more than 2,500 μg/mL. Generally, FSC analysis was conducted based on drugs with experimentally determined IC50 values. Anyway, since the present work is the first study trying to conduct FSC analysis for anti-platelet herbal components, panax notoginsenosides was also included in the analysis system as a trial. As shown in Table 1, Figure 2, the anti-platelet activities of individual drugs were observed. IC50 values of aspirin, ticagrelor and 6 herbal components (Ligustrazine from ChuanXiong, Salvianolic acid B from DanShen, Ferulic acid from DangGui, Forskolin from MaHouQiaoRuiHua, 5-hydroxymethyl furfuraldehyde from DiHuang, Garlicin from DaSuan) were shown in Table 1. Anti-platelet activity of Panax notoginsenosides from SanQi was also described in Table 1. The dose-effect curves of the drugs were shown in Figure 2.



Table 1. Anti-platelet activities of aspirin, ticagrelor and herb components used in FSC analysis.
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FIGURE 2. Individual drug dose response curves. The anti-platelet activities of drugs were determined by checking their inhibiting effects on in vitro ADP-induced platelet aggregation of rat PRP. Shown were the experimental single drug dose response curves for the nine drugs used in this study. The curves were fitted using Hill equations, and the data was used to identify the drug concentrations to be used in combination studies.





Results of Generation 1 FSC Analysis

The FSC technique is based on a closed-loop feedback control process, aims to search for optimal drug combinations. In each generation, drug combinations are tested and analyzed, resulting in the development of fitted model. The analysis of the model allows for narrowing down the search space by eliminating ineffective or antagonistic drugs. The optimization process was initiated with 9 drugs based on their anti-platelet activities. For each drug, dose-response curve and IC50 value were fit by Hill equation (Chou, 2006, 2010) to identify dose levels used in the optimization process (Figure 2). 32 drug combinations were selected based on a designed matrix referred to as “orthogonal array composite design” (OACD). The efficacy and drug composite of the drug combinations were shown in Figure 3A. The obtained data were used to generate a two hidden node neuron network (Figure 3B). The weight of the parameters was indicated by the thickness of the line. The relative importance of the drugs toward anti-platelet activities based on this model was calculated using Garson's algorithm (Garson, 1991) (Figure 3C). And the 5 most dominant drugs (Aspirin, Ticagrelor, Ferulic acid, 5-hydroxymethyl furfuraldehyde, and Forskolin) were then selected for further optimization.
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FIGURE 3. Results of FSC optimization in generation 1. (A) Efficacy and drug composite of the drug combinations in generation 1. The length of the colored bars underneath the inhibition data indicates the coded amount of dose for each drug. (B) The architecture of the neuron network used to train the 32 data points in Generation 1. (C) The relative importance of the drugs based on this model was calculated using Garson's algorithm. And the top five drugs were investigated in the following study. A, aspirin; T, ticagrelor; CX, ligustrazine from ChuanXiong; DS, Salvianolic acid B from DanShen; DG, ferulic acid from DangGui; DH, 5-hydroxymethyl furfuraldehyde from DiHuang; DSS, garlicin from DaSuan; MH, forskolin from MaHouQiaoRuiHua; SQ, panax notoginsenosides from Sanqi.





Results of Generation 2 FSC Analysis

In generation 2, firstly, combinations of the first 5 important drugs (aspirin, ticagrelor, ferulic acid, 5-hydroxymethyl, and forskolin) were designed base on OACD. The efficacies of the 5 drugs combination are provided in Figure 4A. These data points were used to generate an interaction regression model (Figure 4B). The model coefficients for each drug correspond to its impact on overall mixture efficacy, i.e., a positive regression value indicates that increasing the dose of that drug increases the inhibition effect on platelet. Therefore, the regression coefficients describing single linear drug effects and two-drug interaction terms are provided in this model. As indicated by the blue bar in Figure 4B, all the 5-hydroxymethyl furfuraldehyde (DH) related two drug interaction terms were negative, which suggested DH exhibited antagonism with other drugs in the combination. Therefore, DH was excluded from the system and further study of the 4-drug combination (aspirin, ticagrelor, ferulic acid, and forskolin) was conducted. The corresponding results of the 4-drug combination were presented in Figure 5A. The 25 data points obtained from the 4-drug combination were fitted with a quadratic regression model. Regression coefficient analysis presented in Figure 5B shows synergetic interactions between A:T (aspirin:ticagrelor) and T:MH (ticagrelor:forskolin), as well as antagonistic interactions between DG:MH (ferulic acid:forskolin) and A:DG (aspirin:ferulic acid). Figure 5C showed the correlation between experimentally tested efficacies (x-axis) and model predicted inhibition rate of the 25 drug combinations. The results suggested that the fidelity of the model in prediction the 25 experimental points was high since the correlation coefficient between experimental data and their corresponding predicted value was 0.94. Figure 5D showed the models in prediction of anti-platelet efficacies of drug pairs (i.e., when the concentrations of two drugs are held at constant while the concentrations of the other two drugs are varied).
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FIGURE 4. Results and data analysis of the 5-drug combination system. (A) The anti-platelet efficacies of the 16 drug combinations of 5-drug system investigated in generation 2. (B) Regression coefficients from the interaction model are provided based on the obtained data in (A). Negative regression value indicates that increasing the dose of the drug reduces the inhibition ability of the combination. Thus the model allows for the elimination of the least active drug. The 5-hydroxymethyl furfuraldehyde related drug-drug interaction terms are all negative as highlighted by blue, indicating 5-hydroxymethyl furfuraldehyde was the least active drug in the combination. A, aspirin; T, ticagrelor; DG, ferulic acid; MH, forskolin; DH, 5-hydroxymethyl furfuraldehyde.
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FIGURE 5. Results and data analysis of the 4-drug combination system. (A) The anti-platelet efficacies of the 25 drug combinations of 4-drug system investigated in generation 2. (B) Regression coefficients from the quadratic model were provided based on the obtained data. The positive values of A:T (aspirin:ticagrelor) and T:MH (ticagrelor:forskolin) indicated synergy between the two drug pairs, while negative values of A:DG (aspirin:ferulic acid) and DG:MH (ferulic acid:forskolin) suggested antagonism between them. (C) The correlation between experimentally tested efficacies (x-axis) and model predicted inhibition rate of the 25 drug combinations was shown. The correlation coefficient of the model is 0.94, which means the model can predict the experimental points with high fidelity. (D) The figure showed the model predicted anti-platelet efficacies when the concentrations of two drugs are held at constant while the concentrations of the other two drugs are varied.





Results of Drug Interaction Analysis

In order to confirm the predicted interactions in generation 2, we performed an experiment set to evaluate the pairwise interactions between the 4 drugs. Totally, 4 drug pairs are studied with constant ratio experiment design, and the results of CI-Fa analysis applied to analyze the drug-drug interaction (Chou, 2006, 2010) were provided in Figure 6. The degree of the interaction between drug pairs is quantitatively measured using CI, with CI = 1 indicates additive effect, CI > 1 indicates antagonism and CI < 1 indicates synergism. As shown in Figure 6, the results suggested strong synergism between T:MH (ticagrelor:forskolin), weak synergism between A:T (aspirin:ticagrelor), antagonism between DG:MH (ferulic acid:forskolin) and mainly additive effect between A:DG (aspirin:ferulic acid).
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FIGURE 6. CI-Fa plot for the constant ratio experiment. The dots in the figure are the data points in the drug pair experiment with different concentrations. Combination Index value was calculated for each drug pairs as indicated by the color of the dots, red for antagonism and blue for synergistic. The results confirmed synergism between T:MH (ticagrelor:forskolin) and A:T (aspirin:ticagrelor), and antagonism between DG:MH (ferulic acid:forskolin) as predicted in generation 2. The interaction between A:DG (aspirin:ferulic acid) was found to be mainly additive effect.






DISCUSSION

Platelets play a critical role in thrombosis and hemostasis thus the pharmacological fine-tuning of the platelets is very important. In the present study, we tried to optimize possible combined use of DAPT and anti-platelet herbal medicines and clarify interactions among them. Lots of herbal medicines were reported to have anti-platelet activities (Liao, 2000). In the present study, 68 herb medicines with reported anti-platelet activities were summarized and listed according to the number of related references. The reported anti-platelet activities of some herb medicines could be confirmed in our experimental study. For example, as shown in Supplemental Table 1, ChuanXiong (Rhizoma Chuanxiong, LigusticumwallichiiFranch.) was the herb whose anti-platelet activities were most frequently reported. Our results of experimental in vitro ADP-induced PRP aggregation assay confirmed the anti-platelet activity of ligustrazine, the main active component of ChuanXiong. The IC50 value of ligustrazine in inhibiting platelet aggregation was determined to be 388.9 ± 21.69 μg/mL, which was consistent with previous reports (Shao et al., 2015; Wang et al., 2016). While, as shown in the results of the present study, the IC50 values of ligustrazine and other herbal components were rather high which suggested that the anti-platelet activities were weak or only moderate. Chemical modification might be necessary for possible development of these herbal components as new drugs in anti-platelet therapy strategy. In the present study, ticagrelor was used as the representative P2Y12 receptor antagonist in DAPT to study the interaction with herbal medicines. Both clopidogrel and ticagrelor are presently used in clinic. But, though clopidogrel had been used for a long time in clinic, its characteristics such as drug interactions, metabolism genetic polymorphisms, and variability in the antiplatelet response, limited its use. On the contrary, ticagrelor, as the first licensed perorally active and reversible P2Y12-receptor antagonist, was considered to be more predictable and more potent antiplatelet agent (May and Lincoff, 2012; Samoš et al., 2016).

Interestingly, in the present study, ferulic acid from DangGui and forskolin from MaoHouQiaoRuiHua were found to be able to form a 4-drug combination together with DAPT (aspirin and ticagrelor). DangGui (Angelica sinensis), a well-known TCM, was first documented in ShennongBencao Jing (Shennong's Materia Medica; 200–300 AD) and has been mainly used as a blood tonic agent (Chao and Lin, 2011). DangGui was widely used in many TCM herbal formulas such as DangguiBuxue Tang for treatment of menstrual disorders, DangguiLonghui Wan for treatment of constipation, DangguiNiantong Wan for treatment of rheumatoid arthritis, DangguiShaoyao San for treatment of Alzheimer's disease, and etc. (Mei et al., 1991; Xie et al., 2012; Fu et al., 2016). Ferulic acid was widely used as the marker compound for assessing the quality of DangGui and its products (Chao and Lin, 2011). Notably, ferulic acid sodium had been approved by State Drugs Administration of China as a drug for treatment of cardiovascular and cerebrovascular diseases (Wang and Ou-Yang, 2005). MaoHouQiaoRuiHua (Coleus forskohlii) is a popular traditional herb medicine used since ancient times for treatment of heart diseases, abdominal colic, and respiratory disorders, especially in India (Kanne et al., 2015). In China, there were also herbal medicine prescriptions containing MaoHouQiaoRuiHua such as QiaoruisuKoufuye (SFDA Approval Number Z10960005) and QiaoruisuJiaonang (SFDA Approval Number Z20113029) for the treatment of bronchitis. Forskolin is one of the main active components of MaoHouQiaoRuiHua (Schaneberg and Khan, 2003) and it is now in clinical trial for treatment of open angle glaucoma (Majeed et al., 2015). In all, DangGui (ferulic acid) and MaoHouQiaoRuiHua (forskolin) are both popularly used herbal medicines and possible interactions between them and DAPT are worthy to be clarified.

Weak synergism between aspirin and ticagrelor was found in the present study. The mechanisms of aspirin and ticagrelor in inhibiting platelet aggregation were inactivation of cyclooxygenase and antagonism of P2Y12 ADP receptor, respectively. Finding of synergism between aspirin and ticagrelor supported the popular use of DAPT as first-line standard antiplatelet medication in cardiovascular prevention. Consistently, previous reports also showed that aspirin had a demonstrable synergy of antithrombotic activity with P2Y12 antagonism (André et al., 2003; Schror, 2016). The synergistic anti-aggregating and anti-thrombotic effects of combination of aspirin and clopidofrel (ADP receptor antagonist) had been observed in several animal models (Herbert et al., 1998; Makkar et al., 1998) as well as in human samples (Moshfegh et al., 2000). Compared with monotherapy with aspirin, clopidogrel in combination with aspirin markedly inhibited ADP-mediated platelet aggregation. Simultaneous antagonism of thromboxane A2 by aspirin and ADP by clopidogrel resulted not only in inhibition of arachidonic acid and ADP-mediated platelet activation but also in a reduction of collagen- and thrombin-induced platelet activation (Moshfegh et al., 2000).

Other drug interactions found in our analysis such as synergism between T:MH (ticagrelor:forskolin) and antagonism between DG-MH (ferulic acid:forskolin) were also in accordance with the mechanisms of the drugs. Synergism between ticagrelor and forskolin was the strongest interaction observed in the 4-drug combination. The anti-platelet activities of forskolin from MH had been reported before and the mechanism was attributed to its unique character as a direct, rapid, and reversible activator of adenylyl cyclase (Adnot et al., 1982; Alasbahi and Melzig, 2012). Ticagrelor is a reversible antagonist of P2Y12 receptor, a 342 amino acid Gi-coupled receptor expressed on platelets. P2Y12 receptor is physiologically activated by ADP and could inhibit adenylyl cyclase to decrease cAMP level, resulting in platelet aggregation (Zhang et al., 2017). Previous report also showed that ticagrelor shifted the concentration-response curve of ADP to the right in inhibiting forskolin-induced cAMP formation (Hoffmann et al., 2014). Therefore, antagonism of P2Y12 receptor by ticagrelor might show synergistic effects with increase in cAMP level induced by forskolin. The mechanism of ferulic acid in inhibiting platelet aggregation had not been fully clarified. Reported effects of ferulic acid included influence on 5-HT release (Yin et al., 1980), TXA2/PGI2 balance (Xu et al., 1984), arachidonic acid metabolism (Xu et al., 1990), and activation of cAMP and cGMP signaling (Hong et al., 2016; Nadal et al., 2016). Effects of ferulic acid on cAMP might be the basis of antagonism between ferulic acid and forskolin (DG:MH). And, it is possible that effects of ferulic acid on TXA2/PGI2 balance and arachidonic acid metabolism resulted in additive effect with aspirin. Interactions between drugs found in the present study might deserve further study.

In all, FSC analysis was used in the present study to optimize dose strategy and clarify interactions in possible combined use of DAPT and herbal medicines. Our goal was to develop efficient and practical methods to optimize combinations of anti-platelet agents and provide insights into platelet signaling networks. Optimization of combined use in anti-platelet therapy is not only useful to avoid adverse reactions caused by interaction of herbal medicines with DAPT but might be also helpful to improve DAPT efficacy and safety in patients with cardiovascular diseases. Combined use of DAPT and anti-platelet herbal medicines could be a useful method to reach the sweet spot between ischemia and bleeding. A 4-drug combination was studied as an example. Results of the present study supported the use of FSC analysis in study of drug combinations in an-platelet therapy. FSC analysis might be helpful in designing personal anti-platelet therapy strategy considering the drugs which the patient needs to take at the same time. Furthermore, interactions between different drugs found in FSC analysis might provide useful information for research of signal cascades in platelet.

The merit of FSC application is that the scheme is purely based on biological system phenotype output, and does not rely on the intracelluar complex signaling network. Therefore, as long as the system readout can be accurately detected and the system input can be accurately controlled, FSC scheme can rapidly identify the most potent drug combinations from a large pool of drug candidates. Meanwhile, since the FSC mechanism focuses on the phenotype response, the technique does not make any assumption based on molecular signaling observation. Therefore, the effective drug combination identified from FSC scheme automatically ensures its potency. The successful demonstration of FSC scheme in this study serves as a benchmark for the combinatorial drug studies in other disease models.
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Objectives: Network pharmacological methods were used to investigate the underlying molecular mechanisms of LianXia NingXin (LXNX) formula, a Chinese prescription, to treat coronary heart disease (CHD) and disease phenotypes (CHD related diseases and symptoms).

Methods: The different seed gene lists associated with the herbs of LXNX formula, the CHD co-morbid diseases and symptoms which were relieved by the LXNX formula (co-morbid diseases and symptoms) were curated manually from biomedical databases and published biomedical literatures. Module enrichment analysis was used to identify CHD-related disease modules in the protein–protein interaction (PPI) network which were also associated to the targets of LXNX formula (LXNX formula’s CHD modules). The molecular characteristics of LXNX formula’s CHD modules were investigated via functional enrichment analysis in terms of gene ontology and pathways. We performed shortest path analysis to explore the interactions between the drug targets of LXNX formula and CHD related disease phenotypes (e.g., co-morbid diseases and symptoms).

Results: We identified two significant CHD related disease modules (i.e., M146 and M203), which were targeted by the herbs of LXNX formula. Pathway and GO term functional analysis results indicated that G-protein coupled receptor signaling pathways (GPCR) of M146 and cellular protein metabolic process of M203 are important functional pathways for the respective module. This is further confirmed by the shortest path analysis between the drug targets of LXNX formula and the aforementioned disease modules. In addition, corticotropin releasing hormone (CRH) and natriuretic peptide precursor A (NPPA) are the only two LXNX formula target proteins with the low shortest path length (on average shorter than 3) to their respective CHD module and co-morbid disease and symptom gene groups.

Conclusion: G-protein coupled receptor signaling pathway and cellular protein metabolic process are the key LXNX formula’s pathways to treat CHD disease phenotypes, in which CRH and NPPA are the two key drug targets of LXNX formula. Further evidences from Chinese herb pharmacological databases indicate that Pinellia ternata (Banxia) has relatively strong adjustive functions on the two key targets.
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INTRODUCTION

Coronary heart disease (CHD) is a cardiac disease caused by coronary artery arteriosclerosis leading to cardiac vascular stenosis or obstruction, and/or by functional change (or vasospasm) of coronary artery which leads to myocardial ischemia or necrosis (Ni et al., 2016). According to the data published on the World Health Organization website (World Health Organization, 2017), 7.4 million people die from CHD each year. One in seven people die of CHD in United State (Benjamin et al., 2018). CHD has become a serious threat to human life and health and has been a focus of medical research all over the world for a long time. More and more researchers have realized that the development of CHD is related not only to the circulatory system, but also others such as the immune (Cao et al., 2018), nervous (Alcántara and Davidson, 2014), and endocrine systems (Baxter et al., 2003). Therefore, many researchers are now investigating new treatments for CHD by looking for medical targets in systems other than the circulatory system. Around 2000 years ago, traditional Chinese medicine (TCM) had already started and documented research on CHD treatment, as noted in texts such as Synopsis of the Golden Chamber (Jin Gui Yao Lue) (Xu et al., 2017). Even today, TCM continues to play an irreplaceable role in CHD treatment. TCM treats CHD in accordance with its holistic principle, and thus, TCM may have already been treating CHD through systems aside from the circulatory system (Zhang et al., 2017).

LianXia NingXin formula (LXNX formula) was created by Professor Ping Li, a Chinese medicine expert in our research team, on the basis of the TCM theory of the heart controlling the blood vessels, nerves and spirit (Yang et al., 2016). It also embodies principles such as TCM master Zhizheng Lu view of “treating CHD via the spleen and stomach” (Song and Lu, 2011), and academician Yongyan Wang’s summation of CHD causes as “poison damaging the veins” (Zhang et al., 2013). LXNX formula targets CHD phlegm-fire syndrome in TCM through the ways to reduce the heat and phlegm in the heart. The results of our previous clinical study (Ma, 2015) showed that after 4 weeks of treatments with LXNX formula, physical activity levels, angina occurrence frequency and degree of pain for CHD patients noticeably improved, while co-morbid symptoms (e.g., palpitation, dizziness, chest pain, chest tightness, insomnia) were relieved significantly. These co-morbid symptoms seem to be related to autonomic nervous system (Cheng et al., 2017). Pre-clinical researches (Li et al., 2015a,b) indicated that LXNX formula decreased tyrosine hydroxylase (TH) mRNA, acetylcholinesterase (AchE) mRNA, nerve growth factor (NGF) mRNA, and tyrosine kinase receptor A (TrKA) mRNA in previous test subjects, mice with myocardial infarction. The results showed that LXNX formula had positive effects on heart sympathetic nerve remodeling and the autonomic nervous system by influencing inflammatory factors, such as NGF (Montoya et al., 2017), and endocrine proteins, such as AchE (Rotundo, 2017). These studies showed that LXNX formula could adjust the nervous, inflammatory, and endocrine systems; LXNX formula’s targets and pathways to treat CHD may also relate to systems other than the circulatory system. Therefore, further research into the exact pharmacological mechanism of action for LXNX formula to treat CHD, co-morbid diseases, and symptoms is helpful for discovering new drugs to improve CHD treatment.

LianXia NingXin formula is composed of nine Chinese herbs including Coptis chinensis (Huang Lian), Pinellia Tuber (Ban Xia), Orange peels (Chen Pi), Porio coco (Fu Ling), etc. These nine Chinese herbs have more than one hundred drug ingredients which can affect more than one thousand human biological proteins. It will be extremely difficult for us to identify LXNX formula’s drug targets one by one from thousands of proteins through traditional method. In recent years, it is well recognized that human body is a complex system. A drug that only regulates one protein target may not be able to affect the whole human protein network (Lin, 2012). For such reason, the network medicine (Barabási et al., 2011; Zhou et al., 2018) approach for pharmacology was rapidly developed recently. Hopkins presented and elaborated the concept of network pharmacology for the first time (Hopkins, 2008), in accordance with the network pharmacological theory, all the human biological proteins are working as a protein network in which the proteins are the nodes and the interaction relationships between the proteins are the edges. This protein network has many characteristics as a complex network. We can find the interactions between the drug and specific node or module gene group and gain more understanding about the interaction between drug and human body through these characteristics. At present, the analysis of network pharmacology is used in western medicine widely to develop new drugs, to research on the multi-target drug treatment and drug actions, etc. (Tang et al., 2012; Peng et al., 2015). The systemic and synergetic approach of network pharmacology coincides well with the principles of traditional Chinese medicine (e.g., whole body treatment and the treatment mechanism characters of Chinese herbs formulas which had multi-ingredients and influenced multi-targets and multi-pathways) (Liu and Sun, 2012; Zhang Y.Q. and Li X., 2015). Using network pharmacology to analyze herbal prescriptions could result in rapid progress for TCM pharmacology (Li S. et al., 2014; Li, 2016), accelerating translation from an experience-based system into an evidence-based one. Through the preliminary works in this research (Xu et al., 2018), eight disease modules associated to CHD pathogenicity mechanism (CHD modules) have been identified. The identification methods were as follows: Firstly, dividing human protein–protein interaction network (PPI) into 314 topological modules (named from M1 to M314) by community detection algorithm (Dittrich et al., 2008; Wang et al., 2017), which had specific biological function and disease pathogenicity mechanism (Szklarczyk et al., 2011; Menche et al., 2015); secondly, finding the CHD seed gene (Wang et al., 2017; Xu et al., 2018) group composed of the CHD genes derived from public biomedical databases and literatures; thirdly, using the module enrichment analysis between topological modules and the CHD seed gene group to identify eight CHD modules. After that, on the basis of these CHD modules, this study planned to find CHD modules, drug targets, molecule pathways and ingredients related to LXNX formula action mechanism to treat CHD and its co-morbid diseases and symptoms by network pharmacological analysis methods such as disease module analysis, the shortest path analysis, pathway enrichment analysis and gene ontology enrichment analysis (GO term analysis).



MATERIALS AND METHODS

Identifying the Terms Related to CHD Co-morbid Diseases and Symptoms

Coronary heart disease co-morbid diseases and symptoms related to LXNX formula were identified on the basis of the previous pre-clinical and clinical studies on using LXNX formula to treat CHD patients. To obtain the phenotype terms related to LXNX formula, we referred to the NLM’s Medical Subject Heading (MeSH) database1 to identify and confirm official terminology of co-morbid diseases and symptoms treatable by LXNX formula.

Gene Dataset Collection of Co-morbid Diseases and Symptoms

We used the disease terms to filter the associated genes for LXNX formula treated phenotypes from several well-established phenotype-genotype association databases. In particular, genes associated with the co-morbid diseases were identified via the OMIM2 and Malacards3 databases. Gene information for co-morbid symptoms was gathered from the Malacards, HPO4 and DiseaseConnect5 databases.

Construction of Drug Protein Dataset

The drug ingredients and protein targets information associated to nine herbs which constitute the LXNX formula were curated from HIT6, TCMID7 databases, and the biomedical literatures in PubMed8 and CNKI9 databases. The data was then organized into an herbs-ingredients-targets relationship dataset for LXNX formula.

Identifying CHD Modules Related to LXNX Formula

Module enrichment analysis was used between the eight CHD modules determined from the previous preliminary experiment and the following seed gene groups: each individual herb, each co-morbid disease, each co-morbid symptom, set of all herbs, set of all co-morbid diseases, and set of all co-morbid symptoms. Fisher’s exact test was used to calculate the enrichment degree between each seed gene group and the CHD modules. And then, the significant CHD modules related to LXNX formula were identified on the basis of the positive results (P < 0.05) of these enrichment results.

Enrichment Analysis and Shortest Path Analysis of LXNX Formula

Firstly, the functional pathways of CHD module related to LXNX formula were analyzed using pathway and gene ontology (GO) enrichment analysis based on the David platform (Huang et al., 2009). On the platform, the enrichment degree (p-value) between CHD modules related to LXNX formula was calculated by Fisher’s exact test. Gene ontology term analysis was based on Gene Ontology database, and was carried out by the plugin BiNGO 2.44 in the software Cytoscape 2.8.2. Pathway enrichment analysis was based on Reactome database and was carried out by online software KOBAS2.072. P-value was calculated in these two enrichment analyses, and P < 0.05 means the enrichment degree had statistically significance and the pathway results would be important functional mechanisms of disease modules. Secondly, the drug protein targets of LXNX formula in CHD modules related to LXNX formula were identified through shortest path analysis. The first step of the shortest path analysis is to calculate the shortest path between any node pair in the PPI network; subsequent calculations are then done to find the average shortest path length of a fixed source node to given node set. The shorter the average length is, the more important this source node is in connecting the entire node set. The Dijkstra algorithm (Dijkstra, 1959; Misa and Frana, 2010), which is the most classic algorithm to calculate shortest path of networks, was used to calculate the shortest path length of PPI network. In this study, we conducted the shortest path analysis between protein targets of LXNX formula and the genes of LXNX formula’s CHD gene modules, and the genes of all co-morbid diseases or symptoms. The average shortest path length for strongly connecting nodes was defined as less than 3. The nodes which were found by the shortest path analysis were the key drug targets of LXNX formula in CHD modules of LXNX formula or all co-morbid diseases or all co-morbid symptoms. Finally, we identified the CHD modules, key drug targets and molecular pathways related to LXNX formula for CHD treatment.

Candidate Targets Prediction of LXNX Formula

Similarly, we identified the drug targets of LXNX formula in regards to gene sets of co-morbid diseases and symptoms using shortest path analysis, respectively. Based on these drug targets and the targets for LXNX formula’ s CHD modules, key candidate drugs targets of LXNX formula to treat both CHD and its co-morbid diseases and symptoms were identified. Figure 1 showed the flowchart of the pathway analysis and target identification of LXNX formula to treat CHD.


[image: image]

FIGURE 1. A flowchart of the pathway analysis and targets identification of LXNX formula. To obtain reliable results, the following steps were taken: (A) The genetic information of LXNX formula herb ingredients, co-morbid diseases and symptoms was acquired from open biological gene databases. (B) For determining the key CHD modules related to LXNX formula, module enrichment analysis was used between each CHD module determined from the previous preliminary experiment and the following seed gene groups: each individual herb, each co-morbid disease, each co-morbid symptom, set of all herbs, set of all co-morbid diseases, and set of all co-morbid symptoms. (C) The function pathways of the key CHD modules of LXNX formula were determined using pathway and GO term enrichment analysis. (D) Using shortest path analysis, the key drug targets of LXNX formula in the key modules, respectively, all co-morbid diseases and symptoms were determined. Green lines showed the process of shortest path analysis. (E) LXNX formula key pathways to treat CHD were determined based on the results of module functional pathway analysis and LXNX formula key targets in the modules. (F) LXNX formula key drug targets were determined based on the results of shortest path analysis.





RESULTS

CHD Related Disease Phenotype MeSH Terms

The results of previous pre-clinical studies (Li J. et al., 2014; Li et al., 2015a,b; Zhang H.N. and Li P., 2015) on LXNX formula indicated that LXNX formula had good effects on heart sympathetic nerve remodeling, arrhythmia and autonomic nerve system. By comparing the symptoms before and after the patients were treated with LXNX formula, clinical research (Ma, 2015) showed that LXNX formula can relieve CHD co-morbid symptoms significantly (i.e., chest pain, shortness of breath, palpitation, thirst, bitter taste in mouth, dizziness, chest tightness, and dream-disturbed sleep). It can also significantly relieve anxiety and insomnia. Based on the searching results from MeSH database, eight MeSH headings for five co-morbid diseases and ten Mesh headings for nine co-morbid symptoms were found in total (see Table 1).

TABLE 1. The MeSH terms and number of genes related to LXNX formula co-morbid diseases and symptoms.
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CHD-Co-morbid Diseases and Symptoms Related Genes

In accordance with the searching results from gene databases, there were 3230 genes related to LXNX formula co-morbid diseases and symptoms. These genes had 4605 interactions with co-morbid diseases and symptoms. For the symptoms of chest tightness, bitter taste in mouth, and dream-disturbed sleep, no related genes were found (see Table 1 and Supplementary Tables S1, S2).

The Herb Targets of LXNX Formula

LianXia NingXin formula ingredients and their corresponding targets information had been curated from various databases and documents with the metadata like data sources, curated time and keywords are kept as well. Only one record had been kept if there were any records with the same information about Chinese herb ingredients and targets. Finally, 134 chemical ingredients were identified from the nine herbs included in LXNX formula. These chemical ingredients were noted to have influence on 1860 human biological proteins (with totally 3424 protein interactions) (see Supplementary Table S3).

Key CHD Modules Related to LXNX Formula

Module enrichment analysis between the preliminary eight CHD modules and various seed gene groups for co-morbid diseases, co-morbid symptoms, and Chinese herbs showed that M146 and M203 had statistically significant results (p < 0.05). Specifically, M146 had 12 positive results, while M203 had 8 positive results (see Table 2).

TABLE 2. The positive result summary of module enrichment analysis.
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Pathway and GO Term Enrichment Analysis

There were 46 gene pathways related to M146 and 2 gene pathways related to M203 according to pathway enrichment analysis (P < 0.05) (see Supplementary Tables S7, S9). There were 119 gene pathways related to M146 and 29 gene pathways related to M203 according to GO term enrichment analysis (see Supplementary Tables S6, S8). Based on the results of shortest path analysis between each LXNX formula’s CHD modules and LXNX formula’s protein targets, there were 30 key drug targets of LXNX formula in M146 (see Supplementary Table S10), and 3 key drug targets of LXNX formula in M203 (see Supplementary Table S11). The G-protein coupled receptor (GPCRs) signaling pathway that M146 enriches contained more key drug targets of LXNX formula in the M146 than other enriched pathways. Cellular protein metabolic process, which was one of the M203 GO enrichment, contained all key drug targets of LXNX formula in the M203. Other functional pathway enrichment results in M203 did not contain as many key drug targets. Table 3 shows the functional pathway results of GPCRs signaling pathway related to M146, and specific cellular protein metabolic process related to M203 based on the pathway enrichment analysis and GO term enrichment analysis.

TABLE 3. The functional pathway analysis of CHD modules related to LXNX formula.
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Molecular Interactions Between Herb Targets and Modules

Thirty proteins in LXNX formula were closely related to M146 genes (see Supplementary Table S10), while 3 proteins were related to M203 genes (see Supplementary Table S11), 144 proteins were related to all co-morbid symptom genes (see Supplementary Table S5), 29 proteins were related to whole co-morbid disease genes (see Supplementary Table S4). There was no single protein in LXNX formula associated with both M146 and M203. Among LXNX formula proteins, corticotropin releasing hormone (CRH) was the key drug target simultaneously in M146 and all co-morbid diseases and symptoms. In addition, natriuretic peptide precursor A (NPPA) was the key drug target simultaneously in M203 and all co-morbid diseases and symptoms (see Table 4). Besides CRH and NPPA, there were no other proteins which served as key drug targets simultaneously in LXNX formula’s CHD modules and all co-morbid diseases and symptoms.

TABLE 4. The shortest path analysis results about CRH and NPPA.
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Figure 2 showed the gene relationships between M146 and M203 in the human protein–protein interaction network, and it also reflected the key targets (those big nodes in the figure) and pathways (those bold lines between key targets) of LXNX formula to treat CHD based on the analysis results of the enriched functional pathway and the shortest path.
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FIGURE 2. The protein interactions of M146 and M203. The red and blue nodes represent the proteins of M146 and M203, respectively. The red and blue lines represent the protein interactions of M146 and M203, respectively.





DISCUSSION

Presently, the incompleteness of knowledge regarding human protein interaction and genes related to diseases resulted in the hindering of research into complex systemic diseases such as CHD. Recently, it has been recognized that proteins associated with diseases did not exist randomly in a scattered network, but rather were connected into functional subgroups called disease modules. Thus, disease module analysis can now be used to identify previously unknown genes and mechanisms associated with complex diseases (Vinayagam et al., 2016; Mukund and Subramaniam, 2017). For this study, protein–protein interaction (PPI) networks, the most intensely studied biology network (Zhou et al., 2014), were used to determine disease modules. By consulting open bioinformatics databases and using module enrichment analysis, disease modules related to different diseases, symptoms, and herbs were identified based on the gene groups of these different networks. Results with significant enrichment (p < 0.05) indicated that the biological mechanism of the disease module was related to the functional pathway of the disease, symptom, or herb seed gene groups. Disease module analysis results showed that the functional pathways in M146 and M203 were strongly associated with these aforementioned seed gene groups, both individually and collectively. Other CHD modules did not have such lots of positive results. Therefore, these results indicate that the treatment effect of LXNX formula for CHD and its co-morbid diseases and symptoms is mainly accomplished by modulating M146 and M203 functional pathways.

Based on the results of pathway and GO term enrichment analysis and of the shortest path analysis, the signaling pathways of G-protein coupled receptors (GPCRs) related to adrenaline, adenylate cyclase, dopamine, and calcium ion are significant in M146, and the drug targets of LXNX formula in M146 are all related to these pathways; the pathways of specific cellular protein metabolic process related to the apolipoprotein (APO) and natriuretic peptide are important in M203, and the drug targets in M203 are all related to these pathways. GPCRs signaling transduction pathway constitute a large protein family of cellular surface receptors which are responsible for various ligand responses, signal transduction from extracellular space to intracellular space, and activating cellular responses. GPCRs are largely expressed in human body, and play a key role in regulation. For example, β-adrenergic receptor (β-AR) is a typical ligand activated GPCR. Afterβ-AR is activated, adenylate cyclase is then activated, and the concentration of cyclic adenosine monophosphate (cAMP) is subsequently increased, inducing a series of biological effects. β-AR is widely distributed in the heart and thus plays an important role in regulating cardiac functions (Mahoney and Sunahara, 2016; Gurevich and Gurevich, 2017). The pathways of cellular protein metabolic process may control cell apoptosis or proliferation by adjusting the synthesis or decomposition of the proteins in cells, thus regulating the repair and necrosis of nerves and vascular smooth muscle. For example, apolipoprotein A1 (APOA1), apolipoprotein A4 (APOA4) may impact low-density lipoprotein (LDL) particle density (Gomez et al., 2010). LDL is a protein in the cell. LDL particle density is an important factor in atherosclerosis. In accordance with the module function analysis, the shortest path analysis results between LXNX formula protein targets and LXNX formula’s CHD module gene networks, respectively, and the mechanism characters of the pathway, the two pathogenic pathways, GPCRs signaling pathway and cellular protein metabolic process, both have three same characters. Firstly, they are both the important pathogenic pathways of LXNX formula’s CHD module, respectively. Secondly, they both are composed of a lot of LXNX formula’s important drug targets in, respectively, CHD modules of LXNX formula. Thirdly, they can influence CHD and CHD co-morbid diseases which can be treated by LXNX formula. Hence, GPCRs signaling pathway and specific cellular protein metabolic process both are important pathways of LXNX formula to treat CHD and its co-morbid diseases and symptoms based on the three characters of these two pathway mentioned above.

The proteins CRH and NPPA are critical drug targets for LXNX formula’s CHD module and all co-morbid diseases and symptoms; no other protein has shown such simultaneous results. CRH is synthesized in the hypothalamus and acts upon the hypothalamus-pituitary-adrenal gland axis (HPA axis). HPA axis is a complex system which includes direct effects and negative feedback mechanisms. When stressed (a physical reaction that occurs in imbalanced circumstances or when facing threats to internal stability), the hypothalamus secretes CRH (Zhou et al., 2018), which proceeds to combine with CRH receptor 1 (CRHR1) to promote the release of adreno-corticotropic-hormone (ACTH). ACTH then acts upon the adrenal gland to stimulate the release of glucocorticoid (GC), which has a negative feedback effect on the hypothalamus and pituitary glands (Asalgoo et al., 2017; Paragliola et al., 2017). Thus, HPA axis is an important part of the neuroendocrine system and is essential to controlling the effects of stress. The stimulation of chronic stress will lead to constant HPA axis excitation. It will cause disorders of the endocrine system, imbalanced physiological functions, and mental disorders (Contoreggi, 2015). The increase of GC synthesis is a key factor in HPA axis mechanism; the constant increase of GC promotes immune system activity and inflammatory response, injures vascular endothelial cells, and accelerates arteriolosclerosis (AS) (Deuchar et al., 2011; Cho et al., 2015). CRH causes the HPA axis to release GC by controlling ACTH release; therefore, CRH can affect CHD. There are three types of CRH receptors, CRH-R1, CRH-R2, and CRH-R3, which all belong to G-protein coupled receptors. After CRH is combined with CRH receptors, G protein activates adenylate cyclase, resulting in increased cAMP cell concentration and protein kinases A (PKA) activation. The CRH function that affects CHD is achieved through GPCRs signaling pathway (Inda et al., 2017). ACTH is a proopiomelanocortin (POMC) derivative (Parvin et al., 2017). CRH is the key target of LXNX formula in M146. CRHR1 and POMC are genes not only belonging to M146, but also belonging to GPCRs signaling transduction pathway based on the results of the GO term and pathway functional enrichment analysis. Therefore, LXNX formula’s mechanism of treating CHD and co-morbid diseases and symptoms could be as such: LXNX formula acts upon CRH, and then influences the HPA axis through GPCRs signaling transduction pathway related to CRHR1 and POMC.

Natriuretic peptide precursor A is the precursor to atrial natriuretic peptide (ANP) before synthesis; NPPA polymorphism may induce myocardial necrosis, hypertension, atrial fibrillation, water and sodium disequilibrium, and heart remodeling (Lynch et al., 2009; Francia et al., 2013). After ANP combines with the natriuretic peptide receptor A (NPR-A), cGMP in cell is adjusted, thus influencing myocardial contractions and hindering the proliferation of vascular smooth muscle cells (Song et al., 2015). ANP takes part in the metabolism of the endocardium macrophage inflammatory proteins, such as tumor necrosis factor-α(TNF-α), and interleukin-1 (IL-1). These inflammatory factors can lead to AS plaque occurrence and development, thus affecting the pathological development of AS diseases, including coronary heart disease (Clarke et al., 2010; Kleinbongard et al., 2010). ANP has two pathways to adjust macrophage protein metabolism. First, ANP adjusts the metabolism and synthesis of macrophage inflammatory factors directly through cyclic guanosine monophosphate (cGMP) (Kiemer et al., 2005; Howlett and Moore, 2006). Second, ANP interaction with amyloid factors, such as APOA1, APOA4, and transthyretin (TTR), adjusts macrophage protein metabolism by affecting amyloidosis deposits in coronary artery (Maioli et al., 2000; Torricelli et al., 2004a,b). NPPA, APOA1, APOA4, and TTR are the genes belonging to both M203 and the cell protein metabolic pathway which is one significant result of the M203 GO term analysis. Therefore, LXNX formula mechanism to treat CHD is related to NPPA and the pathway of macrophage protein metabolism containing APOA1, APOA4 and TTR.

In summary, CRH and NPPA have strong relationship with LXNX formula for the reasons that they are both the most important drug targets of LXNX formula in LXNX formula’s CHD modules, respectively, co-morbid diseases and symptoms, they are both relevant to the important pathways, respectively, of LXNX formula, and they both can have influence on CHD and CHD co-morbid diseases which LXNX formula can treat. Therefore, CRH and NPPA are key drug targets of LXNX formula to treat CHD and its co-morbid diseases and symptoms.

Based on the herb-ingredient-target relationship database for LXNX formula, gamma-aminobutyric acid (GABA) found in Pinellia ternata (Ban Xia) has a direct influence on CRH; adenine in Porio coco (Fu Ling), undecanal in dried orange peels (Chen Pi), guanosine and L-arginine (L-Arg) in Pinellia ternata (Ban Xia) have a strong impact on NPPA. Evidently, Pinellia ternata (Ban Xia), Porio coco (Fu Ling), and dried orange peels (Chen Pi) are important herbs in LXNX formula. GABA is an important inhibitory neurotransmitter in the brain. By combining with GABA receptors, it inhibits CRH neuron excitability to reduce the release of CRH (Kakizawa et al., 2016). L-Arg is the precursor of EDRF (Endothelium derived relaxing factors)/NO. Shortage of EDRF/NO is essential to the occurrence of cardiovascular diseases including CHD (Charpie et al., 1997). On the other hand, L-Arg decreased ANP gene expression of mice with myocardial hypertrophy caused by isoprenaline (Shen et al., 2004).

Based on the analysis mentioned above about previous documentation, GPCRs signaling transduction pathway related to CRH and cellular protein metabolic process pathway related to NPPA both can influence immune and nervous systems to treat CHD, this character is accordance with the mechanism of LXNX formula to treat CHD. Thus, the forecast results of network medicine concerning LXNX formula’s mechanism of action for treating CHD is reliable. In future research, further experimentation can be done to test the influence of LXNX on CRH and NPPA pathway by in vitro and in vivo experiments on mice with myocardial ischemia.



CONCLUSION

In accordance with this research, the important pharmacological mechanisms of LXNX formula to treat CHD disease phenotypes are that the ingredients such as L-arginine and gamma-aminobutyric acid, etc. in Pinellia Tuber, Poria coco, affect CRH in GPCRs signaling pathway and NPPA in specific cellular protein metabolic process.
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Aim: Heart failure (HF) post-acute myocardial infarction (AMI) contributes to increasing mortality and morbidity worldwide. Baoyuan decoction (BYD) is a well-known traditional Chinese medicine formula that exhibits myocardial protection clinically. The aim of this study was to identify the effects of BYD on oxidative stress-induced apoptosis in HF post-AMI and characterize the underlying mechanism.

Methods and Results: In our study, we constructed left anterior descending (LAD)-induced AMI rat models and a macrophage-conditioned media (CM)-induced H9C2 injury model. In vivo, BYD could protect cardiac functions, decrease inflammatory cell infiltration and inhibit oxidative stress-induced apoptosis. In vitro, BYD inhibited cellular apoptosis and regulated the expressions of key apoptotic molecules, including reducing the expression of B cell lymphoma-2 (Bcl-2) associated X protein (Bax) and cleaved caspase-3 and -9. Interestingly, the P38 mitogen-activated protein kinase (MAPK)-αB-crystallin (CRYAB) signaling pathway was activated by BYD treatment, and the P38 MAPK inhibitor SB203580 could reverse the protective effects of BYD.

Conclusion: This study identified that BYD protected against oxidative stress-induced myocardial apoptosis via the P38 MAPK-CRYAB pathway. CRYAB may become a novel therapeutic target for AMI.

Keywords: BYD, oxidative stress, apoptosis, P38 MAPK-CRYAB, HF post-AMI


INTRODUCTION

Acute myocardial infarction (AMI) is a severe cardiovascular disease that can lead to heart failure (HF) and malignant arrhythmia, which are responsible for increasing mortality and morbidity worldwide (Plakht et al., 2015; Sacks et al., 2015). Currently, the focus has been on elucidating the underlying mechanisms and exploring new therapeutic targets for HF post-AMI.

Accumulating evidence has demonstrated that oxidative stress-induced apoptosis is an attractive target for HF post-AMI (Shahzad et al., 2017). Following acute ischaemia, the dynamic balance between the oxidation system and anti-oxidation system is broken, and multiple reactive oxygen species (ROS) gather (Riba et al., 2017). As a major intracellular source of ROS, mitochondria are directly damaged by increased ROS, which affect the mitochondrial permeability (Circu and Aw, 2010). Consequently, B cell lymphoma-2 (Bcl-2) associated X protein (Bax), caspase 3, caspase 9 related to the mitochondrial apoptotic pathway are activated, and Bcl-2, which has an anti-apoptotic effect against the mitochondrial apoptotic pathway, is inhibited. As a result, apoptosis is induced dramatically with the consequence of damaged heart function (Ryter et al., 2007).

CRYAB, which encodes αB-crystallin, a member of the small heat shock protein family, was first considered the conserved structure of the cytoskeleton (Bennardini et al., 1992). Until recently, some studies have suggested that it exhibits a remarkable anti-oxidative stress (OS)-induced apoptotic effect in HF post-AMI, and CRYAB phosphorylation Ser-59 is selectively responsible for the cytoprotective actions in cardiac myocytes (Kamradt et al., 2001; Morrison et al., 2003; Mao et al., 2004; Taylor and Benjamin, 2005). Increasing oxidative stress will lead to the up-regulation of p-CRYAB, which can protect cardiomyocytes from OS-induced apoptosis. Consistently, CRYAB silencing resulted in increased apoptosis after exposure to OS (Chis et al., 2012). Some studies have indicated that CRYAB plays an anti-apoptotic role by down-regulating Bcl-2 expression in H2O2-injured H9C2 cells (Xu et al., 2013). Further studies demonstrated that CRYAB, phosphorylated by the P38 mitogen-activated protein kinase (MAPK) cascade, played an anti-apoptotic role against stress-induced apoptosis in cardiac myocytes (Hoover et al., 2000).

Baoyuan decoction (BYD) is a well-known traditional Chinese medicine formula composed of Astragalus, ginseng, liquorice and cinnamon (Wan et al., 2017). BYD has been approved for myocardial protection clinically (Zhang et al., 2016), however, the potential pharmacological mechanism remains unclear. In this study, we investigated the cardiac protective effects of BYD on an oxidative stress-induced apoptosis in HF post-AMI rat model and conditioned media (CM)-induced H9C2 cell model and clarified the underlying mechanism of BYD in the P38 MAPK-CRYAB signaling pathway.



MATERIALS AND METHODS

BYD Preparation

The four components of BYD were collected from Anguo TCM market (Hebei, China) and were authenticated by Professor Pengfei Tu. The extraction method was performed as reported previously (Ma et al., 2016). The fingerprint of BYD was analyzed by high-performance liquid chromatography (HPLC), and the typical chromatogram was shown in a previous study (Shu et al., 2016).

HF Post-AMI Animals

All animal experiments conformed to the Guide for the Institutional Animal Care and Use Committee (IACUC) and were approved by the Animal Care Committee of Beijing University of Chinese Medicine.

Eighty male Sprague-Dawley (SD) rats weighing 220–250 g in the SPF grade were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The left anterior descending coronary artery (LAD) of the rats was ligated to construct the HF post-AMI models as previously described (Wang et al., 2012, 2015). Briefly, left thoracotomy was performed between the third and fourth intercostal space, and the heart was exposed. The LAD was ligated just 1–2 mm proximal to the main diagonal branch with a sterile suture (Shuangjian, China). The chest was closed, and the rats were placed on a thermal blanket. In the sham group, the suture was passed around the artery without ligation. Twenty-four hours after surgery, the rats were randomly divided into six groups: sham group, model group, Ginaton Tablets group (as the positive drug with a dosage of 100 mg/kg; Dr. Willmar Schwabe, Germany), BYD high-dose group (BYD-h, with a dosage of 2.57 g/kg), BYD middle-dose group (BYD-m, with a dosage of 1.28 g/kg) and BYD low-dose group (BYD-l, with a dosage of 0.64 g/kg). Ginaton Tablets were applied as the positive-control drug because it could inhibit OS and suppress apoptosis by regulating P38 MAPK (Li et al., 2017; Tang et al., 2017). The rats in the Ginaton Tablets group and BYD groups were administered via gavage with the described doses for 7 days. The sham and model groups received the same volume of water through oral administration.

Echocardiography

After anaesthetization with 1% pentobarbital sodium (50 mg/kg, ip), the left ventricular function was assessed by 2-dimensional M-mode and B-mode echocardiography (Vevo TM 2100; Visual Sonics, Canada). The indicators of the left ventricular internal diameter at end-diastole (LVIDd), left ventricular internal diameter at end-systole (LVIDs), left ventricular end of diastole volume (LVEDV), left ventricular end of systole volume (LVESV), ejection fraction (EF), fractional shortening (FS), and others were collected. FS% was calculated using the following equation: FS% = [(LVIDd-LVIDs)/LVIDd] × 100%. EF% was calculated using the following equation: EF% = [(LVEDV-LVESV)/LVEDV] × 100%.

Haemodynamic Measurement

After echocardiography, haemodynamic measurements were performed to evaluate the performance of left ventricular (LV). The levels of the mean blood pressure (MBP), maximal rate of increase of the left ventricular pressure (+dp/dt max) and maximal rate of decrease of the left ventricular pressure (-dp/dt max) were recorded using the PowerLab ML880 system (AD Instrument, Australia).

Histological Examination and Immunohistochemistry Detection

Myocardial tissues were fixed in 4% paraformaldehyde for 72 h and then were embedded in paraffin and sectioned into 5-μm slices. The paraffin sections were subjected to haematoxylin-eosin (HE) staining and were analyzed under an optical microscope at 400 × magnification.

Paraffin sections were deparaffinized and immersed in distilled water. There after, the sections were blocked with 3% hydrogen peroxide at room temperature for endogenous peroxidase ablation for 15 min, followed by blockade in normal goat serum at room temperature for 20 min. After discarding the goat serum, the sections were incubated with rabbit anti-CRYAB phosphor-S59 (ab5577; Abcam, United States) at 4°C overnight, followed by incubation with goat anti-rabbit IgG (ab16284; Abcam, United States) for 1 h at room temperature. After colouration with 3, 3-diaminobenzidin (DAB) and staining with haematoxylin, the sections underwent dehydration, clearing and mounting with neutral gums. Images were visualized and collected under an optical microscope at 400 × magnification.

Detection of LDH, CK-MB, T-SOD and MDA

Serum samples were collected from the abdominal aorta after centrifugation at 3,000 rpm for 10 min. The levels of creatine kinase-MB (CK-MB) in the serum was determined using a Hitachi 17080 Automatic Biochemical Analyzer (Hitachi Co., Ltd., Japan), and lactate dehydrogenase (LDH) was tested using commercial diagnostic kits (Beijing North Biotechnology Research Institute, China). The levels of total superoxide dismutase (T-SOD) and malondialdehyde (MDA) were detected according to the manufacturer’s instructions of the T-SOD assay kit and MDA assay kit, respectively (Nanjing Jiancheng Bioengineering Institute, China).

Terminal Deoxynucleotidyl Transferase Mediated dUTP Nick End Labeling (TUNEL) Staining

The apoptosis rate was determined by TUNEL according to the manufacturer’s instructions (Roche Applied Science; South San Francisco, CA, United States). Micrographs were randomly selected and analyzed.

Western Blot Analysis

Heart tissues or cells were lysed in pre-cold RIPA buffer (Beijing Pulilai Gene Technology Co., Ltd., China) with a 1% protein phosphatase inhibitor (Beijing Pulilai Gene Technology Co., Ltd., China). The protein concentration in each sample was measured by the BCA kit (Beijing Pulilai Gene Technology Co., Ltd., China). The samples were loaded on 10% SDS-PAGE gels and were transferred onto PVDF membranes. The membranes were first incubated overnight with primary antibody at 4°C and secondary antibody 1.5 h at room temperature and then were treated with ECL (ECL Plus western blotting detection reagent, GE Healthcare, United States) for 1 min at room temperature. The following antibodies were used: anti-CRYAB phosphor-S59 (ab5577; Abcam, United States), anti-CRYAB (ab13497; Abcam, United States), anti-phospho MAPK-activated protein kinase 2 (MAPKAPK2; 3041; Cell Signaling Technology, Germany), anti-MAPKAPK2 (3042; Cell Signaling Technology, Germany), anti-phospho MKK 3/MKK6 (9236; Cell Signaling Technology, Germany), anti-MKK6 (8550; Cell Signaling Technology, Germany), anti-phospho P38 MAPK (4511; Cell Signaling Technology, Germany), anti-P38 MAPK (8690; Cell Signaling Technology, Germany), anti-Caspase 3 (9665; Cell Signaling Technology, Germany), anti-Caspase 9 (9580; Cell Signaling Technology, Germany), anti-Bax (ab32503; Abcam, United States), anti-Bcl-2 (ab7973; Abcam, United States), anti-GAPDH (ab8245; Abcam, United States), anti-rabbit IgG H&L (HRP; ab16284; Abcam, United States), anti-mouse IgG H&L (HRP; ab97250; Abcam, United States).

Cell Culture

RAW 264.7 macrophages and H9C2 cells were purchased from China Infrastructure of Cell Line Resources (Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences). They were incubated with Dulbecco’s modified Eagle’s medium (DMEM; Corning, United States) supplemented with 10% fetal bovine serum (FBS, Corning, United States), penicillin (100 U/mL; Corning, United States) and streptomycin (100 μg/mL; Corning, United States) at 37°C in a humidified atmosphere of 5% CO2.

Cell Viability

Cell Counting Kit-8, a commercially available cell viability assay, was employed to evaluate the cytotoxic effect. Ten percent CCK-8 (Dojindo, Kumamoto, Japan) dissolved in DMEM was added to each well for 2 h at 37°C, and absorbance was determined at 450 nm using a microplate reader (Perkin-Elmer, Waltham, MA, United States). The percentage of cell viability was calculated by the following formula: cell viability (%) = (mean absorbance in test wells)/(mean absorbance in control wells) × 100%. All experiments were performed in triplicate (Manual, 2010).

LPS-Induced RAW 264.7 Cell Injury

RAW 264.7 cells were divided into different groups: control, model, BYD groups (with 400, 600, 800, and 1000 μg/mL, respectively) and Ginaton Tablets group (40 μg/mL, as positive control drug). After the RAW 264.7 cells were cultured to 95% confluency in plates, different concentrations of BYD or Ginaton Tablets in culture media were added into the cells. Next, lipopolysaccharide (LPS; 1 μg/mL; Sigma Chemical Co., United States) was added and stimulated for 24 h. The control group was given the same operation without drugs or LPS. Cell supernatants were collected and stored at -20°C for further analysis. Next, 1 × 105 cells/well of RAW 264.7 cells were seeded into 96-well plates for the cell viability test. For western blot analysis and determination of ROS, 2 × 106 cells/well of RAW 264.7 cells were seeded in 6-well plates.

CM-Induced H9C2 Cell Injury

To evaluate the effects of BYD on H9C2 cells, the model of macrophage-conditioned media (CM) stimulation was performed as previously described (Li et al., 2016). Flow diagram of this model was showed in Figure 5A. CM was collected from the supernatant liquid of RAW 264.7 cells pretreated with 1 μg/mL LPS for 24 h. After culture to 95% confluence in plates, H9C2 cells were pretreated with BYD (400, 600, 800, and 1000 μg/mL) for 6 h, and then cells were incubated with CM for 24 h. Cell supernatants were collected and stored at -20°C for further analysis. To investigate the activation mechanism of CRYAB, SB203580 (10 μM) was added to H9C2 for 1 h, followed by stimulation with CM for 24 h.

Measurement of NO and T-SOD

Cell supernatants were collected from LPS-stimulated RAW 264.7 cells (with or without BYD pretreatment) to detect NO released from cultured cells. NO production was determined using the NO assay kit (Biyuntian Biotechnology Co., Ltd., China) based on the Griess method using a microplate reader (Perkin-Elmer, Waltham, MA, United States).

Cell supernatants were collected from CM-induced H9C2 cells (with or without BYD pretreatment) to detect T-SOD expressions. The expressions of T-SOD were determined using the T-SOD assay kit (Nanjing Jiancheng Bioengineering Institute, China), following the manufacturer’s instructions.

Hoechst Staining and Reactive Oxygen Species Measurement

H9C2 cells were fixed with 4% paraformaldehyde for 15 min and were stained with Hoechst 33258 (Biyuntian Biotechnology Co., Ltd., China) for 30 min in the dark. Next, H9C2 cells were observed under an inverted fluorescence microscope (Leica Microsystems GmbH).

The ROS assay was conducted according to the manufacturer’s instructions of the ROS Assay Kit bought from Biyuntian Biotechnology Co., Ltd. Next, 10 μM DCFH diluted in DMEM was added to each well, followed by incubation for 30 min at 37°C. The cells were then observed under an inverted fluorescence microscope (Leica Microsystems GmbH).

Statistical Analysis

The results were presented as the means ± SEM. Statistical analysis of the data was carried out using one-way analysis of variance (ANOVA) and Dunnett’ s test. P < 0.05 was considered statistically significant.



RESULTS

BYD Rescues the Cardiac Functions of HF Post-AMI Rats

Echocardiography results showed that HF post-AMI models were successfully constructed. The levels of EF and FS were significantly decreased in the model group compared with those in the sham group (P < 0.001). Moreover, LVIDd and LVIDs were increased in the model group (P < 0.001), indicating that both heart dysfunction and structural change occurred. MBP and +dp/dt max were decreased and -dp/dt max was increased in the model group (P < 0.001), suggesting impairment of diastolic and systolic LV functions. After treatment with BYD, the values of EF and FS were up-regulated (P < 0.001, P < 0.05, respectively), and LVIDs was also improved significantly (P < 0.001); however, there was no statistically significant difference in LVIDd before and after BYD treatment (Figures 1A,B). Compared with the sham group, BYD treatment in different doses increased the level of MBP (P < 0.01) and +dp/dt max (P < 0.001) and decreased the levels of -dp/dt max (P < 0.001) (Figures 1C). Ginaton Tables showed similar efficacy with BYD.
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FIGURE 1. BYD improves cardiac function. (A) Representative images of echocardiography exhibiting the changes in cardiac function in each group. (B) Echocardiography results showed that BYD improved EF and FS and decreased LVIDs. (C) Haemodynamic results showed that BYD up-regulated the levels of MBP and +dp/dt max and down-regulated the level of –dp/dt max, suggesting that BYD could improve cardiac contraction function. All the data were presented as the means ± SEM from independent experiments performed in triplicate. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. model group. N = 10 per group.



Cardioprotective Effects of BYD in HF Post-AMI Rats

Inflammatory cell infiltration and cellular morphology were detected by HE staining (Figure 2A). Large necrotic areas with inflammatory cell infiltration could be observed in the model group. The inflammatory response plays an important role in HF post-AMI rats. The LV myocardium was arranged in an orderly pattern in the sham group, whereas the surviving cardiomyocytes formed an irregular pattern in the model group. Treatment with different doses of BYD could reduce inflammatory cell infiltration and partially restore the cardiomyocyte damage.
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FIGURE 2. BYD inhibits inflammatory cell infiltration and protects against cardiac injury. (A) HE showed that BYD preserved cardiomyocyte architecture and inhibited inflammatory cell infiltration. (B) The concentrations of LDH and CK-MB in serum in the model group were increased compared with those in the sham group and could be up-regulated by BYD. (C) BYD treatment up-regulated the level of T-SOD and down-regulated the level of MDA in serum compared with model group. All the data were presented as the means ± SEM from independent experiments performed in triplicate. ∗∗P < 0.01, ∗∗∗P < 0.001 vs. the model group. N = 6 per group.



Effects of BYD on the Serum LDH, CK-MB, T-SOD and MDA Levels

LDH and CK-MB are located in the cytoplasm of cardiomyocytes under normal conditions. The release of LDH and CK-MB into the blood is considered diagnostic indicators of HF post-AMI (Amani et al., 2013). The results showed that the levels of serum LDH and CK-MB in the model group were significantly up-regulated compared with those in the sham group (P < 0.001, P < 0.001). After treatment with BYD, the LDH and CK-MB levels were reduced compared with those in the model group (P < 0.001, P < 0.001, respectively) (Figure 2B). T-SOD is a remarkable anti-oxidant enzyme, while MDA is one of the final products of OS, and both are commonly used as markers for OS (Ribeiro-Samora et al., 2017). BYD treatment increased the activity of T-SOD but attenuated the MDA level compared with that in the model group (P < 0.001, P < 0.001, respectively) (Figure 2C).

BYD Attenuates Oxidative Stress in LPS-Induced RAW 264.7 Cells

To confirm whether the effects of BYD on HF post-AMI rats were associated with anti-oxidative stress, the LPS-induced injury model in RAW 264.7 macrophage was applied. Treatment of RAW 264.7 with BYD at 400–1000 μg/mL and positive control drug Ginaton Tablets (40 μg/mL) showed no cytotoxicity after 24 h (Figure 3A). Interestingly, CCK-8 results demonstrated BYD exhibited significant cell-protective effects against LPS-induced injury (P < 0.05) (Figure 3B). Moreover, BYD and Ginaton Tablets treatment could decrease the production of ROS and NO (P < 0.001) in vitro (Figures 3C,D).
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FIGURE 3. BYD regulates the levels of OS mediators in vitro. (A) The doses involved in this study showed no cytotoxicity at 24 h. (B) BYD showed a protective effect on LPS-induced RAW 264.7 cells. (C) BYD significantly decreased the release of NO induced by LPS. (D) The results of ROS determination showed that BYD treatment decreased the green fluorescent intensity. All the data were presented as the means ± SEM from independent experiments performed in triplicate. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. the model group. N = 6 per group.



BYD Inhibits Apoptosis in HF Post-AMI Rats via the CRYAB Signaling Pathway

TUNEL staining showed that the apoptotic rate in the infarct border zone was significantly higher in the model group than in the sham group, while BYD treatment could reverse the increased apoptosis rate in the model group (Figure 4A). Further study on the upstream proteins of the apoptosis pathway showed that BYD inhibited the expression of Bax (P < 0.01), cleaved-caspase 9 (P < 0.05) and cleaved-caspase 3 (P < 0.01) and increased the expression of Bcl-2 (P < 0.001) compared with that in the model group (Figure 4B). As mentioned above, CRYAB is believed to be a critical anti-apoptosis protein that regulates cardiomyocyte apoptosis induced by ischemia (Mitra et al., 2014). In our study, both immunohistochemistry and western blotting demonstrated that the expression of p-CRYAB was down-regulated in the model group, and BYD could up-regulate p-CRYAB as shown in Figures 4C,D (P < 0.05).
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FIGURE 4. BYD inhibited apoptosis and increased CRYAB in HF post-AMI rats. (A) TUNEL results showed that BYD attenuated the apoptosis of cardiomyocytes. (B) Western blot analysis showed that BYD decreased the expression of Bax, cleaved-caspase 9 and cleaved-caspase 3 and increased the expressions of Bcl-2 in cardiac tissue compared with that in the model group. (C) Immunohistochemistry results showed that BYD up-regulated the expression of p-CRYAB in cardiac tissue. (D) Western blot analysis results showed that BYD up-regulated the expression of p-CRYAB in cardiac tissue compared with that in the model group. The same GAPDH band was selected due to reusing the membrane by stripping solution. All the data were presented as the means ± SEM from independent experiments performed in triplicate. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. the model group. N = 3 per group. The original bands of Western blot were showed in Supplementary Figure 1.



BYD Inhibits Apoptosis in CM-Induced H9C2 Cells

To evaluate the effects of BYD on H9C2 cells in vitro, CM was used to induce H9C2 apoptosis. CCK-8 results showed that BYD could increase the cell viability in CM-induced H9C2 cells (P < 0.001) (Figure 5B). The T-SOD test showed that BYD treatment increased the release of T-SOD from H9C2 cells injuried by CM compared with CM-induced H9C2 cells without BYD treatment (Figure 5C). The Hoechst 33258 staining assay was performed to determine the effects of BYD on cellular apoptosis. As presented in Figure 5D, dying, more condensed or fragmented chromatin was observed in the model group, and BYD treatment could attenuate the apoptosis rate. Western blotting results showed that the expression of p-CRYAB was down-regulated in CM-induced H9C2 cells (P < 0.05) but up-regulated in the BYD treatment groups (P < 0.05) in vitro (Figure 5E). Different doses of BYD treatments inhibited the expression of Bax (P < 0.01), cleaved-caspase 9 (P < 0.01) and cleaved-caspase 3 (P < 0.001) in CM-induced H9C2 cells (Figure 5F).
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FIGURE 5. BYD inhibits apoptosis in CM-induced H9C2 cells. (A) Flow diagram of CM-induced H9C2 cell injury. (B) BYD showed a significant protective effect on CM-induced H9C2 cell injury. (C) BYD could increase the release of T-SOD from H9C2 injuried by CM. (D) Hoechst 33258 staining results showed that BYD attenuated apoptosis in CM-induced H9C2 cells. (E) BYD could up-regulate the expression of p-CRYAB in vitro. (F) Different doses of BYD treatments down-regulated the increased expression of Bax, cleaved-caspase 9 and cleaved-caspase 3 compared with that in the model group. The same GAPDH band was selected due to reusing the membrane by stripping solution. All the data were presented as the means ± SEM from independent experiments performed in triplicate. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. the model group. N = 3 per group for western blotting and Hoechst 33258 staining. N = 6 per group in the CCK-8 and T-SOD test. The original bands of Western blot were showed in Supplementary Figure 2.



CRYAB Is Activated by the P38 MAPK Cascade Pathway

CRYAB could be activated by the P38 MAPK cascade pathway as previously reported (Mitra et al., 2014). The expression of each protein in the P38 MAPK cascade pathway was detected by western blotting in HF post-AMI rats. The results showed that, compared with the sham group, the expression levels of p-MKK6 (P < 0.05), p-P38 MAPK (P < 0.001) and p-MAPKAPK2 (P > 0.05) were all down-regulated in the model group, consistent with previous studies. Interestingly, BYD treatment could up-regulate the expression of the above proteins compared with that in the model group (P < 0.01, P < 0.001, P < 0.05). Considering the CRYAB results, we assumed that BYD might activate CRYAB via the P38 MAPK cascade pathway (Figure 6A).
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FIGURE 6. BYD exerts its anti-apoptosis effect through the P38 MAPK-CRYAB pathway. (A) BYD activated the P38 MAPK cascade pathway to activate CRYAB in vivo. (B) The Hoechst 33258 staining assay showed that, after SB203580 treatment, the effect of BYD on anti-apoptosis was inhibited. (C) Western blot results showed that, compared with the model group, the expression of p-CRYAB was down regulated in both the SB203580 + model group and BYD + SB203580 group. All the data were presented as the means ± SEM from independent experiments performed in triplicate. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. model group #P < 0.05, ###P < 0.001 vs. CM+BYD group. N = 3 per group. The original bands of Western blot were showed in Supplementary Figure 3.



To validate our hypothesis, the inhibitor of P38 MAPK, SB203580, was used in vitro. The results indicated that SB203580 could block the effect of BYD on increasing p-CRYAB, consequently failing to exert an anti-apoptosis effect on the CM-induced H9C2 cells model (Figures 6B,C).



DISCUSSION

In the current study, we mainly focused on whether BYD could attenuate apoptosis induced by oxidative stress via the P38 MAPK-CRYAB pathway. The main findings were as follows: (1) BYD could improve cardiac function, attenuate OS and inhibit apoptosis in HF post-AMI rats; (2) BYD inhibited oxidative stress by decreasing the production of ROS and MDA from cardiac myocytes and LPS-stimulated RAW 264.7 macrophages; (3) BYD protected H9C2 cells against CM-induced apoptosis; (4) In vivo and in vitro studies suggested that the anti-apoptotic effect of BYD was potentially exerted by regulating the P38 MAPK-CRYAB signaling pathway.

Previous studies have confirmed that OS is a key mechanism to promote the process of HF (Hamilton et al., 2016). ROS, remarkable biomarkers of OS, are highly active molecules that play important roles as “redox messengers” in intracellular signaling and regulation. In the presence of ischemia or hypoxia, the lack of oxygen delivery to myocardium leads to the concentration of ROS increasing rapidly and accumulating (Circu and Aw, 2010). Additionally, T-SOD and MDA are appropriate markers to evaluate OS (Todorova et al., 2005). In our study, the serum level of MDA in the model group was up-regulated, while the serum level of T-SOD was down-regulated, compared with that in the model group. BYD treatment increased the serum activity of T-SOD but attenuated the MDA level compared with that in the model group. In vitro, our results also proved that OS production released into media and BYD treatment could inhibit the levels of ROS and increase the expressions of SOD. To some extent, BYD shows a favorable effect on inhibiting MDA and increasing T-SOD to anti-OS both in vivo and in vitro.

Oxidative stress may be critical for the activation of apoptosis in HF (Bashar and Akhter, 2014). The imbalance between pro-apoptotic proteins (such as Bax, cleaved caspase-3 and -9 and anti-apoptotic proteins (Bcl-2) has long been established as a key determinant in the mitochondrial apoptotic pathway in myocardial apoptosis. Caspases are a family of cysteine-aspartic proteases that play an essential role in pro-apoptosis, while Bcl-2 protein can suppress several apoptotic death programs (Mitupatum et al., 2016). In our study, TUNEL analysis showed that, in the model group, the apoptosis rate was significantly higher than that in the sham group, suggesting that apoptosis was induced. After BYD treatment, the apoptosis rates were significantly reduced and the expression levels of pro-apoptosis proteins, including Bax, caspase 9, and caspase 3 were down-regulated compared with those in the model group, while the expression levels of anti-apoptosis proteins such as Bcl-2 and CRYAB were up-regulated. The results of in vitro experiments also further proved that BYD could attenuate apoptosis induced by OS and prevent HF. Additionally, BYD treatment rescued the cardiac function of HF post-AMI rats, including EF, FS, LVIDs, MBP, +dp/dt max and -dp/dt max.

The mechanism of BYD in inhibiting oxidative stress-induced apoptosis was further investigated. CRYAB, the most abundantly expressed stress protein in the heart, has been demonstrated to play a vital role by interaction with ER stress and the mitochondrial apoptotic pathway during cardiac hypertrophy and myocardial infarction (Mitra et al., 2013). Our study demonstrated that BYD treatment could up-regulate the expression of CRYAB both in vitro and in vivo by western blotting and immunohistochemistry. P38 MAPK signaling was implicated in the progression of chronic HF. The inhibition of the p38 MAPK pathway protected cardiac function against myocardial infarction in the rat (See et al., 2004). P38 MAPK, which is activated via the MKK6 pathway, stimulates MAPKAPK2, which, in turn, phosphorylates CRYAB. We found that BYD up-regulated the expression levels of p-MKK6, p-P38 MAPK, and p-MAPKAPK2. In vitro, SB203580 was used to inhibit the expression of P38 MAPK. Compared with the model group, the cellular apoptosis rate was increased with SB203580 treatment. BYD treatment up-regulated the expression levels of p-MKK6, p-P38 MAPK, p-MAPKAPK2, and CRYAB compared with those in the model group and inhibitor group. Therefore, BYD might partly activate the P38 MAPK cascade to phosphorylate CRYAB and finally exert an anti-apoptosis effect in the HF post-AMI model (Figure 7).
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FIGURE 7. Potential mechanism underlying how BYD exerts a cardioprotective effect.





CONCLUSION

In conclusion, our study evaluated the anti-apoptotic effects of BYD both in vivo and in vitro, and the mechanism is mediated by regulation of the P38 MAPK-CRYAB signaling pathway. Our findings also provide new insight to further understand the pharmacological mechanism of BYD and alternative strategies for HF post-AMI treatment.
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Left ventricular (LV) adverse remodeling and the concomitant functional deterioration contributes to the poor prognosis of patients with myocardial infarction (MI). Thus, a more effective treatment strategy is needed. Tongguan capsule (TGC), a patented Chinese medicine, has been shown to be cardioprotective in both humans and animals following ischemic injury, although its precise mechanism remains unclear. To investigate whether TGC can improve cardiac remodeling in the post-infarct heart, adult C57/BL6 mice underwent coronary artery ligation and were administered TGC or vehicle (saline) for 6 weeks. The results demonstrated that the TGC group showed significant improvement in survival ratio and cardiac function and structure as compared to the vehicle group. Histological and western blot analyses revealed decreased cellular inflammation and apoptosis in cardiomyocytes of the TGC group. Furthermore, TGC upregulated the Atg5 expression and LC3II-to-LC3I ratio but downregulated autophagy adaptor p62 expression, suggesting that TGC led to increased autophagic flux. Interestingly, with the administration of 3-methyladenine, an autophagy inhibitor, in conjunction with TGC, the aforesaid effects significantly decreased. Further mechanistic studies revealed that TGC increased silent information regulator 1 (Sirt1) expression to reduce the phosphorylation of the mammalian target of rapamycin and its downstream effectors P70S6K and 4EBP1. Moreover, the induction of Sirt1 by TGC was inhibited by the specific inhibitor EX527. In the presence of EX527, TGC-induced autophagy-specific proteins were downregulated, while apoptotic and inflammatory factors were upregulated. In summary, our results demonstrate that TGC improved cardiac remodeling in a murine model of MI by preventing cardiomyocyte inflammation and apoptosis but enhancing autophagy through Sirt1 activation.
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INTRODUCTION

Recent advances in the treatment of myocardial infarction (MI), such as early coronary reperfusion therapy and established standards medical care, have contributed to increased preservation of a viable myocardium and notably reduced the mortality rates (Cuenin et al., 2017). However, the parallel increase of the prevalence of and mortality from pathological myocardial remodeling and heart failure following MI has emerged as a growing challenging public health problem (Sharp et al., 2017). Currently, therapeutic strategies to prevent adverse left ventricular (LV) remodeling and heart failure after MI remain limited (Hassell et al., 2017). Thus, the attenuation of cardiac remodeling has long been the focus for efficient strategies to improve patients’ post-infarct prognosis.

Studies on cardiomyocytes apoptosis and autophagy in the pathophysiological process of post-infarct adverse cardiac remodeling may provide novel treatment or prevention strategies (Kunapuli et al., 2006). Following MI, apoptosis occurs early in the remote myocardium and has been generally considered a potent inducer contributing to myocardial remodeling (Bharti et al., 2015). However, recent evidence has depicted an indefinite role of autophagy which plays an important part in maintaining intracellular hemostasis and function by degrading and recycling non-functional protein aggregates and scavenging damaged organelles at the basal levels (Levine and Klionsky, 2004). In addition, autophagy can be further induced in the heart by stress, such as acute and chronic ischemia, heart failure, and aging (Thapalia et al., 2014; Riquelme et al., 2016; Shirakabe et al., 2016). Cardiac specific loss of autophagy through a genetic deficiency of autophagy-related 5 (Atg5) was shown to cause cardiomyopathy, LV dilatation, and contractile dysfunction (Nakai et al., 2007). This is in line with another chronic cardiac ischemic pig model, which showed that repetitive myocardial stunning induced autophagy with less apoptosis followed by fully recovered heart function. These data suggest that autophagy may be essential for survival of the hibernating myocardium (Yan et al., 2005). On the contrary, inhibition of autophagy with 3-methyladenine (3MA) reduced autophagosome formation and subsequent autophagic cell death of rat cardiomyocyte-derived H9c2 cells during glucose deprivation (Aki et al., 2003). However, whether it is necessary for the survival of or detrimental to cardiomyocytes, the precise role of autophagy in pathological remodeling remains to be elucidated.

From the perspective of traditional Chinese medicine (TCM), the deleterious outcomes of coronary heart diseases are generally caused by Qi (energy) deficiency and obstruction of the coronary circulation (Hou et al., 2014). Therefore, several Chinese herbal remedies with the effects of nourishing Qi and activating blood circulation have been widely utilized in ischemic heart disease, including angina pectoris, MI, and heart failure (Mao et al., 2015, 2016b; Li X.Q. et al., 2016). Tongguan capsules (TGC) have received more attention due to their certified cardioprotective effects in human and animal models (Chen et al., 2012; Qi et al., 2013; Ma et al., 2015). Our previous data showed that TGC could markedly decrease cardiac injury biomarkers that led to improved cardiac function in rats with experimental MI (Chen et al., 2012). Most recently, in preclinical myocardial ischemia/reperfusion injury models, the administration of TGC prevented the occurrence of arrhythmias and limited infarction size (Qi et al., 2013). Importantly, the clinical application of TGC had a remarkable therapeutic effect on patients with coronary heart disease, which was evident in the regression of coronary atherosclerosis assessed by coronary computed tomography scans (Ma et al., 2015). These desirable pharmacological effects may be ascribed to the active components of this compound, mainly consisting of Salvia miltiorrhiza, Hirudo medicinalis, and Astragalus membranaceus. Based on the results of high-performance liquid chromatography fingerprint analysis, this patented medicine has been identified in nearly 15 active chemical components, including salvianolic acid B, fermlononetin, tanshinone I, tanshinone IIA, cryptotanshinone, and salvianolic acid A, most of which are established for cardioprotective therapies (Figure 1) (Pan et al., 2011; Zhang et al., 2011; Yuan et al., 2014; Lin et al., 2016; Oche et al., 2016). Inspired by the supportive evidence, we conducted this study to assess the efficacy of TGC on the pathological myocardial remodeling in mice subjected to MI. We demonstrated improved cardiac function and attenuated pathological adverse myocardial remodeling in post-infarct mice treated with TGC. Mechanistically, the protective role of TGC was largely a consequence of its inhibition of apoptosis and provocation of autophagy through silent information regulator 1 (Sirt1).
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FIGURE 1. High-performance liquid chromatography fingerprint analysis of Tongguan capsules. (A) HPLC analysis identified nearly 15 active chemical components, including salvianolic acid B, fermlononetin, tanshinone I, cryptotanshinone and tanshinone IIA. The similarity of 10 batches of TGC and the reference fingerprint was greater than 99.72%. (B) Structure of representative components.





MATERIALS AND METHODS

Experimental Design

The experimental procedures were performed according to the Guide for the Care and Use of Laboratory Animals published by the US National Academy of Sciences (8th edition, Washington DC, 2011). The Institutional Animal Care and Use Committee of Guangdong Province Hospital of Chinese Medicine at Guangzhou University of Chinese Medicine approved the experimental animal protocol. All reagents were obtained from Sigma-Aldrich Chemicals (St. Louis, MO, United States) unless otherwise specified.

After thoracotomy surgery, mice were randomized into six groups: sham operated mice given vehicle (saline) or TGC; MI mice given vehicle or TGC; MI mice given TGC plus 3MA (autophagy inhibitor); and MI mice given TGC plus EX527 (Sirt1 inhibitor). TGC (batch number 161201; Guangdong Province Hospital, Guangzhou,) was dissolved in 0.9% normal saline and delivered as a daily oral gavage at a dose of 5 mg/kg for 6 weeks. Previous data demonstrated its effect and safety (Qi et al., 2013). The 3MA was administered by intraperitoneal injection (15 mg/kg, twice per week) for 6 weeks. EX527 was intraperitoneally injected at the dose of 5 mg/kg twice per week for 6 weeks. These doses of 3MA and EX527 were previously reported not to cause apparent adverse effects in the rodent heart (Wu et al., 2014; Sin et al., 2015). After 6 weeks, the surviving mice were subjected to echocardiographic assessment; subsequently, the hearts were extracted for histology, enzyme-linked immunosorbent assay (ELISA), western blotting or other analysis.

Mouse Model of MI

Three-month-old male C57BL/6 mice were obtained from the Experimental Animal Center of Guangdong Province (Guangzhou, China). After being weighed, the mice were anesthetized, intubated, and mechanically ventilated using a rodent ventilator. The hearts were exposed by thoracotomy and subsequent pericardiotomy. MI was induced by permanent left anterior descending coronary artery ligation using 8-0 silk suture, and then confirmed by ST segment elevation or the newly emerging pathological Q waves on an electrocardiogram using the BL-420S Biological Function Experimental System (TME, Shanghai, China). Sham-operated animals underwent the same procedure without ligation of the left coronary artery.

Transthoracic Echocardiography

Cardiac LV function and structure were non-invasively examined with transthoracic echocardiography via the Vevo 770 high-resolution imaging system (Visual Sonics, Toronto, Canada) using two-dimensional guided M-mode echocardiography, a 15-MHz RMV-707B scanning head before and 3 days and 6 weeks after coronary ligation. All mice were anesthetized using 2% isoflurane/oxygen inhalation before the echocardiography examination. The M-mode measurements were acquired at the level of the papillary muscles with the cursor positioned perpendicular to the interventricular septum and posterior wall. LV dimensions including LV end diastolic dimension (LVEDD) and LV end systolic dimension (LVESD) were averaged from more than 10 cardiac cycles according to the Guidelines of the American Society of Echocardiography (Manning et al., 1994).

Cardiac Histology

Six weeks after the coronary ligation, the mice were anesthetized and their hearts were harvested, rinsed in normal saline, and surface-dried. The LV myocardium was weighed after removal of the atrial and right ventricular myocardium. The heart mass index (heart mass/body mass in milligrams per gram) were calculated. Subsequently, the ventricular myocardium was flash-frozen in liquid nitrogen and stored at 80°C until used in molecular analyses or fixed in specific fixatives for the histological analyses. The entire procedure was performed in cold conditions.

The murine heart specimens were fixed in 4% formaldehyde overnight and embedded in paraffin. After deparaffinization and rehydratation, 4-μm-thick sections were prepared, mounted on glass slides, and stained with hematoxylin and eosin or Masson’s trichrome staining. Cardiac scar circumference and fibrosis were quantitatively analyzed using a microscope at 40× magnification and a color image analyzer (QWinColour Binary 1; Kirkland, LEICA).

Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling Staining

The DNA fragmentations were determined using a Fluorescein-FragEL kit (Oncogene Research Products, Boston, MA, United States) according to the manufacturer’s instructions. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was visualized using specific green fluorescence and nuclei by 4′-6-diamidino-2-phenylindole (DAPI). The number of TUNEL-positive cardiomyocytes nuclei was counted and normalized per total nuclei identified by DAPI staining in the same sections using NIS-Element imaging software (Nikon Instruments, Tokyo, Japan).

Immunofluorescence

After deparaffinization, the sections were incubated with a primary antibody against microtubule-associated LC3 (MBL International, Woburn, MA, United States). To observe autophagic activity in the cardiomyocytes, sections immunostained with anti-LC3 followed by Alexa 568 (red; Molecular Probes, Sunnyvale, CA, United States) were also labeled with anti-myoglobin antibody (DAKO Japan, Kyoto, Japan) followed by Alexa 488 (green; Molecular Probes). These sections were then counterstained with Hoechst 33342 and examined under an Eclipse E1000 microscope and Nikon Digital Sight Camera (Nikon Instruments, Tokyo, Japan).

Electron Microscopy

Cardiac sample sections from different treatment groups were cut into 1-mm-thick slices and fixed with glutaraldehyde in sodium cacodylate buffer overnight at 37°C. The specimens were washed in distilled water, stained with 2% osmium tetroxide and 0.5% uranyl acetate, dehydrated through a graded series of ethanol and propylene oxide, embedded in epoxy resin, and polymerized for 3 days. Ultrathin sections of 90 nm were cut and mounted on Formvar-coated slot copper grids. Images were acquired of the thin sections using a FEI Tecnai 12 transmission electron microscope (Hitachi H-600, Tokyo, Japan) equipped with a Veleta CCD digital camera (Olympus Soft Imaging Solutions GmbH, Münster, Germany). For quantification, 20 random regions for each sample were considered.

Enzyme-Linked Immunosorbent Assay

Levels of inflammatory cytokines including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 in the myocardium were measured using commercially available ELISA kits (BioTech, MN, United States). All spectrophotometric readings were obtained with a microplate reader according to the manufacturer’s instructions (Multiskan MK3, Thermo Scientific, United States).

Western Blotting

Left ventricular samples were homogenized in ice-cold buffer containing 20 mM Tris–HCl, 1 mM EDTA, 5 mM magnesium citrate, 3 mM phenylmethylsulfonyl fluoride, 2 mM sodium orthovanadate, 20 mg/ml aprotinin, and a protease inhibitor cocktail. The prepared samples were analyzed using western blotting as previously described (Mao et al., 2016a). Briefly, 30 μg of protein was loaded into each lane, separated with 8–12% sodium dodecyl sulfate-polyacrylamide gel, and then transferred onto a polyvinylidene difluoride membrane. The membrane was probed first with primary antibodies [anti-GAPDH, anti-ANP, anti-caspase3, anti-Bcl2, anti-Bax, anti-LC3, anti-p62, anti-mammalian target of rapamycin (mTOR), and anti-Sirt1] overnight at 4°C and then with a horseradish peroxidase-conjugated goat anti-rabbit (1:3000) or goat anti-mouse (1:3000) IgG secondary antibody for 2 h at room temperature. The probed protein bands were visualized with enhanced chemiluminescence reaction (Amersham Life Sciences Inc., Marlborough, MA, United States) and were quantified using densitometry (Chemidoc, Biorad, United States). All experiments were separately repeated at least three times.

Statistical Analysis

Data are presented as the groups and were compared using Student’s t-test or one-way analysis of variance using SPSS 12.0 software for Windows. The cumulative survival rate of the rats after MI was analyzed by the Kaplan–Meier method with a log-rank test. Values of P < 0.05 were considered significant.



RESULTS

TGC Improved Cardiac Function of Mice After Coronary Ligation

During the first 2 days after coronary ligation, the vehicle and TGC groups had similar mortality rates. However, the overall survival rates of the vehicle group were considerably lower than those of TGC group at 42 days after coronary ligation (57.69% vs. 82.14%, P < 0.05) with a hazard ratio of 2.77 (95% confidence interval, 1.11–7.57). Furthermore, no mice died in the sham groups treated with TGC or vehicle (Figure 2A).
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FIGURE 2. TGC improved mice survival, cardiac morphology and function after MI. (A) Kaplan–Meier survival curve of MI mice treated with TGC (n = 28) or vehicle (n = 26), χ2 = 3.94, P < 0.05. (B) Representative image of echocardiography of mice at 6 weeks after MI. (C) Quantitative analysis of LV ejection fraction (LVEF), fractional shortening (LVFS), left ventricular end-diastole diameter (LVEDD), LV end-systolic diameter (LVESD), heart rates, and systolic pressure. #P < 0.05 versus sham mice treated with vehicle; ∗P < 0.05 versus MI mice treated with vehicle. Veh, vehicle; TGC, Tongguan capsules.



Echocardiography was performed to assess the cardiac function of mice at 3 days and 6 weeks after coronary ligation. Mice from the TGC and vehicle groups showed notable cardiac dysfunctional at 3 days after surgery, without noticeable intergroup differences. However, compared to the vehicle group, the TGC group demonstrated reduced LVEDD and LVESD, improved percent ejection fraction (%EF), and improved fractional shortening (%FS) at 6 weeks after coronary ligation (Figures 2B,C and Supplementary Table S1).

Along with echocardiography, hemodynamic analysis suggested a higher systolic pressure in the TGC group than the vehicle group. In the TGC group, there was a trend toward a decreased heart rate compared to the vehicle group, although the statistical difference was not significant. Moreover, we found no significant difference in cardiac function between TGC- and vehicle-treated mice that received sham surgery, suggesting that TGC does not affect LV function under non-surgical conditions.

TGC Ameliorate Ventricular Fibrosis in Mice After Coronary Ligation

After MI, the heart undergoes structural remodeling, resulting in a more spherical shape. Isolated hearts from the TGC group demonstrated a less spherical shape than those from the vehicle group 6 weeks after MI, indicating mitigated global cardiac remodeling in mice treated with TGC (Figure 3A).
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FIGURE 3. TGC ameliorated ventricular fibrosis after MI. (A) Hearts from vehicle-treated mice appear more spherical relative to TGC-treated and sham mice, scale bar = 3 mm. (B,C) Paraffin-embedded sections of myocardium were stained with Masson’s trichrome showing the effects of TGC on scar circumference (scale bar = 5 mm) and ventricular fibrosis (scale bar = 50 μm). (D) Representative image of hematoxylin and eosin showing myocyte size from mice treated with TGC or vehicle; bars = 50 μm. (E) Atrial natriuretic peptide expression in infracted hearts following TGC treatment was assessed by western blotting analysis. Graph right shows densitometric quantification. #P < 0.05 versus sham mice treated with vehicle; ∗P < 0.05 versus MI mice treated with vehicle. Veh, vehicle; TGC, Tongguan capsules.



The most striking finding of our study was a marked difference in scar expansion. In vehicle-treated mice, the scar comprised a much larger percent circumference of LV than in the TGC group, indicating the post-MI scar expansion was attenuated by TGC (Figure 3B).

Interstitial fibrosis is the hallmark of cardiac remodeling (Mao et al., 2014). As shown in Figure 3C, fibrotic areas were reduced in the TGC heart, suggesting suppressed interstitial fibrosis in the TGC-treated heart.

Myocyte size were analyzed in the border and the remote zones (Figure 3D). Increased myofilament density and decreased myocyte size were observed in the border zone of the TGC group compared to the vehicle group. In contrast, no significant difference in either myofilament density or myocyte size was observed in the remote zone between the two groups, suggesting that TGC attenuated myocyte hypertrophy and secondary cell loss in the border zone after MI.

It has been established that atrial natriuretic peptide (ANP) closely correlates with cardiac remodeling and dysfunction severity (Omland et al., 1996). Therefore, we assessed ANP expression in vehicle and TGC mice using western blotting analysis. As revealed in Figure 3E, ANP expression level was significantly downregulated in the TGC group compared to the vehicle group, suggesting the attenuation of deteriorated LV function in the TG group. Collectively, these results reveal that TGC treatment improved cardiac remodeling after MI.

TGC Decreased Inflammatory Cytokine Expression in Mice Subjected to Coronary Ligation

Myocardial ischemia initiates an inflammatory response characterized by an accumulation of leukocytes in the injured myocardium, while cytokines expression further promotes adverse LV remodeling and heart failure (Velagaleti et al., 2008). To elucidate the effect of TGC on post-infarct inflammation, we evaluated the expression of TNF-α, IL-1β and IL-6 in the myocardium using commercial ELISA kits. TGC dramatically decreased the expressions of TNF-α, IL-1β, and IL-6 in the myocardium tissue compared to the vehicle group (Figure 4A).
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FIGURE 4. TGC decreased inflammatory factors expression after MI. (A) The production of TNF-α, IL-1β, and IL-6 assessed by ELISA kits in the myocardium. (B) Immunohistochemical analysis of inflammatory factors expression in the infarct border zone of the heart (scale bar = 50 μm). #P < 0.05 versus sham mice treated with vehicle; ∗P < 0.05 versus MI mice treated with vehicle. Veh, vehicle; TGC, Tongguan capsules.



In parallel, there was a remarkable decrease in immune-detectable antibodies against inflammatory factors TNF-α, IL-1β, and IL-6 in the presence of TGC in the myocardium, which further supports results obtained from ELISA (Figure 4B).

TGC Inhibited Apoptosis in Mice After Coronary Ligation

Cardiomyocyte apoptosis contributes to post-infarct cardiac remodeling and subsequent cardiac dysfunction (Haudek et al., 2007). To identify whether TGC protects the post-infarct myocardium against apoptosis, we assessed apoptotic biomarkers expression using TUNEL staining and western blotting analysis. There were dramatically fewer apoptotic (TUNEL-positive) cells on the border of the MI hearts of the TGC group compared to the vehicle group (Figure 5A), suggesting that TGC anti-apoptotic properties. This result was confirmed by measurement of the cleaved caspase 3, B cell lymphoma-2 (Bcl-2), and Bcl-2-associated X (Bax) via western blotting analysis. There was a significant increase in Bcl-2 and decrease in cleaved caspase 3 and Bax at the protein level on the border of the MI hearts after TGC treatment (Figure 5B).
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FIGURE 5. TGC attenuated apoptosis after MI. (A) Apoptosis in myocardium from TGC or vehicle treated mice and sham group was evaluated by TUNEL assay. TUNEL-positive cells were significantly reduced in TGC group compared to the vehicle group, whereas few TUNEL-positive cells were detectable in the sham group (scale bar = 100 μm). DAPI nuclear staining in blue. (B) The caspase 3, Bcl-2, and Bax levels were assessed by western blotting analysis. Graph below shows densitometric quantification (n = 4 per group). #P < 0.05 versus sham mice treated with vehicle; ∗P < 0.05 versus MI mice treated with vehicle. Veh, vehicle; TGC, Tongguan capsules.



Upregulation of Autophagy by TGC in Mice After Coronary Ligation

In supporting evidence, autophagy, associated with cardiomyocytes survival in ischemia, is involved in the regulation of LV remodeling; thus, we investigated whether TGC attenuated LV remodeling by regulating cell autophagy after MI.

The LC3-II to LC3-I ratio and Atg5 level were used to assess autophagy in the post-infarct myocardium, while the autophagy substrate SQSTM1/p62 was associated with autophagic flux (Klionsky et al., 2016). There was an upregulation of the autophagic molecular marker, Atg5, in the TGC group compared to the vehicle group (Figure 6A). Furthermore, LC3-II to LC3-I ratio was increased but the SQSTM1/p62 expression was decreased in the TGC-treated MI hearts, suggesting that TGC causes enhanced autophagy in cardiomyocytes in response to myocardial ischemia and infarction. The enhanced autophagy in TGC-treated MI hearts was further confirmed by the increased autophagic vacuoles on electron microscopy (Figure 6B) and LC3-positive punctate staining assessed by immunofluorescence (Figure 6C).
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FIGURE 6. TGC regulated autophagy after MI. (A) The expression of LC3II/LC3I, p62, and Atg5 in infracted heart was assessed by western blotting analysis. (B) Electron micrographs show more autophagic vacuole formation in myocyte of MI mice treated with TGC. Quantification of autophagy by measuring the average number of autophagic vacuoles per 10000∗ filed in electron microscope images; scale bars = 500 nm. (C) Representative images of LC3 dots LV tissue sections of post-MI heart; red, LC3; blue, DAPI-stained nuclei; green, myoglobin-positive cardiomyocytes; original magnification ×400 (scale bar = 50 μm). #P < 0.05 versus sham mice treated with vehicle; ∗P < 0.05 versus MI mice treated with vehicle. Veh, vehicle; TGC, Tongguan capsules.



Inhibition of Autophagy Attenuated TGC-Induced Anti-Remodeling Effect

Considering that accumulating evidence suggests that autophagy plays dual roles in cytoprotection and cell death, we then evaluated the effects of autophagy in the TGC-induced anti-remodeling effect in post-infarct hearts. As shown in Figure 7, combination treatment with autophagic inhibitor 3MA resulted in a significantly increased ratio of heart weight to body weight, dilatation of LV-internal dimension, scar circumference, fibrosis area, and decrease of LVEF or FS compared to TGC treatment alone. Furthermore, TUNEL staining also demonstrated that combination treatment of 3MA diminished TGC-induced anti-apoptosis effects (Figure 7). Taken together, the results indicated that TGC-induced autophagy plays an important protective role against cardiac injury and apoptosis after MI.
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FIGURE 7. Inhibition of TGC-induced autophagy enhanced LV remodeling after MI. MI mice were treated with TGC in the absence or presence of 3MA. Representative pictures of echocardiography, hematoxylin, and eosin (scale bar = 50 μm), Masson’s trichrome (scale bar = 50 μm), and TUNEL (scale bar = 100 μm) stained LV tissue sections are shown in the upper panels. Quantitative analysis of heart weight to body weight ratio, left ventricular end-diastole diameter (LVEDD); LV end-systolic diameter (LVESD), LV ejection fraction (LVEF) and fractional shortening (LVFS), infarct size, fibrosis area, and apoptosis index are shown in lower panels. ∗P < 0.05 versus MI mice treated with vehicle, &P < 0.05 versus MI mice treated with TGC. Veh, vehicle; TGC, Tongguan capsules.



TGC Downregulated the mTOR/P70/S6K/4EBP1 Pathway in Mice After Coronary Ligation

Existing data demonstrate that mTOR and its downstream effectors P70S6K and 4EBP1 are involved in autophagy after ischemia (Guo et al., 2012). Accordingly, we determined whether TGC enhanced autophagy in MI mice via regulation of the mTOR/P70/S6K/4EBP1 pathway in the MI heart. First, we examined the mTOR expression by western blot analysis. As shown in Figure 8, TGC markedly reduced the mTOR (Ser2448) phosphorylation levels. Next, we examined the phosphorylation state of P70S6K (Thr309) and 4EBP1 (Thr70), established targets of the mTOR1 complex. As shown in Figure 8, TGC also significantly decreased the phosphorylation levels of P70S6 kinase and 4EBP1. These results revealed that TGC is an effective inhibiter of the mTOR pathway in post-MI hearts.
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FIGURE 8. TGC negatively regulated mTOR/P70/S6 kinase signaling pathway. Phosphorylation of mTOR (Ser2448) and other known downstream molecular targets including P70/S6- kinase (Thr309) and 4EBP1 (Thr70) in the hearts of MI mice treated with TGC or vehicle assessed by western blotting analysis. #P < 0.05 versus sham mice treated with vehicle; ∗P < 0.05 versus MI mice treated with vehicle. Veh, vehicle; TGC, Tongguan capsules.



TGC Induced Autophagy and Decreased Apoptosis Through Sirt1 Activation

It was previously reported that silent information regulator 1 (Sirt1) induced autophagy by inhibiting mTOR signaling (Salminen and Kaarniranta, 2009). For this reason, we next evaluated whether Sirt1 is involved in TGC-induced autophagy in mice with coronary ligation. As shown in Figure 9, TGC treatment indeed promoted Sirt1 expression in post-infarct hearts compared to vehicle treatment.
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FIGURE 9. Inhibition of Sirt1 suppressed TGC induced autophagy while increasing apoptosis in mice with MI. (A) Immunoblot analyses of Sirt1 in the heart homogenates of MI mice treated with TGC or vehicle. (B) MI mice were treated with TGC alone or TGC plus Sirt1 inhibitor EX527. The representative immunoblot analysis images of phosphorylation of mTOR (Ser2448), p62, Atg5, FOXO1, Bcl-2, Bax, and NFκB are shown. ∗P < 0.05 versus MI mice treated with vehicle, &P < 0.05 versus MI mice treated with TGC. Veh, vehicle; TGC, Tongguan capsules.



As a NAD-dependent deacetylase, Sirt1 was demonstrated to regulate autophagy via its enzymatic activity (Lee et al., 2008). As expected, EX-527, a specific inhibitor of Sirt1 activity, attenuated TGC-induced autophagy as evidenced by decreased Atg5 levels and rescue of p62 and phosphorylated mTOR (Ser2448) levels (Figure 9B). Collectively, these results indicated that TGC-induced autophagy is mediated by Sirt1 activation and subsequently downregulates mTOR pathway mediators.

Moreover, the inhibition of Sirt1 activity by EX-527 increased forkhead box O1 (FOXO1) and Bax expressions and markedly decreased Bcl2 and NFκB expression compared to those in the TGC group (Figure 9B). These data suggest that TGC inhibits apoptosis and inflammation via Sirt1 as well.



DISCUSSION

Cardiac remodeling and dysfunction is a determinant of heart failure progression following MI. During the response to ischemic injury, in the ischemic and the remote non-infarcted myocardium, progressive LV remodeling occurs, which includes cardiomyocytes apoptosis, hypertrophy, and fibrosis (Bhatt et al., 2017). Developing strategies to reduce post-infarct cardiac remodeling has become a major therapeutic challenge. In the present study, we confirmed a novel therapeutic approach to the treatment of post-MI remodeling using TCM. Our results suggest that TGC significantly attenuated pathological LV remodeling attributed to enhanced autophagy, reduced apoptosis and inflammation, and upregulated Sirt1 activation. Furthermore, a specific Sirt1 inhibitor abolished the pro-autophagy, anti-apoptotic, and anti-inflammatory effect of TGC as evidenced by the increased p62, Bax, and NFκB expressions and reduced Atg5 and Bcl-2 expressions. Thus, these results indicate that Sirt1 activation by TGC contributes to the attenuated cardiac remodeling after MI.

Sirt1 has drawn much attention for its ability to mediate longevity stimulated by resveratrol, a component of red wine seeds (Howitz et al., 2003). Importantly, Sirt1 is thought to play a crucial role in cardioprotection against myocardial ischemia/reperfusion injury through sumoylation which in turn induces lysine deacetylation of cytosolic proteins (Nadtochiy et al., 2011a). Sirt1 also mediates the protective effect by decreasing the transcriptional activity of NFκB through deacetylation of its subunit p65, which may in turn prevent inflammation and consequent cardiac remodeling (Nadtochiy et al., 2011b). Consistent with these findings, we found that TGC augmented Sirt1 expression as well as inhibited pro-inflammatory factors.

Several studies have shown that Sirt 1 activity inhibits apoptosis by deacetylating p53, a known apoptosis facilitator (Yamamoto and Sadoshima, 2011). Sirt1 downregulation may contribute to rapid p53 activation and the consequent apoptotic death of cardiomyocytes during ischemia (Hsu et al., 2010). In addition, Sirt1 overexpression in transgenic mice induced deacetylation and nuclear translocation of FoxO1. This subsequently led to the upregulation Bcl-XL and Bcl-2 upregulation and Bax downregulation (Hsu et al., 2010). This study also demonstrated that the specific inhibition of Sirt1 activity abolished TGC-induced anti-apoptotic effects. Accordingly, declined myocardial apoptosis via Sirt1 is one mechanisms by which TGC attenuated post-MI cardiac remodeling. However, the precise mechanisms by which TGC-activated Sirt1 controls gene expression through FoxO1 during the pathological remodeling process remain to be elucidated.

Autophagy is normally an important homeostatic mechanism that involves degradation and recycling of cytoplasmic components and organelles for maintaining myocyte function (Lum et al., 2005). In cardiac remodeling, an adaptive response protects cardiomyocytes against ischemic and hemodynamic stress by eliminating misfolded or unfavorably modified proteins and dysfunctional organelles that could disrupt cardiac function (Ceylan-Isik et al., 2013; Thomas et al., 2013). Recent studies have verified that Sirt1 activation could induce autophagy in cardiomyocytes and attenuate cardiac remodeling and contractile dysfunction (Zhang et al., 2014). In the absence of autophagy, the accumulation of polyubiquitinated proteins may be responsible for extended endoplasmic reticulum stress, resulting in apoptosis (Nakai et al., 2007). Moreover, a previous study demonstrated that the increased cardiomyocyte autophagy acted as a cardioprotective response against apoptosis under a glucose deprivation condition through AMPK activation and mTOR inhibition (Matsui et al., 2007). Here we found that the LC3-II/LC3-I ratio and autophagic vacuoles were significantly higher in TGC-treated mice than in vehicle-treated mice. However, the exact mechanism by which autophagy of cardiomyocytes protects against apoptosis in post-infarct hearts is unclear. Increasing evidence indicates that a potential mechanism is associated with the crosstalk between the autophagy initiation protein Beclin1 (BECN1) and anti-apoptotic protein Bcl-2, a switch between autophagy and apoptosis. Studies have demonstrated a strong link between Bcl-2 and BECN1 accompanied by the inhibition of autophagy in post-MI hearts with cardiac remodeling (Maejima et al., 2013). In contrast, disruption of Bcl-2 and BECN1 interaction gives rise to BECN1 being bound by the class III PtdIns3K to initiate autophagy (Maejima et al., 2016). In addition, phosphorylated Bcl-2 could stabilize the mitochondrial outer membrane and prevent pro-apoptotic proteins such as cytochrome C from escaping (or being released) into the cytoplasm (Yang et al., 1997). There are several other potential factors that regulate both autophagy and apoptosis, including Atgs, caspases, p53, and FADD-like IL-1β-converting enzyme-inhibitory protein (FLIP) but further studies are needed to decipher the mechanism by which TGC regulates the switch between autophagy and apoptosis after MI (Li M. et al., 2016).

Autophagy has been demonstrated to play a dual role in cardiomyocyte survival. Both profitable and detrimental effects of autophagy have been described when cardiomyocytes were exposed to various stimuli (Gustafsson and Gottlieb, 2008). Therefore, it remains to be elucidated whether TGC-induced autophagy in the post-infarct myocardium is required for survival and thus was salutary or mediated the cell death and is thereby detrimental. In this study, the inhibition of TGC-induced autophagy by 3MA was accompanied by decreased cardiac dysfunction and cardiomyocyte survival, collectively suggesting that TGC-induced autophagy was protective in these processes. We deduced that the improved cardiac LV function was associated with enhanced autophagy, which facilitated animals to better respond to adverse ischemic stress (Matsui et al., 2007). The potential role of autophagy as a therapeutic target should be considered in future studies, while the mechanism of TGC-induced autophagy should be illustrated in detail.

The mTOR and its downstream signaling pathways are key regulators of autophagy and involved in pathological cardiac remodeling and even heart failure (Buss et al., 2009). However, the role of mTOR in ischemic heart disease remains undefined. Existing data shows that cardiac genetic mTOR overexpression was sufficient to provide substantial cardioprotection against ischemia-reperfusion injury both in vivo with transient coronary artery ligation and in Langendorff-perfused hearts with transient global ischemia (Aoyagi et al., 2012). However, mTOR inhibition has also been shown to have definite protective effects when the myocardium suffers from ischemic or another stress stimulus by promoting autophagy (Shioi et al., 2003). Previous studies demonstrated that activated mTORC1 is associated with pathological cardiac remodeling in the heart (Ozcan et al., 2008). In contrast to Shioi’s reports, we demonstrated here that TGC significantly inhibited the mTOR pathway, leading to increased autophagy in the context of myocardial ischemia. Considering that the mTOR plays a critical role in the cross-talk between autophagy and apoptosis, it is necessary to further investigate how the mTOR signaling pathway precisely regulates the switch between autophagy and apoptosis in TGC-treated cardiomyocytes (Eisenberg-Lerner et al., 2009).

In conclusion, our study demonstrated that TGC improved post-MI cardiac remodeling by affecting SIRT1 activity and subsequently enhancing autophagy, inhibiting apoptosis, and inflammation. These factors contribute to the cardioprotective role in post-MI. Therefore, TGC serves as a promising therapeutic candidate for the treatment for ischemic heart disease.
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Atherosclerosis is the major worldwide cause of mortality for patients with coronary heart disease. Many traditional Chinese medicine compound prescriptions for atherosclerosis treatment have been tried in patients. Dan-Lou prescription, which is improved from Gualou-Xiebai-Banxia decoction, has been used to treat chest discomfort (coronary atherosclerosis) for approximately 2,000 years in China. Although the anti-inflammatory activities of Dan-Lou prescription have been proposed previously, the mechanism remains to be explored. Based on the interaction between inflammation and atherosclerosis, we further investigated the effect of Dan-Lou prescription on macrophage-derived foam cell formation and disclosed the underlying mechanisms. In the oxidative low-density lipoprotein (ox-LDL) induced foam cells model using murine macrophage RAW 264.7 cells, the ethanol extract from Dan-Lou prescription (EEDL) reduced ox-LDL uptake and lipid deposition by inhibiting the protein and mRNA expression of Toll-like receptor (TLR)4 and scavenger receptor (SR)B1. After stimulation with ox-LDL, the metabolic profile of macrophages was also changed, while the intervention of the EEDL mainly regulated the metabolism of isovalerylcarnitine, arachidonic acid, cholesterol, aspartic acid, arginine, lysine, L-glutamine and phosphatidylethanolamine (36:3), which participated in the regulation of the inflammatory response, lipid accumulation and cell apoptosis. In total, 27 inflammation-related gene targets were screened, and the biological mechanisms, pathways and biological functions of the EEDL on macrophage-derived foam cells were systemically analyzed by Ingenuity Pathway Analysis system (IPA). After verification, we found that EEDL alleviated ox-LDL induced macrophage foam cell formation by antagonizing the mRNA and protein over-expression of PPARγ, blocking the phosphorylation of IKKα/β, IκBα and NF-κB p65 and maintaining the expression balance between Bax and Bcl-2. In conclusion, we provided evidences that Dan-Lou prescription effectively attenuated macrophage foam cell formation via the TLR4/NF-κB and PPARγ signaling pathways.

Keywords: Dan-Lou prescription, oxidative low-density lipoprotein (ox-LDL), TLR4, NF-κB, PPARγ


INTRODUCTION

Atherosclerosis is the major cause of mortality for patients with coronary heart disease worldwide. It is characterized by complex interactions, including lipid deposition, vascular smooth muscle cell proliferation, endothelial dysfunction and extracellular matrix remodeling (Lim and Park, 2014). Since the 1800s, the concept of atherosclerosis related to inflammation has been reported (Wong et al., 2012). Until the 2000s, more and more researchers have appreciate that inflammatory mechanisms couple dyslipidemia to atheroma formation (Libby, 2002). The “inflammation hypothesis” is further strongly acknowledged combining the detection of circulating inflammatory markers in patients and possibility of selective gene modification in mice (Libby et al., 2002). The therapeutic strategies for attenuating inflammation have been the focus of multiple clinical trials and most anti-inflammatory therapies used in phase II and III trials show promising results (Al-Hawwas and Tanguay, 2013).

When lipoproteins are modified in the arterial wall, the immune response is activated, and then, monocyte-derived cells differentiate into macrophages to ingest the accumulated lipoproteins (Moore et al., 2013). After ingesting modified lipoprotein, such as oxidized LDL (ox-LDL), the macrophages are transformed into cholesterol-loaded foam cells. The foamy appearance of the macrophage cytoplasm alters the phenotype, immune function, and migratory capacity and is regarded as an inducer of inflammation deterioration in atherosclerosis (Montero-Vega, 2014). The uptake of ox-LDL can be recognized by SRs including SRA, SRB1 and CD36 (Moore and Tabas, 2011). After CD36 recognizes ox-LDL in association with Toll-like receptor (TLR)s, nuclear factor (NF)-κB is activated and the inflammatory cascade is triggered (Choudhury et al., 2005), deteriorating the initiation and progression of atherosclerosis (Sun et al., 2014). TLR4 signaling has been focused as a potential therapeutic target in ischaemic coronary artery disease (Jia et al., 2014). Various drugs exert anti-atherosclerosis effects, such as statins and thiazolidinediones, via targeting TLR4. Moreover, some traditional Chinese herbs, which have not been applied for the treatment of coronary heart disease, have been proven to be beneficial for the prevention of atherosclerosis. For example, rhubarb exerts an anti-atherosclerotic effect due to anti-inflammatory activities mediated by TLR4 (Zhang et al., 2013). In atherosclerosis, ox-LDL binding to CD36 results in a positive feedback loop via activation of peroxisome proliferator activated receptor gamma (PPARγ) (Lim et al., 2006). PPARγ activation by ox-LDL is related to protein kinase B (PKB), PKC and mitogen-activated protein kinase (MAPK). It has been reported that curcumin blocks ox-LDL-induced foam cell formation in RAW 264.7 cells by inhibiting the expression of CD36 and PPARγ (Min et al., 2013).

It should be noted that macrophages govern the inception, progression and terminal manifestation of the inflammatory response in atherosclerosis (Moore and Tabas, 2011). Various macrophage subtypes are activated by different stimuli within the plaque. Especially, neutrophils and monocyte-derived macrophages participate in early plaque progression (lesion initiation), advanced plaque progression and inflammatory cascade aggravation (Moore and Tabas, 2011; Nahrendorf and Swirski, 2015). The outbreak of atherosclerosis is the result of a fatty streak, which is composed almost entirely of monocyte-derived macrophages (Hartman and Frishman, 2014). As the atheroma develops, T cells, mast cells and other inflammatory cells are also recruited into the intima (Moore and Tabas, 2011). Next, the second critical feature, the necrotic core, triggers plaques breakdown and induces stroke, sudden heart death, and myocardial infarction. In atherosclerosis, the balance of macrophages in the plaque is dynamic (Moore et al., 2013). Responding to different environmental signals, plaque-associated macrophages express pro- and anti-atherogenic factors to influence lipid metabolism, inflammatory responses and plaque stability (Mantovani et al., 2009).

One of the attractive therapeutics for atherosclerosis is to switch a pro-inflammatory phenotype to an anti-inflammatory phenotype (Al-Hawwas and Tanguay, 2013). In the clinic, hydroxymethyl glutaryl coenzyme A reductase inhibitors (statins) have been proven as effective drugs in decreasing low-density lipoprotein (LDL) cholesterol levels in cardiovascular events (Al-Hawwas and Tanguay, 2013). In addition, statins are regarded as anti-inflammatory agents. Many traditional anti-inflammatory agents targeting varied pathways have been tried in patients with the symptoms of atherosclerosis.

Dan-Lou prescription, which is administrated to patients with chest discomfort, is derived from the traditional Chinese medicine compound prescription Gualou-Xiebai-Banxia decoction. Previously, we have prepared the EEDL and identified the eight highest level ingredients gallic acid, salvianic acid, puerarin, daidzin, paeoniflorin, salvianolic acid B, cryptotanshinone and tanshinone IIA (Gao et al., 2015). Although the anti-inflammatory effect has preliminarily been proposed as one of the potential mechanisms of the EEDL for coronary heart diseases treatment, the underlying mechanisms remain unclear. Macrophage-derived foam cell formation is the important warning sign of atherosclerosis. In this study, we attempted to declare the underlying mechanism of the EEDL in macrophage-derived foam cells formation induced by ox-LDL in murine macrophage RAW 264.7 cells, based on the interaction between inflammation and atherosclerosis (Figure 1). SEM imaging, Oil Red O staining and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocyanide percholorate (DiI) labeled ox-LDL uptake were combined to show the cell morphology, lipid accumulation, and ox-LDL uptake. A systematic metabolomics, PCR array, cytokine array and network pharmacological analyses were combined to screen targeting molecules and explore signaling pathways with EEDL intervention. Moreover, the regulation of PPARγ and TLR/NF-κB signaling pathways were verified by real-time reverse-transcription polymerase chain reaction (RT-PCR) and Western blotting.
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FIGURE 1. The schematic diagram of the study.





MATERIALS AND METHODS

Reagents

The drug powder of Dan-Lou prescription was provided by Jilin Connell Medicine Co., Ltd. (Jilin, China). The EEDL was prepared as previously described by us (Gao et al., 2015). DMEM-high glucose, Oil Red O and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and were obtained from Sigma–Aldrich Co. (St. Louis, MO, United States). Heat inactivated fetal bovine serum (HI-FBS) was purchased from Biological Industries (Kibbutz Beit-Haemek, Israel). Ox-LDL and DiI labeled ox-LDL (DiI-ox-LDL) were purchased from Yiyuan Biotechnologies (Guangzhou, China). Mammalian Cell Lysis Kit, UNIQ-10 column Trizol total RNA extraction kit, and antibodies for LOX-1, SRB1 and β-actin were obtained from Sangon Biological Engineering Technology & Services Co., Ltd. (Shanghai, China). The TNF-α Mouse ELISA kit and MCP-1 Mouse ELISA kit were obtained from Peprotech (Rocky Hill, CT, United States). The antibody for PPARγ was purchased from proteintech (Chicago, IL, United States). The antibody for COX-2 was obtained from BD Pharmingen (San Diego, CA, United States) and goat anti-mouse IgG peroxidase conjugate was purchased from Merck (Darmstadt, Germany). Antibodies for TLR4, phospho-IKKα/β (P-IKKα/β), P-IκBα and P-NF-κB p65 were purchased from Cell Signaling Technology (Beverly, MA, United States). Antibodies for Bcl-2 and Bax were obtained from Beijing Zhongshan Jinqiao Biotechnology Co., Ltd. (Beijing, China). The Improm-II Reverse Transcription System was purchased from Promega Corporation (Madison, WI, United States). The FastStart Universal SYBR Green Master (ROX) kit was purchased from Roche (Mannheim, Germany). The RT2 First Strand Kit and RT2 SYBR Green Master Mix were obtained from QIAGEN (Hilden, Germany). BAY 11-7082 was obtained from Beyotime Institute of Biotechnology (Haimen, China). Lipofectamine 2000 was obtained from Life Technologies (Carlsbad, CA, United States). The NF-κB Ready-To-Glow Secreted Luciferase Reporter Assay Kit was purchased from Clontech Laboratories, Inc. (Mountain View, CA, United States). The Mouse Cytokine Array Panel A Array kit was obtained from R&D systems (Minneapolis, MN, United States).

Cells and Cell Culture

The murine macrophage cell line RAW 264.7 was obtained from Cell Culture Center of Chinese Academy of Medical Sciences (Beijing, China). Cells were cultured in medium (DMEM supplemented with 10% HI-FBS, 100 U/mL penicillin and 100 μg/mL streptomycin) at 37°C in a fully humidified incubator containing 5% CO2. For all experiments, cells were grown to a confluence of 80–90%, and were subjected to no more than seven cell passages. Different cell densities were cultured for the MTT assay (1.0 × 104 cells per well), SEM imaging (1 × 105 cells per well), Oil Red O staining (4 × 104 cells per well), ELISA (1 × 105 cells per well), real-time reverse-transcription polymerase chain reaction (RT-PCR), PCR array, cytokine array, Western blotting and metabolomics (1.5 × 106 cells per well). Next, cells were treated with medium (5% HI-FBS without phenol), EEDL (400, 200, and 100 μg/mL) or simvastatin (10 μM) in the presence or absence of ox-LDL (100 μg/mL) for another 24 or 48 h for determination. In all experiments, macrophages in the control group were treated medium only without EEDL and ox-LDL.

Cell Viability Assay

To investigate the effect of the EEDL, ox-LDL and simvastatin on RAW 264.7 cells, we firstly screened the concentrations without cytotoxicity using the MTT assay, which is based on the enzyme conversion of MTT in mitochondria (Mosmann, 1983). Briefly, 0.5 mg/mL of MTT was added and incubated for 4 h at 37°C. The resulting formazan crystals were dissolved in DMSO and the absorbance was recorded at 490 nm using an EnSpire Multimode Plate Reader (PerkinElmer, United States).

Cell Micrograph Analysis

Ox-LDL stimulation promotes the macrophages to transform into cholesterol-loaded foam cells with the alteration of phenotype, immune function and migratory capacity. In this study, we observed the cell morphology by SEM imaging. RAW 264.7 cells were washed twice with PBS, and were fixed with 4% paraformaldehyde for 15 min at room temperature. Next, the cells were dehydrated through graded solutions of ethanol (30, 50, 70, 90, and 100%) twice with an incubation of 15 min and subjected to 100% acetonitrile. Finally, samples were prepared by vacuum drying, coated with gold and examined with a SEM (Superscan SS-550, Shimadzu, Japan). The number and diameter of cells were quantitatively analyzed using NIH ImageJ software2 (NIH, United States) and the analyst was blinded to the treatment group.

Oil Red O Staining

Oil Red O staining is a classical method to monitor foam cell formation in macrophages from various origins such as monocyte/macrophage cell lines and bone marrow-derived macrophages (Xu et al., 2010). For Oil Red O staining, RAW 264.7 cells were fixed with 4% paraformaldehyde for 15 min. After washed with PBS, the cells were stained with Oil Red O (dissolved in isopropanol with a final concentration of 0.3 mg/mL) for 30 min. Subsequently, the cells were washed with PBS three times to remove background staining. Finally, lipid formation in intracellular droplets was observed under microscope (Olympus, Japan). Simultaneously, to quantify the extent of foam cells formation, lipid accumulated in the cells was extracted with isopropanol and the absorbance was recorded at 530 nm using an EnSpire Multimode Plate Reader (PerkinElmer, United States).

Fluorescence Imaging of ox-LDL Uptake

To examine cellular ox-LDL uptake, RAW 264.7 cells (5 × 104 cells/well) were cultured overnight in 35-mm dishes. Next, the cells were pre-incubated with medium (without phenol and, with 5% HI-FBS), EEDL (400 μg/mL) or simvastatin (10 μM) in the presence or absence of ox-LDL (100 μg/mL) for 44 h. Next, the culture medium was changed to that containing DiI-ox-LDL (40 μg/mL), followed by incubation for another 4 h to test the specificity of uptake. For nuclear staining, the cells were incubated with DAPI (0.3 μg/mL) for 5 min. Finally, the cells were washed and examined by confocal laser scanning microscope (Zeiss LSM 710, Germany).

Cellular Metabolite Extraction and Metabolomics Profiling

Cellular metabolites can reflect the physiological and pathological states of cells. In this study, metabolomics was used to explore the change in the metabolites before and after EEDL intervention in ox-LDL-induced RAW 264.7 cells. In addition to the control group, cells were treated with medium (without phenol, added 5% HI-FBS) or EEDL (400 μg/mL) with ox-LDL (100 μg/mL) for another 24 h, and the RAW 264.7 cells were washed with pre-chilled PBS three times and scraped with 0.5 mL of pre-chilled extract solution (methanol: ddH2O = 21:79, v/v) into 2-mL centrifuge tubes. Next, 1 mL of CHCl3 was added to the suspension. The samples were sonicated three times (3 s per time), incubated for 15 min on ice for metabolite extraction, and centrifuged at 12,000 ×g for 15 min at 4°C. The supernatants were collected, dried under nitrogen, and, finally, re-extracted with 0.1 mL of mobile phase for LC-MS/MS analysis.

The maintain metabolites were measured by the LC-MS/MS system and comprised a Shimadzu LC-20AD Qtrap 5500 tandem mass spectrum (SCIEX, United States). Briefly, two injections were conducted, one on the positive mode and the other one on the negative mode according to a previous study with modifications (Yuan et al., 2012). Ten microliters of the respective extracts were injected by a PAL CTC autosampler into a 150 × 2 mm, 4 μm apHera NH2 high-performance liquid chromatography (HPLC) column (Supelco, United States) held at 25°C for chromatographic separation. The mobile phase consisted of A (95% ddH2O + 5% acetonitrile + 20 μM ammonium hydroxide, pH 9.4) and B (100% acetonitrile). The flow rate was set at 0.5 mL/min. The elution was carried out as 0–3 min, 95% B; 3–6 min, 75% B; 6–7 min, 0% B; 7–12 min, 0% B, and 12–15 min, 95% B. The mass spectrometer via the electrospray source was operated in both the positive ion (5500 V)/ and negative ion (-4500 V) modes under scheduled multiple reaction monitoring conditions (MRM). The switch time was set at 50 ms. The temperature was 500°C. In total, 420 metabolites were targeted.

Metabolomics data were log2-transformed. The PLS-DA, metabolic pathways and volcano plots were constructed using the Metaboanalyst platform3. Metabolites with variable importance in the projection (VIP) scores greater than 1.5 were considered as significant.

PCR Array and Protein Array Analyses

The effect of the EEDL on the TLR signaling pathway in ox-LDL induced macrophage foam cells was detected by RT2 Profile PCR Array (QIAGEN, Germany). In addition to the control group, RAW 264.7 cells were treated with medium (without phenol, added 5% HI-FBS) or EEDL (400 μg/mL) in the presence of ox-LDL (100 μg/mL) for 24 h. Cells were washed with pre-chilled PBS twice, and total RNA was extracted using the UNIQ-10 column Trizol total RNA extraction kit (Sangon, China) following the commercial instructions. Thereafter, cDNA was synthesized as described by the RT2 First Strand Kit instructions, and equivalent cDNA was mixed with the RT2 SYBR Green Master Mix for each profiling plate using ABI 7500 Real-time PCR system (Applied Biosystems, United States). Data analysis used the ΔΔCT method3.

The Mouse Cytokine Array Panel A Array kit (R&D, United States) was used according to the manufacturer’s instructions to screen the targeting cytokines regulated by EEDL in ox-LDL-induced macrophage foam cells. The procedure of cells treatment was similar to that of PCR array. After cells were washed with pre-chilled PBS twice, protein was extracted using a Mammalian Cell Lysis Kit (Sangon, China) and was quantified by the BCA method (Pierce, United States). In total, 20 μg of protein was run on the array. After the array was scanned into a computer and saved as image files, images were semi-quantified using NIH ImageJ software.

Pathway and Network Analysis by IPA

Twenty-seven gene targets were obtained from PCR array and cytokine profile array analyses. The targeted inflammatory-related genes, chemokines and cytokines were uploaded into the IPA4 to explore the molecular interaction and identify the biological mechanisms, pathways and biological functions of the EEDL in ox-LDL-induced macrophage foam cell formation.

ELISA for TNF-α, MCP-1 and COX-2

To detect the tumor necrosis factor (TNF)-α and monocyte chemoattractant protein (MCP)-1 levels, cell supernatants were collected and analyzed using commercial ELISA kits (Peprotech, United States) according to the manufacturer’s instructions. To determine cyclooxygenase (COX)-2 protein expression, cells were fixed with 4% paraformaldehyde, and a modified original protocol for the cell-based ELISA was applied (Versteeg et al., 2000; Gao et al., 2013). Finally, cells were incubated with 0.2% Janus Green B to calibrate the differences in cell number (Raspotnig et al., 1999).

Real-Time RT-PCR and Western Blot Analyses

Total RNA extract and protein purification were performed simultaneously. Briefly, the cells were washed with pre-chilled PBS twice and mRNA was extracted using the Sangon UNIQ-10 column Trizol total extraction kit (Sangon, China). Reverse transcriptions was performed following the instructions of the ImProm-II Reverse Transcription System cDNA synthesis kit (Promega, United States). The real-time RT-PCR oligonucleotide primers used for mouse PPARγ, LOX-1, SRB1, TLR4, TNF-α, MCP-1, COX-2, Bax, Bcl-2 and β-actin are shown in Table 1.

TABLE 1. The real-time RT-PCR oligonucleotide primers.
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After RNA isolation, protein was precipitated with isopropyl alcohol for 10 min, followed by centrifugation at 12,000 ×g for 10 min. Next, guanidine hydrochloride (0.3 M) was added to denature the protein for 20 min. The protein precipitation was obtained by centrifugation at 7,500 ×g for 5 min. Thereafter, the protein prescription was washed with ethanol. After, aspirating the ethanol, 1% SDS was added to dissolve the protein at 50°C. The protein concentration was determined using BCA assay (Pierce, United States). Equal amounts (20 μg) of protein lysate were separated by SDS-PAGE and boiled for 5 min. Subsequently, the samples were transferred to polyvinylidene difluoride (PVDF) membranes, blocked with TTBS (0.5% Tween 20, 10 mM Tris-HCl, pH 7.5, 150 mM NaCl) containing 5% non-fat milk for 1 h at room temperature and incubated with antibodies against PPARγ (1:2000), LOX-1, TLR4, SRB1, P-IKKα/β, P-IκBα and P-NF-κB p65, Bcl-2 and Bax (1:1000) or β-actin (1:5000) overnight at 4°C. The membranes were washed and further incubated with HRP-conjugated secondary antibodies against mouse (1:1000 for Bax and Bcl-2, and 1:10000 for β-actin) or rabbit (1:1000 for LOX-1, P-IKKα/β, P-IκBα and P-NF-κB p65, 1:5000 for PPARγ, TLR4 and SRB1) for 1 h at room temperature. After washing, the protein bands were detected using an ECL detection kit (Millipore, United States) and exposure to Kodak BioMax Light films. The films were scanned into a computer and semi-quantified by NIH ImageJ software.

Transient Cell Transfection and Luciferase Reporter Assay

Activation of NF-κB was monitored using a pNF-κB-MetLuc2 reporter (Clontech, United States) that, contains an NF-κB enhancer element upstream of a secreted luciferase (MetLuc) gene. RAW 264.7 cells were plated in 48-well plates (2.5 × 105 cells per well) overnight. Transfection of cells was performed using Lipofectamine 2000 (Life, United States) according to the manufacturer’s instructions. After transfection for 24 h, the cells were incubated with medium (without phenol, added 5% HI-FBS), EEDL (400, 200, and 100 μg/mL) or BAY 11-7082 (10 μM) for 2 h and then treated with ox-LDL (100 μg/mL). After 3 h, 50 μL of culture media were transferred from each sample into a 96-well plate. Next, 5 μL of substrate buffer was added and luciferase activity was recorded using an EnSpire Multimode Plate Reader (PerkinElmer, United States).

Statistical Analysis

Origin 8.0 software (MicroCal, United States) was applied to perform the statistical analysis. N indicated the number of wells studied in each category. The data were expressed as the means ± SD. For statistical comparisons, the results were analyzed using one-way analysis of variance (ANOVA) and P < 0.05 was considered statistically significant.



RESULTS

Cell Viability Evaluation

The effect of ox-LDL, EEDL and simvastatin on RAW 264.7 cells was detected using the MTT assay (Supplementary Figure S1). Compared with the control group, the EEDL (800 μg/mL) inhibited the cell proliferation (48.02% for EEDL-treated alone group and 46.92% for EEDL+ox-LDL group). However, no significant variation in the optical density was observed among other groups. Additionally, no inhibition was observed in the ox-LDL and simvastatin groups. For further study, we aimed to investigate how EEDL protected cells from ox-LDL-induced macrophage foam cell formation, and to elucidate the underlying mechanism. To avoid the direct effect of EEDL on cell viability, the concentrations of EEDL chosen were 400, 200, and 100 μg/mL.

EEDL Restores Cell Morphology and Suppresses Lipid Deposition

Macrophage-derived foam cells play a vital role in the initiation and development of atherosclerosis (Moore and Tabas, 2011). Thus, it is indispensable to efficiently suppress macrophage foam cell formation for atherosclerosis treatment. SEM micrographs (Figure 2A) displayed that ox-LDL stimulated RAW 264.7 cells to become large, and the antennae increased. In the control group, the cells were characterized by a smooth surface, good refraction and fewer pseudopodia and were defined as “normal cells.” Compared with the control group, ox-LDL decreased the normal cells iper field (1 mm2) to 19.23% (Figure 2B, P < 0.01). Similarly, ox-LDL increased the mean diameter of cells to 182.5% (Figure 2C, P < 0.01), compared with that of the control group. However, the EEDL and simvastatin significantly down-regulated the tendency of ox-LDL to induce abnormal cell morphology (P < 0.05 or P < 0.01).
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FIGURE 2. Cellular morphology and representative photomicrographs of lipid-laden RAW 264.7 cells. (A) Representative images of SEM. Analysis of normal cell numbers (B) and mean diameter (C) of cells. The numbers of normal cells per field (1 mm2) and mean diameter of 50 cells randomly chosen were quantitatively analyzed using NIH ImageJ software (n = 4). (D) Oil Red O staining. The scale bar was 100 μm. (E) Lipid accumulation in cells. Lipid accumulation in intracellular droplets was extracted with isopropanol and the absorbance was recorded at 530 nm (n = 6). Significance compared with the control group or ox-LDL treated alone, #P < 0.05, ##P < 0.01 vs. the control group, ∗∗P < 0.01 or ∗P < 0.05 vs. the ox-LDL-treated group.



We further determined the accumulation of lipid droplets in ox-LDL induced RAW 264.7 cells. As shown in Figure 2D, after stimulation with ox-LDL for 48 h, the Oil Red O-stained lipid droplets were distributed throughout the cytosol of most cells, while no lipid droplet were observed in the control group. With the intervention of EEDL or simvastatin, intracellular lipid droplets were markedly reduced. For the EEDL treatment, the optical density detection also displayed a decrease in ox-LDL-induced lipid accumulation (Figure 2E, P < 0.05).

EEDL Suppresses ox-LDL Uptake of Macrophage-Derived Foam Cells

The fluorescent dyes that are routinely used to investigate foam cells formation are Nile Red and DiI. To visualize the uptake of ox-LDL, in this study, fluorescent DiI-ox-LDL was applied. When DiI-ox-LDL accumulated in RAW 264.7 cells increasingly, it indicated the process of ox-LDL uptake. When excess ox-LDL was bound or internalized to RAW 264.7 cells, the macrophages were transformed into foam cells. As illustrated in Figure 3A, ox-LDL greatly promoted cellular uptake of DiI-ox-LDL. In the process of DiI-ox-LDL uptake, EEDL or simvastatin markedly inhibited the binding and internalization of DiI-ox-LDL in RAW 264.7 cells. Furthermore, we screened receptor-mediated ox-LDL uptake. As shown in Figures 3B–E, the mRNA and protein expression levels of SRB1 and TLR4 were increased by ox-LDL induction. Compared with that of the ox-LDL group, tshe EEDL reduced both the mRNA and protein expression levels of SRB1 and TLR4 (P < 0.05 or P < 0.01). Simultaneously, we detected the expression of LOX-1. As shown in Supplementary Figure S2, EEDL showed no significant inhibition in the up-regulation of LOX-1 induced by ox-LDL.
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FIGURE 3. Effect of the EEDL on ox-LDL uptake in RAW 264.7 cells. (A) DiI-ox-LDL uptake in RAW 264.7 cells. Besides the control group, cells were incubated in the presence of DiI-ox-LDL (40 μg/mL) for 4 h. After washed and fixed, cell nucleus was stained with DAPI. DiI-ox-LDL uptake was shown in red and nucleus was shown in blue. Determination of SRB1 (B) and TLR4 (C) protein expression was detected by Western blotting. The relative optical density was quantified using NIH ImageJ software. Values are means ± SD (n = 3). The mRNA expression of SRB1 (D) and TLR4 (E) was detected using real-time RT-PCR. Values are means ± SD (n = 3) from three independent experiments. Significance compared with the control group or ox-LDL treated alone, ##P < 0.01 vs. the control group, ∗∗P < 0.01, ∗P < 0.05 vs. the ox-LDL-treated group.



EEDL Modifies the Metabolic Profile of ox-LDL-Induced Macrophage-Derived Foam Cells

Metabolomics is considered as an important tool in the diagnosis and prognosis of CVD because it can help interpret the pathogenesis of CVD (Ussher et al., 2016). Measurement of ox-LDL metabolites such as malondialdehyde and conjugated diene has been proven to be important for children with a high family risk for premature CVD (Kelishadi et al., 2002). In this study, we investigated the metabolic profile of the EEDL treatment in ox-LDL induced macrophage foam cells. As displayed in Figure 4A, the control, ox-LDL and ox-LDL+EEDL groups were completely separated by multivariate partial least-square discriminant analysis (PLS-DA), indicating that the intervention of EEDL significantly altered the metabolites of ox-LDL-induced macrophage foam cells. The top 30 most different cellular metabolites among the control, ox-LDL and ox-LDL + EEDL groups are listed in Figure 4B, and mainly included carnitine (isovalerylcarnitine), nucleotides (guranosine, 5-thymidylic acid), amino acids (aspartic acid, arginine, lysine, glutamine), cholesterol, and phosphatidylethanolamine (PE, 36:3). Pathway analysis (Figure 4C) showed that these different metabolites belong to D-glutamine and D-glutamate metabolism, alanine, aspartate and glutamate metabolism, glycerophospholipid metabolism and glutathione metabolism pathways. Compared with the ox-LDL group, volcano plot analysis (Figure 4D) showed that EEDL increased the content of ceramide, thiamine, and CDP-choline, but reduced the level of hexanoylcarnitine and cytidine diphosphate. Ceramide exists in the cell membrane, and participates in the regulation of cell immunology, proliferation, differentiation and apoptosis (Chalfant and Spiegel, 2005). Mechanisms of thiamine deficiency have been focused on oxidative stress, inflammation and excitotoxicity (Hazell and Butterworth, 2009). CDP-choline is the middle product for lecithin biosynthesis. Peripheral administration of CDP-choline can alleviate acute inflammatory pain (Gurun et al., 2009). The increase in ceramide, thiamine, and CDP-choline indicated that EEDL may antagonize ox-LDL-induced foam cell formation through anti-inflammatory activities.
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FIGURE 4. Modification of the EEDL on metabolites in ox-LDL-induced macrophage foam cells. (A) PLS-DA analysis among control, ox-LDL and ox-LDL + EEDL groups. (B) The top 30 differential metabolites among control, ox-LDL and ox-LDL + EEDL groups by VIP analysis. (C) The differential metabolic pathways altered after EEDL intervention. (D) Vocano plot analysis between ox-LDL and ox-LDL + EEDL groups.



Targeting Genes and Proteins Screening

The TLR signaling pathway, mediated by relevant COX-2, NF-κB and peroxidase directly affect the metabolism of RAW 264.7 cells (Li and Glass, 2002). Combined with the metabolic profile abovementioned, we used PCR to screen TLR signaling pathway-related targeting genes of EEDL that antagonize ox-LDL-induced foam cell formation. Significant changes in the mRNA expression pattern induced by ox-LDL were shown in Figure 5A. After EEDL treatment, the gene expression was close to that of the control group, indicating that EEDL reversed ox-LDL induced dysregulation of gene expression. The targeting genes screened (Table 2) were Ccl-2 (MCP-1), Csf2, Csf3, IL-1a, IL-1b, NF-κB, Ptgs2, and Tnf, which belong to the NF-κB pathway, JAK/STAT pathway and cytokine-mediated signaling pathway.
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FIGURE 5. Targets screened based on PCR array and protein array analyses. (A) The mRNA expression of the EEDL antagonized macrophage-derived foam cell formation was evaluated using PCR array based on TLR signaling pathway. (B) Cytokines and chemokines inactivated by the EEDL in the ox-LDL-induced macrophage-derived foam cells were screened by the Mouse Cytokine Array Panel A Array system. (C) Analysis of optical density was captured by the NIH ImageJ software. ∗∗P < 0.01, ∗P < 0.05 vs. the ox-LDL-treated group.



TABLE 2. The mRNA expression regulated by EEDL in ox-LDL induced macrophage foam cells via Toll-like receptor signaling pathway (EEDL vs. ox-LDL).
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The role of inflammation in atherosclerosis has received extensive attention. The use of anti-inflammatory or immunomodulatory therapies for atherosclerosis has been shown to be effective in clinical studies (Al-Hawwas and Tanguay, 2013). Next, a Mouse Cytokine Array Panel A Array kit was used to confirm the inflammatory cytokines regulated by EEDL. As shown in Figures 5B,C, the targeting cytokines were IL-1ra, JE (MCP-1), MIP-1β, MIP-2, RANTES and TNF-α. Cytokines are important regulatory factors in the inflammatory cascade, mediating leukocyte migration and invasion, and regulating cell growth and differentiation in atherosclerosis, which play a vital roles in the initial stage (von Hundelshausen and Schmitt, 2014; Zernecke and Weber, 2014). In this study, the EEDL selectively inhibited the over-expression of MCP-1, MIP-1β, MIP-2 and TNF-α (P < 0.01), enhancing the secretion of IL-1ra (P < 0.05).

Network Pharmacology Analysis

Based on the results of PCR array and protein array, we used IPA to analyze the molecular interaction, signal transduction pathways, and biological functions. The interaction of different targets is shown in Figure 6A. The top 20 signal transduction pathways of EEDL to inhibit macrophage foam injury are shown in Figure 6B, including the glucocorticoid receptor, TREM1, PPARγ, and TLR4. The targeting molecular and main signaling pathways are shown in detail in Figure 6C. The top 15 biological functions are shown in Table 3, including cell death and survival, inflammatory response, cell-to-cell signaling and cellular function.
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FIGURE 6. Network analysis by IPA software. (A) Network interaction among targeting genes and proteins obtained from PCR array and protein array. In total, 27 molecules were uploaded to analyze the molecule interaction. Green color indicated down-regulation and red indicated up-regulation. (B) The top 20 enrichment pathways of the EEDL on ox-LDL induced macrophage foam cell formation. (C) The detailed TLR4, PPARγ, TREM1 and glucocorticoid receptor signaling pathways.



TABLE 3. Biological function categories of EEDL inhibited macrophage foam cell formation by IPA software (top15).
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EEDL Inactivates the PPARγ and NF-κB Signaling Pathways

As similar to the IPA analysis, EEDL significantly decreased ox-LDL induced over-expression of PPARγ from both protein and mRNA levels (Figures 7A–C, P < 0.05 or P < 0.01). NF-κB controls the transcription of many genes with an established role in atherosclerosis (De Winther et al., 2005). Whether EEDL influenced the ox-LDL induced NF-κB signaling pathway activation, RAW 264.7 cells were transfected with a pNF-κB-MetLuc2 reporter. Twenty-six hours later, samples from different groups were withdrawn and luciferase activity was measured. We found that ox-LDL remarkably promoted the activation of NF-κB (Figure 7D, P < 0.01). However, EEDL and the NF-κB inhibitor, BAY 11-7082, reversed the activation induced by ox-LDL (P < 0.01). Next, the protein expression of P-IKKα/β, P-IκBα, and P-NF-κB p65 were measured by Western blotting. The EEDL and simvastatin are shown to block the ox-LDL-stimulated phosphorylation of IKKα/β, IκBα, and NF-κB p65 (Figures 7E–H, P < 0.05 or P < 0.01).
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FIGURE 7. Inactivation of the PPARγ and NF-κB in ox-LDL-induced macrophage foam cell formation. (A,B) The protein expression of PPARγ. (C) The mRNA expression of PPARγ. (D) Inactivation of the NF-κB in transfected RAW 264.7 cells using luciferase reporter, pNF-κB-MetLuc2. (E) Western blotting results of P-IKKα/β, P-IκBα and P-NF-κB p65. The relative optical density analysis of P-IKKα/β (F) P-IκBα (G) and P-NF-κB p65 (H). The relative optical density of protein bands were quantified using NIH ImageJ software. Values are means ± SD (n = 3). Significant difference compared with the control group or ox-LDL treated alone, #P < 0.05, ##P < 0.01 vs. the control group, ∗∗P < 0.01, ∗P < 0.05 vs. the ox-LDL-treated group. The protein expression of P-NF-κB p65, P-IκBα, and P-IKKα/β was detected in the same gel in which β-actin was used as the internal control.



When NF-κB is activated, it is free to translocate to the nucleus in which it facilitates the transcription of cytokines and chemokines. The decrease in MCP-1 was associated with suppression of other inflammatory markers, including TNF-α and COX-2, indicating inactivation of the NF-κB signaling pathway. In ox-LDL-induced RAW 264.7 cells, ox-LDL was demonstrated to significantly increase the mRNA and protein expression levels of TNF-α, MCP-1 and COX-2 (Figure 8, P < 0.05 or P < 0.01). After intervention with the EEDL or simvastatin, an aberrant increase in mRNA and protein expression levels of TNF-α, MCP-1 and COX-2 was decreased (P < 0.05 or P < 0.01).
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FIGURE 8. Regulation of the TNF-α, MCP-1 and COX-2 expression in ox-LDL-induced RAW 264.7 cells. The protein expression of TNF-α (A), MCP-1 (B) and COX-2 (C) was determined using ELISA and cell-based ELISA. Effect of the EEDL on the mRNA expression level of TNF-α (D), MCP-1 (E) and COX-2 (F) was detected using real-time RT-PCR. Significant difference compared with the control group or ox-LDL treated alone, ##P < 0.01, #P < 0.05 vs. the control group, ∗∗P < 0.01, ∗P < 0.05 vs. the ox-LDL-treated group.



EEDL Restores the Abnormal Expression of Bax and Bcl-2

Studies have reported that the pro-apoptotic effect of ox-LDL play a key role in atherosclerosis on human monocytes isolated from peripheral blood (PBMs), the U937 monocyte cell line and human monocyte-derived macrophages (Ermak et al., 2008). In this study, we investigated the anti-apoptotic effect of the EEDL on ox-LDL induced macrophage foam cells. Ox-LDL stimulation showed an increase in the mRNA and protein levels of Bax and simultaneously inhibited the mRNA and protein expression of Bcl-2 (Figure 9, P < 0.05 or P < 0.01). The EEDL intervention markedly decreased the expression of Bax and increase the expression of Bcl-2 in both the mRNA and protein levels (P < 0.05 or P < 0.01). Simvastatin also antagonized the up-regulation of Bax and down-regulation of Bcl-2 induced by ox-LDL (P < 0.01).
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FIGURE 9. Regulation of the Bax and Bcl-2 expression in ox-LDL-induced RAW 264.7 cells. (A) Effect of the EEDL and simvastatin on ox-LDL-induced protein expression of Bax and Bcl-2 was detected using Western blotting. The relative optical density analysis of the Bax (B) and Bcl-2 (C) was quantified using NIH ImageJ software. Values are means ± SD (n = 3). The mRNA expression of Bax (D) and Bcl-2 (E) was detected using real-time RT-PCR. Values are means ± SD (n = 3) from three independent experiments. Significance compared with the control group or ox-LDL treated alone, ##P < 0.01, #P < 0.05 vs. the control group, ∗∗P < 0.01, ∗P < 0.05 vs. the ox-LDL-treated group. The protein expression of the Bax and Bcl-2 was detected in the same gel in which β-actin was used as internal control.





DISCUSSION

Inflammation is a key player throughout atherosclerotic plaque development, and many researchers have focused on screening inflammatory-related biomarkers for immunomodulatory treatments (Siasos et al., 2015; Sorci-Thomas and Thomas, 2016). Although robust evidences have supported the use of anti-inflammatory treatment strategies for atherosclerosis treatment, more clinical trials should be performed to provide additional insights into atherosclerosis. Translational research, connecting basic research technologies with clinical practice, may be a better way to reach the ultimate goal (Lauer and Skarlatos, 2010).

Dan-Lou prescription is improved from Gualou-Xiebai-Banxia decoction and has been used for approximately 2,000 years in China. In the clinic, it is mainly used for CVD, such as angina pectoris, acute myocardial infarction (Wang et al., 2015). In our previous study, we determined the main chemical components of the EEDL by HPLC and proposed that the EEDL is a potent anti-inflammatory agent by inhibiting iNOS/NO, COX-2/prostaglandin (PG)E2 and cytokine expression (Gao et al., 2015). To better clarify the active chemical components of Dan-Lou prescription regarding their pharmacological effects, we combined chemical biology and network pharmacology to elucidate the cardiovascular disease specificity and mechanisms of action. We found that puerarin (with the highest content in the EEDL) is the main component to attenuate atherosclerosis by regulating leptin and the LDL receptor (Wang et al., 2015). The interaction between ox-LDL and macrophages plays an important role in the plaque initiating and promoting processes. Ox-LDL influences cell apoptosis and proliferation of macrophages. In this study, we focused on the effect of the EEDL on ox-LDL induced foam cells formation and tried to disclose the mechanisms.

Enzymes, such as MPO, iNOS and NADPH oxidases, have been confirmed to participate in LDL oxidation in human atherosclerosis lesions (Li and Glass, 2002). Macrophages can express the abovementioned enzymes and amplify the oxidative reactions to worsen atherosclerotic lesions (Li and Glass, 2002). Macrophages digest ox-LDL abnormally, resulting in lipid accumulation and foam cells formation. From the view of cell morphology, in this study, we found that the EEDL maintained a more normal cell appearance with the stimulation of ox-LDL. The EEDL antagonized the bond and internalization of ox-LDL and decreased ox-LDL induced lipid accumulation in RAW 264.7 cells. The mechanism of ox-LDL uptake has been widely investigated. It is noteworthy that TLR4, SRs such as SRA1, SRB1 and lectin-like ox-LDL receptor (LOX)-1 act as pattern recognition molecules of ox-LDL (Ichimura et al., 2008). They are important in macrophage-derived foam cell formation by binding and internalizing oxidized lipids, accelerating the deterioration of atherosclerosis (Zhang et al., 2014). In this study, we proposed that the decreased uptake of ox-LDL by the EEDL was related to the down-regulation of SRB1 and TLR4.

Metabolomics has also been increasingly applied in cell lines for pharmacological effects under various conditions (Leon et al., 2013). Macrophages have been regarded as a major source of nearly all the lipid mediators (Rouzer et al., 2006; Zai et al., 2007). In this study, several endogenous chemical mediators of the EEDL were screened, and included ceramide, arachidonic acid, carnitine, phospholipids, L-glutamine and amino acids. The abovementioned metabolites participated in the processes of cell apoptosis (Zhou et al., 1998), the inflammatory response (Davies et al., 1984), energy metabolism, lipid metabolism and oxidative stress.

TLR4 is another portal for macrophages to activate downstream cascades in atherosclerosis lesions. TLR4 provides a potential link between inflammation and lipids deposition (Xu et al., 2001). TLR4/TLR6 or SR/TLR cooperates with CD36 to activate NF-κB and amplify the pro-inflammatory responses in response to ox-LDL (Moore et al., 2013). In this study, we combined the TLR signaling pathway PCR array and cytokine protein array to screen inflammatory-related targeting molecules from the EEDL on macrophage-derived foam cells. The main targeting molecules included MCP-1, PGE2, TNF-α, MIP and CSF. IPA analysis showed that the relevant signaling pathways mainly included PPARγ, TLR4 and inflammatory-related signaling pathways.

PPARs regulate the expression of many genes, involving in metabolism, inflammation, apoptosis and oxidative stress. Ox-LDL stimulation can increase the expression of PPARγ and CD36 via the activation of the p38 MAPK signaling pathway (Min et al., 2013). In this study, we also found that ox-LDL increased the expression of PPARγ in RAW 264.7 cells. Furthermore, EEDL inhibited the expression of PPARγ from both mRNA and protein levels. The deeply mechanism should be explored because activation of PPARγ also mediates cholesterol efflux, while the RAW 264.7 cells model is not appropriate. We proposed that the PPARγ regulated cholesterol metabolism should be investigated in vivo.

NF-κB participates in the processes of apoptosis and foam cells formation. The inhibition of IKKβ attenuates inflammatory injury and lipid deposition in macrophages, which has potential for atherosclerosis therapy (Jacobs, 2006). Apoptosis in macrophages is triggered by cooperation between TLR4 and macrophage pattern recognition receptors (such as SRA1 and LOX-1) (Isner et al., 1995). Studies in transgenic mice have shown that proteins in the Bcl-2 family are main regulators in cell death relevant to atherosclerosis (Westra, 2010). The deterioration of atherosclerosis lesions is mainly due to macrophage death. To investigate the anti-apoptotic action of the EEDL, in this study, we detected the effect of the EEDL on the expression of Bcl-2 and Bax from both the mRNA and protein levels. The results showed that the EEDL exerted an anti-apoptotic effect by inhibiting the expression of Bax and enhancing the expression of Bcl-2, indicating that the anti-apoptotic effect of the EEDL may be one of the mechanisms to prevent atherosclerosis.



CONCLUSION

Dan-Lou prescription effectively attenuated macrophage foam cell formation via multiple signaling pathways, including TLR4/NF-κB and PPARγ. The targeting molecules are shown in Figure 10, and include TLR4, PPARγ, NF-κB, MCP-1, COX-2, TNF-α, Bcl-2 and Bax. The targeted metabolites included ceramide, glutamine, and arachidonic acid. We also hypothesized that Dan-Lou prescription regulated the crosstalk among inflammation, lipid deposition and apoptosis. The research will be continued in future work, in which the correlations between the components and pharmacological effects may be declared.


[image: image]

FIGURE 10. Mechanisms of EEDL on ox-LDL-induced foam cell formation in RAW 264.7 cells. Ox-LDL entered into macrophages via LOX-1, TLR4, SRB1 and CD36, and induced lipid accumulation via PPARγ signaling pathway. Then the content of cell metabolites was changed such as cholesterol, ceramide, L-glutamine and arachidonic acid, resulting in lipid deposition, inflammatory damage, energy metabolism dysfunction, cell apoptosis. However, the EEDL mainly regulated TLR4 and SRB1 to inhibit the uptake of ox-LDL, inhibited PPARγ expression, and following, restored the abnormal metabolites induced by ox-LDL. In the TLR4/NF-κB signaling pathway, the EEDL mainly blocked the phosphorylation of IKKα/β, IκBα and NF-κB p65. Thereafter, the EEDL decreased the expression of TNF-α, COX-2 and MCP-1 to exert anti-inflammatory effect, and inhibited apoptosis in macrophages via regulating Bcl-2 family. In conclusion, EEDL prevented macrophages foam cell formation via the TLR4/NF-κB and PPARγ signaling pathways.
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FIGURE S1 | Cell viability detection. Cells viability was measured using MTT assay. Values are means ± SD (n = 6) from three independent experiments. Significance compared with the control group ##P < 0.01.

FIGURE S2 | Effect of the EEDL on LOX-1 expression in ox-LDL-induced RAW 264.7 cells. (A) The protein expression of LOX-1 was detected using Western blotting. The relative optical density was quantified using NIH ImageJ software. Values are means ± SD (n = 3). (B) The mRNA expression of LOX-1 was detected using real-time RT-PCR. Values are means ± SD (n = 3) from three independent experiments. Significance compared with the control group or ox-LDL treated alone, ##P < 0.01 vs. the control group, ∗∗P < 0.01 vs. the ox-LDL-treated group.
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COX-2, cyclooxygenase 2; CVD, cardiovascular diseases; DiI-ox-LDL, 1,1′-dioctadecyl-3,3,3′,3′-retramethylindocyanide percholorate (DiI)-labeled oxidative low-density lipoprotein; DMEM, Dulbecco’s modified Eagle’s medium; EEDL, ethanol extract from Dan-Lou prescription; ELISA, enzyme-linked immunosorbent assay; HI-FBS, heat-inactive fetal bovine serum; HPLC, high performance liquid chromatography; iNOS, inducible nitric oxide synthase; IPA, Ingenuity Pathway Analysis system; LOX-1, lectin-like ox-LDL receptor 1; MCP-1, monocyte chemoattractant protein 1; MPO, myeloperoxidase; MTT, 3-(4, 5- dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; NF-κB, nuclear factor κB; PGE2, prostaglandin E2; PPARγ, peroxisome proliferator activated receptor γ; RT-PCR, real-time reverse transcription polymerase chain reaction; SDS, sodium dodecyl sulfate; SEM, scanning electron microscope; SR, scavenger receptor; TLR4, Toll-like receptor 4; TNF-α, tumor necrosis factor α.
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YangXue QingNao Wan and Silibinin Capsules, the Two Chinese Medicines, Attenuate Cognitive Impairment in Aged LDLR (+/-) Golden Syrian Hamsters Involving Protection of Blood Brain Barrier
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The purpose of the study was to explore the effect and the underlying mechanism of YangXue QingNao Wan (YXQNW) and Silibinin Capsules (SC), the two Chinese medicines, on cognitive impairment in older people with familial hyperlipidaemia. Fourteen month-old female LDLR (+/-) golden Syrian hamsters were used with their wild type as control. YXQNW (0.5 g/kg/day), SC (0.1 g/kg/day), or YXQNW (0.5 g/kg/day) + SC (0.1 g/kg/day) were administrated orally for 30 days. To assess the effects of the two drugs on plasma lipid content and cognitive ability, plasma TC, TG, LDL-C, and HDL-C were measured, and Y maze task was carried out both before and after administration. After administering of the drugs for 30 days, to evaluate the effect of the two drugs on disturbed blood flow caused by hyperlipidemia, the cerebral blood flow (CBF) was measured. To assess blood–brain barrier integrity, albumin leakage in middle cerebral artery (MCA) area was determined. To evaluate the effect of the drugs on impaired microvessels, the number and morphology of microvessels were assessed in hippocampus area. To further evaluate the ultrastructure of microvessels in hippocampus, transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were carried out. To assess the profiles of claudin-5 and occludin in hippocampus, we performed immunofluorescence. Finally, to assess the expression of claudin-5, JAM-1, occludin and ZO-1 in hippocampus, western blot was carried out. The results showed that YXQNW, SC, and YXQNW + SC improved cognitive impairment of aged LDLR (+/-) golden Syrian hamsters without lowering plasma TC and LDL-C. YXQNW, SC, and YXQNW + SC attenuated albumin leakage in MCA area and neuronal damage in hippocampus, concomitant with an increase in CBF, a decrease of perivascular edema and an up-regulated expression of claudin-5, occludin and ZO-1. In conclusion, YXQNW, SC, and YXQNW + SC are able to improve cognitive ability in aged LDLR (+/-) golden Syrian hamsters via mechanisms involving maintaining blood–brain barrier integrity. These findings provide evidence suggesting YXQNW or SC as a potential regime to counteract the cognitive impairment caused by familial hypercholesterolemia.

Keywords: familial hypercholesterolemia, low density lipoprotein receptor, blood–brain-barrier, cognitive, YangXue QingNao Wan, Silibinin capsules


INTRODUCTION

Familial hypercholesterolemia is a severe autosomal dominant genetic disease mainly caused by LDLR gene deficiency (Abul-Husn et al., 2016). It is characterized by elevated level of plasma TC and LDL-C (Goldberg et al., 2011). A large part of homozygous FH patients die of myocardial infarction in their teenage years (Kastelein et al., 2007), while heterozygous FH patients suffer from similar diseases in their middle age and at old age (Yuan et al., 2006). Recently, it is reported that aged heterozygous FH patients are more inclined to suffer from dementia compared with control people, which can be attenuated by long-term statin therapy or plasma exchange (Hyttinen et al., 2010; Orehek, 2016). However, long-term statin therapy is reported to have side effects, such as rhabdomyolysis, hepatic injury, and renal failure (Mukhtar and Reckless, 2005; Kromer and Moosmann, 2009; Kareem et al., 2017). Plasma exchange is a very expensive therapeutic strategy for many patients. Thus, it is imperative to develop a novel therapeutic to deal with dementia for FH patients.

The Blood–brain barrier (BBB) is situated between brain tissue and blood. It is composed of cerebral vascular endothelial cells, surrounded by pericytes and astrocytic endfeet (Goldstein, 1988). The TJ proteins between adjacent endothelial cells are very important for its barrier function (Abbott et al., 2010). TJ proteins consist of three types of transmembrane proteins including claudin-5, occludin, and junction adhesion molecules-1 (JAM-1). Several scaffolding proteins like ZO-1 connect to the actin skeleton (Wolburg et al., 2009; Abbott et al., 2010). The transmembrane TJ proteins between adjacent brain microvascular endothelial cells were chimeric. They connected to the cytoskeleton protein β-actin with the help of ZO-1 (Coisne and Engelhardt, 2011; Tietz and Engelhardt, 2015).

Several researchers showed that BBB injury was involved in dementia (Ringelstein and Nabavi, 2005; Montagne et al., 2015; van de Haar et al., 2015). Recent studies have demonstrated that high cholesterol and high low density lipoprotein (LDL) in plasma are two risk factors of BBB injury (Lin et al., 2010; Ehrlich and Humpel, 2012; Schreurs and Cipolla, 2014). The underlying mechanism is related to the down-regulation of TJ proteins (Lin et al., 2010; ElAli et al., 2011). Perivascular edema results in a collapse of capillaries, leading to decrease of cerebral perfusion, neuronal damage, and memory deficiency (Ringelstein and Nabavi, 2005; Huang et al., 2012; Mao et al., 2015). Thus, besides lowering plasma TC and LDL-C, attenuating BBB injury in hippocampus, especially up-regulating the expression of TJ proteins may be another option to attenuate dementia induced by FH or hypercholesterolemia.

YangXue QingNao Wan (YXQNW) is a compound Chinese medicine produced by Tasly Pharmaceutical Co., Ltd. (Tianjin, China). It is approved by the Chinese State Food and Drug Administration (Z20063808) for application in China to deal with neurological disorders, such as dizziness, headache or vertigo. YXQNW and Cerebralcare Granule (CG) are in different formulation, but have the same ingredients, including Radix angelicae sinensis (Dang Gui), Rhizoma chuan xiong (Chuan Xiong), Radix paeoniae alba (Bai Shao), Ramulus uncariae cum uncis (Gou Teng), Caulis spatholobi (Ji Xue Teng), Spica prunellae (Xia Ku Cao), Concha margaritifera usta (Zhen Zhu Mu), Radix rehmanniae preparata (Di Huang), Semen cassiae (Jue Ming Zi), Rhizoma corydalis yanhusuo (Yan Hu Suo), and Herba asari (Xi Xin) (Huang et al., 2012).

Our previous studies have demonstrated that CG can inhibit the production of reactive oxygen species (ROS), alleviate the microcirculatory disturbances and neuronal damage caused by I/R in Mongolian gerbils (Xu et al., 2009; Sun et al., 2010). Also, CG can attenuate I/R induced brain edema through influencing the TJ protein degradation and caveolin-1 expression in vascular endothelial cells (Huang et al., 2012). A recently published study reported that CG attenuates D-galactose induced memory impairment in mice (Qu et al., 2016). However, no study has been published as to the effect of CG or YXQNW on memory impairment induced by FH or hyperlipidemia.

Silybin is the primary active ingredient in the seed extracts of the Silybum marianum (Shui Fei Ji). It is discovered as the first member of a new natural compounds called flavonolignans, and widely used in many countries to treat hepatic disease caused by, for example, snakebites, insect stings, mushroom poisoning, and alcohol, etc. (Abenavoli et al., 2010; Biedermann et al., 2014). SC (Tasly Pharmaceutical Co., Ltd, Tianjin, China) is a silybin-phospholipid complex with silybin as the bioactive component, and currently used in China for the patients with acute or chronic hepatitis and fatty liver disease.

Our previous studies have found that SC can attenuate the non-alcoholic fatty liver disease (NAFLD) induced by high-fat-diet (HFD) through inhibiting de novo lipogenesis and promoting fatty acid oxidation in hamsters (Cui et al., 2017). Also, recent studies have demonstrated that silybin improves learning and memory ability in LPS-treated rats and SAMP8 mice (Joshi et al., 2014; Jangra et al., 2015; Jin et al., 2016). But whether SC can improve memory deficiency in hypercholesterolemia animals is still unclear.

LDLR (+/-) golden Syrian hamster is a new animal model for heterozygous FH bred by Prof. Liu (Gao et al., 2014). By using this model, the present study investigated the effect of YXQNW, SC, and YXQNW + SC on cognitive impairment induced by FH, and further gained insight into its underlying mechanism.



MATERIALS AND METHODS

Animals

Female LDLR (+/-) golden Syrian hamsters and their wild type (WT) control hamsters, aged 14 months and weighing 150–200 g, were provided by Cardiovascular Institute of Peking University Health Science Center. The animals were housed at 23 ± 1°C and humidity of 40 ± 5% under a 12-h light/dark cycle. The hamsters were operated on according to the guidelines of the Peking University Health Science Center Animal research committee, and all the experiment procedures were approved by Peking University Biomedical Ethics Committee Experimental Animal Ethics Branch (LA2017214).

Drugs

YXQNW (batch number 160345) and SC (batch number 16085449, 35 mg silybin in each capsule) were provided by Tasly Pharmaceutical Co., Ltd. (Tianjin, China). They were dissolved in normal saline (NS) to a concentration of 100 mg/ml and 1 mg/ml, respectively, before use.

YXQNW is consisted of multiple components. The effects of the drug depend on the synergy of different components. Thus the pharmaceutical companies usually use tetrahydropalmatine as the representative compound to show the ADME (absorption, distribution, metabolism, and excretion) of YXQNW. The half-life of YXQNW in plasma (t1/2) is 7.22 ± 2.03 h, while the entire recipe’s half-life (t1/2) is 4.45 h.

The plasma concentration of SC has been tested, showing that in the healthy people taking 360 mg silybin lecithin complex (Silibinin), the peak value of blood concentration was 298 + 96 ng/ml with the peak time appearing at 1.6 + 0.3 h, and the average residual time in blood was 3.6 + 0.4 h.

Experimental Groups

Sixty eight LDLR (+/-) golden Syrian hamsters with 68 WT control hamsters were included and randomly divided into 8 groups, 17 animals each: (1) control + NS group, (2) control + YXQNW group, (3) control + SC group, (4) control + YXQNW + SC group, (5) LDLR (+/-) + NS group, (6) LDLR (+/-) + YXQNW group, (7) LDLR (+/-) + SC group, (8) LDLR (+/-) + YXQNW + SC group. Number per group (17) is the sum of the animal number required for each experiment in that group (please see Table 1 for details). All the drugs were administrated once daily by gavage for 30 days. The dose of YXQNW was 0.5 g/kg/day, while SC was 0.1 g/kg/day. The animals in NS groups received the equal volume of NS in the same manner.

TABLE 1. Number of animals for different experimental groups and various parameters.
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Determination of Plasma TC, TG, LDL-C, and HDL-C

The blood was collected before and after administration of drugs via right canthus vein after the hamsters (n = 9) were fasted for 12 h. The samples were centrifuged at 2500 g for 10 min at 4°C to separate plasma. The concentrations of plasma TC, triglyceride (TG), LDL-C, and HDL-C were assessed following the kit instruction (BioSino Bio-Technology and Science Inc., Beijing, China).

Y Maze Task

Y maze task was performed based on the method described previously (Kitanaka et al., 2015; Ghafouri et al., 2016) with some modifications (n = 8). The Y maze used in this experiment was consisted of three dark gray acrylic arms (40 cm long, 18 cm wide, and 30 cm high) that were intersected at 120°. The hamsters were put into the neutral zone and allowed for moving freely for 8 min. During that time, entries into all arms were noted (four paws had to be inside the arm for a valid entry) and a spontaneous alternation was counted if an animal entered three different arms consecutively. Percentage of spontaneous alternation was calculated according to following formula: [(number of alternations)/(total number of arm entries - 2)] × 100%. The Y maze was wiped clean between trials with 10% ethanol. Y maze task was carried out both before and after treatment.

Cerebral Blood Flow Measurement

After anesthetized, CBF of animals (n = 6) was measured using laser Doppler perfusion image system (PeriScan PIM3; PERIMED, Stockholm, Sweden). In brief, an incision was made through the scalp, and the skin was retracted to expose the skull. The periosteal connective tissue adherent to the skull was removed with a sterile cotton swab. A computer-controlled optical scanner directed a low-powered He-Ne laser beam over the exposed parietal bone. The scanner head was positioned in parallel to the cerebral cortex at a distance of 18.5 cm. At each measuring site, the laser beam could reach the cortex through parietal bone lacking blood vessels.

Albumin Leakage Assessment

After finishing the CBF measurement, the hamster’s head was secured in a stereotactic frame. With a hand-held drill, a 4 mm × 6 mm cranial window was made through an incision 1 mm behind the coronal suture and 1 mm on the right side of the sagittal suture. This location corresponds to the MCA area. The dura was removed and the pia mater was superfused contiguously with 37°C saline. Then the hamsters were intravenously injected with fluorescein FITC-labeled albumin (Sigma Chemical, St. Louis, MO, United States) at a dose of 50 mg/kg body weight, and the albumin leakage from venule in the MCA area was observed using an upright fluorescence microscope (BX51WI, Olympus, Tokyo, Japan) equipped with a color monitor (20PF5120, Philips, Eindhoven, Netherland), and a DVD recorder (DVR-560H, Philips Eindhoven, Netherland). We magnified the venules in MCA area for 40 and 200 times. The time between preparation of cranial window and observations was 10 min. Only those hamsters whose cranial windows were without any bleeding or inflammatory manifestation were included in the study. The fluorescent intensities within the venules (Iv) and in the perivenular interstitial area (Ii) were measured with ImageJ (Bethesda, MD, United States) software. Albumin leakage was presented as Ii/Iv.

Tissue Preparation for Histology

Anesthetized hamsters (n = 4) were perfused through the left ventricle with 0.9% saline followed by 4% paraformaldehyde (PFA) dissolved by 0.1 M PBS for 40 min. Brains were removed and kept in the same fixative overnight. The samples were infused in 30% sucrose at 4°C for 2 days, and then embedded in Tissue-Tek OCT compound (Miles Inc., Elkhart, IN, United States), frozen in 2-methylbutane which was cooled in liquid-nitrogen. Coronal brain sections were cut with a cryostat microtome (CM1900, Leica, Nussloch, Germany) at -20°C, and thawed and mounted onto gelatin-coated slides. After air-dried, the brain slides were stored at -20°C.

Nissl Staining

For Nissl staining, the sections were stained with cresyl violet acetate (Sigma-Aldrich, St. Louis, MO, United States) and examined with light microscope (BX512DP70, Olympus, Japan) according to the standard procedure.

Immunohistochemistry

For immunohistochemistry, the sections were incubated with mouse anti-CD31 (1:50, Thermo Scientific, MA1-80069, Waltham, United States) diluted in PBS overnight at 4°C after blocking with bovine serum albumin. Then the samples were incubated with a biotinylated secondary antibody followed by avidin-biotin-peroxidase complex. Positive staining was visualized with diaminobenzidine. The CA1 region was magnified for 40 times and 200 times, captured by a digital camera connected to a microscope (BX512DP70, Olympus, Tokyo, Japan). And the number of open microvessels was analyzed with Image-Pro Plus 5.0 software (IPP, Media Cybernetic, Bethesda, MD, United States). Five fields of CA1 region were examined for each animal (Tian et al., 2013).

Immunofluorescence

For immunofluorescence, slices were treated with 0.01 M sodium citrate for antigen retrieval and washed by PBS for three times. After blocking with normal goat serum at room temperature for 0.5 h, the slices were incubated with primary antibodies diluted in PBS overnight at 4°C. The primary antibodies applied were as follows: mouse anti-claudin-5, mouse anti-occludin (1:50, Invitrogen, Camarillo, CA, United States), and rabbit anti-VWF (1:200, Millipore, Temecula, CA, United States). After washed by PBS for three times, the slides were incubated with secondary antibodies diluted in PBS for 2 h at 37°C. The secondary antibodies used were as follows: Dylight 488-labeled goat anti-rabbit IgG (1:100, KPL, Gaithersburg, MD, United States) and Dylight 549-labeled goat anti-mouse IgG (1:100, KPL, Gaithersburg, MD, United States). Hoechst 33342 (Molecular Probes) was applied to stain the nuclei. Finally, the brain sections were mounted, coverslipped, and photographed under a laser scanning confocal microscope (TCS SP5, Leica, Mannheim, Germany).

Ultrastructure Examination

The brains of hamsters (n = 3) were removed after perfusing with 3% glutaraldehyde in 0.1 M PBS at a speed of 3 ml/min for 40 min. Then the hippocampi of the hamsters were dissected. For TEM, the hippocampi were cut into a slice of about 1 mm thick and placed in freshly prepared 3% glutaraldehyde overnight at 4°C. After washing with 0.1 M PBS for three times, the tissues were post-fixed in 1% osmium tetroxide in 0.1 M PBS for 2 h at 4°C. Then the samples were dehydrated and embedded in Epon 812. Ultra-thin sections of hippocampus were stained with uranium acetate and lead citrate and examined in a transmission electron microscope (JEM 1400 plus, JEOL, Tokyo, Japan). For SEM, the samples were cut into blocks and placed in the freshly prepared 3% glutaraldehyde for 2 h, rinsed with 0.1 M PBS for 2 h. The specimens were processed as routine and examined under a scanning electron microscope (JSM-5600LV, JEOL, Tokyo, Japan).

Western Blot

Western blot analysis (n = 4) was performed. Briefly, whole-cell protein was prepared from isolated hippocampus and extracted by RIPA buffer. Protein samples were separated using a 10% Tris-HCl precast gel for polyacrylamide electrophoresis (Bio-Rad Laboratories, Hercules, CA, United States) at 80 V for 150 min. Then the proteins were transferred to PVDF membranes with 220 mA at 4°C for 120 min. The membranes were blocked in TBST containing 3% non-fat milk for 1 h at room temperature and then incubated overnight at 4°C with primary antibodies against claudin-5, occludin (1:1000, Invitrogen, Camarillo, CA, United States), JAM-1 and ZO-1 (1:200, Santa Cruz Biotechnology, Santa Cruz, CA, United States). The membranes were washed with TBST for three times before incubation with the respective horseradish peroxidase-conjugated secondary antibody (1:3000, Santa Cruz Biotechnology, Santa Cruz, CA, United States) at room temperature for 60 min. Then the membranes were washed with TBST for three times again and antibodies binding was detected using enhanced chemiluminescence detection kit (applygene). Band intensities were quantified by densitometry and expressed as mean area density using ImageJ (Bethesda, MD, United States) software.

Data Analyses

All data were expressed as mean ± SEM. Statistical analysis was conducted by one-way ANOVA or two-way ANOVA, followed by Bonferroni test. A value of p < 0.05 was considered statistically significant.



RESULTS

YXQNW and SC Have No Effect on Plasma TC, TG, LDL-C, and HDL-C in Aged LDLR (+/-) Hamsters

To investigate whether the two drugs have effect on blood lipid level, we measured plasma TC, TG, LDL-C, and HDL-C both before and after administration of drugs. Figure 1 shows that before treatment, compared with WT animals, the plasma TC and LDL-C were elevated significantly in LDLR (+/-) animals (p < 0.05, n = 9) (Figures 1A,C), while plasma TG and HDL-C were not significantly different (p > 0.05, n = 9) (Figures 1B,D). After administering of the drugs for 30 days, comparing with LDLR (+/-) + NS group, treatment with YXQNW or SC or YXQNW + SC had no significant effect on the level of plasma TC and LDL-C (p > 0.05, n = 9) (Figures 1A,C). These results showed that treatment with YXQNW, SC, or YXQNW + SC could not influence the plasma lipid levels of aged LDLR (+/-) golden Syrian hamsters.
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FIGURE 1. The effect of YXQNW, SC, and YXQNW + SC on plasma lipid in different groups. (A–D) Respectively, present the plasma TC, TG, LDL-C, and HDL-C level before and after treatment in all groups. Values are mean ± SEM. ∗p < 0.05 vs. control + NS group, #p < 0.05 vs. LDLR (+/–) + NS group, n = 9.



YXQNW and SC Improve Learning and Memory Ability in Aged LDLR (+/-) Hamsters

To evaluate the effect of the drugs on dementia caused by FH, we next used Y maze task to assess the behavioral indicator of learning and memory before and after treatment. Figure 2 illustrates the spontaneous alternation and total arm entries assessed by Y maze for hamsters in the eight experimental groups. Every hamster went through Y maze task both before and after treatment. Figure 2A shows that before treatment, the spontaneous alternation in the LDLR (+/-) animals was significantly lower than in the WT animals (p < 0.05, n = 8). After administration for 30 days, spontaneous alternation in LDLR (+/-) + NS group remained at a low level as before treatment, while YXQNW, SC, and YXQNW + SC elevated spontaneous alternation, significantly, to a level close to WT (p < 0.05, n = 8). Figure 2B shows no difference in the total arm entries found among groups both before and after treatment (p > 0.05, n = 8). These results indicated that YXQNW, SC, and YXQNW + SC had a significant improving effect on learning and memory ability in aged LDLR (+/-) golden Syrian hamsters.
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FIGURE 2. The effect of YXQNW, SC, and YXQNW + SC on spontaneous alternation (A) and total arm entries (B) in hamsters tested in a Y maze task. Values are mean ± SEM. ∗p < 0.05 vs. control + NS group, #p < 0.05 vs. LDLR (+/–) + NS group, †p < 0.05 vs. before treatment, n = 8.



YXQNW and SC Increase the Cerebral Blood Flow in Aged LDLR (+/-) Hamsters

Hyperlipidemia may impact blood vessels leading to a disturbed blood flow which contributes to cognition impairment. CBF was thus determined in different groups by a laser Doppler perfusion image system (Figures 3A,B). A heat map representation of the CBF in LDLR (+/-) + NS group showed markedly lower perfusion than in control + NS group (Figure 3A). Quantification showed a decrease of 50% in CBF compared to control + NS group (p < 0.05, n = 6) (Figure 3B). Treatment with either YXQNW, SC, or YXQNW + SC markedly increased the CBF, close to WT animal values (p < 0.05, n = 6). These results suggested the potential of these drugs to attenuate the impaired blood vessels in aged LDLR (+/-) hamsters.
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FIGURE 3. The effect of YXQNW, SC, and YXQNW + SC on CBF. (A) The representative laser-Doppler perfusion images of control + NS group (a1), control + YXQNW group (a2), control + SC group (a3), control + YXQNW + SC group (a4), LDLR (+/–) + NS group (a5), LDLR (+/–) + YXQNW group (a6), LDLR (+/–) + SC group (a7) and LDLR (+/–) + YXQNW + SC group (a8), respectively. The magnitude of CBF is represented by different colors, with blue to red denoting low to high. (B) Quantitative analysis of CBF in different groups, values are mean ± SEM. ∗p < 0.05 vs. control + NS group, #p < 0.05 vs. LDLR (+/–) + NS group, n = 6.



YXQNW and SC Reduce Albumin Leakage in Middle Cerebral Artery Area in Aged LDLR (+/-) Hamsters

Hyperlipidemia-impaired cerebral vessels may manifest BBB breakdown. We thus evaluated the albumin leakage from venules in MCA area. Figure 4A shows the representative pictures of trans-vascular flux of FITC-labeled albumin from cerebral venules in all groups. The quantitation of the albumin leakage in each group is depicted in Figure 4B, demonstrating that compared with control + NS group, the FITC-labeled albumin leakage from cerebral venules significantly increased in LDLR (+/-) + NS group, which was attenuated remarkably by treatment with YXQNW, SC, or YXQNW + SC (p < 0.05, n = 6). This result confirmed the potential of the two drugs to alleviate BBB breakdown in aged LDLR (+/-) hamsters.
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FIGURE 4. YXQNW, SC, and YXQNW + SC reduce albumin leakage from cerebral venules. (A) Representative images of albumin leakage from venules in control + NS group (a1,b1), control + YXQNW group (a2,b2), control + SC group (a3,b3), control + YXQNW + SC group (a4,b4), LDLR (+/–) + NS group (a5,b5), LDLR (+/–) + YXQNW group (a6,b6), LDLR (+/–) + SC group (a7,b7), and LDLR (+/–) + YXQNW + SC group (a8,b8), respectively, wherein (b) is the high magnification of the area inside the boxes in (a). Rectangles represent the areas for determination of fluorescence. V, cerebral venule. I, interstitial tissue. Bar = 50 μm. (B) Statistic analysis of albumin leakage in different groups. Values are the mean ± SEM. ∗p < 0.05 vs. control + NS group, #p < 0.05 vs. LDLR (+/–) + NS group, n = 6.



YXQNW and SC Increase the Number of Open Microvessels in the Hippocampus of Aged LDLR (+/-) Hamsters

The effect of the drugs on impaired microvessels in aged LDLR (+/-) golden Syrian hamsters was further assessed by morphologic methods. For this, an immunohistochemical staining for CD31 was performed to delineate the vessels in hippocampus, a region more relevant to cognition. Figure 5A shows the representative images between CA1 and dentate gyrus region stained by CD31 in all the groups, with the statistic result for the number of opening microvessels (arrows) in each group presenting in Figure 5B. Apparently, compared to control group (Figures 5Aa1,b1), LDLR (+/-) + NS group (Figures 5Aa5,b5) exhibited a significantly reduced number of open microvessels with numerous collapsed microvessels, accompanying with obvious peri-vascular edema. YXQNW, SC, or YXQNW + SC treatment minimized the perivascular edema and protected the reduction in the number of the open microvessels dramatically (Figures 5Aa6,b6,a7,b7,a8,b8). The quantitative evaluation of the number of open microvessels confirmed the survey results (p < 0.05, n = 4). These results offered morphological evidence for the ability of the drugs to protect microvessels from collapsing in aged LDLR (+/-) golden Syrian hamsters.


[image: image]

FIGURE 5. The effect of YXQNW, SC, and YXQNW + SC on the number of open microvessels in hamster hippocampus. (A) Representative immunohistochemistry images at the hamster hippocampus of control + NS group (a1,b1), control + YXQNW group (a2,b2), control + SC group (a3,b3), control + YXQNW + SC group (a4,b4), LDLR (+/–) + NS group (a5,b5), LDLR (+/–) + YXQNW group (a6,b6), LDLR (+/–) + SC group (a7,b7), and LDLR (+/–) + YXQNW + SC group (a8,b8), respectively, wherein (b) is the high magnification of (a). Bar = 100 μm. Arrows indicate open calliparies. (B) Quantitative evaluation of CD31-positive open microvessels. Values are the mean ± SEM. ∗p < 0.05 vs. control + NS group, #p < 0.05 vs. LDLR (+/–) + NS group, n = 4.



YXQNW and SC Ameliorate the Cerebral Microvasculature in Hippocampus of Aged LDLR (+/-) Hamsters

The beneficial role of the two drugs on impaired vessels in aged LDLR (+/-) golden Syrian hamsters was supported by electron microscopy. Figures 6a,b show the representative images of TEM in the hippocampus of hamsters from different groups. Compared to control + NS group (Figures 6a1,b1), the microvasculature in LDLR (+/-) + NS group revealed a remarkable alteration, such as rough inner surface, separation of the basal membrane, and appearance of edema around the vessels (Figures 6a5,b5). YXQNW, SC, and YXQNW + SC medication attenuated these changes (Figures 6a6,b6,a7,b7,a8,b8). Figures 6c,d show the representative images of SEM in the hippocampus of hamsters in all the groups. Microvessels in WT animals showed a normal morphology, while in LDLR (+/-) + NS group we observed a rough inner surface of microvessels and some perivascular cavities. This change was attenuated by YXQNW, SC, and YXQNW + SC administration. This result further verified our observations obtained by TEM and supported the protective effect of the two drugs on impaired cerebral vessels in aged LDLR (+/-) hamsters.
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FIGURE 6. Ultrastructure of microvessels in the hippocampus of hamsters in different groups. The representative transmission electron micrographs of capillaries in the hippocampus are shown in (a,b), while the scanning electron micrographs of the hippocampus shown in (c,d). The micrographs in (b,d) are high magnification of the area inside the boxes in (a,c), respectively, with 1 denoting control + NS group, 2 control + YXQNW group, 3 control + SC group, 4 control + YXQNW + SC group, 5 LDLR (+/–) + NS group, 6 LDLR (+/–) + YXQNW group, 7 LDLR (+/–) + SC group and 8 LDLR (+/–) + YXQNW + SC group, Bar = 50 μm in (a,c). TJ, tight junction. E, edema. OC, open capillaries.



YXQNW and SC Protect Against the Neuronal Damage in CA1, CA2, CA3, and DG Region of Hippocampus in Aged LDLR (+/-) Hamsters

We assessed the effect of the two drugs on hippocampal neuronal damage in aged LDLR (+/-) hamsters and thus its ability to attenuate cognition impairment. Figure 7 shows the representative images of Nissl staining in all groups. In CA1, CA2, CA3, and DG region of hippocampus, neurons of control + NS group (Figures 7a1,b1,c1,d1) showed normal morphological features, while those in LDLR (+/-) + NS group presented diverse neuronal damages such as cell swelling, nuclear pyknosis and karyorrhexis (Figures 7a5,b5,c5,d5). YXQNW (Figures 7a6,b6,c6,d6), SC (Figures 7a7,b7,c7,d7) and YXQNW + SC (Figures 7a8,b8,c8,d8) treatment effectively prevented the hippocampal neuronal damages in aged LDLR (+/-) hamsters. This result suggested the potential of the two drugs to alleviate neuronal damage in the hippocampus of aged LDLR (+/-) golden Syrian hamsters thus attenuate cognition impairment.
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FIGURE 7. The effect of YXQNW, SC, and YXQNW + SC on the number of neurons in hamster hippocampus. Tissue sections are stained with cresyl violet for Nissl stain. (a–d) Respectively, present the representative images of the CA1, CA2, CA3, and DG area in different groups, with 1 denoting control + NS group, 2 control + YXQNW group, 3 control + SC group, 4 control + YXQNW + SC group, 5 LDLR (+/–) + NS group, 6 LDLR (+/–) + YXQNW group, 7 LDLR (+/–) + SC group and 8 LDLR (+/–) + YXQNW + SC group. Bar = 50 μm. The arrows indicate Nissl-positive neurons, and the double arrows indicate nuclear pyknosis with karyorrhexis.



YXQNW and SC Alleviate Degradation of Tight Junction Proteins Claudin-5, Occludin, ZO-1 in the Hippocampus of Aged LDLR (+/-) Hamsters

To further identify the role of YXQNW and SC in maintaining BBB integrity in hippocampus, confocal microscopy and western blot were used to examine the vascular endothelial TJ proteins. Confocal microscopy revealed that both claudin-5 and occludin localized between endothelial cells as continuous lines in control + NS group (Figures 8a1,b1,c1,d1), control + YXQNW group (Figures 8a2,b2,c2,d2), control + SC group (Figures 8a3,b3,c3,d3) and control + YXQNW + SC group (Figures 8a4,b4,c4,d4). While in LDLR (+/-) + NS group (Figures 8a5,b5,c5,d5), these continuous distributions were disrupted apparently, becoming dotted lines, concomitant with reduction in immune staining, indicating degradation of the TJ proteins claudin-5 and occludin in aged LDLR (+/-) hamster. Interestingly, this degradation was alleviated by YXQNW (Figures 8a6,b6,c6,d6), SC (Figures 8a7,b7,c7,d7), and YXQNW + SC (Figures 8a8,b8,c8,d8) treatment. These results were confirmed by western blot (p < 0.05, n = 4) (Figures 9A,B). We further examined the expression of JAM-1 and ZO-1, the other two important components of TJ proteins in hippocampus by western blot, and observed that the expression pattern of ZO-1 (Figure 9D) was similar to that of claudin-5 and occludin (p < 0.05, n = 4), while the expression of JAM-1 in hippocampus tissue did not change significantly among the eight experiment groups (p > 0.05, n = 4) (Figure 9C). These results indicated that YXQNW, SC, and YXQNW + SC could alleviate the reduction in TJ proteins expression of aged LDLR (+/-) golden Syrian hamsters, which may account for the protective role of the drugs in BBB breakdown.
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FIGURE 8. The effect of YXQNW, SC, and YXQNW + SC on the expression and distribution of tight junction proteins of microvessels in hamster hippocampus. Shown are the representative immunofluorescence confocal images of claudin-5 (a1–a8,b1–b8) and occludin (c1–c8,d1–d8). Claudin-5 (red) and occludin (red) localized at the junction of endothelial cells with marker VWF (green). Blue color denotes nuclei. The area within the rectangle in each picture (a,c) is enlarged and presented below (b,d) correspondingly. The number 1 denoting control + NS group, 2 control + YXQNW group, 3 control + SC group, 4 control + YXQNW + SC group, 5 LDLR (+/–) + NS group, 6 LDLR (+/–) + YXQNW group, 7 LDLR (+/–) + SC group and 8 LDLR (+/–) + YXQNW + SC group. White arrows indicate the localization of claudin-5 and occludin. Bars = 25 μm in (a,c), Bars = 50 μm in (b,d).
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FIGURE 9. The effect of YXQNW, SC and YXQNW + SC on the expression of tight junction proteins in the hamsters hippocampus. (A) Representative western blot bands and quantitative assessment of claudin-5. (B) Representative western blot bands and quantitative assessment of occludin. (C) Representative western blot bands and quantitative assessment of JAM-1. (D) Representative western blot bands and quantitative assessment of ZO-1. All the quantifications were undertaken based on the data of three independent experiments and normalized to β-actin, respectively. Values are the mean ± SEM. ∗p < 0.05 vs. control + NS group, #p < 0.05 vs. LDLR (+/–) + NS group, n = 4.





DISCUSSION

An appropriate animal model is critical to research disease pathogenesis and drug testing, particularly for a valuable extrapolation of the outcomes to clinical practice. LDLR (+/-) golden Syrian hamster is a newly established animal model for FH. Hamsters have many similarities to humans in lipid metabolism. For example, they have a high level of plasma CETP, a low level of hepatic low-density lipoprotein receptor (LDLR) activity and a high glycemic response to dietary fructose. All of which are not observed in other rodents such as mice and rats (Briand, 2010; Naples et al., 2012; Gao et al., 2014). Using this model, the present study demonstrated that both YXQNW and SC are capable of attenuating the cognitive impairment of the aged LDLR (+/-) hamsters. To gain insight into the rationale behind their beneficial role, we first examined the effect of the two medicines on plasma lipid and revealed that SC had no effect on the level of TC and LDL-C in aged LDLR (+/-) hamsters. This result is in contrast to a previously published study showing that silibinin attenuated hyperlipidaemiaun in rats (Gobalakrishnan et al., 2016). This difference is most likely due to the different animal models used. We believe that the result of the present study is more feasible to translate to humans because the lipid metabolism of the model is more similar to humans.

As a medication mainly used to deal with brain ailments, YXQNW has not been reported to exert any effect on hyperlipidaemia. In line with this, no effect of YXQNW on the hypercholesterolemia was observed in LDLR (+/-) golden Syrian hamsters alike. Of interest, despite the negative finding with respect to the role of YXQNW and SC in attenuating hypercholesterolemia, both drugs were found to alleviate the cognitive impairment of LDLR (+/-) golden Syrian hamsters, implying the occurrence of a mechanism other than lowering plasma cholesterol that mediates the effect of the two drugs on cognitive impairment in the current circumstance. Several researches have reported that hypercholesterolemia is a highly risk factor for BBB injury through down-regulating the expression of TJ proteins (Kalayci et al., 2009; ElAli et al., 2011; Ehrlich and Humpel, 2012). Elevated LDL being oxidated to ox-LDL in plasma may impair BBB integrity in humans as well as in rodents (Kanata et al., 2006; Chen et al., 2007; Ishino et al., 2007). In view of the importance of BBB integrity in maintaining brain homeostasis, we investigated effect of the two drugs on BBB.

Blood–brain barrier consists of a layer of specialized endothelial cells along with basal membrane, surrounded by pericytes and astrocytic endfeet, which prevents circulating toxic components from entering the CNS and allows those essential for neuronal cells to pass through. BBB disruption and alteration in transport and endothelial cell surface proteins may lead to BBB pathology. Several researches have shown that BBB disruption is related to many neurodegenerative diseases. For example, vascular pathologies and BBB disruption has been shown in postmortem samples from AD patients (van de Haar et al., 2015). Of interest, the present study showed that YXQNW and SC, the two medicines each containing distinct ingredients, were able to protect BBB disruption in LDLR (+/-) golden Syrian hamsters with equal efficiency at the dose used, as indicated by the prevention of albumin leakage from cerebral microvasculatures, and the maintaining of the TJ proteins. More importantly, the two medicines exhibited equal benefit as well on the impaired cognitive ability of LDLR (+/-) golden Syrian hamsters, highlighting the BBB disruption as the cause of the cognitive impairment in the present case. This speculation can also explain the fact that no additive effect of combination of the two medicines was observed on the protection of BBB and cognitive ability, a finding that looks a little bit strange at first glance, since administration of any one of them was enough to completely preserve the BBB integrity and thereby to protect cognitive function.

Blood–brain barrier disruption is known to exert detrimental effect on neurons in multiple aspect (Montagne et al., 2015; van de Haar et al., 2015). BBB breakdown leads to accumulation of neurotoxic proteins in central nerve system, including fibrin, thrombin, hemoglobin, iron-containing hemosiderin, free iron, and/or plasmin. BBB disruption results in cerebral edema, which imposes pressure on microvasculatures, leading to reduced blood supply thereby causing energy metabolism deficit. These insults collectively cause progressive neurodegeneration with loss of neurons. Consistent with these, we observed a decreased CBF in LDLR (+/-) golden Syrian hamsters, as well as a reduced number of neurons in the hippocampus, which certainly contributes to cognitive impairment. Of notice, YXQNW, SC or the combination of the two improved the CBF and protected the neurons in hippocampus from loss with equal efficiency, as they did on the preservation of BBB and cognitive ability. which further support the protection of BBB as the mechanism that underlies the beneficial role of the two medicines in cognition protection.



CONCLUSION

Our present study showed that both YXQNW and SC have the ability to improve cognitive abilities in aged LDLR (+/-) golden Syrian hamsters. The mechanisms implicated include a protection from BBB breakdown through upregulation of the TJs. This result suggests YXQNW or SC as potential strategy to protect against the cognitive impairment for patients with hyperlipidaemia. Since cognitive impairment was only evaluated using one test in the present study, tests in more comprehensive manner are required to verify this conclusion.
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Background and Objective: Ischemic heart disease (IHD) has been the major issue of public health. Panax ginseng (ginseng) has been verified as an effective traditional Chinese medicines and exerted cardioprotective effect. This study aimed to investigate the polysaccharide fraction of ginseng on hypoxia/reoxygenation (H/R) injury in cardiomyocytes and the underlying mechanisms.

Methods: Ginseng was extracted by ethanol and fractionated by high-speed counter current chromatography (HSCCC) and column separation. The cardioprotective effect was evaluated in H9c2 cardiomyocytes underwent H/R treatment. The cell viability, apoptosis and mitochondrial respiration were examined.

Results: An acid polysaccharides fraction of ginseng (AP1) was identified the most effective fraction in protecting cardiomyocytes from H/R injury. AP1 restored the mitochondrial function by maintaining mitochondrial membrane potential (MMP), blocking the release of cytochrome C, and increasing the ATP generation and oxygen consumption rate (OCR) of cardiomyocytes. Meanwhile, AP1 induced the expression of glucocorticoid receptor (GR) and estrogen receptor (ER) which further activated reperfusion injury salvage kinase (RISK) pathway. Finally, AP1 increased nitric oxide (NO) production and regulated endothelial function by increasing endothelial NO synthase (eNOS) expression and decreasing inducible NOS (iNOS) expression in H/R injury.

Conclusion: The results suggested that AP1 exerted a protective effect in myocardial H/R injury mainly through maintaining myocardial mitochondrial function, thereby inhibiting myocardial H/R caused apoptosis and increasing the expressions of GR and ER, which in turn mediated the activation of RISK pathway and eNOS-dependent mechanism to resist the reperfusion injury.

Keywords: Panax ginseng, acidic polysaccharides, cardioprotection, mitochondrial metabolism, RISK pathway


INTRODUCTION

According to the reports of World Health Organization [WHO] in 2014, about 7.4 million people died of IHD, making IHD the No. 1 human killer (World Health Organization, 2014). The main factor leading to damage of myocardium in IHD is the deprivation of nutrients and oxygen caused by coronary occlusion, and the degree and duration of arterial obstruction decide the damage severity. Timely reperfusion can be used to reduce the mortality in the short term effectively, but in the long term, it can trigger cardiac remodeling as the reperfusion process is accompanied with additional oxidative stress and cardiomyocyte inflammation, etc. (Moens et al., 2005; Yellon and Hausenloy, 2007; Hausenloy and Yellon, 2013). Thus, to improve patients’ prognosis, it is important to prevent or limit the damage to the myocardium in the early phase of reperfusion.

For the prevention and control of reperfusion injury, functional foods would be a suitable choice because of less adverse effects when they are taken regularly (Shahidi, 2004; Castro et al., 2005). In TCM system, it is believed that food and medicine originate from the similar source but with different applications and purposes. Ginseng, an herbal root of Panax ginseng C.A. Meyer, has over 2,000 years history of extensive uses as TCM and functional supplements (Liu and Xiao, 1992; Attele et al., 1999; Lu et al., 2009). Numerous experimental evidences have suggested that ginseng extract exerts therapeutic effects with multiple cardiovascular activities, such as reducing myocardial infract size, regulating blood circulation and improving lipid profiles (Vogler et al., 1999; Kim and Park, 2003; Ahn et al., 2011; Zhou et al., 2011). Many of the pharmacological actions of ginseng extract are produced by ginsenosides which belong to a common type of glycosides, and have been demonstrated by intensively studied to possess a pivotal role in the pharmacological activities of ginseng (Chen, 1996; Lu et al., 2009; Jiang et al., 2014; Lee and Kim, 2014). When compared to the effect of ginsenosides, ginseng polysaccharides are largely underappreciated or even discarded. For instance, in modern industrialized TCM preparation, polysaccharides are commonly removed as impurities to reduce the dosage amounts of final products. Nevertheless, polysaccharides, obtained from the water-soluble fraction of ginseng, have been demonstrated with immuneregulatory, anti-oxidative, and anti-cancer effects, etc (Lim et al., 2004; Sun et al., 2014; He et al., 2015). Several reports have showed that polysaccharides isolated from Aralia elata (Zhang et al., 2013a,b), Ophiopogon japonicas (Shi et al., 2015; Wang et al., 2015), and Salvia miltiorrhiza had significant cardioprotective effects (Song et al., 2013; Chang et al., 2016). However, the effects of ginseng polysaccharides on cardiac injury have not been reported yet. Therefore, this study aimed to isolate the polysaccharides from ginseng by bioassay guided separation and to investigate whether it has cardioprotective effect and then explore the underlying mechanisms of cardioprotective effect of this substances.



MATERIALS AND METHODS

Raw Materials and Extraction of Ginseng

The root of P. ginseng was purchased from the wholesale market in Jinlin Province, China. The quality of P. ginseng has been certified to meet the requirements of Hong Kong Standard of Chinese Materia Medica and Chinese Pharmacopeia. Samples were stored in the laboratory in the dry environment until use, and the voucher specimens of the whole roots were stored in the School of Chinese Medicine of Hong Kong Baptist University. The ginseng extract (RSE) was prepared by ethanol extraction, a well-developed and widely accepted approach for preparation of the ginseng extract, according to our previous report (Zhou et al., 2011).

Chemicals, Reagents, and Cell

The Millipore MILLI Q-Plus system (Bedford, MA, United States) was used to prepare deionized water. ACS grade methanol, chloroform, ethyl acetate and butanol were purchased from ACS Chemical, Inc. (Point Pleasant, NJ, United States). ACS grade ethanol, phenol, concentrated sulfuric acid, ammonia water, and sodium hydroxides were purchased from Merck (Darmstadt, Germany). TFA and ammonium acetate were bought from Riedel-de Haen (Morristown, NJ, United States). HPLC grade acetonitrile was purchased from RCL Labscan Limited (Bangkok, Thailand). Dextrans with different molecular mass, monosaccharide standards, Glc, Gal A, PMP, and sodium chloride were bought from Sigma (St. Louis, MO, United States).

Mitochondrial viability stain assay reagent was purchased from Abcam (Cambridge, England, Cat. ab129732). DZ was obtained from Sigma (St. Louis, MO, United States). FBS, trypsin, DMEM, and glucose-free DMEM were bought from Gibco (Carlsbad, CA United States). Griess reagent, inhibitors of phosphoinositide 3-kinase (PI3K, LY29002), ER (tamoxifen), endothelial nitric oxide (eNOS, L-NAME), p-ERK1/2 (U0126) and GR (mifepristone), and the Akt inhibitor IV were purchased from Sigma–Aldrich (St. Louis, MO, United States). All of other reagents were of analysis grade and purchased from the market.

H9c2 cell line derived from rat ventricular muscles was purchased from ATCC (Rockville, MD, United States). The cells were cultured in DMEM filled with 100 μg/mL of streptomycin, 100 U/mL of penicillin and 10% FBS in the normoxic condition (95% air/5% CO2) at 37°C. The medium was changed every 2 days, and confluent cells were passaged in a trypsinized way every week. The cells with three to four times of passaging were used in this research.

High-Speed Counter-Current Chromatography Separation

The ginseng extract was fractionated by using high-speed counter-current chromatography (HSCCC) first. A TBE-1000A HSCCC system produced by Tauto Bio-technique Company (Shanghai, China) with a three-polyterafluoroethylene coil with 1000 mL total capacity was adopted. The β value of the column from internal layer to external layer varied from 0.59 to 0.75. A Waters HPLC instrument equipped with 2425 pump, 2489 UV detector, Flex Inject injector and Fraction Collector III (Waters Corp., Milford, MA, United States) was connected to the HSCCC instrument. The preparation of the diphase solvent system included adding solvents into a separating funnel by the volume ratio and then shaking the solvents in a repeated way at room temperature to fully equilibrate the solvents. After being separated and degassed by sonication, the upper and lower phases stood still overnight prior to usage. After being dissolved in 60 mL of two-phase solvents, the ginseng extract (4.12 g) was centrifuged with a Centrifuge 5810 (Eppendorf, Hamburg, Germany) at 4000 rpm for 15 min, so that supernatant solution can be prepared. Then, the stationary phase, i.e., the upper phase of butanol-water (1:1) was filled in the HSCCC column which was then rotated in the clockwise direction at 800 rpm and filled with the sample solution via an injection loop. Next, the lower layer of butanol-water at a ratio of 1:1 was injected into the HSCCC column thoroughly at 8 mL/min. When the separation time ran to 100 min, the mobile phase was changed to lower phase of ethyl acetate-water (1:1). The effluent in each 5 min was collected as a fraction. Based on the silica gel TLC examination results, the fractions were combined and then freeze dried. The mobile phase of TLC composed of water, methanol and chloroform by ratio of 2:7:13, an UV-254 nm was used to detect TLC. The bioactivity of different HSCCC fractions were examined in H9c2 cardiomyocytes exposed to H/R according to the method described in section “Hypoxia/Reoxygenation and Drug Treatment.”

Stepwise Ethanol Precipitation

The HSCCC fractions with bioactivity were dissolved in water and further fractionated using stepwise precipitation in 90, 80, and 70% of ethanol solutions successively. Supernatants and precipitates at each precipitation were separated and collected via centrifugation and lyophilization and then examined for their bioactivity by using the method described in section “Hypoxia/Reoxygenation and Drug Treatment.”

Ion-Exchange Chromatography

The final precipitation in section “Stepwise Ethanol Precipitation” was separated by anion-exchange chromatography on Toyopearl DEAE 650 M (Sigma–Aldrich, St. Louis, MO, United States) which was step wisely eluted with H2O, 0.5 M of NaCl, 1.0 M of NaCl, 2.0 M of NaCl and 0.2 M of NaOH to give five fractions, namely, neutral polysaccharides (NP), acidic polysaccharides (AP) 1, AP2, AP3, and AP4. These five fractions were separately dialyzed against 1000 Da sieve (Wako, Osaka, Japan) in water for 24 h, then centrifuged and lyophilized. The bioactivity of the five fractions was examined by using the method described in section “Hypoxia/Reoxygenation and Drug Treatment.”

Characterization of Polysaccharides

The apparent molecular weight of the active polysaccharides fractions was determined by using HPGPC. The monosaccharide composition was analyzed by HPLC using the reported methods (Xu et al., 2014). The total sugar contents were determined by phenol-H2SO4 colorimetric method (Dubois et al., 1956). The content of uronic acid was determined by using m-hydroxydiphenyl method (Blumenkrantz and Asboe-Hansen, 1973). Protein was determined by Bradford assay.

Cell Viability

The cell viability was examined with MVS assay. In brief, when cell culture was finished, each well of H9c2 cells with 100 μL of medium was overlaid with 2× mitochondrial viability stain (100 μL), and then the cells were put in the incubator with the normoxic environment (95% air/5% CO2) at 37°C for 4 h in the dark. The fluorescent intensity was measured by a Tecan Infinite M200 microplate reader (Tecan, Durham, NC, United States) at excitation 550 nm and emission 590 nm. The cell viability was calculated as the percentage OD value of tested cells over controlled cells.

Hypoxia/Reoxygenation and Drug Treatment

Hypoxia/reoxygenation treatment was achieved by using a hypoxic chamber (Stem Cell Technologies, United States) to create a challenge of in vitro hypoxia environment as described by us previously (Dong et al., 2016). In brief, the cells were firstly cultured in DMEM under normoxic environment (95% air/5% CO2) at 37°C overnight, then washed twice with KRB buffer (composition in mM: NaCl 115, KCl 4.7, CaCl2 2.5, KH2PO4 1.2, MgSO4 1.2, NaHCO3 24, HEPES 10; pH 7.4) prebalanced with N2 at 4°C overnight. Next, 100 μL of KRB and 0.01% (w/v) BSA were added in each well. Then, the cells were placed in the chamber and flushed with pure N2 for 5 min at a flow rate of 20 mL/min, all connectors of the chamber were then closed and sealed. The cells with the chamber was then moved into an incubator for a hypoxic culture at 37°C for 3 h. After the hypoxia incubation, KRB in each well was replaced with fresh DMEM, and the cells were incubated for another 4 h in the normoxic condition (95% air/5% CO2) at 37°C without chamber.

Drug Treatment

The bioactivity of different ginseng fractions was examined with H9c2 cells in a density of 8 × 103/100 μL/well seeded in a 96-well plate or 2 × 104/2 mL μl/well seeded in a 6-well plate. The tested samples were added to the cells 1 h before hypoxia treatment and remained in the whole H/R process. The normal control cells (Normal) were cultured in DMEM in normoxic environment (95% air/5% CO2) at 37°C for 8 h in parallel with the manipulation of H/R treatment. To explore the roles of different kinases in the effect of AP1, the cells were pretreated with 40 μM of U0126 (Erk1/2 inhibitor), 10 μM of Akt inhibitor IV (Akt inhibitor), 40 μM of LY294002 (PI3K inhibitor), 10 μmol/L of L-NAME (eNOS inhibitor), 100 μM of tamoxifen (ER inhibitor) and 100 μM of mifepristone (GR inhibitor) (Turner et al., 2000; Khan et al., 2002; Park et al., 2003; Dunn et al., 2009; Buontempo et al., 2011; Todd et al., 2014) for 1 h prior to AP1 (200 μg/mL) treatment.

Measurement of Lactate Dehydrogenase and Creatine Kinase Activities

After H/R injury, the cell culture medium was collected for the measurement of LDH and CK activities by using commercial assay kits (Roche, Switzerland or Biovision, United States) according the methods recommended by the manufacturer using a spectrophotometer detected at 450 and 660 nm, respectively.

Measurement of Intracellular Malondialdehyde Level and Superoxide Dismutase Activity

After H/R injury, the cellular protein was extracted and quantified using the bicinchoninic acid (BCA) method. Then, the intracellular protein was used to measure MDA level at 532 nm and superoxide dismutase activity (SOD) activity at 450 nm by using commercial assay kits (Beyotime Institute of Biotechnology, Beijing, China) according the methods recommended by the manufacturer.

Measurement of Intracellular ROS and Mitochondrial ROS

The intracellular and mitochondrial ROS level was measured with DCFH-DA probe or mitoSOX as previously reported method with modification (Zhang et al., 2015). In brief, after H/R injury, the cell pellets were collected and cleansed with serum-free media. Then, the cells were mixed with serum-free media containing 10 μM DCFH-DA probe (Molecular Probes, Eugene, OR, United States) or 5 μM mitoSOX (Thermo Fisher Scientific, Waltham, MA, United States) and stayed at 37°C in darkness for 30 min with slight agitation every 5 min. Then, the cell pellets were collected and cleansed in PBS for three times, and suspended in 500 μL PBS for flow cytometry analysis on BD FACSAria III (BD Biosciences, Franklin Lakes, NJ, United States). The induced wavelength of the green fluorescence sent from 10,000 cells was documented at 488 or 510 nm. The Flow J software was used to analyze the average intensity of fluorescence.

Western Blot Analysis

After H/R injury, the cell pellets were collected and cleansed with cold PBS for two times. To determine the release of cytochrome C from mitochondria to cytosol, the extraction of cell cytosolic and mitochondrial fractions were performed using the Cell Mitochondria Isolation Kit (Thermo Fisher Scientific, Waltham, MA, United States). Total cell proteins were extracted by RIPA lysing buffer (1% Nonidet P-40, 1% sodium deoxycholate, 0.5% SDS, 150 mM NaCl, pH 7.5) for 20 min, then centrifuged at 14,000 g and 4°C for another 20 min, the supernatants were collected and stored at -80°C. The protein concentration was measured by a Bradford Protein Assay Kit (Bio-Rad, Hercules, CA, United States). Same quantities (40 μg) of protein were loaded and separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then conveyed to a nitrocellulose membrane. The membranes in Tris-glycine buffer were plugged with 5% of skim milk powder in saline [with 0.1% (v/v) Tween-20] buffered with Tris-glycine at room temperature for 1 h, incubated with the primary antibodies of p-JNK, JNK, p-p38, p38, p-ERK, ERK, GR, p-PI3K, PI3K, p-Akt, Akt, inducible NOS (iNOS), cytochrome c, Bcl-2, Bax (Cell Signaling Technology, Boston, MA, United States), ER, p-eNOS, eNOS, β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, United States) and COX IV (Abcam, Cambridge, MA, United States) at 4°C overnight, and then the secondary antibodies conjugated with IRDye (LI-COR Biosciences, Belfast, ME, United States) for 1 h at room temperature. The Odyssey CLx Imaging System (Li-COR Biosciences, Belfast, ME, United States) were used to obtain the band of the antigen-antibody complex and the Odyssey v3.0 software was employed for the densitometric analysis to obtain band intensity.

Measurement of Nitric Oxide

After H/R injury, the cell culture medium was collected for measuring the level of nitric oxide (NO) by using the Griess reaction according to the reported method (Chen et al., 2012) using a commercial kit of Promega (Madison, WI, United States). Briefly, the cell culture medium (40 μL) was mixed with NADPH (1 mM, 10 μL) and a basic solution (composed of 1.25 mM of glucose-6-phosphate, 0.03 M of PBS, 400 U/L of glucose-6-phosphate dehydrogenase and 200 U/L of nitrate) and stayed at room temperature for 45 min. Then, the Griess reagent (50 μL) added to the mixture and stayed at room temperature in darkness for 20 min. Finally, the absorbance of the mixture was measured at 540 nm. The level of NO was calculated according to the instruction of the kit.

Apoptosis Analysis With Flow Cytometer

A FITC Annexin V Apoptosis Detection Kit (BD, Franklin Lakes, NJ, United States) was employed to measure the percentage of apoptotic cells according to the manufacturer’s instructions. In brief, the cells exposed to H/R injury were washed with PBS and suspended in 1 × binding buffer containing FITC-labeled Annexin V and propidium iodide. After standing in darkness at room temperature for 15 min, the cell suspension was analyzed on BD FACSAria III (BD Biosciences, Franklin Lakes, NJ, United States). The induced wavelength of the green fluorescence sent from 10,000 cells was documented at 488 nm. The Flow J software was used to analyze the percentage of apoptotic cells.

Determination of Caspase Activity

The activity of Caspase -3/7 and -9 were measured as described previously (Lu et al., 2010) using a Caspase-Glo assay kit (Promega, Madison, WI, United States). In brief, caspase-3/7 reagent (100 μL/well) or caspase-9 reagent (100 μL/well) was added to the cells after H/R injury and incubated in darkness for 1 h on a shaker at room temperature. Then, the luminescence was determined with a Tecan Infinite M200 microplate reader (Tecan, Durham, NJ, United States).

Measurement of Mitochondrial Membrane Potential

The MMP was measured using rhodamine 123 (Molecular Probes, Eugene, OR, United States) according to the reported method (Joshi and Bakowska, 2011). In brief, the cells exposed to H/R injury were washed with PBS, added with rhodamine 123 (final concentration 10 μM), and kept at 37°C for 30 min in darkness. The fluorescence of cells cultured in 6-well plate was observed with a DeltaVision Elite Cell Imaging System (Applied Precision Inc., GE Healthcare Company, United States), the luminescence of cells cultured in 96-well plate was determined with a Tecan Infinite M200 microplate reader (Tecan, Durham, NC, United States).

Determination of ATP Level

The ATP level was determined with an ATP measurement detection assay kit (Abcam, United States) according to the manufacturer’s instructions. Briefly, the cells exposed to H/R injury were incubated with ATP substrate solution (100 μL/well) in darkness for 5 min on a shaker at room temperature. The luminescence of each well was determined with a Tecan Infinite M200 microplate reader (Tecan, Durham, NC, United States).

Evaluation of Oxygen Consumption Rate

Mitochondrial respiration is a strong indicator of the functional bioenergetics capacity of mitochondria and overall cellular health. OCR is an index of cellular oxygen consumption and can used to reflect the mitochondrial respiration. In this research, OCR was evaluated by XFp Extracellular Flux Analyzer (Seahorse Biosciences, North Billerica, MA, United States) in accordance with a modified protocol as previously described (Duicu et al., 2015). In brief, the cells were seeded in Seahorse XFp cell cultured miniplates in 5000 cells/well and subject to H/R treatment. One day before the experiment, the sensor cartridge of an XFp analyzer was hydrated in the non-CO2 incubator at 37°C. The XF assay medium 2.5 M glucose, not buffered and supplied by Seahorse Biosciences was used to replace the incubation medium. To form the baseline rate, the OCR rate was measured at all time and then the metabolism of cells was put in a challenge (for the purpose of changing their bioenergetics profiles) incurred by adding three solutions: 10 μM oligomycin (complex V inhibitor), 2 μM FCCP, and 0.5 μM antimycin A/Rotenone (inhibitors of complex I and III). The wells without cell seeding was used to correct background and normalize the reading of each well to the background plate noise. OCR was normalized for total protein per well and expressed as pmol/min/μg protein.

Statistic Analysis

One-way ANOVA was used to analyze the statistical significance among different groups with the Graph Pad Prism 6.0 software (Graph Pad Software Inc., La Jolla, CA, United States). P < 0.05 was regarded as statistically significant. All measurements were repeated in 3∼6 wells in each experiment, the results were obtained from 3 independent experiments.



RESULTS

Bioassay-Guided Separation of Ginseng Extract

After HSCCC separation of 4.12 g of ginseng extract, the elution was collected in 48 tubes. After separation, the HSCCC column still had 1000 mL solution, including the lower phase and the upper phase, and such solution was squeezed out due to the high-pressure gasses, so that the last two fractions were obtained. These fractions were combined to nine fractions according to the similarity in their TLC pattern (Figure 1A). The total recovery was 94.36%. Besides small polysaccharides (MW < 1800 Da), high polymeric polysaccharides whose molecular weights varying from 1800 Da to 10.6 × 105 Da were also found as the major components (Figure 1B).
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FIGURE 1. Bioassay guided fractionation of cardioprotective components from ginseng extract. (A) The TLC spectrum of the 50 fractions of ginseng extract in HSCCC separation. The TLC spectrum of fraction 1–17 of ginseng extract (1); The TLC spectrum of fraction 18–34 of ginseng extract (2); The TLC spectrum of fraction 35–50 of ginseng extract (3). (B) Molecular weight distribution of ginseng extracts 2 and 3. (C) Protective effects of ginseng extracts in H9c2 cells exposed to H/R injury. (D) Protective effects of fractions of ginseng extract 2/3 in H9c2 cells exposed to H/R injury. (E) Protective effects of five fractions of total 70% ethanol precipitates fraction in H9c2 cells exposed to H/R injury. (F) Molecular weight distribution of AP1. (G) Cytotoxicity of AP1 in H9c2 cells under normoxic conditions. MVS assay was employed to measure cell viability. The results are presented as a percentage of normal group. Data are presented in mean ± SD of three independent experiments. N = 3. (C–E) ˆ ˆ ˆ P < 0.001 vs. Normal, ∗∗P < 0.01 vs. H/R, ∗∗∗P < 0.001 vs. H/R, (G) ∗∗∗P < 0.001 vs. Normal.



Next, the cardioprotective effects of these nine fractions were examined. Among them, fractions 2 and 3 were demonstrated to be the most effective fractions (Figure 1C) that exhibited identical molecular distribution pattern as revealed by HPGPC. Further stepwise ethanol precipitation of fractions 2/3 mixtures (1:1, 0.74 g) was performed, this offered 4 smaller fractions. Among these four fractions, the precipitate generated from precipitation in 70% ethanol exhibited the strongest activity (Figure 1D) and was further subjected onto ion-exchange column chromatography on Toyopearl DEAE 650 M. After isolation, five fractions were collected, and named NP, AP1, AP2, AP3, and AP4. After dialysis and lyophilization, they accounted for 28.96, 39.39, 5.24, 1.37, 1.12% of total 70% ethanol precipitates fraction, respectively. The total recovery was 76.15%. Among them, AP1 was testified as the major fraction, presenting the highest efficacy in preventing cardiomyocytes from death (Figure 1E). Thus, AP1 fraction was selected for further study as the effective constituent of ginseng for cardioprotection.

Chemical Characterization and Cytotoxicity of AP1

Principal components analysis identified that 90.28% of AP1 was carbohydrate composition. Its uronic acid content was 17.93% (w/w), while the protein content was 9.85%. The apparent molecular weight of AP1 was estimated to be 3.8 × 104 (Figure 1F). Carbohydrate composition analysis revealed that AP1 was mainly composed of Glc (76.31%), Gal (12.70%) with small amount of Gal A (5.64%), Ara (3.72%), Glc A (1.64%). Based on these results, AP1 was characterized as acidic heteroglycan. Furthermore, the cytotoxicity of AP1 to normal H9c2 cells was tested under normoxic environment. Pretreatment of AP1 at concentrations of 6.25–800 μg/mL for 24 h didn’t cause cytotoxicity to H9c2 cardiomyocytes (Figure 1G).

Cardioprotective Effect of AP1 in H9c2 Cardiomyocytes

The cardioprotective effect of AP1 against H/R injury was investigated in H9c2 cells by morphological observation and MVS assay at first. Normally, H9c2 cardiomyocytes adhered to the plate uniformly in a filamentous shape as reported (Sardao et al., 2009). When exposed to hypoxia for 3 h and followed by reoxygenation for 4 h, the cells became round or irregular shapes, indicating the cytotoxic effect of H/R injury (Figure 2A). However, AP1 at 200 μg/mL largely retained the normal shape of cardiomyocytes. The cell viability of H/R group significantly decreased (Figure 2B, P < 0.001, vs. Normal control). DZ, a mitochondria potassium channel opener (Janjua et al., 2014) that was potent in protecting hearts and cardiomyocytes from I/R injury (Henn et al., 2015), was used as positive control and showed significant protection to the cell at 100 μM (Figure 2B, P < 0.001, vs. H/R). AP1 pretreatment dose dependently increased the viability of H9c2 cell exposed to 3 h hypoxia and 4 h reoxygenation (Figure 2B, P < 0.001, vs. H/R). AP1 at even a very low dose (12.5 μg/mL) still produced protective effect. AP1 at 200 μg/mL produced the best protective effect among the dosages examined and was better than the general extract of ginseng RSE (200 μg/mL), showing AP1 is one of the major active constituent of RSE and ginseng. If the dosage further increased to 400 or 800 μg/mL, AP1 although still had protective effect, the potency decreased a little compared with 200 μg/mL, implying the appearance of potential cytotoxicity. Therefore, the highest dosage of AP1 used in other experiment was 200 μg/mL.
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FIGURE 2. Effect of AP1 on cell viability and apoptosis induced by H/R injury in H9c2 cardiomyocytes. (A) Effect of AP1 on cell morphology of H9c2 cells exposed to H/R. 100 μM of DZ was adopted as positive control. The normal control cells were always cultured in DMEM in normoxic environment in parallel with the manipulation of H/R treatment. (B) Dose-response relationship of AP1 on cell viability measured by MVS assay. (C,D) Effect of AP1 on LDH and CK activities in H9c2 cells exposed to H/R. (E,F) Effect of AP1 on the apoptosis of H9c2 cells exposed to H/R. Flow cytometry was used to detect inhibition of H/R-induced cell apoptosis by AP1 under assistance of PI and Annexin V-FITC. Cells in Q4 were living cells, in Q2 were late apoptotic cells, and in Q3 were early apoptotic cells. (G) Effect of AP1 on the activity of caspase -3/7 and -9 in H9c2 cells exposed to H/R. The results are presented as a percentage compared to the normal group. Data are presented in mean ± SD of three independent experiments. N = 3. ˆˆˆP < 0.001 vs. Normal, ∗P < 0.05 vs. H/R, ∗∗P < 0.01 vs. H/R, ∗∗∗P < 0.001 vs. H/R, ###P < 0.001 vs. RSE.



The loss of cell membrane integrity caused by H/R injury results in the release of LDH and CK, indicators of myocardium injury and terminal apoptotic cells. AP1 pretreatment dose dependently and remarkably decreased the elevated activities of LDH and CK induced by H/R (Figures 2C,D, P < 0.05∼0.001). Considering the importance of apoptosis in determining cell death after ischemia/reperfusion, anti-apoptotic effect of AP1 was assessed. Annexin V/PI double staining showed that the apoptosis of H/R group increased sharply (Figure 2E, P < 0.001 vs. Normal). However, AP1 and DZ remarkably reversed this, showing by significant attenuation of H/R induced apoptosis (Figure 2F, P < 0.05∼0.001 vs. H/R). Caspase-3/7 and caspase-9 are important apoptotic indicators in the apoptotic pathway relied on mitochondria (Li et al., 1997; Porter and Janicke, 1999). Thus, the effect of AP1 on the activities of caspase-3/7 and caspase-9 in H9c2 cells with H/R injury was examined. H/R induced significant increase in the activities of caspase-3/7 and caspase-9 in H9c2 cells exposed to H/R (Figure 2G, P < 0.001, vs. Normal). However, AP1 at 50 and 200 μg/mL and DZ at 100 μM reduced the activities of caspase-3/7 and caspase-9 (Figure 2G, P < 0.05∼0.001, vs. H/R), showing that the caspase-dependent apoptotic pathway plays a role in the cardioprotective effect of AP1.

These results suggested that AP1 had obvious cardioprotective effect to H9c2 cell against H/R induced injury through the reduction of apoptosis.

AP1 Protected H9c2 Cells From H/R Injury by Reduction of Oxidation and Reactive Oxygen Species Mediated JNK/p38-MAPK Activation

Evidences suggest that overproduction of ROS impairs mitochondrial function, which leads to further reperfusion toxicity (Takano et al., 2003). Considering cellular ROS release plays an important role in the activation of the preconditioning protection in the cardiovascular system (Becker, 2004), the effect of AP1 on the intracellular level of ROS was examined so as to inspect the association between the release of intracellular ROS and cardioprotection of AP1. As shown in Figures 3A,C, H/R induced significant release of intracellular ROS, showing by the increased fluorescence intensity (P < 0.001 vs. Normal). However, the intracellular ROS levels dramatically dropped down by the pretreatment of AP1 in a dose dependent manner (P < 0.05∼0.001 vs. H/R). In addition, since mitochondrial ROS (mitoROS) is the most important source of the intracellular ROS (Kalogeris et al., 2014), to understand the effect of AP1 on the mitoROS production, we compared the mitoROS production of H9c2 cell underwent H/R with or without AP1 treatment. The results showed that H/R caused the elevation of mitoROS production, while AP1 pretreatment suppressed this elevation (P < 0.05∼0.001 vs. H/R) (Figures 3B,C).
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FIGURE 3. Effect of AP1 on oxidation and ROS production in H9c2 cells exposed to H/R. (A) Effect of AP1 on intercellular ROS formation. (B) Effect of AP1 on mitochondrial ROS formation. (C) Quantification of intracellular and mitochondrial ROS. (D) Effect of AP1 on MDA contents. (E) Effect of AP1 on SOD activity. (F,G) Effect of AP1 on phosphorylation of p38 and JNK. Data are presented in mean ± SD of three independent experiments. ˆ ˆ P < 0.01 vs. Normal, ˆˆˆP < 0.001 vs. Normal, ∗P < 0.05 vs. H/R, ∗∗P < 0.01 vs. H/R, ∗∗∗P < 0.001 vs. H/R.



In addition, the concentration of myocardial MDA, a byproduct of ROS reflecting myocardial oxidative damage (Gago-Dominguez et al., 2002), and the activity of SOD that is a main source of ROS scavenger (Nishikawa et al., 2000) were also evaluated. As shown in Figures 3D,E, H/R significantly induced increase of MDA level and decrease of SOD activity. Nevertheless, AP1 treatment dose dependently recovered the change of MDA level and SOD activity caused by H/R (P < 0.05∼0.001, vs. H/R).

As an early signal of apoptosis, ROS also directly involves in the activation of JNK and p38 signaling (Benhar et al., 2001; Shen and Liu, 2006), which play an indispensable role in oxidative stress induced apoptosis (Xia et al., 1995). Therefore, the change of these signaling proteins in H/R injury was investigated. As shown in Figures 3F,G, H/R induced phosphorylation of p38 and JNK without influencing the total p38 and JNK; while AP1 pretreatment significantly inhibited the phosphorylation of JNK and p38 induced by H/R in a dose-dependent manner (P < 0.05∼0.001, vs. H/R).

These results suggested that AP1 protected H9c2 cells from H/R injury by reduction of oxidation and ROS mediated JNK/p38-MAPK activation.

AP1 Effectively Alleviated Mitochondrial Dysfunction Caused by H/R Injury

Mitochondrial dysfunction is a major consequence of H/R injury and MMP is a direct indicator of mitochondrial respiration efficiency (Petrosillo et al., 2009). Therefore, the MMP of H9c2 cell was measured. As shown in Figure 4A, H/R injury caused a significantly decreased uptake of Rh123, showing the dissipation of MMP (Figure 4B, P < 0.001 vs. Normal). Interestingly, the loss of MMP was ameliorated by pretreatment of AP1 (Figures 4A,B, P < 0.01 vs. H/R), implying that AP1 preserved the mitochondrial function of cardiomyocytes exposed to H/R.
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FIGURE 4. Effect of AP1 on the mitochondrial functions of H9c2 cell exposed to H/R. (A,B) Effect of AP1 on MMP (mitochondrial membrane potential). (C) Effect of AP1 on Bcl-2/Bax ratio. (D) Effect of AP1 on cytochrome c in mitochondria and the cytoplasm. COX IV was used as an internal loading control for mitochondrial proteins. (E) Effect of AP1 on ATP generation. (F,G) Effect of AP1 on OCR. The results are presented as a percentage compared to the normal group. Data are presented in mean ± SD of three independent experiments. ˆ P < 0.05 vs. Normal, ˆ ˆ P < 0.01 vs. Normal, ˆ ˆ ˆ P < 0.001 vs. Normal, ∗P < 0.05 vs. H/R, ∗∗P < 0.01 vs. H/R, ∗∗∗P < 0.001 vs. H/R.



Furthermore, according to earlier researches, the potential of cellular apoptosis is decided by expression of Bcl-2 and Bax (Yang et al., 1997). Besides, the Bcl-2 to Bax ratio is important for maintaining the integrity of mitochondrial membrane. Therefore, the expression of Bcl-2 and Bax in H9c2 cells exposed to H/R treatment was examined. The results showed (Figure 4C) that H/R treatment remarkably reduced the expression of Bcl-2 but increased the expression of Bax, causing a significant decrease of Bcl-2 to Bax ratio. However, AP1 at 200 μg/mL slightly reversed the decease of Bcl-2 and increase of Bax, causing an increase of Bcl-2 to Bax ratio in H9c2 cells exposed to H/R treatment (P < 0.05 vs. H/R).

The activation of intrinsic apoptosis is imitated by the release of cytochrome C from mitochondria to cytosol, therefore the level of cytochrome C in cytoplasm was also determined. The results (Figure 4D) showed that H/R treatment caused a remarkable release of cytochrome C to cytoplasm in H9c2 cells but decreased its level in mitochondria. However, pretreatment with AP1 dose dependently and significantly reduced the release of cytochrome C. The positive control drug DZ at 100 μM also showed the same effect. In addition, the generation of intracellular ATP levels was evaluated. The exposure of H9c2 cells to H/R significantly inhibited ATP generation (Figure 4E, P < 0.001 vs. Normal). This inhibition was reversed by AP1 and DZ (P < 0.05∼0.01 vs. Normal).

To further interrogate the mitochondrial metabolic state of H/R injured H9c2 cells, the mitochondrial respiration was evaluated by measuring OCR in Seahorse XFp Extracellular Flux Analyzer. As shown in Figures 4F,G, the basal respiration (OCR before addition of oligomycin), ATP production (the decrease in OCR following addition of oligomycin), maximal respiration (OCR after addition of FCCP), spare respiratory capacity, were significantly lower in the H/R injured cells than in the normal group (P < 0.01), indicating that H/R decreased the energetic demand under baseline conditions, ATP production, maximal capacity of respiratory oxidation, and cell flexibility of H9c2 due to damage of mitochondria. However, AP1 reversed these changes caused by H/R (P < 0.05), indicating that AP1 reserved the mitochondrial respiration in H9c2 cardiomyocytes exposed to H/R probably by protecting mitochondria from damage or dysfunction due to H/R.

AP1 Offered Cardioprotection Against Cell Death via RISK Signaling Pathway

Modulation of RISK pathway (consisting of PI3K/Akt and ERK1/2) by both ischemic preconditioning and postconditioning confers powerful protection to heart exposed to ischemia/reperfusion insult (Davidson et al., 2006; Hausenloy and Yellon, 2007; Kalakech et al., 2014). Our previous research had showed that stimulation of RISK pathway by ginseng extract through GR and ER protected heart from I/R injury in an eNOS dependent manner (Zhou et al., 2011). In this research, the role of GR, ER, RISK pathway, NOS, and NO in the effect of AP1 was also examined. As shown in Figure 5, H/R significantly suppressed the expressions of GR and ER (P < 0.001 vs. Normal). However, AP1 pretreatment remarkably and partially restore the expressions of GR and ER in H/R injured cells (P < 0.05∼0.01 vs. H/R). Similarly, positive control drug DZ also partially reversed the expressions of GR and ER (P < 0.05∼0.01 vs. H/R). Figure 5 shows that H/R didn’t change the expression of total PI3K, Akt, ERK1/2, eNOS, but significantly inhibited the phosphorylation of PI3K, Akt, and eNOS and significantly increased the expression of iNOS and phosphorylation of ERK1/2 (P < 0.05∼0.001); while AP1 pretreatment remarkably restored the phosphorylation of PI3K, Akt, and eNOS, further enhanced the phosphorylation of ERK1/2 in H/R injured cells, and suppressed the expression of iNOS (P < 0.05∼0.001 vs. H/R). This mechanism of AP1 is similar to that of ginseng extract RSE, implying that AP1 is a major constituent responsible for the cardioprotective effect of ginseng.
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FIGURE 5. Effect of AP1 on GR, ER/RISK/eNOS pathway of H9c2 cell exposed to H/R. (A) Western-blot analysis was performed by the antibody specific to GR, ER, ERK1/2 or phosphorylated ERK1/2, PI3K or phosphorylated PI3K, Akt or phosphorylated Akt, eNOS or phosphorylated eNOS and iNOS. (B) Quantitative analyses for protein expression. Data are presented in mean ± SD of three independent experiments. ˆ P < 0.05 vs. Normal, ˆˆˆP < 0.001 vs. Normal, ∗P < 0.05 vs. H/R, ∗∗P < 0.01 vs. H/R, ∗∗∗P < 0.001 vs. H/R.



Cardioprotective Effect of AP1 Is Dependent on GR, ER, ERK1/2, PI3K and Akt

The above research suggested that AP1 may act on GR and ER to activate RISK pathway and eNOS and suppress iNOS thus protect cardiomyocytes from H/R injury. To confirm the role of these molecules in the effect of AP1, the cells were pretreated with the inhibitor of NOS (L-NAME), ERK1/2 (U0126), Akt inhibitor IV, PI3K (LY294002), ER (tamoxifen) or GR (mifepristone), and then the effect of AP1 on cell viability was examined. As shown in Figure 6A, these inhibitors didn’t change the cell viability of normal H9c2 cells and H/R treated cells, indicating that these inhibitors have no significant influence on the growth and cellular activities of H9c2 cell under normoxic and H/R conditions. However, these inhibitors significantly abolished the protective effect of AP1 on H9c2 cell (P < 0.01∼0.001 vs. AP1 alone in H/R insulted cells), implying that the cardioprotective effect AP1 requires the participation of eNOS, ERK1/2, Akt, PI3K, ER and ER.
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FIGURE 6. Influence of different pharmacological inhibitors on the effect of AP1 on H9c2 cell exposed to H/R. (A) The H9c2 cells were cultured with or without mifepristone (MP, 100 μM), tamoxifen (TX, 100 μM), L-NAME (LM, 10 μmol/L), LY294002 (LY, 40 μM), Akt inhibitor IV (IV, 10 μM), U0126 (40 μM) first, then treated with or without 200 μg/mL AP1, finally exposed to H/R injury. The normal group was always maintained in normoxic condition. Cell death was assessed by MVS assay. (B,C) Effects of signaling inhibitors on eNOS protein level and NO production in H/R-stimulated H9c2 cells. Proteins were subjected to immunoblot analysis using antibodies specific to eNOS or p-eNOS (B). After incubation, nitrite in the culture supernatants was determined by a Griess assay (C). The results are presented as a percentage compared to the normal group. Data are presented in mean ± SD of three independent experiments. ˆˆˆP < 0.001 vs. Normal, ∗∗∗P < 0.001 vs. H/R, ##P < 0.01 vs. AP1+H/R, ###P < 0.001 vs. AP1+H/R, &&&P < 0.001 vs. AP1 (200 μg/mL + H/R).



Effects of AP1 on NO Production

Nitric oxide is an important factor in affecting the physiology and pathology of the cardiovascular system (Loscalzo and Welch, 1995; Burwell and Brookes, 2008; Shumilova et al., 2014). The above research showed that eNOS is indispensable to the cardioprotective effect of AP1, the NO level is therefore determined as well. As shown in Figure 6C, H/R induced significant decrease of NO production in H9c2 cells (P < 0.05 vs. Normal), agreeing the decreased phosphorylation of eNOS (Figure 5). AP1 and DZ pretreatments recovered the production of NO in H9c2 cells exposed to H/R injury. Interestingly, the change of NO level seems in parallel with the cell viability (Figure 6C), i.e., the higher the NO level the larger the cell viability. However, L-NAME (NOS inhibitor) completely suppressed the effect of AP1 on NO production, which is accompanied with the completely loss of protection to H9c2 cells (Figure 6A), implying that eNOS dependent NO production is dispensable to the cardioprotective effect of AP1. To further confirm this result, we also investigated whether AP1-induced eNOS activation and NO production were inhibited by pretreatment with GR, ER, PI3K/Akt and ERK inhibitors. The results showed that the pretreatment of these inhibitors for 1 h markedly reduced AP1 induced eNOS phosphorylation and NO production (Figures 6B,C), consistent with the effect of NOS inhibitor on NO production. These results support that AP1 induces eNOS activation and NO production via GR and ER dependent RISK signaling pathway in H9c2 cells.



DISCUSSION

In the present study, we descripted that an acid polysaccharides of ginseng AP1, one of the main constituents presenting in ginseng, maintained the mitochondrial function of cardiomyocytes under H/R and down-regulated the activity of LDH and CK, and thus protected cardiomyocytes from H/R injury. AP1 also inhibited the formation of MDA and ROS during the process of reperfusion injury by effectively increasing the activity of SOD, indicating that ginseng polysaccharides can protect cardiomyocytes from free radical injury. Since mitochondrial apoptosis is a major cause of ischemia-reperfusion damage, we examined the effect of ginseng polysaccharides on mitochondrial-related apoptosis pathways. The results demonstrated that ginseng polysaccharides maintained the MMP, increased ATP generation, blocked the releasing of cytochrome C, further inhibited the cleavage of Caspase-3 and 9, and finally counteracted apoptosis induced by ischemia-reperfusion. Meanwhile, ginseng polysaccharides increased the OCR to maintain the energy conservation. Ginseng polysaccharides also induced the expressions of GR and ER which further activated RISK pathway and acted as the main contributor in regulating the viability of cardiomyocytes suffered reperfusion injury. Finally, ginseng polysaccharides regulated endothelial function by increasing eNOS expression, which also greatly contributed to stabilize myocardium environment, reduced cell death, and protected myocardium from injury.

Traditional Chinese medicine has a history of 1000s of years and made significant contributions to the health and well being of the people. Many of TCM have been studied extensively and identified to be safe and effective in treating IHD (Chan, 1995). Among these, ginseng is the most outstanding one. Emerging studies have demonstrated that whole ginseng extract is capable to alleviate cardiomyocytes injury caused by ischemic reperfusion in in vivo and in vitro models (Maffei Facino et al., 1999; Wang et al., 2007; Ahn et al., 2011; Zhou et al., 2011). To better delineate the ingredients responsible for these findings, we isolated the active compounds from ginseng extract by bioassay-guided fractionation. Intriguingly, AP1 was characterized as an acid polysaccharides of ginseng extract, which appears to be the most effective component of ginseng responsible for cardioprotection than the whole ginseng extract in treating H/R-induced cell damage in H9c2 cells. To the best of our knowledge, this is the first study to show that an acid ginseng polysaccharides exerts a cardioprotective effect via activation of RISK pathway and subsequent inhibition of mitochondria-dependent apoptotic pathway. Therefore, this study implies that RISK and mitochondrial apoptosis pathways may serve as a pharmacological target of ginseng in protecting heart, and that AP1 might be a hopeful candidate for the prevention of IHD, particularly for myocardial ischemic reperfusion.

Oxidative stress plays a vital role in the pathophysiological mechanism of ischemic reperfusion (Maulik et al., 1998; Ferrari et al., 2004). Ischemic reperfusion impairs the balance of ROS generation and elimination, and results in oxidative stress and reperfusion (Carpi et al., 2009). ROS can induce cardiomyocyte apoptosis through mitochondria-dependent apoptosis pathway (Circu and Aw, 2010). On the one hand, ROS can damage the mitochondria membrane potential and mitochondrial outer membrane integrity, causing release of apoptogentic proteins into the cytoplasm. The release of cytochrome c-mediated apoptotic enzyme cascade, which triggers the execution of apoptosis in mitochondria (Simon et al., 2000). On the other hand, in response to oxidative stress, JNK and P38 are one of the large downstream cascades of ROS signaling that closely related to cell survival, apoptosis and proliferation (Benhar et al., 2001; Huang et al., 2008; Zhang et al., 2011). Activated JNK and P38 can trigger pro-apoptotic Bax expression, while deactivating pro-survival Bcl-2 protein, thereby stimulating mitochondria-dependent apoptosis (Kim et al., 2006). Therefore, targeting ROS accumulation and mitochondrial dysfunction will be promising for prevention of I/R.

In the present study, we demonstrated that the damage caused by I/R injury can be effectively prevented and reversed by medicinal preconditioning with AP1 through activating the RISK pathway, a classic myocardial protective mechanism consisting of PI3K/Akt and Erk1/2 signaling pathways (Davidson et al., 2006; Hausenloy and Yellon, 2007; Kalakech et al., 2014). In RISK pathway after activating by GR, it induces the phosphorylation of eNOS, and subsequently causes the surge of cardioprotective NO production (Zhou et al., 2011). NO is directly implicated in many cardiovascular syndromes, including vasoconstriction, platelet activation, vasodilation, cell apoptosis, and oxidative stress, etc. (Dinerman et al., 1993; Cannon, 1998; Gao et al., 2002; Casas et al., 2004; Schulz et al., 2004). Among those functions, two aspects were proved to be closely associated with cardioprotective ability. Its anti-oxidative potential as free radical scavenger was the most important one, which was supported by an array of experimental facts: NO can effectively protect the myocardium against free-radical injury (Takano et al., 1998; Hung and Kao, 2004). Additionally, the close relationship between NO and mPTP opening was another important aspect (Hausenloy et al., 2005; Davidson et al., 2006). A serial consequence of mPTP opening including mitochondrial swelling, oxidative phosphorylation decoupling and ATP consumption can be inhibited by NO (Hausenloy et al., 2004), resulting in the enhancement of mitochondrial respiration and mitochondrial protection.

Based on our results, AP1 protected cardiomyocytes by up regulating GR or ER and further trigger the cascade of RISK/eNOS/NO pathways to neutralize ROS generation during H/R process, acting as a mimic of ischemic preconditioning. AP1 also stabilized MMP and maintained ATP supply to keep the mitochondrial membrane intact. Subsequently, cytochrome c release was reduced, and caspase cascade was deactivated, which finally resulted in the recovery of mitochondrial respiration and prevention of mitochondria-dependent apoptosis.

Although the current research demonstrated the cardioprotective effect of AP1 and also showed that this effect is related to the regulation of mitochondrial metabolism and activation of RISK pathway in hypoxia/reoxygenized H9c2 cells, there are still some limitations and will be resolved in future research. For example, it is not clear whether this effect of AP1 can be repeated in animal models and if other mechanisms involve in this effect, therefore, mice with left anterior descending coronary artery ligation can be a powerful model to address the in vivo effects and therapeutic potential of AP1 treatment. In addition, although the use of pharmacological inhibitors of GR, ER, PI3K/Akt, and ERK supported the involvements of RISK pathway in the effect of AP1, knock down experiments in in vitro cultured cells or knock out mice model would definitely further confirm their roles in this regard. It is also interested to know whether repeated dosing could give a better protection to cardiomyocytes and/or animal hearts undertaken ischemia/reperfusion injury insult. Furthermore, the influence of AP1 on other cell types involved in the pathogenesis of IHDs, such as endothelial cells and macrophages, will be investigated in future research to elaborate the action mechanisms of AP1 from a broader view. With the results from these researches, we could have a better and comprehensive understanding to the efficacy of AP1 on IHDs.



CONCLUSION

An acidic polysaccharides fraction (AP1) derived from ginseng extract with cardioprotective function was discovered for the first time. Mechanistic studies demonstrated that the cardioprotective effect of AP1 involves receptor-mediated activation of RISK/eNOS/NO pathway and modulation of mitochondrial function and metabolism for the first time (Figure 7). Although the ginseng polysaccharide is frequently neglected in cardiovascular study, its potential as a novel natural food supplements for the prevention of IHD can be explored further in future.


[image: image]

FIGURE 7. Possible mechanism of the cardioprotective effect of AP1 in H9c2 cells exposed to H/R injury. AP1 induced the expression of GR and ER, which further activated reperfusion injury salvage kinase (RISK, including PI3K/Akt and EEK1/2) pathway. Phosphorylated PI3K/Akt and ERK in turn up-regulated the expression level of eNOS, and further increased NO generation. In addition, AP1 also inhibited the phosphorylation of JNK and p38 and in turn enhanced the ratio of Bcl-2/Bax, which ultimately inhibited the mitochondria-dependent apoptosis pathways to abolish cell death.
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Advanced glycation end products (AGEs), produced by the non-enzymatic glycation of proteins and lipids under hyperglycemia or oxidative stress conditions, has been implicated to be pivotal in the development of diabetic vascular complications, including diabetic retinopathy. We previously demonstrated that Src kinase played a causative role in AGE-induced hyper-permeability and barrier dysfunction in human umbilical vein endothelial cells (HUVECs). While the increase of vascular permeability is the early event of angiogenesis, the effect of Src in AGE-induced angiogenesis and the mechanism has not been completely revealed. Here, we investigated the impact of Src on AGE-induced HUVECs proliferation, migration, and tubulogenesis. Inhibition of Src with inhibitor PP2 or siRNA decreased AGE-induced migration and tubulogenesis of HUVECs. The inactivation of Src with pcDNA3/flag-SrcK298M also restrained AGE-induced HUVECs proliferation, migration, and tube formation, while the activation of Src with pcDNA3/flag-SrcY530F enhanced HUVECs angiogenesis alone and exacerbated AGE-induced angiogenesis. AGE-enhanced HUVECs angiogenesis in vitro was accompanied with the phosphorylation of ERK in HUVECs. The inhibition of ERK with its inhibitor PD98059 decreased AGE-induced HUVECs angiogenesis. Furthermore, the inhibition and silencing of Src suppressed the AGE-induced ERK activation. And the silencing of AGEs receptor (RAGE) inhibited the AGE-induced ERK activation and angiogenesis as well. In conclusions, this study demonstrated that Src plays a pivotal role in AGE-promoted HUVECs angiogenesis by phosphorylating ERK, and very likely through RAGE-Src-ERK pathway.
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INTRODUCTION

As one of the microvascular complications of diabetes, proliferative diabetic retinopathy (PDR) poses a threat to the vision of patients with diabetes (You et al., 2013). The pathological process mainly involves the apoptosis of pericytes, the disruption of blood retinal barrier, the increase of vascular permeability, the thickening of capillary basement membrane, and the pathological angiogenesis (Patz, 1982; Frank, 2004; Park et al., 2014). Angiogenesis is the process of forming new capillaries mainly involving the coordinated control of the permeability of microvessels, the migration, proliferation, polarity, and differentiation of endothelial cells, the deposition of basement membrane, and finally the formation and maturation of tubules (Herbert and Stainier, 2011). The occurrence of abnormal angiogenesis fuels the neovascularization of tumor and enhances tumor growth and progression to metastasis. Excessive angiogenesis is also a critical pathological process in the development of macular edema as well as PDR. To date, substantial success has been achieved by targeting angiogenesis in cancer and eye diseases.

Advanced glycation end products are a group of proteins or lipids produced by a non-enzymatic reaction between ketones or aldehydes with amino groups of proteins, lipids, and even nucleic acids (Takeuchi et al., 2010; Manigrasso et al., 2014). AGEs accumulated in the vessel wall may damage the structure and function of vascular cells and alter some functional properties of collagen laminin and vitronectin in extracellular matrix. For example, it was reported that the glycation of vitronectin by incubating with methylglyoxal (MGO), a glucose degradation product, inhibits VEGF-induced angiogenesis in HUVECs (Wang et al., 2015). Elevated levels of AGEs in the blood are proved to play a critical role in the development of PDR, in which angiogenesis presents as a major pathological manifestation (Vlassara et al., 1992; Yamagishi et al., 1997; Stitt et al., 2002; Kandarakis et al., 2014). By binding with receptor for AGEs (RAGE), AGEs elicit oxidative stress and inflammatory reactions subsequently (Sena et al., 2012). The accumulation of AGEs may impact the function of angiogenic activators such as basic fibroblast growth factor (bFGF), VEGF, and angiogenin-2 (Ang-2), etc. (Giardino et al., 1994; Okamoto et al., 2002). Therefore, better understanding of the effect and exact underlying mechanisms of AGEs on angiogenesis is urgently needed as it can provide us with a feasible and promising therapeutic approach for the vascular complications in T2D patients.

Src family kinases are the largest family of non-receptor tyrosine kinase with members of Src, Fyn, Blk, Yes, Lck, Lyn, Hck, Fgr, and Yrk, These various members of SFKs share similar structures covering a N-terminal 14-carbon myristoyl group, a particular segment, a SH2 domain, a SH3 domain, a protein–tyrosine kinase domain, and a C-terminal regulatory tail. The main phosphorylating and transforming activities of Src kinase are upregulated by Tyr419 phosphorylation and downregulated by Tyr530 phosphorylation. Src was activated when dephosphorylated at Y530 and auto-phosphorylated at Y419, and the latter can be used as markers for activated Src kinase. SFKs share four Src homology (SH) domains closely related to catalytic activity, interaction between proteins, and binding of cell membrane. They are characterized by signaling enzymes that regulate critical cellular processes such as proliferation, survival, migration, apoptosis, cell cycle control, and angiogenesis. One of well-known functions of phosphorylated SFKs is promoting cytoskeleton contraction. Especially, the contraction of endothelial cells will lead to the formation of intercellular gaps and increase of vascular permeability. Junctional complexes are also affected by SFKs through the phosphorylation of VE-cadherin, which leads to the disruption of cadherin–actin complex and subsequently endothelial hyper-permeability (Roura et al., 1999; Al Moustafa et al., 2002; Lambeng et al., 2005; Li et al., 2012). SFKs also impact vascular permeability by regulating extracellular matrix through focal adhesion complexes comprising integrins, FAK, paxillin and multiple adaptor proteins. Thus, SFKs affect not only endothelial cell shape but also cellular migration, as well as vascular permeability. In our previous studies, it has been proved that Src phosphorylated at Tyr 419 transduced the signal of AGEs through the ligation of RAGE to moesin, VE-cadherin, and FAK, resulting in the breakdown of endothelial barrier and vascular hyper-permeability (Zhang et al., 2015). The exudation of albumin from vascular space can be the early event of neovascularization.

It has been shown that the activation of Src acted as a node in signal transduction of several growth factor receptors (Eliceiri et al., 1999). The downstream signal transduction pathways of Src include PI3K, FAK, and mitogen-activated protein kinase (MAPK) (Golas et al., 2005; Jallal et al., 2007; Mayer and Krop, 2010; Delle Monache et al., 2014; Kumar et al., 2016). Known as the ERK pathway, the Ras/Raf/MEK/ERK signaling pathway plays a crucial role in neovascularization. Therefore, the aim of this study was to explore the role of SFK in AGE-mediated neovascularization and the possible effects of interaction between Src and ERK on this process.



MATERIALS AND METHODS

Chemicals, Drugs, and Reagents

Human umbilical vein endothelial cells used in the experiments were purchased from Sciencell (San Diego, CA, United States). The coding sequences of oligonucleotide for Src, RAGE, and control siRNA were acquired from GenePharma (Shanghai, China). Here, are the siRNA-targeted sequences: control nonsense siRNA, AATTCTCCGAACGTGTCACGT; Src siRNA, GTTCGGAGGCTTCAACTCCT; RAGE siRNA, GGAATGGAAAGGAGACCA (Bjorge et al., 2011; Zhang et al., 2015). The mutants at Lys298 (kinase deficiency flag-Src-K298M, K298M) and at Tyr530 (constitutive active flag-Src-Y530F, Y530F) were synthesized by Genechem company (Shanghai, China). The full-length cDNA of Src was obtained by RT-PCR and was ligated into vector pcDNA3/FLAG to obtain the recombinant plasmid pcDNA3/FLAG-Src. The two mutants, pcDNA3.1/FLAG-SrcY530F and pcDNA3.1/FLAG-SrcK298M, were generated using primer forward of Y530F and K298M, respectively. The primers Y530F forward are 5′-ACGGGCCCTCTAGACTCGAGATGGGTAGCAACAAGAGCAAG-3′ and 5′-AGTCACTTAAGCTTGGTACCGAGAGGTTCTCCCCGGGCTGGT-3′. And primers K298M forward are 5′-ACGGGCCCTCTAGACTCGAGATGGGTAGCAACAAGAGCAAG-3′ and 5′-AGTCACTTAAGCTTGGTACCGAGAGGTTCTCCCCGGGCTGGAACTGGGGCTCGGTGGACG-3′. The mutations were identified using nucleotide sequencing (Zhang et al., 2015). Antibody against p-ERKThr202/Tyr204 (#4370, CST, Danvers, MA, United States), Src (#2108, CST, Danvers, MA, United States), p-SrcTyr416 (#2101, CST, Danvers, MA, United States), and RAGE (MAB-11451-100, R&D, Minneapolis, MN, United States) were purchased. The Isolectin B4 was obtained from Sigma (St. Louis, MO, United States). Src inhibitor PP2 (Cat# 529573) was acquired from Merck (Darmstadt, Germany) and ERK inhibitor PD98059 was purchased from Selleck, Inc. (Houston, TX, United States). The concentration of PP2 is 15 μmol/L and concentration of PD98059 used in this study is 20 μmol/L. Matrigel was purchased from Corning, Inc. (Corning, NY, United States). Secondary antibody for immunoblotting was manufactured by Sigma (St. Louis, MO, United States).

Preparation of AGE-BSA

Advanced glycation end product-BSA was prepared in the light of protocol of Hou et al. (2001). AGEs were prepared by incubating BSA (150 mmol/L, pH 7.4) with D-glucose (250 mmol/L) in phosphate buffer at 37°C for 8 weeks. Then AGEs were disinfected with 0.22 μm filters. The AGE-modified protein concentration was measured through a BCA protein assay kit. Here, we used Pierce endotoxin removing gel to remove endotoxin and made sure the concentration of endotoxin was less than 500 EU/L, which was evaluated by ELISA kit (# MA1-83137, Thermo Fisher, Waltham, MA, United States).

Cell Culture

Primary HUVECs were cultured in ECM added with FBS (5–10%), penicillin (100 units/mL) and streptomycin (100 μg/mL) at 37°C with 5% CO2. HUVECs were harvested when grew 80–90% confluence and starved of serum for 12 h before different treatments in this experiments. HUVECs at passages 4–6 were used in the experiments.

Cell Viability Assay

The cell viability was measured by using cell counting kit-8 (CCK-8, Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Cells were planted in 96-well culture plates and treated accordingly for different purposes. After pretreated with inhibitors, siRNA, or plasmids, cells were then stimulated with or without AGEs for 24 h. The media was then removed and CCK-8 at a concentration of 0.5 mg/mL was added. After 4 h, the absorbance at 450 nm was measured and the HUVECs proliferation capacity was assessed directly using optical density value (OD).

Endothelial Cell Migration Assay

In scratch wound healing assay, 5 × 105/mL HUVECs were seeded in 6-well plates to grow to confluent monolayer. A 10 μL pipette tip was used to scratch the cell monolayers, leaving a 400–600 μm gap. The initial area in different groups were kept as similar as possible. After pretreated with inhibitors, siRNA, or plasmids, cells were cultured with or without AGEs, respectively for 24 h. Then wound healing pictures were obtained by using a phase contrast microscope, and Image J was used to analyze the images. The HUVECs migration area was calculated as: [open image area at 24 h/initial open image area] × 100%.

Human umbilical vein endothelial cells migration was evaluated by using 8 μm pore-sized filter transwell (Corning, NY, United States). 100 μL HUVECs suspension at 2–3 × 105/ml was seeded in the upper chamber. ECM was used in the lower chamber as a chemoattractant. After incubation at 37°C for 24 h with different stimulation, cells in the upper chamber were erased and cells moved to the lower surface of the filters were fixed using 4% polyoxymethylene, dyed with crystal violet and photographed with a microscope. The numbers of cells migrated to the lower surface of the filters were calculated.

Capillary Tube Formation Assay

Fifty μL Matrigel (Corning, Inc., Corning, NY, United States) was added to a 96-well plate and the gel was allowed to concrete at 37°C for 1 h. HUVECs were harvested and re-suspended to 2 × 105/ml in ECM. 100 μL cell suspension was plated in 96-well plate precoated with Matrigel. HUVECs were treated with inhibitors or transfected with siRNA or plasmids respectively, followed by 24 h of incubation with or without AGEs. The plates were photographed under a phase contrast microscope. The total tube length, the branch points and the vessel area was measured using Image J.

Western Blot

Total cellular extracts were prepared with lysis buffer (20 mM Tris-HCl pH 7.4, 2.5 mM EDTA, 1% Triton X-100, 0.1% SDS, 100 mmol/L NaCl, 1% deoxycholic acid, 1 mM Na3VO4,10 mM NaF) with protease and phosphatase inhibitors. The cell lysates were collected after 12,000 rpm centrifugation for 10 min at 4°C, and heated at 100°C for 5 min. Proteins were loaded and subjected to SDS-PAGE subsequently transferred to polyvinylidene fluoride (PVDF) membranes. The membrane was blocked with 5% bovine serum albumin in TBS containing 0.5% Tween 20 (TBS-T) for 1 h and incubated overnight at 4°C with a 1:1000 dilution of primary antibody against ERK, p-ERK, Src, p-Src, and RAGE. After washing three times with TBS-T for 5 to 10 min each time, the blots were incubated with secondary antibody for 1 h at 25°C. After triple washes for 10 min each time, visualization of protein bands was performed using electro-chemiluminescence (ECL). Densitometric analysis was operated in Kodak IS2000R imaging station. GAPDH was used as an internal control.

Transfection of HUVECs With siRNA and Plasmid

Human umbilical vein endothelial cells were transfected with Src, RAGE or control nonsense siRNA (20 nM) using siRNA-MateTM according to the protocol provided by GenePharma (Shanghai, China) after the cells were cultured in ECM and grew to 30–50% confluence. 48 h after transfection, total protein was prepared and subjected to immunoblotting with anti-Src or RAGE antibody to verify siRNA-mediated knockdown in Src and RAGE expression. HUVECs were transfected with plasmids with LipoFilterTM Liposomal Transfection Reagent (Genechem, Shanghai, China) when cells grew to 70–90% confluence. To be brief, the DNA mixture with 250 μl DMEM plus 0.4 μg DNA and 12 μl LipoFilterTM was added to HUVECs in 6-well plates and incubated for 48 h followed by treatments with or without AGEs.

Mouse Aortic Ring Assay

Mouse thoracic aortas were prepared according to the protocol of Baker et al. (2012). Thoracic aortas were removed from 8 to 12 weeks old male C57 mice and moved to a culture dish with cold serum-free Dulbecco’s minimal essential medium (D-MEM, Gibco, Invitrogen). The tissue was carefully removed with micro dissecting tweezers and scissors, minding not to damage the aortic wall. 1 to 2 mm-long aortic slices (about 20 per one aorta) were sectioned and incubated in Opti media containing 2.5% fetal bovine serum overnight. The aorta rings were then embedded on collagen IV coated 96-well plates. Opti medium containing PP2 or PD98059 was added and the plates were incubated at 37°C, 5% carbon dioxide for 90 or 30 min. Fresh medium with or without AGEs was reintroduced into the plates and changed every other day for another 6 days. The rings were examined by a Zeiss microscope. We estimated the amount of the capillary from the aortic rings. The rings were incubated with 0.1 mg/mL isolectin B4 from Sigma (St. Louis, MO, United States) to stain endothelial cells. The images were obtained under an epifluorescence microscopes (Zeiss).

Statistical Analysis

GraphPad Prism version 7.0 and SPSS 22.0 software was used to analyzed the data. All data were expressed as means ± SD of at least three independent experiments. Statistical comparisons were performed using one-way ANOVA and P < 0.05 was considered significant.



RESULTS

Role of Src in AGE-Induced Angiogenesis

Human umbilical vein endothelial cells were incubated with 100 μg/mL AGEs for 24 h to explore the effects of AGEs on endothelial proliferation, migration, and tube formation. The culture medium was used as a blank control. Compared to the control group, HUVECs proliferation was significantly enhanced by the treatment of AGEs (P < 0.05) (Figure 1A). The application of AGEs also promoted the wound healing and transwell migration in HUVECs (Figures 1B,C). HUVECs tube formation was obviously increased by AGEs treatment as well (P < 0.05) (Figure 1D). Based on these results and our previous study (Wang et al., 2016), we believed that AGEs have the potential to induce angiogenesis. Previously study in our laboratory has confirmed AGEs can activate Src kinase (Zhang et al., 2015). Here we speculated that Src would also participate in the signal transduction of AGE-induced angiogenesis. HUVECs were then pre-incubated with PP2, a Src specific inhibitor, for 90 min before AGEs treatment to block Src activation, the culture medium was used as a blank control. Compared to AGE-treated alone, the application of PP2 significantly attenuated AGE-induced proliferation and migration of HUVECs (P < 0.05) (Figures 1A–C). The effect of AGEs in HUVECs tube formation was also abolished by PP2 (P < 0.05) (Figure 1D). These results indicated that Src was involved in AGE-induced angiogenesis.
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FIGURE 1. Src inhibitor PP2 attenuated AGE-enhanced HUVECs proliferation, migration, and tube formation. HUVECs were incubated with 15 μmol/L PP2 for 90 min and then exposed to 100 μg/mL AGEs for 24 h. CCK-8 was used to evaluate the proliferation of HUVECs (A). Scratch wound healing (B) and transwell migration assay (C) were used to measure the migration of HUVECs. The tube length, numbers of branch points, and vessel area were observed in Matrigel medium (D). n ≥ 4 independent experiments. ∗P < 0.05 versus control, #P < 0.05 versus AGEs.



To further validate the role of Src in AGE-induced angiogenesis, we transfected HUVECs with Src siRNA, the culture medium was used as a blank control and the control siRNA was used as siRNA basal control, respectively. The efficiency of suppressed expression of siRNA on Src was confirmed (Supplementary Figure 1A). AGEs could enhance the proliferation (Figure 2A) (P < 0.05), migration (P < 0.05) (Figures 2B,C), and tube formation (P < 0.05) (Figure 2D) in HUVECs transfected with control siRNA, however, failed to consist these effects on HUVECs transfected with Src siRNA. These results showed that Src was necessary in AGE-induced endothelial angiogenesis.


[image: image]

FIGURE 2. Src siRNA weakened AGE-induced endothelial angiogenesis. HUVECs were transfected with Src siRNA or control siRNA for 48 h and then treated with 100 μg/mL AGEs for 24 h. CCK-8 was used to evaluate the proliferation of HUVECs (A). Scratch wound healing (B) and transwell migration assay (C) were used to measure the migration of HUVECs. The tube length, numbers of branch points, and vessel area were observed in Matrigel medium (D). n ≥ 4 independent experiments. ∗P < 0.05 versus control, #P < 0.05 versus AGEs, ∗∗P < 0.05 versus Control siRNA.



The Involvement of Tyrosine Kinase Activity of Src in Manipulation of AGE-Induced Angiogenesis

To further confirm whether the tyrosine kinase activity of Src was associated with AGE-induced angiogenesis, we transfected HUVECs with plasmids with a kinase-deficient mutant at Lys298 (K298M) or an active mutant at Tyr530 (Y530F). The mock plasmid was used as a mutant control. The effects of relevant plasmids on Src phosphorylation were confirmed (Supplementary Figure 1C).

The proliferation, migration, and tube formation were promoted in HUVEC-transfected with pcDNA3/flag-SrcY530F alone (P < 0.05) (Figures 3A–D). And the effects of pcDNA3/flag-SrcY530F on HUVECs were further exacerbated when AGEs was added (P < 0.05) (Figures 3A–D). On the opposite, transfected with mock plasmid did not change AGE-induced angiogenesis. While transfected with pcDNA3/flag-SrcK298M, AGE-induced proliferation, migration, and tube formation were significantly attenuated (P < 0.05) (Figures 3A–D). These results demonstrated that tyrosine kinase activity of Src was necessary in manipulating AGE-induced angiogenesis.
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FIGURE 3. Tyrosine kinase activity of Src was associated with AGE-induced endothelial angiogenesis. HUVECs were transfected with a kinase-deficient mutant at Lys298 (K298M) and an active mutant at Tyr530 (Y530F), also with a Mock as plasmid control. 48 h after transfection, HUVECs were incubated with 100 μg/mL AGEs for 24 h. CCK-8 was used to evaluate the proliferation of HUVECs (A). Scratch wound healing (B) and transwell migration assay (C) were used to measure the migration of HUVECs. The tube length, numbers of branch points, and vessel area were observed in Matrigel medium (D). n ≥ 4 independent experiments. ∗P < 0.05 versus Mock, #P < 0.05 versus Mock + AGEs.



All the above results indicated that the activation of Src played a critical role in the signaling of AGE-induced angiogenesis.

Src Activation Modulated AGE-Induced Angiogenesis by Enhancing ERK Phosphorylation

Extracellular signal-regulated kinase is a well-known proliferative MAPK and is also implicated as a conventional downstream signal of Src. We speculated that Src activation would modulate AGE-induced angiogenesis by affecting ERK phosphorylation in endothelial cells. To find out the concentration effect of AGEs on ERK phosphorylation, we cultured HUVECs with different dose of AGEs and the ERK phosphorylation level was detected by western blot. The ERK phosphorylation reached a peak when HUVECs were exposed to 100 μg/mL AGEs (P < 0.05) (Figure 4A). HUVECs were also cultured with 100 μg/mL AGEs for various duration, and ERK phosphorylation was enhanced at 15 min, reached a peak at 30 min and then returned to baseline level at 6 h (P < 0.05) (Figure 4B). Pretreatment of HUVECs with PP2 attenuated AGE-induced ERK phosphorylation (P < 0.05) (Figure 4C). Furthermore, pretransfected with Src siRNA abolished AGE-induced ERK phosphorylation too (P < 0.05) (Figure 4D). In order to find out the effect of RAGE on AGE-induced ERK phosphorylation, we transfected HUVECs with RAGE siRNA (Supplementary Figure 1B). And the results showed that AGE-induced ERK phosphorylation could be attenuated by silencing RAGE (P < 0.05) (Figure 4E). These results indicated that AGEs could induce ERK phosphorylation through Src pathway and it’s required for AGE–RAGE binding.
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FIGURE 4. Advanced glycation end products induced ERK phosphorylation required Src and RAGE. HUVECs were treated with 100 μg/mL AGEs for 15, 30, 60, 180, 360 min (A) and the phosphorylation level of ERK was detected by Western Blot. To investigate the effect of AGEs concentration on ERK phosphorylation, HUVECs were incubated with 50, 100, 150, 200 μg/mL AGEs for 30 min (B). To study the role of Src in AGE-induced ERK phosphorylation, HUVECs were pretreated with 15 μmol/L PP2 for 90 min and then incubated with 100 μg/mL AGEs for 30 min (C). HUVECs were transfected with Src siRNA or control siRNA for 48 h and cultured with 100 μg/mL AGEs for 30 min to further investigate the effect of Src (D). Also, we transfected HUVECs with RAGE siRNA or control siRNA for 48 h and then incubated with 100 μg/mL AGEs for 30 min to further investigate the effect of RAGE (E). n ≥ 4 independent experiments. ∗P < 0.05 versus Control, #P < 0.05 versus AGEs, ∗∗P < 0.05 versus Control siRNA, ##P < 0.05 versus Control siRNA + AGEs.



AGEs Exerted the Effects on Src Activation and Pro-angiogenic Through RAGE

Our previous study has proved that AGE-induced Src activation relied on the interaction of AGEs with RAGE (Zhang et al., 2015). Here again, we confirmed that AGE-induced angiogenesis in HUVECs needed the participation of RAGE. The suppressed expression of RAGE by siRNA abolished the proliferation, migration, and tube formation in HUVECs treated with AGEs, while control siRNA did not alter the effects of AGEs on HUVECs (P < 0.05) (Figures 5A–D). These results indicated that AGEs might exert its pro-angiogenic effects through RAGE, and then Src.
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FIGURE 5. The role of ERK in AGE-induced angiogenesis. HUVECs were pretreated with 20 μmol/L PD98059 for 30 min and then incubated with 100 μg/mL AGEs for 24 h. CCK-8 was used to evaluate the proliferation of HUVECs (A), scratch wound healing (B) and transwell migration assay (C) were used to measure the migration of HUVECs. The tube length, numbers of branch points, and vessel area were observed in Matrigel medium (D). n ≥ 4 independent experiments. ∗P < 0.05 versus control, #P < 0.05 versus AGEs.



Role of ERK Phosphorylation in AGE-Induced Angiogenesis

To explore the role of ERK in AGE-induced angiogenesis, we used PD98059, a specific ERK inhibitor, to inactivate ERK. By pretreating HUVECs with 20 μmol/L PD98059 30 min before AGEs, the proliferation, and migration were all attenuated significantly compared to AGE-treated group (P < 0.05) (Figures 6A–C). PD980589 also abolished AGE-induced tube formation (P < 0.05) (Figure 6D). Combining with the effect of Src in AGE-induced EKR phosphorylation, the results indicated that Src activation modulated AGE-induced angiogenesis by enhancing ERK phosphorylation.
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FIGURE 6. The role of RAGE in AGE-induced angiogenesis. HUVECs were pre-transfected with RAGE siRNA or control siRNA for 48 h and then cultured with 100 μg/mL AGEs for 24 h. CCK-8 was used to evaluate the proliferation of HUVECs (A), scratch wound healing (B), and transwell migration assay (C) were used to measure the migration of HUVECs. The tube formation was observed in Matrigel medium (D). n ≥ 4 independent experiments. ∗P < 0.05 versus control, #P < 0.05 versus AGEs.



Inhibition of Src and ERK Activation Attenuated AGE-Induced Angiogenesis in Mouse Aortic Ring

To further verify the effects of Src/ERK signal pathway on AGE-induced angiogenesis, mouse aortic ring angiogenesis assay was applied in this study. The results showed that AGEs treatment significantly increased the number of sprouting vessels, while the application of Src inhibitor PP2 or ERK inhibitor PD98059 could abolished the increase of sprouting vessel numbers in AGE-treated aortic rings (Figure 7).


[image: image]

FIGURE 7. The Role of Src/ERK pathway in AGE-induced aortic ring sprouting. The aortic rings were pretreated with 15 μmol/L PP2 for 90 min or 20 μmol/L PD98059 for 30 min respectively and then incubated with 100 μg/mL AGEs for 6 days. Fresh medium with or without AGEs was reintroduced every 2 days. An estimation of the capillary was performed by counting the branches from the aortic explants. Graph B displayed the statistical results of angiogenesis in mouse aortic ring. (A,B). n = 3 independent experiments. ∗P < 0.05 versus control, #P < 0.05 versus AGEs. Scale bar: 200 μm. The aortic rings were incubated with isolectin B4 (green) for 1 h to stain endothelial cells for the indication of sprouts of neovessels (red arrows) (C).





DISCUSSION

Increased vascular endothelial monolayer permeability provides suitable environment for sprouting of a new capillary, follows by the activation, proliferation and migration of endothelial cells, and finally leads to angiogenesis. Divergent angiogenic responses occur in different organs in diabetic state under the influence of different angiogenic factors, such as VEGF, FGF and EGF and their respective receptors VEGFR, FGFR, and EGFR.

The increase of retinal neovascularization is a major cause of diabetic retinopathy. It has been elucidated that the accumulation of serum AGEs in diabetes increases the seriousness of microvascular complications. And it’s reported that AGEs accumulated in a hyperglycemic condition can affect angiogenesis depending on the microenvironment of the cells (Devi and Sudhakaran, 2011). In our research, compared with the control group, AGEs enhanced the proliferation, scratch wound healing process, transwell migration, tube formation in HUVECs, as well as angiogenesis in mouse aortic ring, manifesting the critical role of AGEs in angiogenesis.

It is now well-established that SFKs play an important role in cell cycle regulation, adhesion, migration, proliferation, and differentiation in different cells and tissues (Thomas and Brugge, 1997). As for angiogenesis, the effects of SFKs have been long demonstrated. It is proved that activated Src participated in signaling pathways giving rise to stimulation of endothelial cell survival and angiogenesis. Moreover, it has been found that Src kinase inhibitor PP2 inhibited hypoxia inducible factor 1α (HIF-1α) and STAT3 expression (Jiang et al., 1997; Gray et al., 2005). It indicates that Src-dependent signaling cascades are closely associated with angiogenesis. GLP-1 has a pro-angiogenic action on HUVECs and Src signaling pathways plays a key role as well (Aronis et al., 2013). S13, another specific Src kinase inhibitor, reduced angiogenic potential of human endothelial cells in vitro and in vivo (Delle Monache et al., 2014). And Src also plays a role in interleukin 18 (IL-18) induced angiogenesis (Amin et al., 2010). In general, Src kinases exert an irreplaceable influence on both tumor-induced neovascularization and inflammation-mediated angiogenesis. Our previous study demonstrated that Src phosphorylated at Tyr 419 acted like a signal node and gave rise to endothelial hyperpermeability upon stimulation of AGEs. Here, we demonstrated that Src can also play an irreplaceable role in angiogenesis induced by AGEs. Down-regulation of Src expression with siRNA or PP2 illustrated that inactivation of Src decreased AGE-induced HUVECs proliferation, migration, and tube formation. We also observed that those effects were attenuated by pcDNA3/flag-SrcK298M, while increased by pcDNA3/flag-SrcY530F comparing to mock group. These data ulteriorly proved that Src, especially when phosphorylated at Tyr 419, mediated AGE-induced angiogenesis.

Receptor for advanced glycation end product is a 35 kDa transmembrane receptor belonging to the immunoglobulin gene superfamily. It can be atypically up-regulated in diabetes complications, cardiovascular diseases, ischemic injury, cancer, and Alzheimer’s disease. Knockdown of RAGE expression could inhibit colorectal cancer angiogenesis in vitro and in vivo to some extent (Liang et al., 2011). Moreover, in our previous study, AGEs were affiliated with RAGE to activate Src. In this study, RAGE was proved to be required for ERK phosphorylation too (Figure 4E). And RAGE siRNA could prevent AGE-induced endothelial proliferation, migration, and tube formation (Figure 6). In general, it implied that RAGE was involved in Src mediated endothelial angiogenesis induced by AGEs.

Mitogen-activated protein kinase is a major signaling system involved in a variety of fundamental cellular processes such as proliferation, differentiation, motility, stress response, apoptosis, and survival. We verified that activated ERK in endothelial cells culminated at 30 min when exposed to AGEs at the concentration of 100 μg/mL (Figure 4B). VEGF and hypoxic condition can boost RF/6A endothelial cell proliferation and tube formation, while ERK inhibitor PD98059 can inhibit those effects (Jin et al., 2013). The endothelial cell proliferation and survival in tumor neovascularization are also dependent on the activation of ERK pathway in endothelial cells. It indicates that Src/ERK signal pathway plays a role in angiogenesis during the development of liver cirrhosis (Ding et al., 2015). So to further test the possible role of ERK in AGE-induced angiogenesis, we investigated whether Src kinase mediated cell signaling from AGE-RAGE binding to ERK phosphorylation and the angiogenic effect of ERK. The results showed that inhibition of endothelial cell ERK activation by the inhibitor PD98059 attenuated AGE-induced angiogenesis (Figure 5). And the phosphorylation of ERK was significantly abolished when Src kinase was silenced or inactivated (Figures 4C,D). Hence, we inferred that ERK was probably activated followed by the activation of Src, and participated in AGE-triggered angiogenesis.



CONCLUSION

Our study indicated that AGEs could exert an angiogenic effect through the RAGE/Src/ERK signaling pathway. The findings suggested that Src might be an appropriate target for the prevention and treatment of AGEs associated microvasculopathy. Also, the ERK and cross-talking pathway could be a selective daughter node and reinforce the therapy. Since not only endothelial cells participate in the vessel regeneration, more research is needed on addressing the AGE-induced angiogenesis.
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Astragaloside IV (AS-IV), the major pharmacological extract from Astragalus membranaceus Bunge, possesses a variety of biological activities in the cardiovascular systems. Here, we aimed to evaluate preclinical evidence and possible mechanism of AS-IV for animal models of myocardial ischemia/reperfusion (I/R) injury. Studies of AS-IV in animal models with myocardial I/R injury were identified from 6 databases from inception to May, 2018. The methodological quality was assessed by using CAMARADES 10-item checklist. All the data were analyzed using Rev-Man 5.3 software. As a result, 22 studies with 484 animals were identified. The quality score of studies ranged from 3 to 6 points. Meta-analyses showed AS-IV can significantly decrease the myocardial infarct size and left ventricular ejection fraction, and increase shortening fraction compared with control group (P < 0.01). Significant decreasing of cardiac enzymes and cardiac troponin and increasing of decline degree in ST-segment were reported in one study each (P < 0.05). Additionally, the possible mechanisms of AS-IV for myocardial I/R injury are promoting angiogenesis, improving the circulation, antioxidant, anti-inflammatory and anti-apoptosis. Thus, AS-IV is a potential cardioprotective candidate for further clinical trials of myocardial infarction.

Keywords: Astragaloside IV, myocardial ischemia/reperfusion injury, Astragalus membranaceus Bunge, preclinical systematic review, meta-analysis


INTRODUCTION

Acute myocardial infarction (AMI) was one of the leading causes of morbidity and mortality worldwide (Dariush et al., 2016). Acute interruption of coronary artery led to cardiomyocyte ischaemia and apoptosis (Luo et al., 2015). Invasive vascular reconstructions such as percutaneous coronary intervention and coronary artery bypass grafting can improve coronary perfusion (Richard, 2011), and thus they were widely adopted after weighing the risks of invasive diagnostics and the benefits in terms of diagnostic accuracy, risk stratification and assessment of the risks related to revascularization (Damman et al., 2015). Although treatment is usually directed at prompt restoration of flow in the occluded artery, reperfusion may trigger further injury beyond that induced by ischaemia alone (Maria et al., 2016). Such ischaemia/reperfusion (I/R) injury can markedly reduce the benefits of reperfusion therapies employed in myocardial infarction (MI) (Yellon and Hausenloy, 2007).

Astragaloside IV (AS-IV) (Figure 1) is one of the major and active components isolated from Astragalus membranaceus Bunge for tonifying Qi, and is a lanolin alcohol-shaped tetracyclic triterpenoid saponin with high polarity. Recent experimental studies (Ren et al., 2013; Li et al., 2017) demonstrated that AS-IV had pleiotropic anti-ischemic properties against focal cerebral ischemia/reperfusion injury, cardiovascular disease, pulmonary disease, liver fibrosis and diabetic nephropathy. AS-IV has multiple pharmacologic effects, including regulation of the calcium balance, antioxidative stress, anti-inflammatory, antiapoptosis antifibrotic, antidiabetes, immunoregulation, and cardioprotective effect via numerous signaling pathways (Schmidt et al., 2007; Ren et al., 2013; Li et al., 2017). In addition, systemic review of animal studies plays a critical role in drug development and the clarification of physiological and pathological mechanisms of clinical research (Rob et al., 2014). Thus, we conducted a preclinical systematic review to evaluate the effectiveness and the mechanisms of AS-IV for experimental MI.
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FIGURE 1. Chemical structures of astragaloside IV.





METHODS


Database and Literature Search Strategies

Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA)statement was followed (Stewart et al., 2015). Experimental studies assessing the effects of AS-IV in animal models of MI were identified from PubMed, EMBASE, Science Direct, Web of Science, wanfang data Information Site, Chinese National Knowledge Infrastructure (CNKI), and VIP information database by searching for all published articles from inception to May, 2018. The following key words were used: “astragaloside (MeSH Terms) OR astragaloside (Title/Abstract)” AND “myocardial infarction OR myocardial ischemia OR myocardial ischemia/reperfusion injury OR myocardial I/R injury,” Moreover, reference lists of potential articles were searched for additive studies.



Eligibility Criteria

We included studies of the effect of AS-IV in animal models of MI. To prevent bias, inclusion criteria were prespecified as follows: (1) experimental MI was induced by transient left anterior descending coronary artery (LAD) ligation or permanent LAD ligation or isoproterenol (ISO); (2) the treatment group was received AS-IV as monotherapy in any dose. Interventions for control group were isasteric and non-functional liquid (normal saline) or no treatment; (3) the primary outcome measures were MI size and/or left ventricular ejection fraction (LVEF) and/or shortening fraction (FS) and/or the level of ST-segment depression cardiac and/or enzymes and/or cardiac troponin T (cTnT) and/or cardiac troponin I (cTnI). The second outcome measures were mechanisms of AS-IV for myocardial I/R injury. Prespecified exclusion criteria were treatment with AS-IV conjunction with other compounds or AS-IV based prescriptions, non-myocardial ischemia model, no control group, duplicate publications, and no available data.



Data Extraction

Two independent authors extracted the following details from included studies: (1) publication year and the first author's name, model of MI (transient or permanent); (2) the characteristics of animals used including animal number, species, sex, weight, age, and any comorbidity; (3) model of myocardial I/R, and the anesthesia methods for model preparation; (4) the information of treatment group, including therapeutic drug dosage, method of administration, duration of treatment, and the same information of control group; (5) mean value and standard deviation of outcomes. If outcomes were performed at different time points, only the final test was included. If the experimental group of animals received various doses of the drug therapy, only the data of highest dose of the drug was included. If the data for meta-analysis were missing or only expressed graphically, we tried to contact the authors for further information, and where a response was not received, we measured data from the graphs using digital ruler software or exclude. For each comparison, we extracted data of mean value and standard deviation from each experimental and control group of every study.



Quality Assessment

We evaluated the methodological quality of the included studies using the collaborative Evidence-Based Complementary and Alternative Medicine approach to meta-analysis and review of animal data in experimental infarction (CAMARADES) 10-item quality checklist (Malcolm et al., 2004) with minor modification (Yu L. J. et al., 2017). One point was awarded for each of (1) publication in a peer-reviewed journal; (2) statement of temperature control; (3) random allocation to groups; (4) allocation concealment; (5) blinded assessment of outcome; (6) use of anesthetic without significant intrinsic cardioprotective activity; (7) appropriate animal model (aged, diabetic, or hypertensive); (8) sample size calculation; (9) compliance with animal welfare regulations; (10) statement of potential conflict of interests.



Statistical Analysis

All CI were considered as continuous data, and then an estimate of the combined effect sizes utilizing mean difference (MD) or standard mean difference (SMD) with the random effects model was given. In the present meta-analysis, the results using the random effects model were presented because heterogeneity between multistudies has to be taken into account. I2 statistic was used to assess heterogeneity. The significance of differences among groups was assessed by partitioning heterogeneity and by using the X2 distribution with degrees of freedom (df), where equals the number of groups. Probability values 0.05 were considered significant. All analyses were performed with Revman version 5.3 by the Cochrane Collaboration.




RESULTS


Study Inclusion

We identified 1,280 potentially relevant articles, of which 1,045 were reduplicated and irrelevant articles. Through screening titles and abstracts, 48 papers were excluded with at least one of following reasons: (1) clinical trial; (2) case report; (3) review article. By reading the fulltext of the remaining 87 articles, 65 articles were excluded because of at least one of the following reasons: (1) not full text; (2) not AS-IV intervention; (3) no available data; (4) compared with traditional Chinese medicine; (5) no MI/R model; (6) no control group; (7) no available data. Ultimately, 22 eligible articles (Zhang et al., 2005, 2014; Zhao et al., 2009; Guan et al., 2010; Liu et al., 2010; Wang et al., 2012, 2018; Cui et al., 2013; Gong and Sun, 2013; Tu et al., 2013; He et al., 2014; Liu and Yi, 2014; Qu et al., 2014; Huang et al., 2015; Lu et al., 2015; Ma and Wang, 2015; Sun et al., 2015; Yu et al., 2015; Cheng et al., 2016; Li and Yang, 2016; Li et al., 2016; Yu J. et al., 2017) were identified (Figure 2).
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FIGURE 2. Summary of the process for identifying candidate studies.





Study Characteristics

A total of 484 animals were included in the 22 studies, of which 234 were in the experimental group and 230 were in the control group. Eight studies (Zhang et al., 2005; Wang et al., 2012; Gong and Sun, 2013; Tu et al., 2013; Lu et al., 2015; Yu et al., 2015; Cheng et al., 2016; Yu J. et al., 2017) were published in English and 14 studies (Zhao et al., 2009; Guan et al., 2010; Liu et al., 2010; Cui et al., 2013; He et al., 2014; Liu and Yi, 2014; Qu et al., 2014; Zhang et al., 2014; Huang et al., 2015; Ma and Wang, 2015; Sun et al., 2015; Li and Yang, 2016; Li et al., 2016; Wang et al., 2018) were published in Chinese between 2005 and 2018. Twelve studies (Cui et al., 2013; Gong and Sun, 2013; Tu et al., 2013; Liu and Yi, 2014; Qu et al., 2014; Zhang et al., 2014; Huang et al., 2015; Lu et al., 2015; Ma and Wang, 2015; Sun et al., 2015; Cheng et al., 2016; Wang et al., 2018) used Sprague Dawley rats; 6 studies (Zhao et al., 2009; Guan et al., 2010; Wang et al., 2012; He et al., 2014; Yu et al., 2015; Yu J. et al., 2017) used Wistar rats; 1 study (Li et al., 2016) used unknown breed rats; 1 study (Li et al., 2016) used C57/BL6 mice; 1 study (Liu et al., 2010) used Beagle dogs and 1 study (Zhang et al., 2005) used Mongrel dogs. Eighteen studies (Zhang et al., 2005, 2014; Zhao et al., 2009; Guan et al., 2010; Wang et al., 2012, 2018; Cui et al., 2013; Tu et al., 2013; He et al., 2014; Liu and Yi, 2014; Qu et al., 2014; Huang et al., 2015; Lu et al., 2015; Ma and Wang, 2015; Yu et al., 2015; Cheng et al., 2016; Li and Yang, 2016; Yu J. et al., 2017) used male animals, two studies (Liu et al., 2010; Cui et al., 2013) used both female and male rats, and two studies (Sun et al., 2015; Li et al., 2016) did not mention gender of animals. All studies reported that myocardial I/R models were produced by ligation of the LAD. To induce anesthesia, 3 studies (Wang et al., 2012; Gong and Sun, 2013; Ma and Wang, 2015) used chloral hydrate; 13 studies (Zhang et al., 2005, 2014; Cui et al., 2013; Tu et al., 2013; He et al., 2014; Liu and Yi, 2014; Qu et al., 2014; Huang et al., 2015; Yu et al., 2015; Cheng et al., 2016; Li and Yang, 2016; Li et al., 2016; Yu J. et al., 2017) used pentobarbital sodium; 3 studies (Guan et al., 2010; Lu et al., 2015; Wang et al., 2018) used urethane; and anesthetic was not mentioned in remaining 3 studies (Zhao et al., 2009; Huang et al., 2015; Sun et al., 2015). Among the dose use of AS-IV, 1 study (Gong and Sun, 2013) used 100 mg∙kg−1∙d−1; 2 study (Lu et al., 2015; Wang et al., 2018) used 80 mg∙kg−1∙d−1; 1 study (Cheng et al., 2016) used 50 mg∙kg−1∙d−1; 1 study (Wang et al., 2012) used 40 mg∙kg−1∙d−1; 10 studies (Cui et al., 2013; Tu et al., 2013; He et al., 2014; Zhang et al., 2014; Ma and Wang, 2015; Sun et al., 2015; Yu et al., 2015; Li and Yang, 2016; Yu J. et al., 2017) utilized 10 mg∙kg−1∙d−1; 1 study (Guan et al., 2010) used 5 mg∙kg−1∙d−1; 2 studies (Qu et al., 2014; Huang et al., 2015) adopted 4 mg∙kg−1∙d−1; 1 study (Li et al., 2016) used 2 mg∙kg−1∙d−1; 1 study (Zhang et al., 2005) used 1.5 mg∙kg−1∙d−1; 1 study (Liu and Yi, 2014) used 50 uM/kg; the remaining 2 studies (Zhao et al., 2009; Liu et al., 2010) used 1 mg∙kg−1. Ten studies (Zhang et al., 2005, 2014; Tu et al., 2013; He et al., 2014; Liu and Yi, 2014; Lu et al., 2015; Cheng et al., 2016; Li et al., 2016; Yu J. et al., 2017; Wang et al., 2018) utilized MI size as outcome measure, and myocardial cell apoptosis rate in 5 studies (Zhao et al., 2009; Liu and Yi, 2014; Lu et al., 2015; Ma and Wang, 2015; Sun et al., 2015). The level of ST-segment depression was reported in 1 study (Liu et al., 2010), the LVEF in 5 studies (Wang et al., 2012; Zhang et al., 2014; Cheng et al., 2016; Li and Yang, 2016; Li et al., 2016) and FS in 6 studies (Zhao et al., 2009; Wang et al., 2012; Zhang et al., 2014; Cheng et al., 2016; Li and Yang, 2016; Li et al., 2016). Lactate dehydrogenase (LDH) was reported in 2 studies (Guan et al., 2010; Qu et al., 2014) creatine kinase (CK) in 1 study (Qu et al., 2014), cTnT in 1 study (Tu et al., 2013); cTnI in 1 study (Wang et al., 2018), superoxide dismutase (SOD) in 1 study (Guan et al., 2010), malondialdehyde (MDA) in 1 study (Guan et al., 2010), hypoxia-inducible factor 1-α (HIF-1α) 1 study (Yu J. et al., 2017), caspase-3 in 3 studies (Liu and Yi, 2014; Lu et al., 2015; Ma and Wang, 2015), calcium-sensing receptor vascular in 1 study (Wang et al., 2018), endothelium growth factor (VEGF) in 2 studies (Yu et al., 2015; Li et al., 2016) tumor necrosis factor-α (TNF-α) in 1 study (Lu et al., 2015), nuclear factor κB (NF-κB) in 3 study (Tu et al., 2013; Lu et al., 2015; Cheng et al., 2016), NO in 1 study (Guan et al., 2010), coronary blood flow (CBF) in 2 studies (Zhang et al., 2005; Liu et al., 2010), microvessel density (MVD) in 3 studies (Yu et al., 2015; Li and Yang, 2016; Li et al., 2016), and Bax and Bcl-2 in 7 studies (Zhao et al., 2009; Tu et al., 2013; Liu and Yi, 2014; Lu et al., 2015; Ma and Wang, 2015; Cheng et al., 2016; Wang et al., 2018). The characteristics of the 22 included studies were summarized in detail in Table 1.



Table 1. Characteristics of the 22 included studies.
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Study Quality

All the included records were peer reviewed publications and all animals were allocated randomly to treatment group and control group; however, no study reported a sample size calculation, blinded induction of model and blinding their assessment of outcome. Nine studies (Zhao et al., 2009; Wang et al., 2012; Tu et al., 2013; Lu et al., 2015; Yu et al., 2015; Cheng et al., 2016; Li and Yang, 2016; Li et al., 2016; Yu J. et al., 2017) reported control of temperature. Nine studies (Zhang et al., 2005, 2014; Zhao et al., 2009; Wang et al., 2012; Tu et al., 2013; Lu et al., 2015; Yu et al., 2015; Cheng et al., 2016; Yu J. et al., 2017) reported a compliance with animal welfare regulations, and 6 studies (Zhao et al., 2009; Wang et al., 2012; Lu et al., 2015; Cheng et al., 2016; Li and Yang, 2016; Yu J. et al., 2017) mentioned a statement of potential conflict of interests. Five studies (Liu et al., 2010; Qu et al., 2014; Huang et al., 2015; Sun et al., 2015; Yu et al., 2015) described appropriate animal models (aged, diabetic, or hypertensive). All studies except two studies (Zhao et al., 2009; Sun et al., 2015) used an anesthetic without intrinsic cardioprotective properties. To summarize, the quality score of included studies ranges from 3 to 6. Of which, 10 studies (Zhang et al., 2005; Guan et al., 2010; Cui et al., 2013; Gong and Sun, 2013; He et al., 2014; Liu and Yi, 2014; Huang et al., 2015; Ma and Wang, 2015; Sun et al., 2015; Wang et al., 2018) got 3 points; 5 studies (Liu et al., 2010; Tu et al., 2013; Qu et al., 2014; Zhang et al., 2014; Li et al., 2016) got 4 points; 3 studies (Zhao et al., 2009; Yu et al., 2015; Li and Yang, 2016) got 5 points; and 4 studies (Wang et al., 2012; Lu et al., 2015; Cheng et al., 2016; Yu J. et al., 2017) got 6 points. The methodological quality of each study was summarized in Table 2.



Table 2. Risk of bias of the included studies.
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Effectiveness

MI Size

Ten studies utilized MI size (Zhang et al., 2005, 2014; Tu et al., 2013; He et al., 2014; Liu and Yi, 2014; Lu et al., 2015; Cheng et al., 2016; Li et al., 2016; Yu J. et al., 2017; Wang et al., 2018) as outcome measure. All of them showed significant effect of AS-IV for decreasing the MI size (P < 0.05). However, 1 study (Liu and Yi, 2014) that MI experimental model was induced by blocking LAD for 90 vs. 30 min in other studies; 1 study (Tu et al., 2013) showed that the data of MI size is inconsistent between figure and form; 1 study (Yu J. et al., 2017) only observe the gross cardiac morphology without measuring data. Meta-analysis of 7 studies (Zhang et al., 2005, 2014; He et al., 2014; Lu et al., 2015; Cheng et al., 2016; Li et al., 2016; Wang et al., 2018) showed significant effect of AS-IV for decreasing the MI size compared with control group [n = 63, SMD −2.58, 95% CI [−3.10 to −2.06], P < 0.01; heterogeneity: χ2 = 11.81, df = 6 (P = 0.07); I2 = 49%] (Figure 3).
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FIGURE 3. The forest plot: effects of astragaloside IV for decreasing the myocardial infarction size compared with control group.



LVEF

Meta-analysis 5 studies (Wang et al., 2012; Zhang et al., 2014; Cheng et al., 2016; Li and Yang, 2016; Li et al., 2016) showed significant effects of AS-IV for improving LVEF compared with control group [n = 69, SMD 3.23, 95% CI: 2.17–4.30, P < 0.00001; heterogeneity: χ2 = 14.62, df = 4 (P = 0.006), I2 = 73%]. After removing 1 study (Wang et al., 2012), the animal was treated with AS-IV at 5 weeks after MI other than immediately after establishing the MI model in other studies. Meta-analysis 3 studies (Zhang et al., 2014; Cheng et al., 2016; Li and Yang, 2016; Li et al., 2016) showed significant effects of AS-IV for improving LVEF compared with control group [n = 59, SMD 3.63, 95% CI: 2.96–4.31, P < 0.0001; heterogeneity: χ2 = 3.41, df = 3 (P = 0.33), I2 = 12%] (Figure 4). The study (Wang et al., 2012) showed significant effect of AS-IV for improving the LVEF (P < 0.05).
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FIGURE 4. The forest plot: effects of astragaloside IV for increasing left ventricular ejection fraction compared with control group.



FS

Meta-analysis of 6 studies (Zhao et al., 2009; Wang et al., 2012; Zhang et al., 2014; Cheng et al., 2016; Li and Yang, 2016; Li et al., 2016) showed significant effects of AS-IV for improving FS compared with control group [n = 57, MD 10.28, 95% CI: 6.78–13.77, P < 0.0001; heterogeneity: χ2 = 41.25, df = 5 (P < 0.0001), I2 = 88%]. After sensitivity analyses, we removed 1 study (Li and Yang, 2016) that was more than 30% died rate during experiment. Meta-analysis of 4 studies (Zhao et al., 2009; Wang et al., 2012; Zhang et al., 2014; Cheng et al., 2016; Li et al., 2016) showed significant effects of AS-IV for improving FS compared with control group [n = 49, MD 11.60, 95% CI: 10.32–12.88, P < 0.0001; heterogeneity: χ2 = 4.14, df = 4 (P = 0.39), I2 = 3%] (Figure 5).
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FIGURE 5. The forest plot: effects of astragaloside IV for increasing shortening fraction compared with control group.



The Level of ST-Segment Depression

One study (Liu et al., 2010) reported that AS-IV can improve the ST-segment depression compared with control (P < 0.05).

Cardiac Enzymes and/or Cardiac Troponin

Meta-analysis of 2 studies (Guan et al., 2010; Qu et al., 2014) showed significant effect of AS-IV for decreasing the LDH compared with control group [n = 12, SMD −1.92, 95% CI [−2.99 to −0.86], P < 0.01; heterogeneity: χ2 = 1.57, df = 1 (P = 0.21); I2 = 36%], (Figure 6). CK, cTnT, and cTnI were reported in one study respectively (Tu et al., 2013; Qu et al., 2014; Wang et al., 2018), they showed that AS-IV had significant effects for reducing CK, cTnT and cTnI compared with control group (P < 0.05).
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FIGURE 6. The forest plot: effects of astragaloside IV for decreasing lactate dehydrogenase compared with control group.





Cardioprotective Mechanisms

Compared with controls, meta-analysis of 2 studies (Yu et al., 2015; Li et al., 2016) showed that AS-IV significantly increasing VEGF [n = 32, SMD 2.23, 95% CI [1.31–3.16], P < 0.01; heterogeneity: χ2 = 1.77, df = 1 (P = 0.18); I2 = 44%], (Figure 7A); 3 studies (Yu et al., 2015; Li and Yang, 2016; Li et al., 2016) for increasing MVD [n = 38, SMD 2.22, 95% CI [1.62–2.82], P < 0.01; heterogeneity: χ2 = 1.59, df = 2 (P = 0.45); I2 = 0%], (Figure 7B); 2 studies (Lu et al., 2015; Sun et al., 2015) for reducing myocardial cell apoptosis rate after sensitivity analyses, [n = 20, MD −13.78, 95% CI [−14.63 to −12.93], P < 0.01; heterogeneity: χ2 = 0.69, df = 1 (P = 0.41); I2 = 0%], (Figure 7C); 2 studies (Zhang et al., 2005; Liu et al., 2010) showed that AS-IV significantly increasing CBF [n = 11, SMD 4.40, 95% CI [2.84–5.96], P < 0.01; heterogeneity: χ2 = 0.92, df = 1 (P = 0.34); I2 = 0%], (Figure 7D); 1 study (Lu et al., 2015) for decreasing TNF-α (P < 0.05); 3 study (Tu et al., 2013; Lu et al., 2015; Cheng et al., 2016) for decreasing NF-κB; 1 study (Yu J. et al., 2017) for increasing HIF-1α; 1 study (Guan et al., 2010) for decreasing SOD, MDA and NO (P < 0.05). In addition, 7 studies (Zhao et al., 2009; Tu et al., 2013; Liu and Yi, 2014; Lu et al., 2015; Ma and Wang, 2015; Cheng et al., 2016; Wang et al., 2018) which utilized Bax and Bcl-2 as outcome measure failed for pooling analysis, however they all reported that AS-IV significantly increasing Bcl-2 and decreasing Bax (P < 0.05). We summarized a schematic representation of cardioprotective mechanism of AS-IV for myocardial I/R injury (Figure 8).
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FIGURE 7. (A) The forest plot: effects of astragaloside IV for increasing vascular endothelium growth factor compared with control group. (B) The forest plot: effects of astragaloside IV for increasing microvessel density compared with control group. (C) The forest plot: effects of astragaloside IV for decreasingmyocardial cell apoptosis rate compared with control group. (D) The forest plot: effects of astragaloside IV for increasing coronary blood flow compared with control group.
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FIGURE 8. A schematic representation of cardioprotective mechanisms of astragaloside IV for myocardial ischemia/reperfusion injury. Solid lines indicate established effects, whereas dashed lines represent putative mechanisms.






DISCUSSION


Summary of Evidence

In this preclinical systematic review, we assessed the efficacy of AS-IV for myocardial I/R injury according to 22 studies with 484 animals. The evidence available from present study revealed that AS-IV exerted potential cardioprotective function in acute MI largely through promoting angiogenesis, improvement of the circulation, antioxidant, anti-apoptosis and anti-inflammatory.



Limitations

First, no study provided calculation of sample size and blindness of model establishment and outcome measurement that is pesearch. Second, the deficiency of negative studies might lead the effecacy to be overestimated. Thus, the dominance of positive studies might lead the efficacy to be overestimated. Third, MI generally occurs in patients with other complications, such as old age, diabetes, hypertension, and hyperlipidemia (Blankstein et al., 2012); However, only 5 studies (Liu et al., 2010; Qu et al., 2014; Huang et al., 2015; Sun et al., 2015; Yu et al., 2015) selected appropriate animal model. Fourth, 3 studies (Liu et al., 2010; Gong and Sun, 2013; Li et al., 2016) adopted female animals, it cannot be ignored that the heart protection of estrogen has been reported both in clinical and preclinical studies (Menazza et al., 2017).



Implications

The high-quality preclinical studies are crucial to transform preclinical data to clinic (Ramirez et al., 2017). Thus, we suggest that further design of the studies should refer to the arrival guidelines (Carol et al., 2010) and use appropriate animals, random allocation, blinded induction of model, and blinded assessment of outcomes to improve the accuracy of the results.

The molecular and biological mechanisms of the cardioprorective effects of AS-IV have not been fully elucidated. The present study showed that AS-IV exerted the cardioprorection and the possible mechanisms are summarized as follows: (1) promoting angiogenesis and improving MVD (Yu et al., 2015; Li and Yang, 2016; Li et al., 2016) through increasing the expression of VEGF (Yu et al., 2015; Li et al., 2016) and basic fibroblast growth factor (bFGF) (Yu et al., 2015); (2) inhibition of apoptosis through down-regulating the expression of caspase-3 (Liu and Yi, 2014; Lu et al., 2015; Ma and Wang, 2015; Sun et al., 2015), and increasing the expression of Bcl-2 and reducing the expression of Bax protein in the cardiac myocytes (Zhao et al., 2009; Tu et al., 2013; Liu and Yi, 2014; Lu et al., 2015; Ma and Wang, 2015; Cheng et al., 2016; Wang et al., 2018); (3) improvement of the coronary flow by enhancing the expression of NO via up-regulating the expression of endothelial nitric oxide synthase (eNOS) (Zhang et al., 2005; Liu et al., 2010); (4) upregulating HIF-1α (Yu J. et al., 2017) and enhancing SOD-induced antioxidant via attenuating chondriokinesis to reduce the release of MDA (Zhang et al., 2005; Guan et al., 2010); otherwise, reducing the reactive oxygen species (ROS) to decrease myocardial cell lysis by regulating the PI3K/Akt/mTOR pathway (Zhang et al., 2014); (5) protecting against energy metabolism disorder through reducing the concentration of calcium in cardiac myocytes (Wang et al., 2012, 2018; Tu et al., 2013; Lu et al., 2015; Sun et al., 2015); (6) anti-inflammatory through inhibiting the expression of TNF-α (Lu et al., 2015) and NF-κB (Tu et al., 2013; Lu et al., 2015; Cheng et al., 2016); (7) upregulating Notch1/Jagged1 signaling (Yu J. et al., 2017) which may be involved in infarct healing and cardiac repair (Li et al., 2010; Gude and Sussman, 2012). As mentioned above, cardioprotective mechanism of AS-IV for myocardial I/R injury was largely through promoting angiogenesis, improvement of the circulation, antioxidant, anti-apoptosis and anti-inflammatory.

It is well known that animal experiments have contributed to our understanding of effecacy and mechanisms for diseases (Hackam and Redelmeier, 2006). The present study showed AS-IV significantly decreased the MI size and cardiac enzymes, decreased cardiac troponin and increased the decline degree in ST segment. Therefore, it provides a preclinical evidence-based approach to develop AS-IV for acute MI. However, the translation of preclinical experiment which results in a prediction of the effectiveness of treatment strategies in clinical trials is still challenging (Hackam, 2007). The application of excessive drug doses and the timing of drug administration in animal models, which are inapplicable for human disease, are considered to be two of the main reasons for the failure to translate from animal models to human (Baker et al., 2014). In the present study, doses of AS-IV and timing for initial administration in animal models were inconsistent among the 22 included studies. Thus, we suggest further studies to determinate the optimal gradient doses and timing of administration in animal models of myocardial I/R injury. After that, given the huge gap between the animal studies and the clinical trials, the rigorous RCTs of AS-IV are needed.




CONCLUSION

We have provided a first comprehensive systematic review of AS-IV on animal studies and the findings indicate that AS-IV exerted potential cardioprotective function in acute myocardial I/R injury largely through promoting angiogenesis, improvement of the circulation, antioxidant, anti-apoptosis and anti-inflammatory.
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Stem cell-based therapies have the potential to dramatically transform the treatment and prognosis of myocardial infarction (MI), and mesenchymal stem cells (MSCs) have been suggested as a promising cell population to ameliorate the heart remodeling in post-MI. However, poor implantation and survival in ischemic myocardium restrict its efficacy and application. In this study, we sought to use the unique mode of action of Chinese medicine to improve this situation. Surrounding the myocardial infarct area, we performed a multi-point MSC transplantation and administered in conjunction with Danhong injection, which is mainly used for the treatment of MI. Our results showed that the MSC survival rate and cardiac function were improved significantly through the small animal imaging system and echocardiography, respectively. Moreover, histological analysis showed that MSC combined with DHI intervention significantly reduced myocardial infarct size in myocardial infarcted mice and significantly increased MSC resident. To investigate the mechanism of DHI promoting MSC survival and cell migration, PCR and WB experiments were performed. Our results showed that DHI could promote the expression of CXC chemokine receptor 4 in MSC and enhance the expression of stromal cell–derived factor-1 in myocardium, and this effect can be inhibited by AMD3100 (an SDF1/CXCR4 antagonist). Additionally, MSC in combination with DHI interfered with MI in mice and this signifies that when combined, the duo could the expression of vascular endothelial growth factor (VEGF) in the marginal zone of infarction compared with when either MSC or DHI are used individually. Based on these results, we conclude that DHI enhances the residence of MSCs in cardiac tissue by modulating the SDF1/CXCR4 signaling pathway. These findings have important therapeutic implications for Chinese medicine-assisted cell-based therapy strategies.
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INTRODUCTION

Cardiovascular disease, including atherosclerosis, stroke, and MI, is the leading cause of death in the world (Clark, 2013). In 2015, CVD accounted for one-third of all deaths, and there was an estimated 422.7 million cases of CVD and 17.92 million CVD-related deaths (Roth et al., 2017). Ischemic heart disease, especially MI, was the major cause of CVD health lost in each region across the world (Finegold et al., 2013). MI blocks the blood oxygen supply of cardiomyocytes and can kill about 25% of the cardiomyocytes in a short time, resulting in a series of serious consequences (Murry et al., 2006). After MI, fibroblasts, and endothelial cells form a dense collagenous scar to maintain wall structure, which is inflexible and non-contractile, and often lead to HF (Bergmann et al., 2009). Despite the significant progress in treatment, the prognosis of patients with MI or HF is still poor, and the current therapeutic approaches are palliative, because they do not solve the potential problems leading to loss of heart tissues (Sanganalmath and Bolli, 2013). Cardiac transplantation, a therapy being developed to eliminate the underlying cause of HF, not just to achieve damage control, is considered to be an effective treatment for the recovery of cardiac function currently. However, it is limited by insufficient donor organs and the requirement for lifelong immunosuppression (Stehlik et al., 2011; Sanganalmath and Bolli, 2013; Huang et al., 2016). Therefore, it is necessary to make efforts to develop new therapies that could repair and regenerate the myocardium.

Stem cell-based therapies have the potential to dramatically transform the treatment and prognosis of CVD, including MI or HF, via replenishing cell. Recently, the substantial preclinical and clinical studies have showed safety stem cell therapy (Khan et al., 2016). A variety of different types of stem cells with greater potential for cardiomyocyte regeneration have been tested in preclinical animal models and in humans, such as skeletal myoblasts, endothelial progenitor cells, MSC, cardiac stem/progenitor cells, embryonic stem cells (Segers and Lee, 2008; Oh et al., 2016).

Among the cell types under investigation, MSCs have been proposed as a promising cell population for cardiovascular regenerative therapy and regenerative medicinal applications (Houtgraaf et al., 2012; Squillaro et al., 2016). As a major candidate for cell therapy, MSC is not only used for heart disease, but also for the treatment of a variety of diseases characterized by fibrosis (Usunier et al., 2014; Karantalis and Hare, 2015).

Friedenstein et al. (1970), first, discovered a group of non-hematopoietic cells with multipotent and plastic-adherent stromal cells residing in the BM, commonly referred to as MSC also known as BM stromal cells. MSCs have been reported to differentiate into different types and functions of cells, including cardiomyocytes and endothelial cells (Pittenger et al., 1999; Reyes et al., 2002; Toma et al., 2002). In addition, MSC are considered to play an indispensable role in hematopoietic stem cell niches (Friedenstein et al., 1974).

In this context, the cardiogenic potential of MSCs is still controversial (Reinecke et al., 2008), and its ability to differentiate into cardiomyocytes and endothelial cells, their immunomodulatory properties, and their broad spectrum release of trophic factors have been highly thought for (Luo et al., 2017). In a large number of preclinical trials, MSC has been shown to promote angiogenesis, reduce myocardial fibrosis, and improve cardiac function in mice model with ischemic cardiomyopathy (Nagaya et al., 2005; Liu et al., 2008; Li L. et al., 2009; Mazo et al., 2010). Clinical studies have also shown that MSC therapy have significant and encouraging results for patients with ischemic cardiomyopathy, which include the improvement in physical fitness, quality of life, and ventricular remodeling (Hare et al., 2012; Li et al., 2012).

Although different kinds of stem cells have been clinically studied for cardiac repair, they all face a common challenge–donor cell loss or death (Shao et al., 2008). These problems prompted us to explore other ways to improve the efficacy of MSC in restoring cardiac structure and function, such as combination therapy (Nigro et al., 2017), especially in combination with TCM.

Danhong injection, a standard Chinese medicinal formula used in both clinical and basic research has shown promising therapeutic results in MI, including the promotion of angiogenesis, reducing infarct size, improving the micro environment of the infarct margin zone (Guan et al., 2013; Chen et al., 2016; Mao et al., 2016). Effective revascularization plays a key role in protecting cardiac function and improving long-term prognosis after MI (Jujo et al., 2008). In previous study, we found that DHI can significantly increase the expression of SDF-1 and VEGF in the myocardium of MI rats (Chen et al., 2016). Multiple stem cells are recruited to the injured area and play a repair role through SDF-1/CXFR4 signaling regulation (Askari et al., 2003; Ceradini et al., 2004). Here, we assume that DHI use the SDF1/CXCR4 signaling pathway to promote the retention and migration of exogenous MSCs, thereby improving the efficacy of MSC transplantation.



MATERIALS AND METHODS

MSC Culture and Labeling

Human umbilical cord blood-derived MSC were purchased from Tianjin Heze Stem Cell Technology, Co., Ltd. UC-MSC cells were cultured in DMEM/F12 medium containing 10% FBS and incubated at 37°C in a 5% CO2 incubator for routine culture. Single cell suspension was prepared by routine digestion and centrifugation and seeded in T25 flasks at a density of 5 × 105/bottle for in vitro and in vivo experiments.

In order to facilitate the transplantation of stem cell tracking, the red fluorescent dye Dil (Molecular Probes, Eugene, OR, United States) was used to label the cell membrane prior to transplantation, without affecting cell morphology, viability, and proliferation capacity, and the fluorescence signal was maintained for more than 1 month (Cheng et al., 2008; Liu et al., 2013).

Flow Cytometric Analysis

The 5th generation UC-MSC cells were identified by flow cytometry and stained with antibodies against CD11b-PE, CD19-FITC, CD34-FITC, CD45-PE, CD73-PE, CD90-PE, and CD105-PE. Isotype-identical antibodies served as negative controls. For vitro experiments, the UC-MSC cells received a 72-h treatment with Danshensu at the concentrations of 10 μM, and the expression of CXCR4 (stained with antibodies against CXCR4-PE) was detected by flow cytometry.

Transwell Assay

Migration of MSC toward SDF-1 was determined using Costar Transwells with 8 μm pore size (Corning, NY). The MSC cells received a pretreatment with Danshensu at the concentrations of 10 μM, then 100 μl of MSC with a total number of 20,000 cells were added into the insert. The inserts were then transferred to wells of 24-well plate containing 600 μl of 0.5% FBA-supplemented DMEM containing 100 ng/ml SDF-1. After incubation at 37°C and 5% CO2 for 20 h, the membranes were washed by 1× PBS, fixed by 4% paraformaldehyde (PFA) solution, and stained with DAPI. View underneath an inverted microscope and count the number of cells in different fields of view to get an average sum of cells.

MI Model Preparation and Cell Transplantation

Male adult C57BL/6J mice (8 weeks) were purchased from Beijing Weitong Lihua Experimental Animal Technology, Co., Ltd., License number SCXK (Jing) 2012-0001. All procedures were reviewed and approved by the guidelines of Tianjin University of Traditional Chinese Medicine (TCM) Laboratory Animal Ethical Committee (TCM-LAEC20170028). MI in mice was performed, under anesthesia of 1.5–2.0% isoflurane, by LAD with mechanical ventilation as described previously (Gao et al., 2010). The procedure for sham group was totally the same but without ligating the suture. Cell transplant procedure was followed as previously reported (Wang et al., 2011). Briefly, after ligation the mice were immediately randomized to receive 15 μl of 2.0 × 105 Dil-labeled UC-MSCs or saline by three injections into three areas adjacent to the infarcted tissue with a 30-gauge needle, then the chest was immediately closed and spontaneous breathing was restored.

Animal Study Design

After the establishment of MI model, the mice were randomly divided into five groups (eight mice in each group): (1) sham group, received intraperitoneal injection of saline only; (2) model group, received intracardiac injection of saline (15 μL) and saline intraperitoneal injection; (3) MSCs group, received MSCs (2.0 × 105/15 μL) intracardiac injection and saline intraperitoneal injection; (4) DHI group, received saline intracardiac injection (15 μL) and DHI intraperitoneal injection (1.5 mL/kg/day); (5) MSCs+DHI group, received MSCs (2.0 × 105/15 μL) and intracardiac injection DHI intraperitoneal injection (1.5 mL/kg/day). All animals were sacrificed for histological analysis by anesthesia with 5% chloral hydrate 28 days after intraperitoneal injection.

Echocardiographic Examination

All mice were examined by echocardiography at 2 and 4 weeks after MI under anesthesia (1.5% isoflurane in oxygen). Echocardiography was performed using a 18–38 MHz linear-array transducer with a ultra-high resolution small animal ultrasound imaging system in real time (Vevo 2100 Imaging System, VisualSonics, Toronto, ON, Canada). The standard echocardiographic acquisition procedure was reported as previously (Bauer et al., 2011).

Hemodynamic Assessment

Mice were subjected to hemodynamics analysis by cardiac catheterization under the general anesthesia (2,2,2-Tribromoethanol) before removing the heart. Briefly, the micrometer catheter (4F, Millar Instruments) was inserted into the left ventricle through the right common carotid artery. The LV end-systolic (LVESP), end-diastolic (LVEDP) pressure and ±dp/dtmax were recorded by bio-function experiment system MP100-CE (BIOPAC systems, Inc., Santa Barbara, CA, United States).

Histological and Immunofluorescent Assessments

Histological analysis was performed in paraffin-embedded sections. The heart was rinsed with PBS buffer and then perfused with 10% phosphate-buffered formalin. At the end of the perfusion, all hearts were collected and fixed in 4% PFA solution for more than 48 h, then paraffin embedded and cut into 5 μm sections. Those sections were stained with H&E and Masson for morphological analysis, and the nucleus was localized using DAPI. Fluorescence images were captured by use of the OLYMPUS DP71 inverted fluorescence microscopy.

Quantitative Real-Time RT-PCR

The expressions of SDF-1, CXCR4, and VEGF mRNA were detected in UC-MSC and myocardium, respectively. The total RNA was extracted with TRIzol reagent (Invitrogen, United States) according to the manufacturer’s instructions, and the concentration of the total RNA was quantified with NanoDrop1000 at value ratio of 260 and 280 nm. cDNA was obtained by reverse transcription PCR using TaqMan Reverse Transcription Reagents (Roche, Switzerland) according to manufacturer’s instruction. Quantitative real-time PCR was performed using SYBR GREEN PCR Master Mix (Roche, Switzerland) and in using a CFX96TM Real-Time PCR Detection System (Bio-Rad, United States). The mRNA quantity was normalized with the house-keeping gene β-actin and GAPDH. The primer sequences are listed in Table 1.

TABLE 1. Primers sequences used for real-time PCR.
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Western Blot

The proteins were extracted from heart samples using RIPA Lysis Buffer [Sangon Biotech (Shanghai), Co., Ltd.]. Western blotting was performed with anti-SDF-1 (ab25117, abcam), anti-CXCR4 (ab124827, abcam), and anti-GAPDH (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, United States) primary antibodies and with relevant secondary anti-bodies (Santa Cruz Biotechnology, Inc.) as described previously (Chen et al., 2015).

Small Animal Optical Imaging in Vivo

The fluorescence images of the transplanted Dil labeled MSC in living mice were obtained through the IVIS Lumina (PE, Waltham, MA, United States). Brief, mice transplanted with MSC underwent fluorescence imaging to detect the expression level of DIL using the IVIS at 1 week after cell transplantation under anesthesia (1.5% isoflurane in oxygen). The wavelengths of the excitation light and the wavelengths of the emitted light are 549 and 565 nm, respectively. The procedure was repeated at the second and fourth weeks, after which Dil labeled UC-MSC transplantation imaging was performed.

Statistical Analysis

All data were presented as mean ± SD. One-way ANOVA was performed for multiple-group comparisons, and the differences in the two groups were analyzed by Student’s t-test using SPSS17.0 statistical software. A p-value less than 0.05 (p < 0.05) was considered as statistically significant.



RESULTS

MSC Identification

Microscopically, the fifth generation cells display a homogeneous spindle-shaped fibroblast like morphology (Figure 1B). Flow analysis results show a strong positive for cell surface marker CD73, CD90, CD105, and negative for CD 19, CD11b, CD34, CD31 (Figure 1A).
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FIGURE 1. MSC assessment. (A) Cell surface marker of UC-MSCs at P5 showing positive for CD73, CD90, and CD105 and negative for CD19, CD11b, CD34, and CD45. (B) Morphological images of UC-MSCs at P5 (×100).



MSC Plus DHI Improves Cardiac Function in Mice With Myocardial Infarction

To observe the effect of MSC and DHI on heart function, we detected the LV ejection fraction (EF), fractional shortening (FS), early and late diastolic mitral flow velocity ratio (E/A), the ratio of mitral valve diastolic velocity in early and late diastolic phase (E′/A′), and hemodynamic changes (pressure increase or decrease speed; ±dp/dtmax) in mice with MI by echocardiography and LV catheterization. Indeed, compared with sham group, EF, FS, E/A, E′/A′, and +dp/dtmax were significantly decreased, and -dp/dtmax was significantly increased in the model group (p < 0.01). The EF, FS, E/A, and E′/A′ of mice in MSC only, DHI only, and MSC plus DHI group were improved in different degrees in 2 and 4 weeks after MI (p < 0.05 or p < 0.01), except for E/A in group B mice (Figure 2); compared with MSCs only or DHI only mice, the EF and FS were significantly increased in MSC plus DHI group mice in 2 weeks after MI (Figures 2A,B). However, compared with the only MSC group, MSC combined with DHI had no significant effect on FS, E/A, and ±dp/dtmax for 4 weeks of MI mice. Therefore, these data indicated that DHI promoted the role of MSC in improving cardiac function, which usually gets weaker over time in MI mice.
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FIGURE 2. Effects of MSC combined with DHI on cardiac function and hemodynamics in MI mice. LV ejection fraction (A) and fractional shortening (B) of mice in each group after intervention for 14 days. (C–F) indicated LV ejection fraction (EF), fractional shortening (FS), early and late diastolic mitral flow velocity ratio (E/A), and mitral valve diastolic velocity ratio (E′/A′) in each group after 28 days of intervention, respectively. (G,H) The LV maximum upstroke velocity (+dp/dtmax) and maximum descent velocity (–dp/dtmax) were examined by cardiac catheterization. (I) Representative echocardiographic images (M-mode) in different groups. All values are means ± SD (n = 8 or n = 6). #p < 0.05, ##p < 0.01 versus model group; NS means no significant difference.



Myocardium Histology

To directly assess the effect of MSC combined with DHI on the morphology of infarcted myocardium, we examined the extent of MI in mice in each group by pathological staining. As shown in HE staining results, we found that myocardial tissue structure disorder, myocardial cell edema, and fibrous fracture in mice at 4 weeks of MI, had different degrees of different degrees of improvement after intervention (Figure 3A). Similar to the HE staining results, compared with the model group, the infarct size of mice in DHI only and DHI plus MSC groups decreased significantly, while the infarct size of MSC only group had no significant difference. The infarct size of mice in DHI plus MSC group was significantly smaller than that in MSC only and DHI only group (Figures 3B–D). Moreover, the heart and lung index of mice in model group were significantly increased compared with sham group (Figures 3E,F). In contrast, a significantly lower heart and lung index were also observed in DHI only and MSC plus DHI group but not MSC only group. Therefore, our data suggest that transplantation of MSC combined with DHI contributes to maintaining LV geometry well, thereby reducing LV remodeling and delaying HF development.
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FIGURE 3. Pathological examination was performed by HE and Masson staining. (A,B) Representative photomicrographs of HE-stained and Masson-stained myocardium (200×). (C) Representative heart longitudinal panoramic view. (D) The infarct area ratio was quantified by midline method. (E,F) Representative percentage of heart and lung wet weight to body weight. All values are means ± SD (n = 4 or n = 8). #p < 0.05, ##p < 0.01 versus model group; NS means no significant difference.



DHI Improves the Retention Rate of Transplanted MSC in MI Mice

To non-invasively assess cell engraftment, the retention rate of transplanted Dil-MSCs was monitored by IVIS every week after transplantation. Compared with the sham group, Dil-MSCs transplanted along with DHI nor when applied individually could decrease the loss of Dil-MSCs significantly (p < 0.01). DHI significantly increased the survival rate of MSC in myocardium compared with MSC only group within 7 and 14 days after MSC transplantation (Figures 4A–D). Fluorescence was not detected in vitro after 28 days of MSC transplantation. Immunofluorescence examination showed that the number of MSC resident in the marginal area of MI in the DHI plus MSC group was significantly higher than that in the MSC only group after 28 days of transplantation (Figure 4E). These data indicate that the retention and survival of MSC in the myocardium is gradually reduced over time.
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FIGURE 4. Molecular imaging of Dil-MSCs retention after transplantation. (A,B) Effect of DHI on MSC retention after 7 and 14 days of transplantation. (C,D) Representative fluorescence images of mice transplanted with MSC and MSC + DHI at 7 and 14 days were obtained by IVIS. (E) Representative myocardial photomicrographs of mice after transplantation of MSC and MSC + DHI for 28 days. All values are means ± SD (n = 8). ##p < 0.01 versus model group.



DHI Promote Retention Rate of MSC via the SDF-1/CXCR4 Signaling Pathway

SDF-1/CXCR4 signaling is involved in the migration and survival of MSC and plays an important role in angiogenesis (Lund et al., 2014; Li et al., 2015a; Ma et al., 2015). There is also evidence that the therapeutic effect of MSCs is in part owing to their abundant secretion of SDF-1 (Tang et al., 2011; Ranganath et al., 2012; Hatzistergos et al., 2016). Therefore, we tested the hypothesis that DHI could improve the effects of MSCs on MI by regulated SDF1/CXCR4 pathway (Figure 5).
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FIGURE 5. DHI promotes the survival of MSC through the SDF-1/CXCR4 signaling pathway. Quantitative real-time PCR analysis of gene expression of SDF-1 (A), CXCR4 (B), and VEGF (C) in heart samples with various treatments. (D) The representative western blotting bands of SDF-1 and CXCR4 protein in different groups. (E) Semi-quantitative analysis of SDF-1 and CXCR4 protein were normalized against GAPDH expression. All values are means ± SD (n = 3). #p < 0.05, ##p < 0.01 versus model group; NS means no significant difference.



First, we detected the expression of SDF-1, CXCR4, and VEGF mRNA in the marginal zone of infarcted myocardium by PCR. Compared with the model group, the expression of SDF-1, CXCR4, and VEGF mRNA in each intervention group was significantly up-regulated (p < 0.01), except for the expression of CXCR4 mRNA in the DHI group. Moreover, the gene expression of MSC plus DHI group was significantly higher than that of MSC only group. The results of immunoblotting also showed a similar trend. As shown in Figure 5E, the expression of SDF-1 protein in MSC only and DHI only group did not increase significantly compared with the model group, however, that of MSC plus DHI group was significantly higher than that in in all other groups (p < 0.01). Nevertheless, the expression of CXCR4 protein in mice of MSC only, DHI only, and MSC plus DHI groups were significantly higher than that in model group mice (p < 0.01), and MSC plus DHI group was raised about 1.5-fold that of MSC only and DHI only group.

In order to further observe the effect of DHI on MSC, we selected Danshensu (DSS), the main component of DHI (Mao et al., 2016), and incubated with MSC for 72 h. Flow cytometric analysis indicated that DSS significantly increased the expression of CXCR4 in MSC cells (Figures 6A,B). Next, we tested the role of DSS in MSC migration in the presence or absence of AMD3100, an inhibitor of the SDF1/CXCR4 axis (Figure 6C). Consistent with our conjecture, DSS can significantly increase the migration of MSC cells (p < 0.01). This promotion effect of MSC migration can be further enhanced by SDF-1 and was suppressed by AMD3100 (p < 0.05) (Figure 6D). These results further suggest that SDF1/CXCR4 axis plays an important role in DHI promoting MSC migration and residence.
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FIGURE 6. The effect of DHI main component of Danshensu on MSC cells. (A) Effect of Danshensu on the expression of CXCR4 protein in MSCs. (B) Representative flow cytometric analysis of CXCR4-PE in MSCs. (C) MSC cell migration was assessed by transwell assay under different interventions. (D) The number of MSC migration statistics. All values are means ± SD (n = 3). #p < 0.05, ##p < 0.01 versus control group; NS means no significant difference.





DISCUSSION

In the present study, we have revealed that DHI combined with MSC intervention can significantly improve cardiac function and inhibit ventricular remodeling in murine MI models. Meanwhile, we also observed that, compared with MSC alone, MI mice receiving combination therapy were better at either MSC survival or angiogenesis. Our data clearly shows that MSC in combination with DHI can significantly improve the therapeutic effect of MSC transplantation. This benefit may be due to the regulation of the SDF-1/CXCR4 axis by DHI combined with MSC.

At present, the mechanism of action on MSC in the treatment of heart disease is mainly focused on reducing myocardial fibrosis (Molina et al., 2009), stimulating angiogenesis (Psaltis et al., 2008), and differentiating and invigorating endogenous cardiac stem cell proliferation and differentiation to restore cardiac function (Hatzistergos et al., 2010, 2016; Heldman et al., 2014; Karantalis et al., 2014). Undoubtedly, our results confirm that MSC transplantation alone can reduce myocardial fibrosis to certain extent, promote the expression of VEGF, and also have a significant improvement on cardiac function in a short period of time. However, in previous reports with other stem cells (Li et al., 2007; Li Z. et al., 2009), we could see that these effects gradually disappear with the progression of MI.

The extent of benefit of MSC transplantation is limited due to the poor retention and survival rate of MSC in myocardial tissue (Toma et al., 2002; Muller-Ehmsen et al., 2006; Quevedo et al., 2009). In addition, the route of administration is also a problem that cannot be ignored (Wang et al., 2011). Therefore, it is important to select the appropriate route of delivery and improve the survival rate of the MSC at the lesion site or to ameliorate the transplanting micro-environment for enhancing the therapeutic effect of MSCs.

At present, in order to solve the problem of poor survival rate of MSC transplantation, the combination therapy with statins (Wang et al., 2011), biomaterials (Paul et al., 2014; Yao et al., 2015), and biological effectors (Wu et al., 2011; Song et al., 2014) has been extensively explored and achieved good results. However, the joint use of TCM has not been widely explored.

The multi-effect characteristics of TCM can provide unique auxiliary effects for improving the microenvironment of MSC transplantation. We know that hypoxia and serum deprivation are unfavorable factors in the death of donor cells (Hakuno et al., 2002). We have previously reported that DHI promotes angiogenesis and improves the microenvironment in the marginal zone of MI (Chen et al., 2016). These effects of DHI may be the reason for its positive consequences on the resistance of the MSC to the hostile microenvironment and improves the survival of MSC transplants. Moreover, our results indicated that DHI administration increased the expression of VEGF, and the effects were enhanced by combination with MSC transplantation.

Stem/Progenitor cell retention and release are largely governed by the SDF-1/CXCR4 ligand–receptor interaction, which may regulate cell fate decisions (Cheng and Qin, 2012; Huang et al., 2016). Many studies show that SDF-1/CXCR4 could regulate MSC migration and homing of MSCs after MI (Marquez-Curtis and Janowska-Wieczorek, 2013; Li et al., 2015b; Zhang et al., 2016). MSCs have been widely explored as a promising treatment strategy in disorders caused by insufficient angiogenesis such as chronic wounds, stroke, and MI (Bronckaers et al., 2014). Our results show that DHI combined with MSC can significantly increase the expression of SDF1 and CXCR4 in myocardium, and the number of MSCs residing in cardiac area is significantly more than that of MSC alone transplantation. Danshensu, the main component of DHI, can promote the expression of CXCR4 in MSC cells, and its effect of promoting migration can be significantly inhibited by the selective antagonism of CXCR4 with the pharmacological agent AMD3100. These data indicate that DHI promotes the retention and migration of exogenous MSC by regulating the SDF-1/CXCR4 signaling pathway, thereby improving the efficacy of MSC transplantation.



CONCLUSION

The combination of DHI with MCS transplantation could improve the heart performance in post-MI. Compared with DHI alone or MSC alone, the combined treatment strategy can achieve more benefits in regeneration and repair of MI. DHI treatment could effectively improve MSC engraftment and survival in the ischemic myocardium and also has the functional benefits from cell transplantation.

From our results, we speculate that DHI could effectively enhance the survival of the implanted MSCs in infarcted tissues, which may be related to the activation of the SDF-1/CXCR4 axis. The benefits of the combination therapy for MI may be attributed to their ability to further promote angiogenesis. The preliminary results of this study provide further evidence for the use of Chinese medicine to enhance stem cell therapy in the treatment of MI, which suggests a new strategy for stem cell therapy for MI.
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Objectives: Abnormal rheological properties induce adverse effects during sepsis. This study sought to investigate the hypothesis that resveratrol (Res) improves blood rheological properties in rats following a lipopolysaccharide (LPS) challenge, and provide a novel approach for treatment of sepsis.

Methods: The rats were intraperitoneally or intramuscularly injected with vehicle, LPS (8 mg/kg), Res (30 mg/kg), or both to yield four groups: control, Res, LPS, and LPS + Res. After 6 h of LPS and/or Res injection, the mean arterial pressure (MAP), regional blood flow, erythrocyte and leukocyte parameters, and blood viscosity were observed.

Results: LPS administration had no significant effects on the erythrocyte parameters and plasma viscosity. LPS administration reduced the MAP, whole blood viscosity at low and medium shear rates, the blood flow in the spleen and kidney, and the leukocyte content in whole blood when compared to control group, and increased the myeloperoxidase (MPO) activity in lung. Treatment with Res alone had no effects on most of parameters observed except increasing the whole blood relative viscosity. However, Res treatment after LPS resulted in further decrease in whole blood viscosity at high and medium shear rates. Furthermore, Res treatment conversely decreased the red blood cell distribution width-CV, blood flow of stomach, whole blood relative viscosity and MPO activity in lung, and increased the leukocyte content, but did not restore LPS-induced decrease in MAP and the blood flow in the spleen and kidney.

Conclusion: The Res treatment partly reduce the whole blood viscosity and regional blood flow, and increase WBC content in peripheral blood following the LPS challenge, suggesting a favorable role in expanding the quasi-sympathetic effects of LPS in blood viscosity at early stages.

Keywords: resveratrol, lipopolysaccharide, rheology, regional blood flow, intraperitoneal injection


INTRODUCTION

Sepsis induced by peritonitis is a common but critical pathological process (Ge et al., 2016). During sepsis, refractory hypotension, extensive microthrombus, abnormal hemodynamics, and microcirculatory disturbance lead to organ dysfunction and damage and/or death (Angus and van der Poll, 2013; Maloney, 2013). Numerous studies have shown that pre-treatment or post-administration of resveratrol (Res) could alleviate organ injury in animal models of endotoxic shock or sepsis induced by cecal ligation and puncture (Kolgazi et al., 2006), or administration of lipopolysaccharide (LPS) by either intravenous injection (Sebai et al., 2011), intraperitoneal injection (Zhao et al., 2014), or airway instilment (Knobloch et al., 2011). These beneficial effects of Res treatment are associated with anti-inflammatory response and relief from oxidative stress. Abnormal rheological properties play an important role during organ injuries induced by endotoxic shock (Lundy and Trzeciak, 2011; Teboul and Duranteau, 2012). Whether Res treatment improves abnormal rheological properties during sepsis induced by abdominal bacterial infections has not been reported. Considering these observations, we hypothesized that LPS administration induce the abnormal erythrocyte and leukocyte parameters, and further changes blood rheological properties. Therefore, the aim of the current study was to observe the effect of Res on blood rheological properties in rats following an LPS challenge via intraperitoneal injection.



MATERIALS AND METHODS

Animals and Grouping

This study used 24 healthy and specific pathogen-free male Wistar rats that were purchased from the Chinese Academy of Medical Sciences Animal Breeding Center (Beijing, China). The rats, which weighing 170–210 g, were fasted for 12 h and were only allowed water before the start of the experiment procedures. The rats were randomly divided into the following four groups (n = 6): control, Res, LPS, and LPS + Res. All the procedures involving the animals were reviewed and approved by the Hebei North University Animal Care Committee and conformed to the guidelines of the National Institutes of Health. All efforts were made to minimize the suffering of the animals.

LPS Challenge and Res Treatment

The LPS and Res administration were performed in conscious rats. First, the LPS and Res groups of rats were given intraperitoneal injection of LPS (5 mg/mL, 8 mg/kg; Escherichia coli O111:B4; Sigma, Milwaukee, WI, United States) and intramuscular injection of Res (300 mg/mL, 30 mg/kg; Sigma), respectively. In the LPS + Res group, an hour after the LPS administration, the Res treatment was performed. Vehicle injections into a group of rats were also conducted as a control [vehicles: saline for LPS and dimethylsulfoxide (DMSO, 100 μL/kg) for Res].

Observation of Mean Arterial Pressure and Regional Blood Flow

At 4.5 h following the Res or DMSO administration, all the rats were anesthetized with pentobarbital sodium (1%, 50 mg/kg; Merck, Germany) and restrained in supine position. The right femoral operation was performed, and the femoral artery was separated and cannulated for the continuous monitoring of the mean artery pressure (MAP) levels of the animals for 10 min using the PowerLab biological signal collection and processing system (ML818, ADInstruments, Australia). Subsequently, the abdominal operation was performed to observe the regional blood flow of the liver, stomach, spleen, intestine, and kidney with a laser speckle flow monitoring system (PeriCam PSI, Perimed, Sweden). The blood flow images of the multiple organs were obtained using the image collection system of PSI, and the blood flow volume was obtained and shown as perfusion units (PU) using the data analysis system of PSI.

Examination of Erythrocyte and Leukocyte Parameters and Blood Viscosity

After the observation of the regional blood flow, neck surgery was performed, and the common carotid artery was separated and cannulated to harvest the whole blood sample for the examination of erythrocyte and leukocyte parameters and blood viscosity.

Part of the blood sample of approximately 0.1 mL was fixed in an EP tube containing EDTA⋅K2 to examine the erythrocyte and leukocyte parameters, including the red blood cell content (RBC), hemoglobin (Hb), hematocrit (Hct), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular-hemoglobin concentration (MCHC), red blood cell distribution width (RDW), white blood cell (WBC) content, and percentage and absolute value of neutrophil and lymphocyte, using a fully automatic laser blood corpuscle count analyzer (CA800, Sysmex, Japan) within 2 h. The 3.0 mL of heparinized arterial whole blood were loaded onto the sensing slot via straw under negative pressure conditions, and the whole blood viscosity at different shear rates of 10, 60, and 150 /s were analyzed using a hemorheological analyzer (LBY-N6Compact, Beijing, China). Then, the plasma sample was prepared through centrifugation at 850 × g for 10 min to determine the plasma viscosity. Finally, the whole blood relative viscosity and RBC aggregation index were calculated using the analysis system parameters of the hemorheological analyzer according to the whole blood viscosity, plasma viscosity, and Hct.

Measurement of Intercellular Adhesion Molecule 1 (ICAM-1) Levels and Myeloperoxidase (MPO) Activities in Tissues

After harvesting blood sample, the lung, kidney, and myocardium were obtained from each rat, and homogenized in 1:9 (w/v) normal saline for 30 s for the preparation of homogenate. Then, the pulmonary, renal, and myocardial ICAM-1 levels and MPO activities were measured by ELISA method or hydrogen peroxide method, respectively, according to the manufacturer’s protocol.

Statistical Analysis

All the obtained data were expressed as mean ± standard deviation (SD), and the statistical analysis was performed using SPSS software version 16.0 (SPSS Inc., Chicago, IL, United States). The differences among the experimental groups were analyzed via one-way analysis of variance, followed by Student–Newman–Keuls test. The values of P < 0.05 were considered as statistically significant.



RESULTS

Effects of Res on MAP in Rats Following the LPS Challenge

The intraperitoneal LPS stimulation significantly decreased the MAP levels compared to the control group (P < 0.05). By contrast, the Res treatment has no effect on the MAP and also did not restore the decreased MAP in the rats following the LPS injection (P > 0.05, Figure 1).
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FIGURE 1. Effects of resveratrol (Res) on mean arterial pressure (MAP) in rats following lipopolysaccharide (LPS) challenge. Data are presented as the mean ± SD (n = 6). ∗P < 0.05 vs. Control group and #P < 0.05 vs. Res group.



Effects of Res on the Erythrocyte Parameters in Rats Following the LPS Challenge

The LPS injection did not result in statistical differences in the erythrocyte parameters (P > 0.05, Table 1). The LPS + Res group showed lower RDW-CV compared with the Res group, and higher MCH compared with the LPS group (P < 0.05), respectively (Table 1). There were no differences in the other erythrocyte parameters among all of groups (P > 0.05, Table 1).

TABLE 1. Effects of resveratrol (Res) on the erythrocyte parameters in rats following lipopolysaccharide (LPS) challenge (mean ± SD, n = 6).
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Effects of Res on the Blood Viscosity in Rats Following the LPS Challenge

The LPS injection significantly reduced the whole blood viscosity at low and medium shear rates (P < 0.05), but no difference at a high shear rate (P > 0.05, Figure 2A). In contrast, Res alone had no effect on the whole blood viscosity, but further enhanced the LPS-induced decrease in the whole blood viscosity (P < 0.05, Figure 2A). The LPS had no effect on the whole blood relative viscosity while Res alone increased this parameter (P < 0.05, Figure 2B). Surprisingly, Res treatment resulted in a reduced effect on the whole blood relative viscosity under the LPS challenge (P < 0.05, Figure 2B). Moreover, no statistically significant difference was found in the plasma viscosity at 150 /s among the Control, Res, LPS, and LPS + Res groups (1.31 ± 0.38, 1.04 ± 0.08, 1.02 ± 0.10, and 1.13 ± 0.47 mPa s, respectively) (P > 0.05).
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FIGURE 2. Effects of resveratrol (Res) on whole blood viscosity indices in rats following lipopolysaccharide (LPS) challenge. Data are presented as the mean ± SD (n = 6). (A) Whole blood viscosity; (B) Whole blood relative viscosity. ∗P < 0.05 vs. Control group; #P < 0.05 vs. Res group; and ΔP < 0.05 vs. LPS group.



Effects of Res on the Regional Blood Flow in Rats Following the LPS Challenge

The intraperitoneal LPS injection decreased the blood flow in the spleen and kidney compared with the control group (P < 0.05, Table 2 and Figure 3). However, it did not obviously affect the blood flow in the liver, stomach, and intestine (P > 0.05). Res did not restore the attenuated blood flow in the spleen and kidney, even reduced the blood flow of stomach under LPS stimulation.

TABLE 2. Effects of resveratrol (Res) on blood flow volume (perfusion units, PU) of organs in rats following lipopolysaccharide (LPS) challenge (mean ± SD, n = 6).
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FIGURE 3. Effects of resveratrol (Res) on blood flow volume of multiple organs in rats following lipopolysaccharide (LPS) challenge.



Effects of Res on the Leukocyte Parameters in Rats Following the LPS Challenge

The LPS injection reduced the WRC content and absolute value of neutrophil and lymphocyte in peripheral blood comparted to the control and Res group (P < 0.05, Figure 4 and Table 3). The Res treatment enhanced the WRC content and lymphocyte absolute value, but decreased the lymphocyte percentage, in peripheral blood in rats subjected to LPS challenge (P < 0.05, Figure 4 and Table 3). In addition, there were no statistical differences in the other indices among these groups (P > 0.05).
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FIGURE 4. Effects of resveratrol (Res) on white blood cell (WBC) content (109/L) in peripheral blood in rats following lipopolysaccharide (LPS) challenge. Data are presented as the mean ± SD (n = 6). ∗P < 0.05 vs. Control group; #P < 0.05 vs. Res group; and ΔP < 0.05 vs. LPS group.



TABLE 3. Effects of resveratrol (Res) on the indices of white blood cell in rats following lipopolysaccharide (LPS) challenge (mean ± SD, n = 6).
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Effects of Res on the ICAM-1 Levels and MPO Activities in Rats Following the LPS Challenge

The LPS challenge enhanced the ICAM-1 level in rat’s kidney and the MPO activity in rat’s lung comparted with the control and Res group, and the pulmonary MPO activity was abolished by the Res treatment (P < 0.05, Figure 5). However, there were no differences in the MPO activities in kidney and myocardium among these groups (P > 0.05).
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FIGURE 5. Effects of resveratrol (Res) on the intercellular adhesion molecule 1 (ICAM-1) levels and myeloperoxidase (MPO) activities in lung, kidney, and myocardium in rats following lipopolysaccharide (LPS) challenge. Data are presented as the mean ± SD (n = 6). (A) ICAM-1 levels; (B) MPO activities. ∗P < 0.05 vs. Control group; #P < 0.05 vs. Res group; and ΔP < 0.05 vs. LPS group.





DISCUSSION

To reveal the mechanism underlying peritonitis-induced sepsis and multiple organ injuries and to find the effective countermeasures for the sepsis, an LPS dose of 5–120 mg/kg has been constantly used to establish the model of the LPS challenge through intraperitoneal injection. Li et al. (2011) reported that the intraperitoneal injection of a large dose of LPS (35 mg/kg) resulted in the death of all C57B1/6J mice within 23 h (100% mortality). Whereas the administration of a small dose of LPS (10 mg/kg) significantly reduced the mortality rate (10% mortality). The LPS (1 mg/kg) caused hypothermia, which occurred 20 min after the intraperitoneal injection; while the high dose of LPS (60 mg/kg) caused profound hypothermia (Akyol et al., 2008). These results indicated the positive correlation between LPS dose and the severity of sepsis. In order to observe the evolution process of sepsis patients and with consideration of the differences in surface area between the rats and mice, 8 mg/kg of LPS was injected intraperitoneally into the rats for the investigation of the putative effect of Res on rheological properties in the present experiments.

It is well established that the MAP level reflects the hemoperfusion status of body, which is related to circulatory function. Recently, Lorigados et al. (2015) reported that the intraperitoneal injection of 10 mg/kg LPS induced a hypotension with MAP ≤ 65 mmHg in rats. In our previous investigation, the intraperitoneal injection of 35 mg/kg LPS into the mice resulted in hypotension that was approximately 70% below the normal level. In contrast to these previous studies, we found that the LPS injection decreased the MAP levels by 10% in this study. This result indicates that the low dose of LPS challenge in the healthy rats resulted in a slight decrease in the blood pressure that was on behalf of a mild abdominal infection. The results from the work of Staehr et al. (2013) showed that LPS bolus led to significant decreases in MAP (by approximately 30 mmHg) and heart rate (50% of baseline); moreover, the continuous infusion of cyclosporine A (CsA, 20 or 40 mg/kg/24 h), which is similar to Res, did not demonstrate an obvious effect on MAP and heart rate at 0–24 h after LPS administration. In the present work, the Res treatment had no obvious effect on the MAP levels of the rats subjected to LPS challenge, which was similar with the role of CsA in the previous study (Staehr et al., 2013).

Whole blood viscosity is associated with RBC counts, Hct, RBC aggregation and deformability, and so on (Csorba et al., 2013; Viallat and Abkarian, 2014), which is an important factor to reflect hemodynamics. The previous study have shown that the intraperitoneal LPS injection reduced the RBC deformability, decreased the nitric oxide production in RBCs, and inhibited the activation of the Na,K-ATPase in erythrocyte membranes (Radosinska et al., 2016). However, whether LPS administration plays a role on erythrocyte counts, Hct, and MCV, etc., it is unclear. In the present study, we found that the intraperitoneal LPS injection did not exhibit obvious effects on these indices, including RBC, Hb, Hct, MCV, MCH, MCHC, RDW-SD, RDW-CV, and RBC aggregation index. This result might be related to the low dose of LPS. The Res treatment induced a declining trend in Hct, suggesting that Res plays a role in hemodilution, which is beneficial to improve microcirculation and blood flow. Res also increased the MCH count at a favorable level that would enhance the oxygen carrying capacity of a single erythrocyte. In conclusion, the Res treatment played a certain role in the LPS administration. However, the long-term effect of Res on erythrocyte parameters after an LPS challenge requires further investigation.

Blood viscosity is an important factor in microcirculation and hypoperfusion (Guerci et al., 2014; Song et al., 2014). Our data showed that the intraperitoneal LPS injection reduced the whole blood viscosity at low and medium shear rates; this result is in contrast to the effect of the LPS incubation to increase red cell membrane viscosity in vitro (Todd et al., 1993). In general, the increased blood viscosity by sepsis is unfavorable for the prognosis of severe patients. So, we think that the decreased whole blood viscosity by LPS challenge is a benign adaptive change, which is favorable for the body against LPS challenge. Therefore, such finding in the current study could be attributed to the sympathomimetic effect of LPS after its transfer to the blood circulation via vascular endothelial barrier, which induced vasoconstriction, increased the volume of interstitial fluid returning to the blood circulation, and resulted in hemodilution. However, the long-term effect of LPS attack or higher dose of LPS on whole blood viscosity requires further investigation. We further found that the Res treatment significantly decreased the whole blood viscosity at high, medium, and low shear rates; as well as the whole blood relative viscosity at a high shear rate in rats following the LPS challenge, which might enhance the LPS-induced sympathomimetic action. These results indicate that Res played an important role in activating blood circulation to dissipate stasis. As a result, the blood perfusion of the vital organs improved.

No statistically significant difference was found in the plasma viscosity at 150 /s among the Control, Res, LPS, and LPS + Res groups. In general, plasma viscosity relates to the protein level in plasma. LPS injection might decrease the level of acute phase protein. By contrast, the LPS injection in this study also induced hemodilution partly. The plasma protein level showed no obvious increase, which could therefore explain the lack of difference in the plasma viscosity.

The level of regional blood flow was directly used to evaluate the blood perfusion in the multiple organs. The current results showed that the intraperitoneal LPS injection decreased the blood flow in the spleen and kidney and that the Res treatment further decreased the blood flow in the stomach. Generally, abdominal organs, including spleen, kidney, intestine, stomach, and liver, have widely sympathetic nerves. Therefore, the quasi-sympathetic effects of LPS at an early stage induced the vasoconstriction of these organs and blood flow redistribution. These results are consistent with those for blood viscosity, which has a compensatory effect to improve microcirculation. The previous study showed that the LPS treatment decreased arterial liver perfusion after 5 h and induced the reduction of hepatic blood flow (Tamandl et al., 2008). However, the present research did not found that the decreasing effect of LPS injection on the hepatic blood flow. Therefore, the long-term changes in the regional blood flow subjected to the LPS challenge require further observation to understand the effects of Res.

After LPS administration, the leukocyte is related to not only inflammation, but also blood viscosity, especially LPS-induced leukocyte adhesion. So, we observed the changes of leukocyte parameters, and found that the intraperitoneal injection of LPS resulted in a decrease in leucocyte content, which is accordance with the previous study (Sebai et al., 2009). Furthermore, the Res treatment enhanced the WRC content in peripheral blood obtained to LPS treated rats. These data suggested that the beneficial effect of Res on LPS attacked rats might be related to inhibiting the reduction of WBC. However, what is the mechanism by which LPS deceasing WBCs? And where are the reduced leucocyte in peripheral blood after LPS administration, it remains further observation.

In previous studies, the intravenous injection of LPS induced a large number of WBCs adhesion to vascular endothelial cells in mesentery microvessel, and increased ICAM-1 level in plasma in rats (Zhang et al., 2011), Res treatment reduced the expressions of ICAM-1 and vascular cell adhesion molecule 1 (VCAM-1) in human microvascular endothelial cells subjected to LPS (Park et al., 2009). Therefore, we hypothesize that LPS administration increase the hyper expressions of cell adhesion molecules, and further induce the adhesion of leukocytes to endothelial cells and infiltration of leukocytes to tissues through the vascular endothelial barrier. To verify this hypothesis, we investigated that the effects of Res on the ICAM-1 level and MPO activity in tissues. The results showed that intraperitoneal injection of LPS increased the content of ICAM-1 in kidney and MPO activity in lung, and the Res intervention decreased the MPO activity in lung. The results demonstrated that the reduction of leucocyte was infiltrated to the lung tissue, which is a reason that LPS decreased leucocyte content. But, the mechanism of leucocyte infiltration is not related to ICAM-1 after LPS challenge, which is need to further investigation.

In summary, current results indicate that the quasi-sympathetic effects of the LPS within 6 h led to blood flow redistribution and hemodilution and further decreased the regional blood flow in the spleen and kidney, as well as the whole blood viscosity. However, the Res treatment partly reduced the whole blood viscosity and regional blood flow following the LPS challenge. This result favored the expansion of the quasi-sympathetic effects of the LPS at early stages. In addition, Res treatment plays an increase effect on leucocyte content in peripheral blood, which is related to the decrease in leucocyte infiltration. However, Res treatments must be investigated further to alleviate LPS-induced injuries. Given the high mortality rate and abnormal hemodynamics in patients with sepsis (Ge et al., 2016), the current results suggest that Res treatment may potentially play a protective role among sepsis patients.
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Myocardial infarction (MI) is a common and multifactorial disease that has the highest morbidity and mortality in the world. Although a number of physiological, pathological, and functional parameters have been investigated, only scarce information regarding the changes of small metabolites in the plasma has been reported, and this lack of information may cause poor MI diagnosis and treatment. In the present study, we aimed to investigate the metabolic profiles of plasma samples from MI patients to identify potential disease biomarkers and to study the pathology of MI. Metabolic profiles of the plasma of 30 MI patients and 30 controls were obtained using ultra-performance liquid chromatography/electrospray ionization quadruple time-of-flight mass spectrometry. The resulting data were processed using pattern recognition approaches, including principal component analysis and partial least squares-discriminant analysis, to identify the metabolites that differed between the groups. Significant differences in the plasma levels of the following 10 metabolites were observed in the MI patients compared with the controls: phosphatidylserine, C16-sphingosine, N-methyl arachidonic amide, N-(2-methoxyethyl) arachidonic amide, linoleamidoglycerophosphate choline, lyso-PC (C18:2), lyso-PC (C16:0), lyso-PC (C18:1), arachidonic acid, and linoleic acid. The changes in these 10 biomarkers indicated perturbations of energy metabolism, phospholipid metabolism, and fatty acid metabolism in the MI patients. These findings hold promise to advance the treatment, diagnosis, and prevention of MI.

Keywords: myocardial infarction, metabolomics, potential biomarkers, UPLC/ESI–Q-TOF/MS, principal component analysis (PCA)


INTRODUCTION

The WHO has declared that cardiovascular disease is a modern epidemic, and it is one of the leading causes of morbidity and mortality all over the world. Although the mortality rate is decreasing due to recent improvements in medical technology, the prevalence is steadily increasing (The World Health Report, 1997; Law et al., 2002). MI is one of the most frequently occurring cardiovascular conditions in both developed and developing countries and can be a major catastrophic event that leads to sudden death or hemodynamic deterioration (Murray and Lopez, 1997). The risk factors for MI are caused by interactions between environmental and genetic factors that include hypercholesterolemia, diabetes mellitus, hypertension, obesity, and smoking (Teslovich et al., 2010). Although research regarding the physiological, pathological, and functional parameters and the treatment and prognosis of MI has been conducted over the last decade, little information about changes in the small metabolites in the plasma has been reported, and this lack of information may be detrimental to the diagnosis and treatment of MI (Li et al., 2012).

Metabolomics is an emerging and powerful discipline concerning comprehensive analyses of small molecules (<1 kDa) and provides powerful methods to discover biomarkers in biological systems (Wang et al., 2012). Metabolomics is based on dynamic changes in low molecular weight metabolites in organisms and has been applied in clinical research, human nutrition, plant physiology, microbiology metabolism and environmental toxicology studies (Li et al., 2008). The metabolites often mirror the end results of genomic and protein perturbations due to disease, and these results are closely associated with phenotypic changes. Various analytical methods involving multivariate data analysis, such as PCA and PLS-DA, have been applied in metabolomic-based drug metabolism studies (Zhang et al., 2012a). Moreover, some advanced instruments, such as UPLC/ESI–Q-TOF/MS, have become the widely applied techniques in metabolomics studies. The UPLC/ESI–Q-TOF/MS system is not only capable of providing accurate fragment mass, precursor ion, and neutral loss information but also exhibits high peak capacity, sensitivity, and resolution (Zhang et al., 2012b). Metabolomics combined with advanced instruments and appropriate analytical methods provides support that enables us to explain the metabolites associated with MI.

In recent years, the studies on metabolic disorders of urine, serum, and plasma from MI-treated rats have been reported with the aims to interpret the biochemical process and evaluate the pharmacological actions of diverse drugs. Many potential MI biomarkers in urine, serum, and plasma samples of rats have been identified relating to inflammation, oxidative injury, energy metabolism, and hypertrophy which were considered as the most relevant pathological changes in the formation of MI (Liu Y.T. et al., 2013; Jiang et al., 2014). However, the biomarkers of plasma samples from MI patients with qi deficiency and blood stasis have still few been studied using a metabonomic approach. By comparing with the experiments of rats samples, the clinical samples can offer a more direct and convincing result on MI metabolic information.

In the present study, we investigated the metabolic profiles of plasma samples from MI patients to identify potential disease biomarkers and to research the pathology of MI. The plasma metabolic profiles of 30 MI patients and 30 controls were obtained using UPLC/ESI–Q-TOF/MS. The resulting data were processed with pattern recognition approaches that included PCA and PLS-DA to discover the differentially expressed metabolites.



MATERIALS AND METHODS

Ethics Statement

Written informed consent was obtained from the patients and healthy people in the study. The experimental protocol was reviewed and approved by the Institutional Review Board of Second Affiliated Hospital of Tianjin University of TCM. Ethics review was approved by Ethics Committee of Xi Yuan Hospital of China Academy of Chinese Medical Sciences.

Chemicals

HPLC-grade acetonitrile and methanol were purchased from Fisher (Pittsburgh, PA, United States). Formic acid (HPLC-grade) and LEA (HPLC-grade) were purchased from Sigma-Aldrich (St. Louis, MO, United States). Ultrapure water (18.2 MΩ) was prepared from distilled water using a Milli-Q water purification system (Millipore Laboratories, Bedford, MA, United States).

Subjects

Thirty MI patients were recruited from the Second Affiliated Hospital of Tianjin University of TCM, China in the period from August 13, 2014 to August 12, 2015. Briefly, the selection criteria were as follows: (1) patients aged between 40 and 70 years; (2) patients with acute MI within the previous 1–6 months; (3) patients exhibiting qi deficiency and blood stasis; (4) patients who were conscious so that the clinical data could be collected; and (5) patients who provided written informed consent. The exclusion criteria for all patients were severe hypertension, hyperlipidemia, pulmonary dysfunction, arrhythmia, hepatosis, renal inadequacy, mental diseases, pregnant and breast-feeding women, and other diseases that would have affected the clinical observations. The subjects were confirmed according to the “Clinical Guideline of New Drugs of Traditional Chinese Medicine for the Treatment of Coronary Heart Disease.” The control group consisted of blood samples from 30 individuals who attended the hospital for routine physical check-ups, and the control subjects were age- and gender-matched to the MI patients.

Plasma Sample Preparation

The blood samples were anticoagulated with natrium citricum and centrifuged at 13,000 rpm for 10 min to obtain plasma samples. The plasma samples (300 μL) were mixed with methanol (1200 μL) via vortexing for 2 min and then centrifuged at 4°C for 15 min at 13,000 rpm. The supernatants (1200 μL) were transferred to new 1.5-mL polypropylene tubes and evaporated to dryness using a vacuum drying oven. Next, 150 μL of 50% methanol was added to dissolve the residues in each tube. The solutions were filtered through 0.22-μm Millipore filters prior to sample injection.

UPLC and MS Analyses

The chromatographic separation was performed on a Waters Acquity UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm, Waters, Corp., Milford, MA, United States) using a Waters ACQUITY UPLC system equipped with a binary solvent delivery system and an autosampler. The column temperature was maintained at 30°C. UV detection was performed over the range of 190–400 nm. The mobile phase was composed of phase A (acetonitrile) and phase B (water with 0.1% formic acid). The gradient for the plasma samples was as follows: 0–4 min, 2–30% A; 4–5 min, 30–40% A; 5–8 min, 40–40% A; 8–14 min, 40–50% A; 14–18 min, 50–55% A; 18–22 min, 55–90% A; and 22–24 min of washing in 90% A. The proportion of phase A returned to 2% in 2 min, and the column was allowed to re-equilibrate for 5 min before the next injection. The flow rate was 0.4 mL/min, and 5 μL were injected into the column. The column eluent was directed to the mass spectrometer without splitting.

The mass spectrometry was performed with a Waters Q/TOF Premier Mass Spectrometer (Waters, Corp., Manchester, United Kingdom) coupled to an electrospray ionization source (ESI). The mass spectra were acquired in both the negative and positive ion voltage modes with the following parameters: capillary voltages, 2.5 kV (negative mode) and 3.0 kV (positive mode); sample cone voltage, 30 V; extraction cone voltage, 4.0 V; collision energy, 5 eV; desolvation gas (nitrogen was used as the drying gas) flow rate, 600 L/h; desolvation temperature, 300°C; cone gas rate, 50 L/h; source temperature, 100°C; and scan range, m/z 50–1000 Da. The scan time and inter-scan delay were set to 0.15 and 0.02 s, respectively. All data were acquired using a LockSpray interface (LEA, m/z 555.2931 for the positive mode and 553.2775 for the negative mode) to ensure accuracy and reproducibility at a concentration of 200 ng/mL and a flow rate of 20 μL/min.

Multivariate Data Analysis and Data Processing

The original chromatographic peak data obtained from the UPLC/ESI–Q-TOF/MS system were recognized and matched with the MarkerLynx Application Manager (Waters, United States). The main parameters were as follows: retention time range, 0–24 min; mass range, 50–1000 Da; mass tolerance, 0.2 Da; minimum intensity, 1%; mass window, 0.05, retention time tolerance, 0.02 min; and noise elimination level, 6. Pattern recognition analyses are practical methods in metabolomic investigations, and the analyses used here included unsupervised PCA and supervised PLS-DA. The PLS-DA model was processed with Simca-P software (version 11.5, Demo, Umetrics, Umea, Sweden) as used to concentrate the group discrimination into the first component, while the remaining unrelated variation was contained in the subsequent components (Boccard and Rutledge, 2013). According to the significance values and screening of the score plots and loading plots, the potential biomarkers were identified.

Biomarker Identification

The selected potential biomarkers were precisely identified, and the elemental compositions were generated with MarkerLynx based on the exact masses of the metabolites with high contribution scores. The MS/MS fragments of the biomarkers were obtained in a consistent manner. The following databases were used to identify the potential markers: ChemSpider1, MetFrag2, MassBank3, and PubChem4.

Metabolic Pathway Analysis

The pathway analyses of the potential biomarkers were performed with database sources that included the Human Metabolome Database (HMDB5), the Kyoto Encyclopedia of Genes and Genomes (KEGG6), METLIN7, the Small Molecule Pathway Database (SMPD8), the LIPID Metabolites and Pathways Strategy (Lipid MAPS9), and the Scripps Center for Metabolomics and Mass Spectrometry.10

Statistical Analysis

The statistical analyses were performed using SPSS software (version 16.0, Chicago, IL, United States), and statistical significance was set at p < 0.05. The multivariate statistical analyses were performed with the SIMCA-P 11.5 software package (Demo, Umetrics, Umeå, Sweden). The PLS-DA model was subsequently validated using cross-model validation and permutation.



RESULTS

Clinical Characteristics of Subjects

Thirty MI patients and 30 controls were included in this study. The clinical characteristics of the MI patients and controls are listed in Table 1. The enrolled patients and controls were well-matched in terms of age, gender, and ethnicity, which indicated that the intra-group differences were mainly due to MI-related pathological variations. The biochemistry data revealed that the levels of the indicators TC and TG were higher in the MI patients than in the controls, and no significant differences were observed in the CK, CK-MB, or CRE levels.

TABLE 1. The basic characteristics of the subjects.
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Validation of the UPLC-MS Method

The precision of the instrument and accuracy of method reflected the stability of the analysis, which were very important for guaranteeing the reliability of the acquired metabolomic data. In the present study, the injection precision was determined by repeatedly analyzing sets of six injections from the same samples. The RSDs of the peak areas were between 2.2 and 3.8%. To evaluate the influence of sample preparation on the stability of the data, six parallel samples were prepared using the same preparation protocol. The retention times of the peaks remained almost unchanged, and the RSDs of the peak intensities of the major signals were below 3.9%. These results indicate that the repeatability of sample preparation met the requirements for metabolomics analysis.

Metabolic Profiling Analysis

The BPI current chromatograms from the MI patients and controls in both the negative and positive ESI modes are shown in Figure 1. All of the retention time, peak intensity, and exact mass data were imported into the MassLynx software, and the data from MassLynx were directly imported into the Simca-P software for multiple statistical analyses. As shown in Figure 2, the analysis of the PLS-DA score plots of the first and second principal components (PC1 and PC2, respectively) in the positive and negative modes truly reflected the differences between the MI patients and controls and revealed that the metabolic profiles of the control and patient groups were clearly separated. All of the samples were classified into two main groups, and none were misclassified, which demonstrates that the constituents of the samples from the different stages were significantly different. The R2X, R2Y, and Q2 of this PLS-DA model were 0.210, 0.994, 0.994 and 0.173, 0.990, 0.968 in positive and negative modes, respectively. Loading plots were utilized to reveal the contributions of each principal component. The distance from the origin of the loading plots to the marker is indicative of the significance of the marker, and higher values indicate more significant markers. As shown in Figure 3, 10 compounds strongly contributed to the clusters in both the positive and negative modes (variables with statistical significant difference p < 0.05) and were identified as responsible for the separation between the MI patients and control groups. Therefore, 10 components were regarded as potential biomarkers.
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FIGURE 1. UPLC-Q-TOF/MS analysis of the plasma. (A,B) BPI chromatograms of plasma from the control and MI patients acquired in positive mode. (C,D) BPI chromatograms of plasma from the control and MI patients acquired in negative mode.
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FIGURE 2. PLS-DA score plots for the plasma samples of the control and MI patients. (A,B) 2-D plots of the plasma results in positive and negative modes, respectively. (C,D) 3-D plots of the plasma results in positive and negative modes, respectively. Classification shows a clear distinction between the control group (black) and MI group (red).
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FIGURE 3. Loading plots of the metabolomes of the plasma from the control and MI patients. (A) Positive mode. (B) Negative mode [1 – phosphatidylserine; 2 – C16-sphingosine; 3 – N-methyl arachidonic amide; 4 – N-(2-methoxyethyl) arachidonic amide; 5 – linoleamidoglycerophosphate choline; 6 – lyso-PC (C18:2); 7 – lyso-PC (C16:0); 8 – lyso-PC (C18:1); 9 – arachidonic acid; and 10 – linoleic acid].



Identification of Potential Biomarkers

The presumed molecular formulas were searched in HMDB and other databases to identify the possible chemical constitutions. Furthermore, the MS/MS data were screened to determine the potential structures of the ions. To illustrate the identification of the metabolites, we selected the ion at tR = 18.59 min (m/z 496.3356) as an example that will be described. The [M + H] 496.3356 demonstrated an odd number of nitrogen atoms, and its molecular formula was speculated to be C24H50NO7P based on analyses of the elemental composition and fractional isotope abundance. In the positive mode, the MS/MS figure contained fragmentations of [M + H-H2O]+ (m/z 478.3), [M + H-C5H13NO4P]+ (m/z 313.2), and [M + H-C19H37NO2]+ (m/z 184.0). Finally, the metabolite was tentatively identified as LPC (16:0) based on the database searches. The data in the literature were also used to confirm this result (Liu P. et al., 2013).

According to the protocol detailed above, 10 endogenous metabolites in the plasma were tentatively identified and are summarized in Table 2. The metabolites of N-methyl arachidonic amide (No. 3) and AA (No. 9) were obviously up-regulated (p < 0.05) in the MI group compared with the control group, and the levels of phosphatidylserine (No. 1), C16-sphingosine (No. 2), N-(2-methoxyethyl) arachidonic amide (No. 4), linoleamidoglycerophosphate choline (No. 5), lyso-PC (C18:2) (No. 6), lyso-PC (C16:0) (No. 7), lyso-PC (C18:1) (No. 8), and linoleic acid (No. 10) were significantly decreased (p < 0.05) in the MI group.

TABLE 2. MS/MS data in the positive and negative ESI modes and the identification results for the biomarkers.
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Metabolic Pathway Analysis

Pattern recognition analysis of the metabolites revealed that an obvious separation of the MI model and the control group was achieved. Metabolite profiling focuses on the analysis of a group of metabolites that are related to specific metabolic pathways that are involved in biological states. Based on the identified potential biomarkers from LC–MS, the perturbed metabolic pathways in the MI patients were identified based on the KEGG pathway database. The metabolites were primarily involved in alterations in glycerophospholipid metabolism (Nos. 1, 5, 6, 7, and 8), AA metabolism (Nos. 3, 4, and 9), sphingolipid metabolism (No. 2), and fatty acid β-oxidation metabolism (No. 10).



DISCUSSION

In this study, UPLC/ESI–Q-TOF/MS-based metabolomics study was used to investigate the metabolic profiles of plasma samples from MI patients to identify potential disease biomarkers and to study the pathology of MI. First, the clinical and biochemistry characteristics of MI patients and controls were compared, which indicates the difference in TC and TG between two groups was significant. Moreover, 10 compounds, namely, phosphatidylserine, C16-Sphingosine, N-methyl arachidonic amide, N-(2-methoxyethyl) arachidonic amide, linoleamidoglycerophosphate choline, Lyso-PC (C18:2), Lyso-PC (C16:0), Lyso-PC (C18:1), AA, and linoleic acid, were identified and determined to be potential biomarkers in the MI patients. Furthermore, Metabolic pathway analysis of these metabolites suggested that glycerophospholipid metabolism, AA metabolism, sphingolipid metabolism, and fatty acid β-oxidation metabolism were the most significantly metabolic pathways in the MI patients.

Metabolomics-based biomaker study offers a novel and sensitive technique in the biomarker discovery for early diagnosis and treatment (Dang et al., 2018). Comprehensive strategies attract increasing attentions in MI study (Shah et al., 2012a; Forssen et al., 2017). GC-MS-based tissue metabolomics study of MI rats suggested that 22 metabolites were identified to be different between the infarcted myocardia and non-infarcted myocardia (Wang et al., 2017). A non-targeted UHPLC-Q-TOF/MS metabolomics approach was applied to confirm the alterations in CHD patients and metabolites, namely, 4-pyridoxic acid, PG (20:3/2:0) and lithocholic acid were identified, which exhibited strong correlations with CHD (Li et al., 2017). In the present study, we combined UPLC/ESI–Q-TOF/MS and metabolomics method to investigate the biomarker of the MI patients. Based on the results, we speculated that the differences (shown in Table 2) in the plasma might denote potential biomarker targets for differentiating MI pathological and control states. Among the determined 10 metabolites, phosphatidylserine, C16-sphingosine, Lyso-PC (C18:2), Lyso-PC (C16:0), Lyso-PC (C18:1), AA, and linoleic acid have been reported to be the biomarkers for cardiovascular disease (Liu Y.T. et al., 2013; Jiang et al., 2014; Park et al., 2015), and we determined N-methyl arachidonic amide, N-(2-methoxyethyl) arachidonic amide, and linoleamidoglycerophosphate choline to be the new biomarkers for MI.

The levels of phosphatidylserine, linoleamidoglycerophosphate choline, Lyso-PC (C18:2), Lyso-PC (C16:0), and Lyso-PC (C18:1), which were involved in the glycerophospholipid metabolism, were downregulated in MI patients compared with control subjects in our study. Glycerophospholipids are precursors of lipid mediators that are involved in the signal transduction process. Lyso-PC (C18:2) (No. 6), lyso-PC (C16:0) (No. 7), and lyso-PC (C18:1) (No. 8) are glycerophospholipids, which are important components of all cell membranes (Fuly et al., 2007). Phospholipase A2 can be activated during the breakdown of the membrane, which results in further decreases in the generation of lyso-PCs (Glukhova et al., 2015). The degradation of glycerophospholipids by phospholipase A2 generates LPC and AA. LPC is then enzymatically converted to LPA (Wymann and Schneiter, 2008) and has been identified as risk factor biomarkers for coronary artery disease (Zhang et al., 2017). Moreover, increased AA (No. 9) in adipose tissue is associated with an increased risk of non-fatal acute MI (Wang et al., 2014). Specifically, AA is oxygenated by cyclooxygenase form prostaglandins or by lipoxygenase enzymes to for leukotrienes, which can mediate or modulate inflammatory reactions (Jabbour et al., 2009).

Sphingolipids (phytosphingosine and sphingosine, No. 2) are components of cellular membranes in eukaryotic cells (Lynch, 2012). Ceramide and S1P are generated from phytosphingosine. Ceramide is converted into sphingosine and sphingomyelins (Gault et al., 2010). The decrease in sphingosine observed in this study might reflect either a reduction in the synthesis of the metabolite or its rapid consumption for the increased synthesis of S1P or sphingomyelins. Studies have found that S1P plays an important role in vascular maturation, and S1P has been implicated in the pathophysiology of atherosclerosis and wound healing (Watterson et al., 2003).

Fatty acids are the largest energy reserve in the body and supply energy-yielding substrates via β-oxidation in the mitochondria and peroxisomes. Fatty acids have also been regarded as independent predictors of cardiovascular events (Shah et al., 2012b). The reduction of linoleic acid (No. 10) observed in this study indicates that the β-oxidation of the unsaturated fatty acid was inhibited, and such inhibition contributes to myocardial damage (Hjelte and Nilsson, 2005).

In conclusion, our metabolomics-based biomaker study results showed that 10 identified metabolites, related to energy metabolism, phospholipid metabolism, and fatty acid metabolism, played significantly role in MI patients. Interestingly, we observed glycerophospholipid metabolism emerged as the most significantly disturbed pathway, which was consistent with previous findings (Lu et al., 2017). Consequently, the identified metabolites, especially phosphatidylserine, linoleamidoglycerophosphate choline, Lyso-PC (C18:2), Lyso-PC (C16:0), and Lyso-PC (C18:1), may be better metabolites to forecast the risk for MI patients. Moreover, comprehensive metabolomics study may offered a technique in biomarker discovery and understanding disease mechanisms.



CONCLUSION

Metabolomics provides useful tools for identifying differences in metabolic pathways between patients and controls and predicting and discovering biomarkers for the prediction of diseases. In the present UPLC/ESI–Q-TOF/MS-based metabolomics study, we obtained more detailed information about the metabolic changes that occur in patients. In this study, we investigated the metabolic profiles of plasma samples from 30 MI patients and 30 controls using UPLC/ESI–Q-TOF/MS spectroscopy coupled with multivariate statistical analyses that included PCA and PLS-DA. The results revealed that endogenous metabolites are altered in MI patients. The 10 identified metabolites that are potentially associated with perturbations of energy metabolism, phospholipid metabolism, and fatty acid metabolism will contribute to progress related to MI. These findings hold promise to advance the treatment, diagnosis, and prevention of MI.
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AA, arachidonic acid; BPI, basic peak ion; CK, creatine kinase; CK-MB, creatine kinase isoenzyme; CRE, creatinine; LEA, leucine enkephalinamide acetate; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; MI, myocardial infarction; PCA, principal component analysis; PLS-DA, partial least squares-discriminant analysis; RSDs, relative standard deviations; S1P, sphingosine 1 phosphate; TC, total cholesterol; TCM, traditional Chinese medicine; TG, triglyceride; UPLC/ESI–Q-TOF/MS, ultra-performance liquid chromatography/electrospray ionization quadruple time-of-flight mass spectrometry; WHO, World Health Organization.
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Aim: To investigate the protective effect of dantonic in ischemic myocardial damage by evaluating the expression of circulating microvesicles (MVs) and microRNA-1 (miR-1) in two animal models.

Methods: Two animal models of myocardial ischemia were established that were isoproterenol-induced myocardial ischemia (ISO-AMI) rat model and the acute myocardial infarction rat model induced by ligation of the left anterior descending coronary artery (LAD-AMI) of rat. To investigate the protective effect of dantonic, we observed the myocardial infarction size, creatine kinase (CK), lactate dehydrogenase (LDH), aspartate aminotransferase (AST) activities, cardiac troponin I (cTnI) level in serum, and the plasma levels of miR-1 and MVs.

Results: The results showed that pretreatment with dantonic significantly attenuated the LAD-AMI induced myocardial damage by decreasing the size of myocardial infarction, CK, LDH, AST activities, and cTnI level in serum. High dose dantonic treatment could significantly abrogate the increased plasma levels of miR-1 and MVs as compared to the LAD rat model. In addition, pretreatment with dantonic also showed a significant myocardial protective effect through reducing the expression levels of CK, LDH, and AST as compared to the ISO-AMI model. Whereas the cTnI level was no significant difference between model group and control group, suggesting that the model caused less myocardial damage. In the ISO-induced myocardial ischemia model, there is no significant difference between the model group with the control group of MVs and miR-1 levels. This may be that miR-1 is reported as a biomarker of acute myocardial infarction. The pathological changes of IOS-induced acute myocardial ischemia model are also different from those of acute myocardial infarction.

Conclusion: Dantonic showed the protective effect in these two ischemic myocardial injury rat models, whereas the circulating miR-1 and MVs levels were only ameliorated in the LAD rat model.

Keywords: dantonic, microRNA-1, microvesicles, acute myocardial infarction, protective effects


INTRODUCTION

Acute myocardial infarction remains a leading cause of morbidity and mortality in the most developed countries worldwide. It has been estimated that an American suffers from an AMI experience approximately every 42 s (Mozaffarian et al., 2016). According to the Chinese Cardiovascular Disease Report 2016, the number of patients with cardiovascular disease in China is about 290 million, among which the 11 million are with coronary heart disease, acute myocardial infarction mortality rate of 110 people/100,000 people. Various chemical drugs, such as β-blockers, nitrate preparations, and calcium antagonists, have been used for treatment of AMI. However, long-term use of these chemical drugs might result in significant side effects, such as hypertension and bradycardia (Hlatky et al., 2014). Whereas the significant effects of traditional Chinese medicines (TCM) are becoming more popular (Xin et al., 2013), and they are particularly advantageous for treatment of AMI (Liu et al., 2011).

Dantonic, consisting of Salvia miltiorrhiza (SM), Panax notoginseng (PN), and Borneol, is a widely used TCM for treating ischemic angina pectoris, and has recently finished the phase III clinical trial assessment by the US Food and Drug Administration in 2016, and the results showed Dantonic safe and effective treatment of chronic stable angina. Compared with placebo control group and notoginseng borneol group had statistically significant (P < 0.05). The clinical value of Dantonic in the treatment of chronic stable angina pectoris was confirmed again by Phase III clinical trial of FDA. Previous studies showed that Dantonic treatment could significantly reduce the ischemia/reperfusion- (I/R-) and LAD induced myocardial damage and apoptosis, myocardial fibrosis, microcirculatory disturbance (Zhao et al., 2010; Wei et al., 2013; Yang et al., 2013), oxidative stress, and inflammatory response (Horie et al., 2005; Lee et al., 2013; Jun et al., 2014; Ren-an et al., 2014; Chen et al., 2016; Xu et al., 2016).

Many studies focused on the mechanism of AMI by which the circulating microRNAs (miRNAs) takes an active part in the regulation of myocardial infarction (Sala et al., 2014). In AMI, circulating cardiac extracellular vesicles (EVs) contain abundant cardiac-specific miRNAs that serve as indicators of cardiac damage. Among these miRNAs, microRNA-1 (miR-1) is one of the most abundant miRNAs in heart along with a heart- and muscle-specific miRNA. Several reports have indicated that miR-1 is upregulated in serum/plasma or urine by AMI and can be used as a diagnostic biomarker of AMI (Ai et al., 2010; Cheng et al., 2010; Kuwabara et al., 2011; Long et al., 2012). Microvesicles (MVs) as a carrier of circulating cell-free miRNAs, is one member of EVs family. Researchers discovered that MVs could be up-regulated by damaged cardiac muscle cells, which reflected an adaptive response to indicate other cells about heart injury. Hence, this present study is aimed to demonstrate the effect of Dantonic on plasma levels of miR-1 and MVs in AMI models.



MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats weighing 250 ± 20 g obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. [Beijing, China, Permission No. SCXK (Jing) 2012-0001] were used in this study. Rats were housed in a humidity of 40% ± 5% and a temperature of 22°C ± 2°C under a 12/12h light/dark cycle. Rats were free to access water and food, while fasted for 12 h before the AMI surgery. All animal experiments were approved by the Animal Care and Use Committee of Tasly (TSL-IACUC-2016-007).

Agents

Dantonic was purchased from Tasly Pharmaceutical Co., Ltd. (Tianjin, China). An analysis by high performance liquid chromatography was carried out for quality control of Dantonic, with one pill containing 9 mg of SM, 1.76 mg of PN, 0.5 mg of Borneol, and 13.74 mg of polyethylene glycol. Isoproterenol was bought from Tokyo Chemical Industry (Tokyo, Japan). Triphenyl tetrazolium chloride (TTC) was bought from Sigma-Aldrich Chemical Co., Ltd. (United States). TTC was dissolved in phosphate buffer at a concentration of 1%. The Elisa determination kit for cardiac troponin I (cTnI) was supplied by the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). MiRNeasy Kit and miRNeasy Spike-In Control were purchased from QIAGEN Co., Ltd. (Germany). RNA PCR Kit and predesigned gene-specific primers were purchased from GeneCopoeia Inc. (United States).

Animal Model

Two rat models were established in this experiment including isoproterenol-induced myocardial ischemia (ISO-AMI) and the acute myocardial infarction rat model induced by ligation of the left anterior descending coronary artery (LAD-AMI) of rat. Isoproterenol was dissolved in physiological saline and injected subcutaneously to rats (85 mg/kg) daily for two consecutive days to induce experimental myocardial ischemia (Wang et al., 2009). The control group was given with physiological saline. Rats of LAD-AMI model were anesthetized by an intraperitoneal injection of 20% urethane prior to surgery. A 6–0 silk suture was placed between the pulmonary and left auricle where the LAD is located. The successful induction of AMI was confirmed based on the observation of the pale color of the anterior portion of the left ventricle. In the sham group, a silk suture was passed through the myocardium without occluding the LAD.

Experimental Protocols

Rats were randomly divided into four groups in each model including control/sham group, model group (ISO-AMI or LAD-AMI), dantonic low dose group (dantonic low + ISO or dantonic low + LAD), dantonic high dose group (dantonic high + ISO and dantonic high + LAD). The animals in the treatment groups were pretreated with dantonic by receiving the drug daily by gavage for 5 days. On days 4 and 5, isoproterenol was injected subcutaneously. Dantonic at the dose of 167.4 mg/kg/day (low dose group) and 502.2 mg/kg/day (high dose group) were respectively onefold and threefold more than the corresponding equivalently effective doses used in clinic. One and a half hour after the last administration of dantonic or water on day 5, animals were anesthetized and subjected to surgical procedure. In control/sham and model group, rats received the same amount of distilled water in the same way.

TTC Staining

Blood samples were obtained from abdominal aorta after occluding LAD for 4 h on day 5. Hearts were removed and sliced transversely into five sections (1 mm thick) starting from the apex. The slices were incubated with 1% TTC at 37°C for 10 min under dark conditions to delineate the infarction area. The infarct heart area was represented by unstained (white) color whereas normal heart tissues were stained with red color. Infarction status was expressed as a weigh ratio: infarct area (white)/whole heart.

Biochemical Studies

Cytosolic enzyme creatine kinase (CK), lactate dehydrogenase (LDH), and aspartate aminotransferase (AST) in serum were measured with autobiochemical analyzer (Hitachi, Ltd., Tokyo, Japan). Serum cTnI activity was detected by enzyme-linked immunoabsorbent assay (ELISA) methods using commercial kits.

MVs Isolation and Flow Cytometric Analysis

Blood samples were centrifuged at 2,600 g for 15 min at room temperature to obtain platelet-poor plasma (PPP), which was then centrifuged at 10,000 g for 5 min at room temperature to obtain platelet-free plasma (PFP). PFP was subjected to the ultracentrifugation at 33,000 rpm for 150 min at 4°C, to harvest the pelleted MVs, which were then resuspended in 100 μl 0.9 % sodium chloride and kept at -20°C (Liu et al., 2015).

Dot plots of forward scatter (FSC) vs. side scatter (SSC) showed that 1, 2 μm standard beads were distributed in the appropriate region by modulating the photomultiplier tube (PMT) voltage. R1 area was gated under the region of 1 μm beads which was defined as MVs population. MVs in the R1 gate were further identified by fluorescent (FITC) labeled annexin V.

Quantitative Real-Time RT-PCR Analysis

Total RNA samples from plasma were prepared using miRNeasy kit according to the manufacturer’s instruction. Samples of total small RNAs were reverse-transcribed using the miRNA qRT-PCR Detection Kit, and the resulting cDNA was used as a PCR template. The miRNA levels were determined by real-time PCR with the Stratagene Mx3000P Sequence Detector (Agilent, United States) according to the manufacturer’s instruction. miR-1 primer was designed and verified by GeneCopoeia Inc. The miRNeasy Spike-In Control is a Caenorhabditis elegans miR-39 miRNA was amplified as an internal control. All chemical reagents were used in this experiment were analytical grade. The relative miR-1 expression level was calculated using the comparative ΔCt method formula: 2-ΔΔCt.

Statistical Analysis

Data were expressed as mean ± SEM. GraphPad Prism 5.0 program was applied for One-way ANOVA analysis for the statistical comparisons among the groups by using Tukey’s test. P-values less than 0.05 were considered as statistically significant.



RESULTS

Dantonic Administration Exerting Beneficial Effects in the LAD-AMI Rat Model

The infarct weight ratio of each sample was detected to evaluate the cardio protective role of dantonic. Representative heart slices stained by TTC to delineate infarct size are shown in Figure 1A. Apparently, no infarct was observed in myocardial tissue slices from sham group. However, myocardium sections from model group exhibited obvious infarct areas, and administration of dantonic at low and high doses diminishes AMI-induced infarct ratio. Quantitative analysis of the infarct further confirmed that the hearts from dantonic-treated rats showed a significantly smaller infarct weight ratio than those from the model group (P < 0.05, Figure 1B), suggesting that dantonic administration exerted beneficial effects in LAD-AMI model.
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FIGURE 1. Effects of dantonic on rat myocardial infarct size. (A) Representative slices of ventricle stained by TTC in LAD-AMI model. (B) Quantitative analysis of infarct size-weight ratio: infarct area (white)/whole heart. Sham: control group;0020LAD-AMI: ligate LAD group; dantonic low + LAD: ligate LAD plus pre-treatment with dantonic 167.4 mg/kg/day group; dantonic high + LAD: ligate LAD plus pre-treatment with dantonic 502.2 mg/kg/day group. Data are presented as mean ± SEM. n = 10/group ∗p < 0.05 vs. Sham group, #p < 0.05 vs. Model group.



Dantonic Administration Decreasing Serum CK, LDH, and AST Activities

The activities of the serum marker enzymes CK, LDH, and AST were significantly increased in the ISO-AMI and LAD-AMI rat models compared to control and sham groups. While in the rats pre-treated with dantonic followed by isoproterenol administration or LAD ligation, the activities of the marker enzymes CK, LDH, and AST in the serum were decreased significantly. n = 10/group, P < 0.05, Figures 2A–F.
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FIGURE 2. Effects of dantonic on rat serum marker enzymes activities. (A,D) Effect of dantonic on serum creatine kinase (CK) activity against isoproterenol-induced myocardial ischemia (ISO-AMI) and left anterior descending coronary artery (LAD-AMI). (B,E) Effect of dantonic on serum LDH activity against ISO-AMI and LAD-AMI. (C,F) Effect of dantonic on serum AST activity against ISO-AMI and LAD-AMI. Data are presented as mean ± SEM. ∗p < 0.05 vs. sham/control group, #p < 0.05 vs. model group.



Dantonic Administration Decreasing Serum cTnI Level in LAD-AMI

The result shows that the level of cTnI in the serum. Rats induced with LAD showed significant elevation in the levels of cTnI in serum compared to control and sham rats. Pretreatment with dantonic showed a significant decrease in the level of serum cTnI when compared to the LAD-AMI groups. In ISO-AMI the level of serum cTnI has no significant between the control group and model group. (n = 10/group, P < 0.05, Figure 3).
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FIGURE 3. Effects of dantonic on rat serum cTnI activity. (A) Effect of Dantonic on serum cTnI activity against ISO-AMI. (B) Effect of Dantonic on serum cTnI activity against LAD-AMI. Data are represented as mean ± SEM. ∗p < 0.05 vs. Sham/control group, #p < 0.05 vs. Model group.



Dantonic Administration Decreasing MVs in the PFP Against LAD-AMI

Microvesicles were significantly increased in the LAD rat model as compared to the sham group. Dantonic at high dose significantly reduced the plasma levels of MVs as compared to the model group (P < 0.05, Figure 4A); But there was no significant difference in the plasma level of MVs between ISO-AMI group and control group (Figure 4B). Representative flow cytometry dot plots and histogram plots in LAD model are shown in Figures 4C–F. (n = 6/group).
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FIGURE 4. Effects of dantonic on the levels of rat plasma microvesicles (MVs). (A) Effect of dantonic on number of MVs in plasma (events/μl) against LAD-AMI. (B) Effect of dantonic on number of MVs in plasma (events/μl) against ISO-AMI. (C) Representative dot plots and histogram plot in sham group. Representative dot plots of forward scatter (FSC) vs. side scatter (SSC) showed that 1, 2 μm latex beads. MVs were identified as events with size less than 1 μm within the gate R1. (D) Representative dot plots and histogram plot in LAD-AMI group. (E) Representative dot plots and histogram plot in dantonic low + LAD group. (F) Representative dot plots and histogram plot in dantonic high + LAD group. Data are presented as mean ± SEM. n = 3/group ∗p < 0.05 vs. sham/control group, #p < 0.05 vs. model group.



Dantonic Administration Decreasing the Plasma Level of miRNA-1 Induced by LAD-AMI

The quantitative Real Time-PCR data demonstrated that ligate LAD could obviously increase the plasma level of miR-1 as compared to sham group, and the miR-1 level was significantly lower in both dantonic-administrated groups compared to LAD-AMI group (P < 0.05, Figure 5A). But there was no significant difference in plasma level of miRNA-1 between ISO-AMI group and control group (n = 3/group) (Figure 5B).
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FIGURE 5. Effect of dantonic on plasma miRNA-1 level. (A) Effect of dantonic on plasma miRNA-1 level induced by LAD-AMI. (B) Effect of Dantonic on the plasma miRNA-1 level induced by ISO-AMI. Data are presented as mean ± SEM. ∗p < 0.05 vs. sham/control group, #p < 0.05 vs. model group.





DISCUSSION

Dantonic has been widely applied for prevention and treatment of angina, myocardial ischemia and other cardiovascular diseases in the clinical. More than 450 million people have taken dantonic since it was on the market in 1994. Besides, dantonic has been marketed in many countries (e.g., Canada, Singapore, The United Arab Emirates, Korea, Russia, Cuba, Vietnam, India, and South Africa) as a dietary supplementary for the prevention and treatment of ischemic heart diseases (Chu et al., 2011). Previous studies revealed that the pharmacological mechanism of dantonic against AMI involved anti-platelet aggregation, reducing the overload of calcium and circulating adhesion molecules, ameliorating myocardial fibrosis, protecting against microcirculatory disturbances, inhibiting NADPH oxidase, and modulating the perturbed energy metabolism (Xin et al., 2013; Yang et al., 2013; Zou et al., 2015).

It was discovered that the endogenous plasma miRNAs could be protected in some manner through packaging in microparticles (exosomes, MVs, and apoptotic bodies) or associating with RNA-binding proteins (Argonaute2) or lipoprotein complexes (high-density lipoprotein) to prevent their degradation (Creemers et al., 2012). MVs contain more than 1200 miRNAs and approximately 121 miRNAs can be delivered from one cell to another. Circulating miRNA may be physiologically active and play a pivotal role in cell-to-cell communication as well as MVs. Among these miRNAs, miR-1, miR-133a, miR-208, and miR-499 are muscle-enriched which are crucial to regulate the metabolism of the myocardium. Several reports have indicated that miR-1 is upregulated in serum/plasma or urine by AMI and can be used as a biomarker of AMI (Ai et al., 2010; Cheng et al., 2010; Long et al., 2012).

Most of the previous researches about muscle-enriched miRNAs were conducted on patients in clinical trials. But unlike the current study, this time we focused on the changes of miR-1 and MVs in the plasma of rats in the AMI model and dantonic treatment groups. Reports indicated that the circulating miRNAs derived from heart might originate from dead cells after MI and the miRNAs level could reflect the degree of myocardial injury. Additionally miR-1 levels were significantly correlated with the cTnI level in serum (Kuwabara et al., 2011). These are consistent with our experimental results conducted on the LAD-AMI model. The results of our study revealed that pretreatment with dantonic significantly attenuated the AMI-induced myocardial damage by decreasing the myocardial infarction size, CK, LDH, AST activities, and the cTnI level in serum. Dantonic at high dose could significantly abrogate the increase in the plasma levels of miR-1 and MVs induced by LAD-AMI.

Subcutaneous injection of isoproterenol can establish the myocardial ischemia animal model. ISO in supramaximal doses induces morphological and functional alterations in heart and then generates highly cytotoxic free radicals through auto-oxidation of catecholamines, which has been implicated as one of the important causative factors in isoproterenol-induced myocardial damage. It has been reported that auto-oxidation of excess catecholamines results in free radical mediated peroxidation of membrane phospholipids and consequently leads to the permeability changes in the myocardial membrane, intracellular calcium overload and irreversible damage. But miR-1 targets e-NOS, PKC𝜀, HSP60, and regulates muscle cell differentiation, cardiac hypertrophy (Sahoo and Losordo, 2014). In this study, the results show that only CK and LDH levels were significantly increased in the ISO induced myocardial ischemia rat model as compared with the control group, whereas dantoic high dose group could significantly reduce the serum content (P < 0.05). Other indicators including cTnI, microRNA, microcapsules were not significantly different between the groups. The serum CK and LDH results were consistent with those reported in the literature. The cTnI results of the model group were lower than previous report. Microcapsules and miRNAs have not yet reported on this model, and the cause of this outcome may be due to the different mechanisms of myocardial injury with the AMI-LAD model.

In the present study, we confirmed that pretreatment with dantonic for 5 days significantly prevented myocardial damage induced by ISO-AMI and LAD-AMI. In addition, we reported for the first time the in vivo data demonstrated that pretreatment with dantonic significantly inhibited LAD-induced increase in miR-1 and MVs levels in plasma. MVs were shed by various cells, especially by platelets, endothelial cells and erythrocytes. MVs appeared to be produced in response to the stimuli (Cocucci et al., 2009) and were defined by their capacity to bind to annexin V, which is an adhesion molecule that specifically interacts with phosphatidylserine (Connor et al., 2010). At present, the form and mechanism of MVs are not very clear in vivo and the effect of dantonic on MVs from particular source needs further research.
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Xiao-Shen-Formula, a Traditional Chinese Medicine, Improves Glomerular Hyper-Filtration in Diabetic Nephropathy via Inhibiting Arginase Activation and Heparanase Expression

Xiaofei An1,2†, Maoxiang Zhang3,4†, Sisi Zhou1, Tian Lu1, Yongjun Chen3,4* and Lin Yao1,3*

1School of Pharmaceutical Sciences, Guangzhou University of Chinese Medicine, Guangzhou, China

2Department of Endocrinology, Jiangsu Province Hospital of Chinese Medicine, Affiliated Hospital of Nanjing University of Chinese Medicine, Nanjing, China

3South China Research Center for Acupuncture and Moxibustion, Guangzhou University of Chinese Medicine, Guangzhou, China

4Medical College of Acu-Moxi and Rehabilitation, Guangzhou University of Chinese Medicine, Guangzhou, China

Edited by:
Jing-Yan Han, Peking University, China

Reviewed by:
Jingyan Han, Boston University, United States
Ningjun Li, Virginia Commonwealth University, United States

*Correspondence: Yongjun Chen, ychen@gzucm.edu.cn; chyj417@126.com Lin Yao, Lyao526@gzucm.edu.cn

†Co-first authors

Specialty section: This article was submitted to Vascular Physiology, a section of the journal Frontiers in Physiology

Received: 05 January 2018
Accepted: 08 August 2018
Published: 26 September 2018

Citation: An X, Zhang M, Zhou S, Lu T, Chen Y and Yao L (2018) Xiao-Shen-Formula, a Traditional Chinese Medicine, Improves Glomerular Hyper-Filtration in Diabetic Nephropathy via Inhibiting Arginase Activation and Heparanase Expression. Front. Physiol. 9:1195. doi: 10.3389/fphys.2018.01195

Hyperglycemia induces glomerular hyper-filtration, which contributes to the development of diabetic nephropathy (DN), a condition that remains a challenge for treatment. The present study investigated the effect of Xiao-Shen-Formula (XSF) used for treatment of renal injury in type 1 DN mice model induced by streptozotocin (STZ) and its underlying mechanism in cultured human glomerular endothelial cell (hGECs). Studies were performed using control, diabetic DN, DN treated with XSF groups (1 g/kg/d, LXSF or 3 g/kg/d, HXSF) for 6 weeks and hGECs were post-treated with mice serum containing HXSF (MS-HXSF) and arginase inhibitor (ABH, 100 μM) in high glucose medium. HXSF treatment restored STZ-induced renal hyper-filtration, glomerulosclerosis, renal microvascular remodeling and the increased levels of systemic reactive oxidative species and inflammatory cytokines, accompanied by preventing the decreased expression of glomerular heparin sulfate and the increased levels of cortical heparanase and argianse2 protein and arginase activity. In hGECs study, MS-HXSF ameliorated the enhancement in arginase activity, the protein/mRNA expression of heparanase, mRNA levels of vascular cell adhesion molecule-1, intercellular adhesion molecule-1, monocyte chemoattractant protein-1 and permeability of hGECs monolayers as well as the depression of nitric oxide production. Besides all these protective effects, XSF blunted the mRNA expression of TNF-α in vivo and vitro studies as well, which was not changed by the post-treatment of ABH or HXSF plus ABH. This study demonstrated that the protective effect of XSF might be related with vascular prevention, anti-inflammation and anti-oxidation through intervening multi-targets including glomerular endothelial arginase-heparanase signaling pathway in DN model.

Keywords: diabetic nephropathy, glomerular hyper-filtration, Xiao-Shen-Formula, arginase, nitric oxide, heparanase


INTRODUCTION

Diabetic nephropathy (DN) is one of the most common microvascular complications due to diabetes mellitus, however there is still a challenge for treatment (Fineberg et al., 2013). Proteinuria is not only the main clinical symptom and diagnostic indicator of DN, but also the primary cause of persistent renal damage (Jefferson et al., 2008; Coca et al., 2012; Vejakama et al., 2012). Current clinical treatment for DN proteinuria includes the control of blood glucose, blood pressure and the use of angiotensin-converting enzyme inhibitor or angiotensin receptor blocker and other drugs (UK Prospective Diabetes Study [UKPDS] Group, 1998a,b; Fowler, 2008; Vejakama et al., 2012). Clinical studies found that the degree of proteinuria was still progressively worsened, although patients with DN had accepted the above comprehensive treatment (Satirapoj and Adler, 2014). Therefore, it is important to identify the mechanisms involved in the development of proteinuria in the early stage of DN pathogenesis and look for new interventions in the prevention of DN.

Heparanase is known mammalian endoglycosidase that cleaves heparin sulfate (HS) (Wijnhoven et al., 2006) and finally results in the progression of proteinuria and renal failure (van den Hoven et al., 2007; Garsen et al., 2016a). The latest research has shown that heparanase is regulated by endothelial nitric oxide synthase (eNOS) -mediated nitric oxide (NO) production in glomerular endothelium (Garsen et al., 2016a). Arginase is another enzyme, which can reciprocally regulate production of NO by NOS through competition for their common substrate, L-arginine (Romero et al., 2008; Peyton et al., 2009). Accumulated studies raised the possibility that increased renal arginase activity and arginase 2 expression play a key role in pathogenesis of DN (Morris et al., 2011; Romero et al., 2013).

Xiao-Shen-Formula (XSF) is a widely used for the treatment of DN. Our previous studies have shown that XSF can significantly decrease the level of proteinuria, improve glomerular hyper-filtration and delay the degeneration of renal function in DN patients (Teng and An, 2016; An et al., 2017). However, the mechanisms of XSF in the treatment of DN have never been explored. The present study aims to investigate whether the ameliorative effect of XSF on diabetes-induced renal dysfunction associated with arginase and heparanase signaling.



MATERIALS AND METHODS

Animals

Ten week-old male C57BL/6J mice were used in this study, which were obtained from the Animal Center of Guangzhou University of Chinese Medicine (GZUCM).

Composition of Xiao-Shen-Formula

Xiao-Shen-Formula granules was provided by Jiangsu Tianjiang Pharmaceutical, Co., Ltd. (Jiangyin, China), which consists of tuckahoe (Fuling) (16.7%), radix astragali (Huangqi) (16.7%), red paeonia (Chishao) (11.1%), luffa (Sigualuo) (8.3%), honeysuckle flower (Yinhua) (11.1%), radix curcumae (Yujin) (8.3%), cogongrass rhizome (Baimaogen) (16.7%), and radix achyranthis bidentatae (Huainiuxi) (11.1%).

Experiment Protocols

Four groups of mice were prepared: Control group, Diabetic nephropathy group (DN), DN treated with 1 g/kg/d XSF (LXSF), DN treated with 3 g/kg/d XSF (HXSF). For diabetic groups, mice received intraperitoneal (i.p.) injections of streptozotocin (STZ, 65 mg/kg) every other day for up to three injections. In the non-diabetic groups, citrate buffer (pH = 4.5), the vehicle of STZ, was injected in the same manner as in the diabetic groups. Mice with blood glucose levels > 350 mg/dL were considered diabetic. After 12 weeks diabetes, the animals in XSF treatment groups received XSF by gavage daily at a dose as indicated for another 6 weeks. Body weight and blood/urine glucose levels of each mouse were measured at the time of injections and 18 weeks after treatment. The dosage of XSF used in the experiments was calculated based on that for human, with 1 g/kg being equivalent to 3 g crude drugs/kg used in clinic. Blood glucose was measured in tail vein blood and serum and urinary creatinine levels were measured by the enzymatic colorimetric method. Every 2 weeks after drug administration, individual 24-h urine sample collections were performed using metabolic cages. Urinary albumin concentration was measured by Exocell kits using anti-mouse albumin antibody. Data were normalized to the urinary creatinine levels and expressed as the urinary microalbuminuria and creatinine ratio (mAlb/Cr). The creatinine clearance (CCr) was calculated and expressed as ml/min/100 g body weight. Kidney weight was measured right after animals were sacrificed. Fresh kidney cortical tissues were excised and stored at -80°C until further analysis.

Preparation of XSF Containing Serum

Male C57BL/6J mice were administered by gavage with the adjuvant of XSF formula or HXSF (3 g/kg/d) once a day for 5 days, 2 h after the final dose, the mice were sacrificed and blood was collected. The blood samples were centrifuged at 2500 rpm for 15 min at 4°C, the serum was collected and incubated in a water both at 56°C for 30 min for inactivation, and stored at -80°C before use (Sun et al., 2017).

Human Glomerular Endothelial Cell Culture

Human glomerular endothelial cells (Lonza, Walkersville, MD, United States) were grown in complete CSC medium, and maintained at 37°C in humidified 5% CO2 incubator. Cells were used between passages four and six for the experiments. Treatment of cells with normal (5.5 mM, HG) or high D-glucose-supplemented medium (25 mM, HG) was performed in basic CSC medium for 24 h or 14 days. As control for the osmotic effect of high D-glucose, L-glucose was added to the basic endothelial medium. Post-treatment of HGECs with arginase inhibitor ABH (100 μM, Corridor Pharmaceuticals, Baltimore, MD, United States), 20% control mouse serum [basal srum (BS)] or 20% HXSF mouse serum for 1 h after the HG treatment.

Enzyme-Linked Immunosorbent Assay

The serum angiotensin II and aldosterone were measured by commercial ELISA kits (R&D, Wiesbaden, Germany) according to the operating instructions.

PAS Staining

Half of the mouse kidney was fixed in 10% formalin buffer and then embedded in paraffin for light microscopic observation. Three sections of 5 μm thickness (an interval of 100 μm) for every animal were chosen using an unbiased sampling method and stained by periodic acid-Schiff (PAS) reagent. Mesangial matrix expansion was determined by assessing PAS-positive materials in the mesangial region excluding cellular elements. Percentage of PAS-positive area was analyzed using Image-Pro Plus (Media Cybernetics, Silver Spring, MD, United States) and Leica Q500MC image analysis software. Semi-quantitative analysis was performed with 30 glomeruli randomly selected fields for each subject (at least five mice in each group) and the evaluations were made by a blinded investigator.

Reactive Oxygen Species (ROS) Measurement

Lipid peroxide concentration was determined by measuring the amount of malondialdehyde (MDA, SigmaAldrich) formed from thiobarbituric acid (TBA) during acid hydrolysis of lipid peroxides compound. Blood was harvested from heart with Heparin and centrifuged at 5000 rpm from 10 min at 4°C. Plasma was collected from supernatant. The reaction mixture contained 0.025 ml of sample, 0.025 ml of 8.1% sodium dodecyl sulfate (Sigma-Aldrich), 0.05 ml of 20% acetic acid solution and 0.075 ml of 0.67% thiobarbituric acid (Sigma-Aldrich). The mixture was then incubated at 95°C for 1 h. After cooling, the reaction mixture was centrifuged at 1, 10000 rpm for 10 min at 4°C. Absorbance of the supernatant layer was measured at 532 nm. Malonaldehyde bis (Sigma-Aldrich) was used to establish the standard curve. Lipid peroxide level was expressed in terms of nmol/L malondialdehyde per g protein.

Plasma Cytokine Measurement

Inflammatory related molecules were measured in 25 μl triplicates by MILLIPLEX® mouse cytokine/chemokine magnetic premixed bead panel immunoassay. This assay has a high sensitivity typically with a detection limit in the range from 0.01 to 0.48 ng/l.

Arginase Activity Assay

Arginase activity was assayed by measuring urea produced from L-arginine as previously described (Romero et al., 2008). The plasma, the supernatant of hGECs lysate and kidney cortex homogenate, which is subjected to three freeze-thawcycles and centrifuged at 14,000 rpm for 10 min was collected. the fraction (25 μl) was heated with 25 μl MnCl2 (10 mM, 10 min, 56°C) to activate arginase. The mixture was then incubated with 50 μL of 0.5 M L-arginine (pH 9.7) at 37°C for 1 h. The reaction was stopped by adding acid; the solution was then heated at 100°C with 25 μl α-isonitroso-propiophenone (9% α-ISPF in ethanol) for 45 min. Samples were kept in the dark at room temperature for 10 min, and absorbance was then measured at 540 nm. Enzyme activity was normalized to the amount of protein assessed by Bradford protein assay.

NO Production

Production of NO was measured using a Sievers 280i NO Analyzer. Media was collected from treated HGECs cultures and injected in glacial acetic acid containing sodium iodide in the reaction chamber. [image: image] is quantitatively reduced to NO under these conditions, which was quantified by a chemiluminescence detector after reaction with ozone. Addition of the NOS inhibitor L-NAME (100 μM, Cayman Chemical, CAS No. 51298-62-5) to control cultures prior to treatments reduced NO detection by over 95%.

Quantitative Reverse Transcription-PCR (Q-PCR)

Total RNA from hGECs was isolated using TRIzol reagent (Invitrogen). Total RNA was reverse transcribed with M-MLV reverse transcriptase (Invitrogen) to generate cDNA. Gene expression was determined by quantitative PCR with SYBR Green Dye Gene Expression Assays for tumor necrosis factor (TNF-α), vascular cell adhension molecule-1 (VCAM-1), intracellular adhesion molecule 1 (ICALM-1) and Chemokine monocyte chemoattractant protein-1 (MCP-1) and heparanase or TaqMan Gene Expression Assays (for A2, Applied Biosystems), which was performed on a StepOne Plus thermocycler (Applied Biosystems). Primer sequences are presented in Table 1. The cycle threshold, determined as the initial increase in fluorescence above background, was determined for each sample. HPRT was used as internal control in the PCR reaction for normalization of assays.

TABLE 1. Primer sequences for expression of genes.

[image: image]

Western Blot Analysis

Mice kidney cortex tissues or hGECs were homogenized in lysis buffer containing protease inhibitors and phosphatase inhibitors and centrifuged at 14,000 g for 20 min at 4°C, supernatant collected and protein concentration determined. Proteins (25 μg) were resolved on a 10% SDS-polyacrylamide pre-cast gel and transferred to nitrocellulose membrane. The membranes were blocked in advance blocking agent (Amersham) and then incubated with primary antibody (anti-Arginase2: Santa Cruz Biotechnology, St. Louis, MO, United States, 1:500; anti-heparanase: Abcam, Cambridge, MA, United States, 1:1000) in 1% BSA in Tris-buffered saline/Tween 20 buffer overnight at 4°C. After washing, the membranes were incubated with sheep anti-mouse (Amersham, 1:4000) or donkey anti-rabbit (GE Healthcare, 1:4000) horseradish peroxidase-labeled secondary antibody and visualized using an enhanced chemiluminescence kit (Amersham, Piscataway, NJ, United States). The protein expression levels were normalized by actin or GAPDH.

Immunofluorescence

Kidney sections (5 μm) were fixed in 4% paraffin and embedded in paraffin. Antigen retrieval and deparaffinization were performed using the antigen retrieval solution for 20 min at 95°C. All sections were blocked with 10% bovine serum albumin (BSA) and then incubated with monoclonal anti-mouse HS primary antibody (AMS Biotechnology, Milton Park, Abingdon, United Kingdom, 1:100), heparanase primary antibody (Abcam, Cambridge, MA, United States, 1:200) and arginase 2 primary antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, United States, 1:50) at 4°C overnight. The sections were washed in PBS and stained with rhodamine conjugated secondary antibodies for 60 min at room temperature. After washing in PBS, the sections were imaged by a Zeiss microscope (LSM-510, Carl Zeiss, Germany). Fluorescence intensity was quantified and analyzed by National Institutes of Health (NIH) Image software.

Immunohistochemistry

Immunolocation of α-smooth muscle actin (α-SMA) was performed on paraffin-embedded section as previously described in detail (Xu et al., 2008) using following antibodies: α-SMA (Abcam, Cambridge, MA, United States, 1:500). α-SMA immunoexpression was assessed in 30 randomly selected glomeruli and/or cortical interstitial regions per section and quantitated using imagine analysis software (NIS-Elements, Ver. 4.6; Nikon Instruments, Melville, NY, United States). The data are expressed as percentage of area stained for α-SMA per selected area.

Permeability Assay of hGECs Monolayers

Human glomerular endothelial cells monolayer permeability to high molecular mass proteins was assayed by using 2,000 kDa FITC-dextran (Sigma, St. Louis, MO, United States), base on the Tanswell Model (EMD Millipore) (Singh et al., 2011). hGECs were seeded on collagen-coated Transwells at a density of 1 × 105 cells per well in 250 μl of complete CSC medium. The inserts were placed into 24-well plates containing 500 μl of medium. Upon reaching 60% confluence, hGECs were exposed to HG as described above for 14 days with or without co-treatment with XSF containing serum and/or ABH. Transendothelial passage of dextran was determined after 14 days HG incubation. Medium was replaced by 150 μl of FITC-dextran in the insert for 3 h incubation. Then the insert was remove and 100 μl of medium was collected from the bottom chamber and transferred to a black 96-well plate. The fluorescent density of sample was analyzed on a Paradigm Microplate Fluorometer (Beckman-Coulter) at 485 nm excitation and 530 nm emission wavelengths.

Statistical Analysis

All results were expressed as mean ± standard error (SE). Statistical analysis was performed using One-way ANOVA with a Turkey test by multiple comparison. A probability of P < 0.05 was considered to be statistically significant.



RESULTS

Effect of XSF on Diabetes-Induced Renal Dysfunction

The STZ-induced mice at the early stage showed elevated microalbuminuria and creatinine ratio (urinary mAlb/Cr), 24-h urinary total protein (24 h-UTP) and creatinine clearance (CCr), as compared with those of non-diabetic mice after 18 weeks diabetes. The 6 weeks-treatment of HXSF (3 g/kg/d) resulted in a significant suppression in all increases (Figures 1A–C). These data suggested that HXSF has therapeutic effect on renal hyper-filtration status in DN mice.
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FIGURE 1. Xiao-Shen-Formula (XSF) ameliorated proteinuria and kidney impairments in DN mice. (A) The urinary microalbuminuria and creatinine ratio (mAlb/Cr), (B) 24 h-UTP and (C) creatinine clearance (CCr) were measured at 6 weeks after XSF treatment. Control: non-diabetic normal mice; DN: diabetic nephropathy; LXSF and HXSF: DN mice were treated with 1 or 3 g/kg/d XSF respectively. Data are presented as mean ± SE. ∗P < 0.05 vs. Control, #P < 0.05 vs. DN, n = 10 mice/group.



Effect of XSF on Physiological and Biochemical Indexes

In our DN model, 12 weeks diabetes caused an increase in the ratio of kidney weight to body weight (KW/BW), the levels of blood glucose, including fast blood glucose and glycated hemoglobin, low density lipoprotein, angiotension II and aldosterone compared with control mice. HXSF treatment significantly decreased the ratio of KW/BW. However, other elevations were not altered by the treatment of either 1 or 3 g/kg/d XSF for 6 weeks. Furthermore, no XSF in low or high dosage can prevent the diabetes-induced reduction of BW (Supplementary Table 1). These results indicate that XSF treatment prevented diabetes induced renal hypotrophy, but did not exhibit any effect on the metabolic parameters and angiotensin–aldosterone system in DN mice.

Effect of XSF on Diabetes-Damaged Glomerular Morphology

To study whether XSF can prevent the glomerular impairment in diabetic condition, we assessed the extent of mesangial matrix expansion and the thickness of capillary basement membrane by using PAS staining. Diabetic mice demonstrated more glomeruli with higher level of mesangial matrix expansion and capillary basement membrane thickness, which was evaluated by PAS-stain score. Post-treatment of HXSF not LXSF largely reduce the extend (Figure 2). The results indicate that HXSF can treat the glomerulosclerosis in DN.


[image: image]

FIGURE 2. XSF prevented the damaged of glomerular morphology in DN mice. (A) Light microscopy of renal mesangial regions stained by PAS. Scale bar: 20 μm. (B) Quantitation of PAS staining were shown by PAS staining score. Data are presented as mean ± SE. ∗P < 0.05 vs. Control, #P < 0.05 vs. DN, n = 6 mice/group.



Effect of XSF on Diabetes-Impaired Renal Microvascular Remodeling

To study the renal microvascular dysfunction, we examined the density of α-smooth muscle actin (α-SMA)-positive cells in cortical interstitium. Diabetes increased the density of α-SMA-positive cells by more than 20 fold after 18 weeks. HXSF treatment maintained the density in the similar level of control mice (Figures 3A,B), suggesting that HXSF prevented the progression of renal microvascular remodeling.
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FIGURE 3. XSF prevented the impairment of microvascular remodeling renal cortical α-smooth muscle actin (α-SMA) density in DN mice. (A) α-SMA immunolocalization (brown staining). Scale bar: 50 μm. (B) Quantification of α-SMA density. Data are presented as mean ± SE. ∗P < 0.05, n = 5 mice/group.



Effect of XSF on Diabetes-Elevated Reactive Oxidative Species and Cytokines

As shown in Figure 4A, 18 weeks diabetic mice exhibited elevated oxidative stress as demonstrated by increased plasma lipid peroxides, which prevented by HXSF treatment, indicating the ameliorated level of ROS is at least partially involved in mechanisms of XSF treated DN. Further, there was an evidently increased proinflammatory cytokine level of TNF-α and IL-6 in diabetic mice (Figure 4B). Diabetes also raised the anti-inflammatory cytokine IL-10 levels, which was commonly induced in response to inflammation (Figure 4B). The post-treatment with HXSF only inhibited the elevation of TNF-α, but not altered the levels of IL-6 and IL-10, suggesting that XSF prevented inflammation in DN model through TNF-α involved signaling.
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FIGURE 4. XSF blunted the elevation of reactive oxidative species and cytokines in DN mice. (A) Effect of XSF on plasma malonaldehyde (MDA). (B) Effect of XSF on plasma cytokines including proinflammatory cytokines tumor necrosis factor α (TNF-α) and IL-6 and anti-inflammatory IL-10. Data are presented as mean ± SE. ∗P < 0.05 vs. Control, #P < 0.05 vs. DN, n = 5 mice/group.



Effect of XSF on the Expression of Glomerular Heparin Sulfate and Heparanase

In our DN model, the increases in protein and mRNA levels of heparanase especially in glomerular area were largely prevented by HXSF (Figures 5A–D). In associated with the increase of heparanase, the reduction of HS expression in glomerular region was recovered by HXSF (Figures 5E,F). These data suggest that HXSF prevented glomerular hyper-filtration by regulating heparanase expression in DN mice.
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FIGURE 5. XSF inhibited cortical heparanase expression and restored the decreased glomerular heparan sulfate (HS) contents in DN mice. Effect of XSF on (A,B) protein and mRNA of heparanase; (C) the glomerular heparanase expression was determined by immunofluorescence staining. Scale bar, 20 μm. (D) The columns quantified the amount of immuno-reactive heparanase by NIH Image software. (E) The glomerular HS expression was determined by immunofluorescence staining. (a) Control; (b) DN; (c) LXSF; (d) HXSF. Scale bar, 20 μm. (F) The columns quantified the amount of immuno-reactive HS by NIH Image software. Data are presented as mean ± SE. ∗P < 0.05 vs. Control, #P < 0.05 vs. DN, n = 5–10 mice/group.



Effect of XSF on the Level of Arginase Activity and Expression

To examine the effect of XSF on the arginase activation, arginase activity, and arginase 2 expression were detected. STZ-increased arginase activity in plasma and cortex were alleviated by treatment with HXSF (Figures 6A,B). This alleviation of arginase activity was correlated well with a reduction in arginase 2 expression in HSXF post-treated mice (Figures 6C,D). This result indicates that renal arginase 2 is one of primarily therapeutic targets of XSF in DN.
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FIGURE 6. XSF attenuated plasma and cortical arginase activity and cortical arginase 2 (ARG2) expression. (A) Effect of XSF on plasma arginase activity, (B) cortical argianse activity, and (C) cortical ARG2 expression. (D) The glomerular ARG2 expression was determined by immunofluorescence staining. Scale bar: 20 μm. (E) The columns quantified the amount of immuno-reactive ARG2 by NIH Image software. Data are presented as mean ± SE. ∗P < 0.05, n = 5 mice/group.



Effect of XSF on Arginase-NO- Heparanase Pathway in High Glucose-Incubated hGECs

We further investigated whether the level of heparanase protein can be regulated by arginase activation in high glucose (HG) treated hGECs. The enhancement of arginase activity is completely inhibited by post-treated with ABH (100 μM) or mouse serum containing HXSF (MS-HXSF, 3 g/kg/d). The hGECs presented in HG with both MS-HXSF+ABH did not cause further reduction of arginase activity comparing with ABH treatment alone (Figure 7A), indicating XSF has similar effect with arginase inhibitor on controlling arginase activity in HG medium.
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FIGURE 7. Effect of XSF on arginase-NO-heparanse pathway in hGECs. Effect of XSF (3 g/kg/d) containing serum (HSXF) on (A) arginase activity, (B) NO production, and (C,D) heparanse mRNA/protein in human glomerular endothelial cells (hGECs) with and without arginase inhibitor (ABH, 100 mM) under 24 h exposing to normal glucose (NG, 5 mM) and high glucose (HG, 25 mM). BS: basal serum. Data are presented as mean ± SE. ∗P < 0.05 vs. Control, #P < 0.05 vs. DN, n = 5 experiments.



Furthermore, Post-treatment with MS-HXSF prevented the elevation of heparanase protein/mRNA expression and the reduction of NO production. There was similar effect by present of ABH or MS-HXSF+ABH compared with MS-HXSF alone (Figures 7B–D). This preventive effect in NO reduction by MS-XSF was eliminated by NOS inhibitor, L-NAME (100 μM) (Figure 7B).

Effect of XSF on Inflammatory Reaction and the Permeability of hGECs Monolayers Exposed to High Glucose

We further found that HG significantly increased levels of mRNA for TNF-a, intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion protein 1 (VCAM-1) and monocyte chemoattractant protein-1 (MCP-1) compared with normal glucose, which were prevented by MS-HXSF (Figure 8A). However, ABH post-treatment blunted all the elevation, except the rise of TNF-α. The results indicated that XSF intervened other anti-inflammatory mechanism in diabetes-induced glomerular endothelium inflammation as well besides the arginase-NO pathway. Post-treated of ABH, or MS-HXSF conferred a significant protection from HG-induced hGECs hyper-permeability (Figure 8B). There is no synergistic effect in present both MS-HXSF+ABH. These results suggest that XSF maintains the integrity of glomerular endothelial barrier at least in part by reducing arginase activity.
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FIGURE 8. Effect of HXSF containing serum on the permeability of hGECs and mRNA of cytokine, chemokine, and adhesion molecules in hGECs. (A) The levels of proinflammatory cytokines TNF-α, the chemokine monocyte chemoattractant protein-1 (MCP-1), and the adhesion molecules vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule 1 (ICALM-1). (B) Transendothelial passage of FITC-dextran was used to determine permeability of hGECs monolayer, seeded onto collagen-coated transwells. Fluorescent density of samples was analyzed on a paradigm microplate fluorometer. BS, basal serum. Data are presented as mean ± SE. ∗P < 0.05 vs. Control, #P < 0.05 vs. DN, n = 5 experiments.





DISCUSSION

The major findings as follows: first, post-treatment of HXSF prevented STZ-induced renal injury, but did not alter the metabolic parameters and angiotensin–aldosterone system in DN mice (Figure 1 and Table 1). Second, post-treatment of HXSF attenuated DN-caused glomerulosclerosis and renal microvascular remodeling, associated with decreasing the higher ratio of KW/BW (Figures 2, 3 and Table 1). Third, post-treatment of HXSF ameliorated the diabetes-elevated ROS, inflammatory cytokines and glomerular hyper-filtration, companied with lower levels of arginase activity, arginase 2 and heparanase expression and levels of HS expression in glomerular region (Figures 4–6). Moreover, we revealed that XSF protected HG-induced hyper-permeability and inflammation in hGECs by inhibiting arginase–heparanase pathway (Figures 7, 8).

Consistent of our previous studies using XSF in type 2 DN patients (Teng and An, 2016; An et al., 2017), we found that post-treatment of XSF prevented STZ-induced renal injury in mice. The prevention of glomerular endothelium dysfunction is key target for the intervention in the progression of DN (Gnudi et al., 2016). Current initial treatments of DN include controlling the normal levels of blood glucose and blood pressure (UK Prospective Diabetes Study [UKPDS] Group, 1998a,b; Fowler, 2008). However, blockade of rein angiotensin system did not reduce the microalbuminuria and prevent the renal injury in the end-stage of type 2 DN (Vejakama et al., 2012). Our present study found that post-treatment of HXSF prevented STZ-induced renal injury in mice without affecting the metabolic syndrome and angiotensin–aldosterone system (Figure 1 and Table 1).

Previous studies reported that an increased glomerular heparanase expression can induce and enhance proteinuria by degrading HS in GBM (van den Hoven et al., 2007). And eNOS-NO pathway as a new mechanism was involved in the regulation of heparanase expression (Maxhimer et al., 2005; Shafat et al., 2006; van den Hoven et al., 2009; Masola et al., 2011; Garsen et al., 2016b). Our previous studies found that inhibition of arginase activity in mouse aortic endothelial cells effectively prevented vascular dysfunction and maintained levels of NO (Bhatta et al., 2017). Systemic inhibition of arginase activity or genetic knockout arginase 2, effectively restored the reduction of renal medulla blood glow and renal dysfunction (Morris et al., 2011). All these studies suggesting that intervening arginase activation can prevent renal damage through controlling NO-heparanase pathway. We for the first time demonstrate that arginase activation is involved in the regulation of heparanase in DN.

Accumulated researches revealed that the induction of inflammation and oxidative stress by the metabolism of hyperglycemia and dyslipidemia played significant roles in developing vascular complications (Banba et al., 2000; Sassy-Prigent et al., 2000; Gaede et al., 2001; Okada et al., 2003; Chow et al., 2004; Mima, 2013). Consistent with above studies, we found that post-treated XSF largely reduced the level of systemic ROS and inflammatory cytokines, TNF-α. Post-treatment of MS-XSF prevented the inflammation of hGECs by decreasing the levels of ICAM1, VCAM1, MCP-1, and TNF-α in HG maintained medium. Heparanase-driven molecular events have been reported to promoting TNF-α and renal injury, including TNF-α signaling (Goldberg et al., 2014), which support our current results. However, our previous works found that inhibition of arginase activity by ABH and knockout arginase 1 in endothelial cells effectively alleviated the enhancement of ROS and vascular inflammation in type 2 diabetes mice model, but TNF-α was not involved (Yao et al., 2017). Considering the characteristics of traditional Chinese medicine are multi-components and multi-targets (Han et al., 2017), arginase signaling may be only one of them. Taken all results together, it suggests that arginase is involved in XSF preventing inflammation in diabetic renal injury.

As an inner layer of glomerular filtration barrier, GECs impairment has been proved to be correlated with the urinary albumin creatinine ratio (Toyoda et al., 2007; Weil et al., 2012), which happened before podocytes and GBM damage in rodent and human diabetes (Jeansson et al., 2006; Broekhuizen et al., 2010). These results indicate that besides the podocytes, GECs is also a significant target in treatment of DN. Healthy vascular endothelium is covered by the endothelial glycocalyx, and the structural integrity of a glomerular endothelial glycocalyx is crucial to regulate the GECs permeability and inflammation (Meuwese et al., 2010; Dane et al., 2013; LWMM Rops et al., 2014). Increased activity of heparanase reduces the dimensions of the glomerular endothelial glycocalyx by degradation of HS, which has long been recognized in DN (van den Hoven et al., 2006; Gil et al., 2012). Loss of endothelial cell function is highly associated with kidney dysfunction in many diabetic patients who are characterized by albuminuria/proteinuria (Ndisang, 2018). And eNOS prevents the development of proteinuria through heparanase regulation in diabetic mouse model (Garsen et al., 2016b). All these researches suggests that NO-heparanase signaling is a crucial target for the treatment of GECs barrier damage in diabetic neuropathy. Our results showed that XSF treatment prevented HG-elevated heparanase expression, arginase activity and impaired NO synthesis, which is correlated with the reduction of glomerular endothelial permeability. Meanwhile, co-treatment of XSF with ABH did not cause any difference compare with the ABH or XSF alone, indicating that arginase in GECs is one of XSF therapeutic targets to restored HG-elevated glomerular endothelial permeability. All results suggest that glomerular endothelial arginase is highly involved in DN-induced glomerular dysfunction.

In conclusion, this study demonstrated that XSF ameliorated STZ-induced renal failure through inhibiting arginase activity and heparanase protein expression in GECs contributes to the therapeutic effect of XSF (Figure 9).
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FIGURE 9. Schematic diagram representing XSF on amelioration of heparanase expression and improvement of glomerular hyperpermeability by inhibtion of arginase activation.
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Study (years)

/control group)

Model (method) Anesthetic

Treatment group (method
to astragalosides)

Control group

Outcome index (time) Intergroup

differences.

Zhang et al., 2005 Mongrel dogs. 12-15kg  The LAD was igated  Pentobarbital sodium  IntravenousAS-IV (1.5 Intravenous isasteric 1. Myocardialinfarct 1. P < 0.05;
(male, 6/6) for 180min (30 mg/kg) mg/kg) 30min before the  no-function solvent  size;
ligation 2.CPK;
3.CBF;
Zhao etal, 2009 Wistar rats (10/10) 2152409 Ligation of the LAD Nt mention Intravenous injection AS-IV_ Intravenous equal 1. Myocardial cell
(1.0 mg/kg) once a day for  volumes of normal apoptosis rate;
14 days after coronary saline 2.F§;
figation for 3 weeks 3. +dp/dt;
4. -dp/dt;
5.LVIDd;
6.LVDs;
7.LVSP;
8. LVEDP;
9. Wall stress;
10, Tibial length;
11. Body weight;
12.Bax;
Lietal, 2010 Beagle dogs (male 8-12kg  Ligation of LAD 3% pentobarbital Intravenous AS-V (1 mg/kg) Intravenous isasteric
and female, 5/5) sodium (30mg/kg)  after AMI model established  placebo after AMI
for 15min model established for
15min
Carol et l., 2010 Wistar rats (male, 200-250g  Ligation of LAD for  Urethane (1 g/kg) Intravenous AS-IV (5 mg/kg) Intravenous isasteric
66) 30min then reperfusion nomal saline (2 mg/kg)
Wang et al,, 2012 Wistar rats (male, 250-300g Ligation of the LAD  Chioral hydrate (300 Treated with AS-V (40 Treated with equal
10/9) mg/kg) mg/kg) volumes of distilled
water
P <001;
9. SERCA activity; 9.P<005;
10. SERCAMRNA;  10.P < 005;
11. PLB mANA; 11.P <005;
12.PLB; 12.P > 005;
13.P-PLB; 13.P > 0.05;
14.P-PLB/PLB; 14.P > 005;
SERCA;
Tuetal, 2013 SD rats (male, 6/6) 240-260g Ligation of LADfor 2% pentobarbital Gavaged with AS-V (10 Gavaged with isasteric 1. AARALY;
30min then reperfusion  sodium (60mg/kg)  mg/kg) in saline 0min normal at 1 mUkg 2. Infarct area/aar;
for 90min before ischemia
7. +dp/dtmax;
8. LVEDP;
9. LVOP;
10. -dp/dtmax; .
11. Tl 11.P <0.05;
12. ATP/ADP(); 12.P < 005;
13. ATP/AMP(); 13.P < 0.05
14. ATP/ADPI/R); 14.P < 005;
15. ATP/AMP(/R); 15.P < 0.05;
16. ATP-5D();
17. ATP 5D mRNA();
18, P-MLC2();
19. ATP-SDI/R); . P < 0
20. ATP 5D mRNAI/R);  20. P < 0.05;
21. P-MLC2(R); 21.P <005;
22. Bax/Bel-2(/R); 22.P < 005;
Cuietal., 2018 SDrats (male, ~ 200-250g  Ligation of LAD 3% pentobarbital Gavaged with AS-V (10 Gavaged with isasteric 1. LVEDP;
16/15) sodium (30 mg/kg)  mgrkg) after model nomal saline after 2.LvsP;
established 1 day, oncea  model established 1 3. +dp/dimay;
day, for 40 days day, once a day, for 40 4. ~dp /dtmax;
days 5. Angll;
Gong and Sun, 2013 SDrats (maleand  250-320g  Ligation of the LADfor  10% chioral hydrate  Treated with AS-IV (100 Treated with salinein 1. Intracecelluar the 1. P < 0.01

female, 109)

30min then reperfusion (0.3 m/100g)

mg/kg) twice a day, for 7

the same way, twice a

concentration of free

for 40min days day, 7 days Ca?+;
Quetal, 2014 SDrats (male, 4/4) 250-360g Ligation of LADfor  Pentobarbital sodium  Tal intravenous AS -V Tail intravenous. 1.LDH;
30min then reperfusion (4 mg/kg) after YRmodel isasteric normal saline 2. CK;
established,3 times a week after /R model 3.AST;
for 2 weeks established,3 times a
week for 2 weeks
Heetal, 2014 Wistar rats (male  250-350g The LAD was ligated  Phenobarbital (100 Intravenous AS-IV (10 Intravenous isasteric 1. Myocardialinfarct ~ 1.P < 0.05;
10/10) for 80min, then mg/kg) mgkg) normal size; 2.P <005
reperfusion for 120 min 2.1VDP;

Liuand Yi, 2014

Zhang et al., 2014

Huang et al., 2015

Ma and Wang, 2016

Sunetal, 2015

Yuetal, 2015

Luetal, 2015

Lietal, 2016

Lietal, 2016

Cheng et al,, 2016

Yul. etal, 2017

Wang etal., 2018

SD rats (male, 8/8) 220-240g

SD rats (male,
15/15)

250-350g

SD rats (male, 4/4) 250-360g

SD rats (male,
31/30)

240-380g

SDrats (genderis  240-260g
not mentioned,
10/10)

Wistar rats (male,  250-800g
8/8)

SDrats (male,  280-300g
10/10)

Rats (24/24) 22289
Cs7BL6rats 23259
(male, 12/12)

SDrats (male,  280-270g
15/15)

Wistar rats (male,  220-280g
15/15)

SDrats (male, 8/8) 220-250g

The LAD was ligated  pentobarbital sodium

for 90min, then 5 mg/kg)
reperfusion for 60rmin
Ligation of LAD for  Pentobarbital sodium

30min then reperfusion (100 mg/kg)
for 120min

Ligation of LAD Not mention

Ligation of LAD for  10% chioral hycrate

10min then reperfusion  (5mg/kg)

for 60min

Ligation of LAD Not mention

Ligation of LAD 1% pentobarbital
sodium (40 mg/kg)

The LAD was ligated  20% urethane (0.3

for 30min, then mir00g,

reperfusion for 120min  intraperitoneal)

Ligation of LAD Pentobarbital
sodum(20 g/1)

Ligation of LAD 1% pentobarbital
sodium (TOmg/kg)

Ligation of LAD pentobarbital sodium
(60 mgrkg)

Ligation of LAD 1% pentobarbital
sodium (40 mg/kg)

The LAD was ligated 0% Urethane

for 30min, then
reperfusion for 120 min

Intravenous AS-IV (50
uMkg)

Intravenous AS-IV
(10 mg/ke) 1 ml Smin earler
before reperfusion

Tail intravenous AS - IV
{4mg/kg) after /R model
established, 3 times a week
for2 weeks

Gavaged with AS-IV
(10mg/kg) for 2 weeks
before model established

Gavaged with AS-IV (10
mg/kg) after model was
established 1 day, once a
day for 2 weeks

24h after the surgeryyia
intraperitoneal injection for 4

weeks (10 mg/kg/c)

Gavaged with AS-IV (80
mg/kg) suspendedin 0.6%
sodium
carboxymethyiceluiose daily
for 7 days

Intravenous AS-IV
(2mg/kg/d) for 21 days

Intravenous AS-IV
(10 mg/kg) for 2 weeks after
‘coronary ligation

Intravenous AS-V

(60 mg/kg/c) for 14 days
before model established

Intravenous AS-IV/
(10 mg/kg/d) for 28 days.
before model established

Intravenous AS-V (80
mg/kg)

Intravenous isasteric
normal

Intravenous isasteric
‘and non-functional
fiquid & min earfier
before reperfusion

Tailintravenous
isasteric and
non-functional iquid
after /R model
established, 3 times a
week for 2 weeks

Gavaged with saiine
(@ml/kg/d) for 2 weeks.
before model
established

Gavaged with isasteric
normal saline after
model established 1
day, once a day for 2
wecks

Normal saline of equal
volume was
‘administered via ip.
Injection for 4 weeks

Gavaged with 0.5%
sodium
carboxymethylceliuiose
for 7 days

Intravenous isasteric:
and non-functional
liquid for 21 days

Intravenous isasteric
normal saline for 2
‘weeks after coronary
ligation

Intravenous isasteric
nommal saline for 14
days before model
established

Intravenous isasteric
normal saline for 28
days before model
established

Intravenous nothing

1. Myocardial infarct
size;

2. LVOP;

3. Myocardial cell
apoptosis rate;

4. Caspase-3;
5.B0k2;

6. LDH activty;

1. Myocardial infarct
size(l/R);

2. LVEF;

3. P-AkVAKt;

4. P-mTOR/mTOR;
5.LvSP;

6. LVEDP;

7.Fs;

1. Size of inflammatory
cellinfilratior
2. Beclin protein;

1. Myocardial cell
apoptosis rate;
2.Bax;

3.80-2;

4. caspase-3;

1. Myocardial cel
apoptosis rate;

2. Intraceceluar the
concentration of free
Ca2+;

3. GRP78;

4. Caspase-1;

1. Myocardial nfarct
size;

2. VEGF;

3. BFGF;

4.MVD;

1. Myocardial infarct
size;

2. Myocardial cell
apoptosis rate;
3. TNF-e;

4. Caspase-3;
5.802;

6.Bax;

TLR4 7. mRANA;
8.TLRY;

9. NF-xB;
10.1L-1p;

1. Myocardial nfarct
size;

2.FS;

3. LVEF;

4. MVD;

5. VEGF;

6. HIF-1a;

1. LVEF;
2.Fs;
3.VD

4. LW/BW;
5. MVD;

1. Myocardial infarct
size;

2. VEF;

3.Fs,
4.Bcl-2;
5.Bax;
6. TLR4;
7.NFxB;

1. Gross cardiac
morphology;
2. HIF-1a;
3. Noteht;
4. Jaggedt;

1. Myocardialinfarct
size;

2.¢Tni;

3.8012;

4.8ax;

5.CaSR;

Al apoptotic index; NS, normal saline; AS, astragaloside; AS-1V, astragaloside-IV; AMI, acute myocardial ifarction; AAR, area at risk; LAD, the left anterior descending coronary artery; SO, Sprague-Dawley; SOD, superoxide dismutase,
MDA, malondiaidehyde; CK, creatine kinase; LDH, lactate dehycrogenase; T, cardiac troponin T; cTni, cardiac troponin I: MVD, microvessel density; TNF-a, tumor necrosis factor-a; CBF; coronary blood flow; Cl, cardiac index;
BR, blood pressure; HR, heart rate; RPR, rate-pressure prodluct; VEGF, vascular endothelial growth fartor; FS, shortening fraction; ALD, aldosterone; AN atrial natruretic peptide; Ang, Angotensinogen; LVIDG, left ventricular internai
diameter in diastole; LVIDS, left ventricular intemal diameter in systol; LVEFleft ventricular ejection fraction; LVSF? left ventricular systolic pressure; LVEDF left ventricular end-diastolic pressure; LVID, left ventricular internal dimension;
LVESY, left ventricular end-systolic volume; LVEDV, left ventricular end-dlstolic volume; VDG, left ventricular end-diastolic dimensions; LVDs, left ventricular endsystolic dimensions; LVPW, left Ventricular Posterior Walf LVPW, feft
ventricular posterior wall thickness at end-dlastolic; LVPWs, eft ventricular posterior wall thickness at end-systolic; MAR, mean arterial pressure; LVM, left ventricular mass; AST, aspartate amino transferase; BFGF, basic fibroblast growth
factor; CPK, creatine phosphokinase; MBF, myocardial blood flow; HIF-Ta, hypoxia-inducible factor 1-a; CaSR, calcium-sensing receptor; NF-xB, nuclear factor xB.
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th  Quasi-molecularion Compound
peak ([M+H]* or

[M+Na]*) (m/2)
111 268.1043 Adenosine
1.68 268.1032 9-arabinosyladenine
486 217.0077 2,3,4,9-tetrahydro-1H-pyrido[3,4-
bjindole-3R carboxylc acid
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16.25 975.4772 Macrostemonoside Q
16.60 665.3488 Macrostemonoside N
16.82 667.3649 Macrostemonoside M
3085 301.0687 Chrysoeriol
3151 777.3993 Macrostemonoeide S
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Group

Control
Sham

Sham GLXB high dose
VR

VR + GLXB low dose
VR + GLXB high dose.
VR + Simvastatin

High fat diet

5]
+)
5]
+)
5]
+)
5]

VR

(5]
5]
5]
)
)
)
)

Sham group, Sham animals receiving saline at 4mikg; Sham GLXB high cose, Sham
animals receiving pre-treatment with GLXB 4g/kg; I/R, UR-challenged animals receiving
saline at 4mUkg; IR + GLXB low dose, I/R-challenged animels receiving pre-treatment
with GLXB at 2g/kg: IR + GLXB high dose, UR-challenged animals receiving pre-
treatment with GLXB at 4 g/kg; I/R + Simvastatin, VR-challenged animais receiving pre-

treatment with Simvastatin at 4mg/kg; Control group, Animals fed on standard diet

receivir

saline at 4mivkg.
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Peak no.

RT (min)

607
819

870

880

16.72
16.76
1859
1961
2237
2252

Mode

M+H*
M+H*
M+ H*
M+ H*
M+H*

[M + HCOO]
M+H*
[M+HCOO]~
M-HI
M-HI

miz

568.3423
2742722
3182017
362.3266
5203378
564.3354
496.3356
566.3452
3032818
279.2208

Formula

CasHsoNO10P
CigHasNO2
CaiHasNO
CzsHsoNO,
CasHsoNO7P
CarHs1NOgP
CaaHsoNO7P
CarHsaNOoP
CaoHa202
CigHaz02

Identification

Phosphatidyserine

C16-Sphingosine

N-methyl arachidonic amide
N-{2-methoxyethy) arachidonic amide
Linoleamidoglycerophosphate choline
Lyso-PC (C18:2)

Lyso-PC (C16:0)

Lyso-PC (C18:1)

Avachidonic acid

Linoleic acid

Significance

02332
0.4179
0.1240
0.1830
01129
0.1836
0.0047
0.0854
03225
02874

Content
variance

Percentage
change
3373
1285
1448
52.14
17.73
4228
3222
85.12
209.42
7048

Reported

Yes
Yes
No
No
No
Yes
Yes
Yes
Yes
Yes

Metabolic pathway

Giycerophospholipid metabolism
Sphingolipid metabolism
Avachidonic acid metabolism
Arachidonic acid metaboism
Glycerophospholiid metabolism
Glycerophospholipid metabolism
Giycerophospholipid metabolism
Giycerophospholipid metabolism
Avachidonic acid metabolism
Fatty acid p-oxidation metabolism
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No. of subjects

Age, mean + SD, years
Gender, male/female, no.

CK (UL
CK-MB (U/L)
CER (wmol/L)
TC (mmol/L)
TG (mmol/L)

Control

30
56.23 + 6.21
15/15
93.73 + 44.24
14.43 + 4.23
74.41 £ 20.64
3.79 £ 0.96
1.11 +£0.38

Ml patients

30
56.30 + 6.70
15/15
97.53 + 43.82
13.77 + 3.33
76.05 £ 19.67
4.70+1.18
2.32 £0.59

p-value?

0.525
1.000
0.739
0.500
0.754
0.002
0.000

anpaired t-tests and x? tests were used to assess the difference between control

and patients.
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Group of il (%) of (%)
Control 17.13 £ 1023 80.58 + 11.56

Res 12.75 £ 6.41 81.38 4+ 3.10

LPS 9.96 +6.98 76.92 + 8.48

LPS + Res 13.34 +£5.92 64.47 +7.13%2

*P < 0.05 vs. Control group; *P < 0.05 vs. Res group; and P < 0.05 vs. LPS group.

Neutrophil (10°/L)

1.33+£0.88
0.92 £ 0.44
0204047+
0.46 +0.16*

Lymphocyte (10°/L)

5.87 + 1.06
6264 1.14
1.61 £ 0.28+%
2.40 + 0502
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Group

Control
Res

LPS

LPS + Res

*P < 0.05 vs. Control group; *P < 0.05 vs. Res group; and & P < 0.05 vs. LPS group.

Liver

396.6 + 52.3
4105 +27.8
397.3+76.1
4429+ 476

Stomach

308.56 +82.8
340.3 £45.3
307.8 £92.3
196.4 + 57.4*%2

Spleen

1952+ 47.3
207.8:+£27.8
154.5 + 15.7"
174.8 +61.2

Intestine

2160+ 67.9
2255+ 37.2
204.7 £40.8
221.2+256

Kidney

416 £575
4247 £57.8
314.4 4 66.3*"
323.4 + 58.4+%
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Group  RBC(10'2L)  Hb (g/L) Het(%)  MCV(f)  MCH (PG)
Control 7.39+1.04 152.83+24.34 49.08+590 66.63+2.07 20.63+0.55
Res 767066 157.00+ 1552 49.33+2.16 64.33+2.16 20.45+0.43
LPS 7.36+0.85 149.33+ 1540 47.58+4.00 64.92+2.75 20.32+0.36
LPS+Res 7.00+0.45 146.00+7.64 46.00+250 6575+ 1.78 20.88 + 0.35"
RBC, red blood cell; Hb, MCV, mean

MCHC (g/L)

310.50 + 17.24
318.33 + 12.60
31350+ 9.18
317.50 £ 4.76

concentration; RDW, red blood cell d/stnbunon width. *P < 0.05 vs. Res group and *P < 0.05 vs. LPS group.

RDW-SD

33.78 + 1.92
3320223
31.95+ 1.05
31.45 + 1.52

RDW-CV

1612+ 1.14
16.70 + 1.00
15.42 +£2.09
14.35 + 1.65"

RBC aggregation
index
276 £0.76
2.70+0.28
2.54£0.11
258+0.43

volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin
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Control  Control+XYS CUMS ~ CUMS+NS  CUMSHXYS  CUMS+XYS Total

(1.01 g/kg) (0.505 g/kg) (1.01 g/kg)

Observation of estrous cycle 11 1 1 11 1 1 66
HE staining ©® @ @ ® @ 15)
Immunohistology staning (6] €] @ ® ] (15)
NE in tissue 8 8 8 8 8 40
NE, estradiol, progesterone, luteinizing hormone in ® ® @® @® ® (40)
serum

western blot ®) © ®) ® ® ©0)
Total 19 11 19 19 19 19 106

The numbers in the brackets represent the number of the animals used in the respective experiment and these animals were among those denoted above by the numbers free of
——
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Group
classification

Primordial folicle
Primary folicle
Secondary folicle
Antral follicle
Cystic folicie
Atreic folicle
Total count
Corpus Iuteumn

Control

Number Percentage
188 1163 47£2
1313342686 333
25+ 954 62
4633 £ 4.16 12£3
267153 0705
467 +289 12£06
398 £42.23
67.67 + 961

Cums
Number Percentage

2013822838 516
8467 £17.16" 225
3533351 91
2831159 113
18.33 + 13.32 62
11.67 £ 7.51 21

39367 £ 12.22

38.67 + 11.98"

CUMS+NS
Number Percentage
20867 £31.66 615
9867 £ 125" 124
21334603 61
26+ 529" 8x2"
31.33 % 208" 92"
134781 4£2
340334363
20.33 +4.78

CUMS+XYS (0.505 g/kg)

Number Percentage
17667 £2491 521
8167 18881 242t
25 557 742
42 £ 8.89 121t
1167 + 3.06" sx1t
667 +1.53 2£02
34367 £ 54.35
48x624'"

CUMS+XYS (1.01 g/kg)

Number Percentage
104.33 + 21.36 514t
102.33  8.08" 27 x2t
2567 +7.51 7x2
4367 £ 8.33" 113t
833+ 1.53 2+ 05"
84 21
382,33 £ 24.91
56.67 +7.02F

Statistical result of the number and percentage of the follcles in diferent development stages and corpus luteu in various groups. Results are presented s mean  SE. "P < 0.0 vs. Control group; *P < 0.05 vs. CUMS; TP < 0.05

vs. CUMS+NS group, n = 3.
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Herb target Gene network

CRH Diseases
Symptoms
M146

NPPA Diseases
Symptoms
M203

Min_sp

O O O O O o

Max_sp

O o b~ O N

3

Avg_sp

2.943452
2.998833
1.686667
2.706357
2.740698
1.548387

In herb target column, the symbols indicate the key targets of LXNX formula in
M146 and M203, respectively. In gene network column, diseases refer to the gene
network consisted of genes related to all co-morbid diseases, symptoms refer to
the gene network consisted of genes related to all co-morbid symptoms, M146 and
MZ203 refer to the gene network included the genes related to M146 and M203,
respectively. In min_sp column, the numbers refer to the minimum shortest path
length. In max_sp column, the numbers refer to the maximum shortest path length.
In avg_sp column, the numbers refer to the average shortest path length.
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Modular ID Category Term Number of Number of key

pathway gene protein

146 KEGG_PATHWAY hsa04080:Neuroactive ligand-receptor 42 17
interaction

146 KEGG_PATHWAY hsa04024:cAMP signaling pathway 29 14

146 GOTERM_BP_DIRECT GO:0007189~adenylate cyclase-activating 34 20
G-protein coupled receptor signaling
pathway

146 GOTERM_BP_DIRECT GO:0030819~positive regulation of CAMP 30 10
biosynthetic process

146 GOTERM_BP_DIRECT GO:0007190~activation of adenylate 27 17
cyclase activity

146 GOTERM_BP_DIRECT GO:0007186~G-protein coupled receptor 56 15
signaling pathway

146 GOTERM_BP_DIRECT GO:0007188~adenylate 19 10
cyclase-modulating G-protein coupled
receptor signaling pathway

146 GOTERM_BP_DIRECT GO:0006171~CAMP biosynthetic process 14 10

146 GOTERM_BP_DIRECT GO:0019933~cAMP-mediated signaling 14 10

146 GOTERM_BP_DIRECT GO:0007193~adenylate cyclase-inhibiting 13 9
G-protein coupled receptor signaling
pathway

203 GOTERM_BP_DIRECT GO:0044267~cellular protein metabolic 16 3
process

In the module ID column, the numbers denote numbers of CHD modules related to LXNX formula. In the category column, KEGG-PATHWAY refers to the pathway
enrichment analysis, and GOTERM_BP_DIRECT refers to the GO term enrichment analysis. In the term column, the text indicates results of function enrichment analysis
corresponding to the type of analysis shown on the left. In the number of pathways gene column, the numbers refer to the gene count numbers corresponding to the
pathway on the left. In the number of key protein column, the numbers refer to the protein count numbers of key drug targets in the corresponding pathway on left.





OPS/images/fphys-09-00489/fphys-09-00489-t002.jpg
Modde Secdgmoagiwp  Mmber  puske  Propotion

© ey
P n awcos  amm
s Cpens 5 amn v
W o @ oo vaws
[rge—— s omes zemme
- n e s
o Sowedven® 5 oo sk
s n soew o
Mo releomexs 25 LAE0S 2481
o Powcruing 8 oo s
o s W oowe s
e s o e
s Syoems & omes 2w
[ — kS
PR — 3 omson e
2 Asmecomen® 1 oower e
2 Cwens) 5 oooes  220me
2 Ouness o omms 2mmmw
2 paons 2 oome  omum
T 3 oomw e
2 s 5 omas  eooon
2 sooms 6 oo 2o
[t —— o
9 Cmtens) o omeen s
9 o o omwo  aousr
g 3 owun e
19 S w oo smen
S — i
95 Ceens + ooen  zsws
1% Syoems T oo amme
[ —
24 Cutocomomerc '

osan 0,
24 Cuness x
e —— 2





OPS/xhtml/Nav.xhtml




Contents





		Cover



		TRADITIONAL CHINESE MEDICINE: TRADITIONAL MEDICINE AND CARDIOVASCULAR/COMPLEX DISEASES - VOLUME I



		Editorial: Traditional Chinese Medicine: Organ Vascular Injury - Volume II



		The Effects and Mechanisms of TCM on Improving Treatment of Hypertension and Related Organ Injury



		The Effects and Mechanisms of TCM on Improving Treatment of Hyperlipidemia and Related Organs Injury



		The Effects and Mechanisms of TCM on Improving Treatment of Hyperglycemia and Related Organs Injury



		The Effects and Mechanisms of TCM on Improving Treatment of Cardiac Injury, Myocardial Fibrosis and Heart Failure



		The Effects of TCM on Improving Treatment of Homocysteine-Induced Cardiac Injury



		The Effects and Mechanisms of TCM on Improving Treatment of Ischemic Myocardial Injury



		The Effects and Mechanisms of TCM on Improving Treatment of Myocardial Ischemia and Reperfusion Injury



		The Effects and Mechanisms of TCM on Improving Treatment of Heart Failure



		Systematic Biological Characteristics of Different Syndromes of TCM in Cardiovascular Disease



		The Effects of TCM on Coronary Heart Disease Patients









		The Effects and Mechanisms of TCM on Cerebrovascular Diseases



		The Effects of TCM on Improving Treatment of Cerebral Ischemic Injury



		The Effects of TCM on Improving Treatment of Cerebral Ischemia and Reperfusion Injury









		The Effects and Mechanisms of TCM on Improving Treatment of Kidney Injury



		The Effects and Mechanisms of TCM on Organ Injury Caused by Chronic Stress



		Ameliorating Effects of TCM on Microcirculation Disorders and Organ Injury Caused by Endotoxin



		Multi-Component Pharmacological Effects of Compound Chinese Medicine



		Author Contributions



		References









		Xiao-Yao-San, a Chinese Medicine Formula, Ameliorates Chronic Unpredictable Mild Stress Induced Polycystic Ovary in Rat



		Introduction



		Materials and Methods



		Animals



		Reagents



		Experiment Protocols



		Preparation of XYS Containing Serum



		Granulosa Cells (GCS) Culture Studies



		Determination of Estrous Cycle



		Histological Evaluation of Ovarian



		Determination of NE, Estradiol, Progesterone and Luteinizing Hormone



		Terminal Deoxynucleotidyl Transferase-Mediated dUTP-Biotin Nick End-Labeling (TUNEL) Staining



		Immunohistochemical Staining



		Western Blotting Assay



		Statistical Analysis









		Results



		XYS Ameliorates Rat Estrous Cycle Dysfunction Induced By CUMS



		XYS Alleviates Rat Polycystic Ovary Formation and Follicles Development Abnormalities Induced by CUMS



		XYS Inhibits the Increase of NE Level in Rat Serum and Ovarian Tissue and Ameliorates Rat Endocrine Disorder Induced By CUMS



		XYS Relieves the Increase of β2R in Follicles after CUMS



		XYS Inhibits the Apoptosis of Granulosa Cells in the Antral Follicles Induced by CUMS



		XYS Inhibits the Autophagy of Granulosa Cells in the Antral and Cystic Follicles Induced by CUMS



		XYS Inhibits the Autophagy of Granulosa Cells Induced by NE in Vitro



		Akt/mTOR/S6K I Pathway Is Involved in the Alleviative Effect of XYS on the Autophagy of Granulosa Cells Induced by CUMS in Vivo and by NE in Vitro



		XYS Reduces the Increases Level of DβH and c-fos in Locus Coeruleus









		Discussion



		Author Contributions



		Acknowledgments



		Abbreviations



		References









		Rhynchophylline Ameliorates Endothelial Dysfunction via Src-PI3K/Akt-eNOS Cascade in the Cultured Intrarenal Arteries of Spontaneous Hypertensive Rats



		Introduction



		Materials and Methods



		Reagents



		Animals



		Tissue Preparations



		Isometric Vessel Tension Studies



		Western Blot Analysis



		Nitric Oxide (NO) Assessment



		Statistical Analysis









		Results



		Endothelial Function is Impaired in SHR Renal Arteries



		Rhy Ameliorates Endothelial Dysfunction in the Renal Arteries from SHRs



		Rhy Improves Endothelial Function in SHRs but Not That in Wistar



		Rhy Restores Endothelial Function through Src-PI3K/Akt-eNOS Cascade in SHR Renal Arteries









		Discussion



		Author Contributions



		Funding



		Supplementary Material



		References









		Astaxanthin Attenuates Homocysteine-Induced Cardiotoxicity in Vitro and in Vivo by Inhibiting Mitochondrial Dysfunction and Oxidative Damage



		Introduction



		Materials and Methods



		Chemicals



		Cell Culture and Cell Viability Assay



		Flow Cytometry Analysis (FCM)



		TUNEL-DAPI Staining



		Evaluation of Mitochondrial Dysfunction



		Detection of ROS and Superoxide Anion



		Western Blotting



		In Vivo Study



		Statistical Analysis









		Results



		ATX Alleviates Hcy-Induced Cytotoxicity in H9c2 Cells



		ATX Suppresses Hcy-Induced Apoptosis in H9c2 Cells



		ATX Blocks Hcy-Induced Mitochondrial Dysfunction by Balancing Bcl-2 Family



		ATX Attenuates Hcy-Induced Oxidative Damage in H9c2 Cells



		ATX Inhibits Hcys-Induced Cardiotoxicity in Vivo









		Discussion



		Ethical Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References









		Tang Wang Ming Mu Granule Attenuates Diabetic Retinopathy in Type 2 Diabetes Rats



		Introduction



		Materials and Methods



		Materials



		Animals



		Induction of Experimental Type 2 Diabetic Rat Model (DM)



		Determination of Metabolic Parameters



		Retinal Capillary Morphology



		Histological Studies of Retina



		Transmission Electron Microscopy (TEM)



		Immunohistochemistry



		Statistical Analysis









		Results



		Effects of TWMM on Metabolic Parameters



		Effects of TWMM on Biochemical Parameters of DM Rats



		Effect of TWMM on Experimental Diabetic Retinopathy



		Effects of TWMM on Retinal Histology



		Effect of TWMM on Ultrastructure of Retinal Vessels



		Effect of TWMM on the Jak/Stat Pathway









		Discussion



		Author Contributions



		Funding



		Supplementary Material



		References









		The Effect of Tai Chi on Cardiorespiratory Fitness for Coronary Disease Rehabilitation: A Systematic Review and Meta-Analysis



		Introduction



		Methods



		Inclusion Criteria



		Literature Searches



		Data Extraction



		Risk of Bias Assessment



		Statistical Analyses









		Results



		Literature Screening



		Characteristics of Included Studies



		Risk of Bias Assessment



		Efficacy Analyses



		Adverse Event



		Evidence Evaluation









		Discussion



		Summary of Main Results



		Strengths and Limitations



		Implications for Research









		Conclusion



		Author Contributions



		Funding



		Acknowledgments



		References









		Trichosanthes pericarpium Aqueous Extract Enhances the Mobilization of Endothelial Progenitor Cells and Up-regulates the Expression of VEGF, eNOS, NO, and MMP-9 in Acute Myocardial Ischemic Rats



		Introduction



		Materials and Methods



		Reagents



		Plant Materia



		Animals



		Experimental Procedure



		Acute Myocardial Ischemia Model



		Flow Cytometric Analysis of CEPC



		Western Blots Analysis



		Enzyme-Linked Immunosorbent Assay



		Statistics Analysis









		Results



		Effect of TPAE on the Mobilization of EPC in AMI Rats



		Effect of TPAE on the Expression of VEGF, eNOS, and MMP-9 in Myocardium of AMI Rats



		Effect of TPAE on the Plasma Level of VEGF, eNOS, NO, and MMP-9 in AMI Rats









		Discussion



		Author Contributions



		Acknowledgments



		References









		Additive Neuroprotective Effect of Borneol with Mesenchymal Stem Cells on Ischemic Stroke in Mice



		Introduction



		Materials and Methods



		Animals



		MSCs Isolation and Identification



		Osteogenic and Adipogenic Induction of MSCs



		Focal Cerebral Ischemia-Reperfusion Model and Agents Administration



		Neurological Deficits Evaluation



		Cerebral Infarct Volume Measurement



		Cell Death



		Immunofluorescence Staining



		Statistical Analysis









		Results



		Characterization of Mouse Fetus-Derived MSCs



		Effect of Borneol and MSCs Transplantation on Neurological Deficits



		Effect of Borneol and MSCs Transplantation on Infarct Volume



		Effect of Borneol and MSCs Transplantation on Cell Death



		Effect of Borneol and MSCs Transplantation on Neurogenesis in Infarct Lesion









		Discussion



		Author Contributions



		Funding



		References









		Integrated Modules Analysis to Explore the Molecular Mechanisms of Phlegm-Stasis Cementation Syndrome with Ischemic Heart Disease



		Background



		Materials and Methods



		Curation of IHD-Associated Genes



		Identification of Disease Modules



		Identification of Syndrome Modules



		Reliability Validation



		Enrichment Analyses









		Results



		IHD-Associated Genes



		IHD Disease Modules



		PSCS Syndrome Modules



		Validation









		Discussion



		Conclusion



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Abbreviations



		Footnotes



		References









		Analysis of microRNA Expression Profiles Induced by Yiqifumai Injection in Rats with Chronic Heart Failure



		Introduction



		Materials and Methods



		Animal Experiments



		Echocardiography Detection and Left Ventricular Intubation Evaluation



		Histopathology and Immunohistochemical Examination



		Agilent Rat MiRNA Microarray Experiment and Data Analysis



		Real-Time PCR of Differential miRNAs



		Cell Culture



		Myocardial Hypertrophy Cell Model and Measurement of Cell Surface Area



		Real-Time PCR of mRNA



		Cell Apoptotic Model and Hoechst 33342 Staining



		Western Blot Analysis



		Measurement of ATP Content and Cell Viability



		Statistical Analysis









		Results



		YQFM Improved Cardiac Functions of Rats with Chronic Heart Failure



		MiRNAs Expression Profiling Analysis



		Target Gene Prediction and Pathway Analysis



		Verification of miRNAs



		Validation of YQFM against Myocardial Hypertrophy



		Validation of YQFM against Myocardial Apoptosis









		Discussion and Conclusion



		Author Contributions



		Funding



		References









		Oxidative Stress and Renal Fibrosis: Recent Insights for the Development of Novel Therapeutic Strategies



		Introduction



		NADPH Oxidases and Renal Fibrosis



		Nuclear Factor Erythroid-2 Related Factor 2 and Renal Fibrosis



		cGMP-cGK1-PDE Signaling and Renal Fibrosis



		Renal Fibrosis and Peroxisome Proliferator-Activated Receptor Gamma (PPARγ)



		Role of Anti-Oxidative Agents in Ameliorating Renal Fibrosis



		Traditional Chinese Medicines for Treating CKD



		Conclusions



		Author Contributions



		Acknowledgments



		References









		Rho, a Fraction From Rhodiola crenulate, Ameliorates Hepatic Steatosis in Mice Models



		Introduction



		Methods



		Preparation of Active Fractions From Rhodiola crenulata (Rho)



		Chemicals and Reagents



		Animal and Diets



		Insulin Sensitivity Evaluation



		Histological Analysis of Liver



		Determination of Triglyceride Content in Liver



		Western-Blot Analysis



		Determination of Microcirculatory Parameters



		Statistical Methods









		Results



		Analysis of Chemical Constituents in Rho



		Rho Ameliorates Hepatic Steatosis in 3 Animal Models



		Rho Improves Insulin Resistance in DIO Mice



		Rho Ameliorates Hepatic Microcirculation Disturbances in DIO Mice



		Rho Changes Pathways Involved in Hepatic Lipid Metabolism in DIO Mice









		Discussion



		Rho Decreased the Uptake of Free Fatty Acids via Down-Regulating the Expression of CD36 in the Liver of DIO Mice



		Rho Decreased the de Novo Lipogenesis via Down-Regulating the Expression of SREBP-1c, FAS, and ACC in the Liver of DIO Mice



		Rho Decreased the de Novo Lipogenesis via Improving Insulin Resistance in DIO Mice



		Rho Improved Insulin Resistance via Inhibiting PTP1B Activity in DIO Mice









		Author Contributions



		Acknowledgments



		References









		Dai-Zong-Fang, A Traditional Chinese Herbal Formula, Ameliorates Insulin Resistance in db/db Mice



		Introduction



		Results



		Qualitative Analysis of Bioactive Compounds in DZF Formula



		Fasting Blood Glucose and Body Weight of db/db Mice



		DZF Improves Insulin Sensitivity in db/db Mice



		DZF Lowers Serum Low-Density Lipoprotein Cholesterol (LDL-C) and Non-esterified FA (NEFA) in db/db Mice



		DZF Improves Hepatic Steatosis and Injury in db/db Mice



		DZF Activates AMPK and Inhibits Notch Signaling in the Liver of db/db Mice



		Hepatic Glycogen Content After Drug Administration in db/db Mice



		Effect of Drug Administration on Pancreas of db/db Mice



		Effects of DZF on Skeletal Muscles of db/db Mice









		Discussion



		Materials and Methods



		HPLC Analysis



		Animals



		OGTT



		Serum Insulin and HOMA-IR



		Serum and Liver Measurements



		Histological Analysis



		Electron Microscopic Observations of the Skeletal Muscle



		Western Blots



		qRT-PCR



		Statistical Analysis









		Author Contributions



		Acknowledgments



		References









		Cardioprotective Effects of QiShenYiQi Dripping Pills on Transverse Aortic Constriction-Induced Heart Failure in Mice



		Introduction



		Materials and Methods



		Animals



		Echocardiography



		Hemodynamics



		Enzyme-Linked Immunosorbent Assay (ELISA) Analysis



		Immunohistochemical Staining



		Western Blot Analysis



		Quantitative Real-Time RT-PCR (qRT-PCR)



		Statistical Analysis









		Results



		QSYQ Protects Against TAC-Induced Cardiac Dysfunction in Mice



		QSYQ Improves Loss of Organization of Myocardial Fibers in TAC Mice



		QSYQ Attenuates Cardiac Fibrosis in TAC Mice



		QSYQ Reduces Cardiac Apoptosis in TAC Mice



		QSYQ Alleviates Cardiac Microvessel Impairment in TAC Mice









		Discussion



		Author Contributions



		Acknowledgments



		Supplementary Material



		References









		Gualou Xiebai Decoction, a Traditional Chinese Medicine, Prevents Cardiac Reperfusion Injury of Hyperlipidemia Rat via Energy Modulation



		Introduction



		Materials and Methods



		Animals



		Herbs



		Extraction and Isolation of GLXB



		UHPLC-TOF-MS Analysis of GLXB Extract



		Other Reagents



		Animal Model and Drug Administration



		I/R Challenge and Myocardial Infarct Size Assessment



		Myocardial Blood Flow



		Heart Function



		ELISA Assay



		Histology and Double Staining of F-Actin and Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling



		Western Blotting Assay



		Statistical Analysis









		Results



		UHPLC-TOF-MS Chromatograph and Chemical Profile of GLXB



		GLXB Decreases Serum TC, TG, and LDL-C, but Has No Influence on HDL-C



		GLXB Reduces I/R-Induced Myocardial Infarct Size



		GLXB Attenuates I/R-Induced Myocardial Injury



		GLXB Attenuates I/R-Evoked Cardiac Energy Metabolism Disorder and ATP 5D Down Regulation



		GLXB Attenuates RhoA/ROCK Activation Induced by I/R



		GLXB Inhibits I/R-Induced Myocardial Apoptosis



		GLXB Attenuates I/R-Induced Heart Dysfunction



		GLXB Attenuates I/R-Induced Decrease of Myocardial Blood Flow









		Discussion



		Author Contributions



		Acknowledgments



		Supplementary Material



		Abbreviations



		References









		The Contribution of Different Components in QiShenYiQi Pills® to Its Potential to Modulate Energy Metabolism in Protection of Ischemic Myocardial Injury



		Introduction



		Materials and Methods



		Animals



		Regents



		Cardiac Ischemia Model and Experiment Protocols



		Histological Evaluation of Myocardial Tissues



		Rhodamine Phalloidine Staining



		Ultrastructure Examination



		Protein Extraction



		Western Blot



		ATP, ADP, AMP Content in Myocardium



		cTnI Content in Plasma



		Mitochondrial Complex I, II, IV, V Activity



		Heart Function Test



		Statistical Analysis









		Results



		Effect of QSYQ and Its Components on Myocardium Histology of Rat Subjected to Ischemia



		Effect of QSYQ and Its Components on F-actin Structure



		Effect of QSYQ and Its Components on Myocardial Ultrastructure of Rat Subjected to Ischemia



		Effect of QSYQ and Its Components on ATP 5D Expression in Myocardium and Plasma of Rats Subjected to Ischemia



		Effect of QSYQ and Its Components on ATP Production and Activity of Mitochondrial Complexes in Rat Myocardium After Ischemia



		Effect of QSYQ and Its Components on Heart Function in Rats Subjected to Myocardium Ischemia









		Discussion



		Author Contributions



		Acknowledgments



		Abbreviations



		References









		Application of Feedback System Control Optimization Technique in Combined Use of Dual Antiplatelet Therapy and Herbal Medicines



		Introduction



		Materials and Methods



		Materials



		Making List of Herb Medicines With Anti-platelet Activities



		Preparation of Rat Platelet-Rich-Plasma



		Checking the Anti-platelet Activities of Drugs



		Neural Networks Models



		Linear Regression Model



		Analysis of Interactions in Drug Pairs



		Statistical Analysis









		Results



		List of Herb Medicines With Reported Anti-platelet Activities



		Experimental Anti-platelet Activities of Drugs



		Results of Generation 1 FSC Analysis



		Results of Generation 2 FSC Analysis



		Results of Drug Interaction Analysis









		Discussion



		Author Contributions



		Funding



		Supplementary Material



		References









		Prediction of Molecular Mechanisms for LianXia NingXin Formula: A Network Pharmacology Study



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		DISCUSSION



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		BYD Ameliorates Oxidative Stress-Induced Myocardial Apoptosis in Heart Failure Post-Acute Myocardial Infarction via the P38 MAPK-CRYAB Signaling Pathway



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		DISCUSSION



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Tongguan Capsule Mitigates Post-myocardial Infarction Remodeling by Promoting Autophagy and Inhibiting Apoptosis: Role of Sirt1



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		DISCUSSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Dan-Lou Prescription Inhibits Foam Cell Formation Induced by ox-LDL via the TLR4/NF-κB and PPARγ Signaling Pathways



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		DISCUSSION



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		ABBREVIATIONS



		FOOTNOTES



		REFERENCES









		YangXue QingNao Wan and Silibinin Capsules, the Two Chinese Medicines, Attenuate Cognitive Impairment in Aged LDLR (+/-) Golden Syrian Hamsters Involving Protection of Blood Brain Barrier



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		DISCUSSION



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ABBREVIATIONS



		REFERENCES









		Panax ginseng Polysaccharide Protected H9c2 Cardiomyocyte From Hypoxia/Reoxygenation Injury Through Regulating Mitochondrial Metabolism and RISK Pathway



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		DISCUSSION



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ABBREVIATIONS



		REFERENCES









		Src Plays an Important Role in AGE-Induced Endothelial Cell Proliferation, Migration, and Tubulogenesis



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		DISCUSSION



		CONCLUSION



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		ABBREVIATIONS



		REFERENCES









		A Preclinical Systematic Review and Meta-Analysis of Astragaloside IV for Myocardial Ischemia/Reperfusion Injury



		Introduction



		Methods



		Database and Literature Search Strategies



		Eligibility Criteria



		Data Extraction



		Quality Assessment



		Statistical Analysis









		Results



		Study Inclusion



		Study Characteristics



		Study Quality



		Effectiveness



		Cardioprotective Mechanisms









		Discussion



		Summary of Evidence



		Limitations



		Implications









		Conclusion



		Author Contributions



		Acknowledgments



		References









		Danhong Injection Enhances the Therapeutic Efficacy of Mesenchymal Stem Cells in Myocardial Infarction by Promoting Angiogenesis



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		DISCUSSION



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ABBREVIATIONS



		REFERENCES









		Effect of Resveratrol on Blood Rheological Properties in LPS-Challenged Rats



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		DISCUSSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Metabolomics Study of the Biochemical Changes in the Plasma of Myocardial Infarction Patients



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		DISCUSSION



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ABBREVIATIONS



		FOOTNOTES



		REFERENCES









		MicroRNA-1 and Circulating Microvesicles Mediate the Protective Effects of Dantonic in Acute Myocardial Infarction Rat Models



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		DISCUSSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Xiao-Shen-Formula, a Traditional Chinese Medicine, Improves Glomerular Hyper-Filtration in Diabetic Nephropathy via Inhibiting Arginase Activation and Heparanase Expression



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		DISCUSSION



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES























OPS/images/fphys-09-00489/fphys-09-00489-t001.jpg
Disease or symptom
name

Anxiety (D)
Arrhythmia (D)
Autonomic dysfunction (D)

Cardiac sympathetic
remodeling (D)

Insomnia (D)

Chest pain (S)
Dizziness (S)

Insomnia (S)
Palpitations (S)
Shortness of breath (S)
Thirst (S)

Chest tightness (S)

Bitter taste in mouth (S)
Dream-disturbed sleep (S)

Medical subject heading

Anxiety
Arrhythmia
Autonomic dysfunction

Cardiac sympathetic
innervation

Cardiac sympathetic
innervation remodeling

Cardiac sympathetic
innervation remodeling heart

Insomnia

Sleep disorder
Chest pain

Dizziness
Insomnia

Palpitations

Shortness of breath
Thirst

Chest tightness

Chest discomfortable
Bitter taste in mouth
Dream-disturbed sleep

Number of
related genes

248
167
7
1

22
19
1624
1761
248
103
176
225

O O O O
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means co-morbid symptoms. In the column of number of related genes, the
numbers mean the count number of genes related to medical subject heading on

left.
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TABLE 1 | Primer sequences for expression of genes.

No.

1

Target

ICAM-1

VCAM-1

MCP-1

TNF-a

Heparanase

Forward (5'-3')

CAGTCCGCTGTGCTT
TGAGA
CTGGGAAGCTGGAAC
GAAGT
GGCTCAGCCAGATGCA
GTTAA
GCTCTTACTGACTGGC
ATGAG
GGAGCAAACTCCGAGT
GTATC

Reverse (5'-3')

CGGAAACGAATACACG
GTGAT
CAGGGGGCCACTGAA
[GAA
CTACTCATTGGGATC
CTTGCT
GCAGCTCTAGGAGC
GTG
CAGAATTTGACCGTTC
AGTTGG

_|

>0 >0






OPS/images/fphys-09-00491/fphys-09-00491-g005.gif





OPS/images/fphys-09-01195/fphys-09-01195-g009.jpg
Endothelial Cell XSF

Arginase
Activity T :> o ¢

Heparanase T

Type 1 diabetes
/HG

Glomerular endothelial
permeabilit

Diabetic nephropathy





OPS/images/fphys-09-00491/fphys-09-00491-g004.gif





OPS/images/fphys-09-01195/fphys-09-01195-g008.jpg
i

f | !
o a =

d g ﬂ<
7 “(nv) ° °
9JUIdsaton|4 uesxag-dLid

E= ICAM-1
E= VCAMA

-1

3 TNFa

Bl wmMCP

f T T !
5 0 5 0

« (s23ueyd pjo4) s|ana] yNYw

BS BS HXSF ABH HXSF

BS HXSF ABH HXSF+ABH

BS

+ABH

HG

NG





OPS/images/fphys-09-00491/fphys-09-00491-g003.gif
BHCH
‘LFi!g ’_ E
E j; !:!E






OPS/images/fphys-09-01195/fphys-09-01195-g007.jpg
<

—
L.
#
BS HXSF HXSF HXSF+

BS

=

)
] (=] w0 o

(Wd) uondnpoid ON

BS HXSF ABH HXSF+

i
BS

1.6
0
5
0

(1y/u1ar0ad 3w feasn jow 1)
Aanpy aseuiday

+ABH L-NAME

ABH

(&)

Heparanase | s S

00 ®
Z2I
I I
T
*
€ ©w o ©w o w o
T o & ¢ ¢ o o
<
(jo11u0d jo %)
unpy/ aseueseday
d
00 - 7]
x
2 I 3
1] I 5
<
[* 9
* 2
-
* ()
o0
[72]
0
1 I I | 1
w o © o v Q9
N N - - (=} o
(28ueyp pjo4)

VYNYw aseueseday

HXSF ABH HXSF+

BS

BS

ABH

ABH





OPS/images/fphys-09-00491/fphys-09-00491-g002.gif





OPS/images/fphys-09-01195/fphys-09-01195-g006.jpg
plasma Arginase Activity >

{nmol urea/ mg protein/hr)

o

-

(=]

o
1

H» (=] =]
PR S
i

N
o
1

o

Control

DN

DN+HXSF

Cortical Arginase Activity
(nmol urea/ mg protein/hr)

80+ |
60
4049 I
204
0
Control

DN

DN+HXSF

C ARG2 [ T
Actin

ARG2 /Actin (% of control)

250+

200

150+

100+

50+

I |
——

0

- - N
o o o
1 1 1

Glomerular ARG2 (AU)
(%]

e

Control DN
* *

1

DN+HXSF

Control DN DN+
HXSF





OPS/images/fphys-09-00491/fphys-09-00491-g001.gif





OPS/images/fphys-09-01195/fphys-09-01195-g005.jpg
f T T 1
© < N (=]

{joa3u0d jo %)
YNYW Hadyo/eseueieday

N DN+ DN+
LXSF HXSF

D

Control

m
+F
— -
_ =
* -
NS
[=1a]
- =
4 )
=
-
- =
S
] [ o
Q 71 1T 1 T 1 1
w T 00000 O0O0O0
T A Yowowow
M a "m® NN -
o m {1043u00 jo %)
W Hadvo/aseueleday
=
<L

DN+
HXSF

DN

Control

r T T T T 1
o L N ©

= © <
(nv)
aseueseday Jejniawo|n

[a]

-T-

14+

124

1 1 1 1 1
o ® © <% N
“ (nw)

wuwﬁ._sm :m..m&w-_

o

DN+
HXSF

DN+
LXSF

DN

Control





OPS/images/fphys-09-00491/crossmark.jpg
©

2

i

|





OPS/images/fphys-09-01195/fphys-09-01195-g004.jpg
-

Malonaldehyde (pM)

151
I
10
5_
—_
0
Control

DN DN+HXSF

w

Plasma Cytokine Level

154

*

*

3 TNF-a

Gls IL-6

&= IL-10
*

:

Control

DN

DN+HXSF





OPS/images/fphys-09-01195/fphys-09-01195-g003.jpg
154

o -SMA (% o -SMA/100 p2)
@ 3

e
I

Control DN DN+
HXSF






OPS/images/fphys-09-00590/fphys-09-00590-g004.jpg
Component 2 (20.5%)

-log(P)

Scores Plot

2] .
+es ou ox-LDL+EEDL
tan
s o
Control
wes
< A x €%
ox-LDL b
“ A sean
! s S ao
o | sar
-10 -5 0 5 10
Component 1 (17.8%)
D-Glutaimine and D-glutamate metabolism
Alanine; aspartate and glutamate metabolism
® [
Glycerophospholipid metabolism
* & @ Glutathione metabolism
o
o Q

& O

X o

0

0.0 0.2 0.4 0.6 0.8 1.0
Pathway Impact

Isovalerylcarnitine [ ]
Guanosine [ ]
Glutathione [}
Homovanillic acid
2-Ketobutyric acid
L-Lactic acid
Phosphoenolpyruvic acid
Phosphorylcholine
5-Hydroxyindoleacetic acid [ ]
DL-2-Aminooctanoic acid ]
Homogentistic acid [ )
Cholesterol [}
L-Aspartic acid ]
3-Phosphoglyceric acid e
Glycerol 3-phosphate o
Oxoglutaric acid L]
[ ]
]
L]

11-Dehydro-thromboxane B2
Uridine diphosphate glucuronic acid
L-Glutamine
Pantothenic acid °
5-Thymidylc acid [ ]
Itaconic acid °
Hydroxyproline [}
Citramalic acid °
Ketoleucine ]
Arginine °
L-Lysine| @
2-Hydroxy-3-methylbutyric acid |~ @
PE(36:3)

High

Low

[ ]
Myoinositol | @

I I

6 1.8 2.0 22 24

VIP Scores

EEDL/ox-LDL < 0.8 EEDL/ox-LDL >

Yo, % (T
o, o “

1.2

[ 3
8,
) Ps,, %, *"00

-log10(p)
4

log2(FC)

High





OPS/images/fphys-09-00590/fphys-09-00590-g003.jpg
Dil-ox-LDL

SRBI' ——————'—‘C TLR4 R e —

B-actin l S — e e —— — B-actin | GEEDCEDaDEIDGIDED

Control 5
) 120
4
= 90 bid
2 i "
] ” 60
2
1 ) 30 o
0 0 L -
ox-LDL (100 pg/mly - " ; : " ox-LDL (100 pg/mL) - : + : :
L (ng/mly - 2 400 200 100 - EEDL (pg/ml) - - 400 200 100 -
Simvastatins (10 uM) - - - - - : Simvastatins (10 uM) - - - = . +
D 60 E 140
50 m § 120 "
40 100
= 30 ] 30, — "
% 20
= 20+
3 10 - 10 -
|
ol= 0 :
ox-LDL (100 pg/mLy - - + 4 + + ox-LDL (100 pg/mly - ; " : : :
EEDL (pg/mL) - - 400 200 100 - EEDL ( pg/ml) - - 400 200 100 -

Simvastatins (10 pM) - 2 : S s + Simvastatins (10 M) - s 2 : =





OPS/images/fphys-09-00590/fphys-09-00590-g002.jpg
A Control ox-LDL ox-LDL+simvastatin B 150

o
28
L
-gB-lOO—
S =
=
=8
8 o
o8
s o
2 50t
£2
S =
Z'e

ox-LDL+EEDL

ox-LDI+EEDL ox-LDL (100 pg/mL) -
(100 pg/mL) EEDL (pg/mL) -

##
P

(200 pg/mL)

7 : Simvastatins (10 uM) -
e O
; 7 5 c 250
: ¢ g @ 200 -
W T U 23 150t
¥ X Y s £ 2
p £8
’ ¢ v g e 100f
W . = 9 2
® 50
ox-LDL+simvastatin
S A ¥3 0
> ox-LDL (100 pg/mL) - +
: ¢ EEDL (ug/mLy - -
T"’ Simvastatins (10 pMy - -
T A " : B E o R, E 0201
& A i S5 L #
' 3 o g = T oolst
ox-LDL+EEDL ox-LDIL+EEDL ox-LDL+EEDL 3 f‘- g
2 * bt K3
(400 pg/mL) (200 pg/mL) (100 pg/mL) 2 g olor §§§:§
5 ol e 87, . 3 ¢ 2 < d
= ) ¢ 5 o i i 23 ££ 005t 5
2} - < Vb = 90058
i BN s = & s
Y. ety < A% ) B
R .; ‘ 0.00
2 BZorn - ox-LDL (100 pg/mL) - + + + it +
-3 a 5 ‘ : L 80 S A EEDL (ug/mL) - - 400 200 100 -
\ o =S5 - § . SR & non . :., K& Simvastatins (10 uM) - - - - - %





OPS/images/fphys-09-00590/fphys-09-00590-g001.jpg
EEDL ] [Simvastatins}

{ Control J{ ox-LDL }[ +ox-LDL +ox-LDL

[ Macrophage foam cell J [ Drug intervention J

formation
e |
l, Fluorescence imaging l Oil red O staining
[ ox-LDL uptake J ox-LDL deposition
Metabolomics

Metabolites-function

' )

analysis

[ Lipid boli: J[ Infl ion resp ] [ Cell death and survival }
Transfection, RT-PCR | PCR array & RT-PCR &
Western blotl & Western blot, Cytokine array Western blot

PPARYy signaling TLR4/NF-kB signaling —’l Bi%!:% family

Mechanism of EEDL inhibits macrophage
foam cell formation induced by ox-LDL






OPS/images/fphys-09-00590/cross.jpg
3,

i





OPS/images/fphys-09-00589/fphys-09-00589-g009.jpg
A sham MI
TGC

vehicle vehicle TGC

vehicle TGC TGC+EX527

| p-mTOR
| p62

AtgS
FOXO1
Bcel2

‘ Bax
| NFkB

tubulin

*é 5
-
§ >
Sirtl S |
: S
tubulin &
p-mTOR
E &
g
£
<

veh TGC TGC+EX

Arbitrary Unit

veh TGC TGC+EX

FOXOI1

Arbitrary Unit

veh TGC TGC+EX

Bax

*k

Arbitrary Unit

veh TGC TGCH+EX

el

veh TGC Veh TGC
sham
AtgS

5 *

2 N
g

:é1

<

0

veh TGC TGC+EX
Bcl2

X
] i &

veh TGC TGC+EX

NF«xB

1 &
*

veh TGC TGC+EX

[
1

[N

-

Arbitrary Unit

Arbitrary Unit





OPS/images/fphys-09-00589/fphys-09-00589-g008.jpg
Arbitrary Unit

sham MI
vehicle TGC vehicle TGC _
- - — — e e phospho mTOR (Ser2448)
—_—— — total mMTOR
— — e —— - phospho P70/S6 kinase (Thr309)
— — — — — — — — total P70/S6 kinase
— — — — — — e phospho 4EBP-1 (Thr70)
total 4EBP-1
phospho mTOR phosph P70/S6 kinase phosph 4EBP-1
# #
# = -~ Il
— = (=2
= =
% g 2 *
g =
] Vehh TGC Vel;- TGC veh TGC Vei; TGC v veh TGC Veh“ TGC
sham sham

MI sham





OPS/images/fphys-09-00589/fphys-09-00589-g007.jpg
% A

LVEDD LVESD

Myocyte size

Sear circumference  Fibrotic area Apoplosis index






OPS/images/fphys-09-00589/fphys-09-00589-g006.jpg





OPS/images/fphys-09-00589/fphys-09-00589-g005.jpg
>

sham MI

TGC

vehicle vehicle

B sham MI
vehicle TGC vehicle TGC

g g 5 e 4 s . el Lioe - P -
s g ST o ~e 2 o T N = ¥ -~ r . i :”
e Boa 5 = S T T £ - K > i DY ~ - 3 - o] 3
- o a - e ~ . L P = - e - 3 2 o - o W -
X i wat SEL - 4 i = -s % 3% [~ e o 2 <3 | &8s > f S
= = B ~e < b T At Foun 3 e E g 2 3 - Tk . -
S e N ;o ”—a P e WA - LT ‘ - - FECN
. - N L~ e P . %5 " . < i §3 S Sen p & T i
. ¥ - B W e - . ol g \
. o e - e . A s - . ”. X
g v U - = - g™ ol s - . < = ¥
- J- - - < - . vise - cw s ~ i .
el B i ey Mgl = 0. [ - s -
- . i . : e = = : o E
. S W % e < l ¥ 3
x g & P R g - 5 > -
- - -t o - =2 ot s -
et X 3 LI _ i S EE
% gt aa . e Y N a7 - 3, e an
> S P, TR L Yt o & e R PN TS s o
- 0 e - S 2, : . - 3 ~ Sy P -
> e ’ g oy TNy o 5 - % & S LA
! : ’, RsT B & - sa A -~ RS w5 5 X x
- - -~ % R - ASRR < P

TGC

Apoptosis index

#

=)
a~
5_
%k
= ez 11| .
veh TGC veh TGC
sham MI

o

Caspase-3

Bcel-2

Bax

tubulin

Caspase-3
#

N w
1 J

i
1

Arbitrary Unit
*
Arbitrary Unit

0-
veh TGC

0-
veh TGC veh TGC veh TGC
sham MI sham MI

Ba

X

#
2
1- mr i
0-
veh TGC veh TGC
sham MI

Arbitrary Unit






OPS/images/fphys-08-01132/fphys-08-01132-g002.gif





OPS/images/fphys-08-01132/fphys-08-01132-g003.gif





OPS/images/fphys-08-01132/fphys-08-01132-g004.gif





OPS/images/fphys-08-01132/fphys-08-01132-g005.gif





OPS/images/fphys-08-01091/fphys-08-01091-t002.jpg
Studies

Lan etal, 1999
Chang etal, 2010
Wang et al., 2010
Nery et al., 2012

Nery et al.,

Random sequence
generation

High
High
High
Unclear
Low

Allocation
concealment

High
High
High
Unclear
Low

Blinding of participants
and personnel

High
High
High
High
High

Blinding of outcomes
assessment

Unclear
Unclear
Unclear
Unclear

low

Incomplete outcome.
data

High
Low
High
low
low

Selective Other
reporting bias

Unclear
Unclear
Unclear
Unclear
Unclear

Unclear
Unclear
Unclear
Unclear

Low





OPS/images/fphys-08-01091/fphys-08-01091-t003.jpg
Quality assessment Summary of findings. Quality  Importance

No. of patients Effect
No.of Limitations Inconsistency Indirectness Imprecision  Other TaiChi Posiive Relative  Absolute
studies considerations control  (95% Cl)

CRITICAL

MD 4.71 higher (3.58 to
5.84 higher) Low

MD 1.1 lower (2.46 lower
100.26 higher)

IMPORTANT

MD 3.78 higher (4.44
lower to 12 higher)

IMPORTANT

MD 7 lower (10.68 to
3.32 lower) Low

IMPORTANT

MD 13.68 higher (10.39
10 16.97 higher) Low

No serious inconsistency

©Taj Chi cannot be blinded as an intervention.
b Total population size is <400.





OPS/images/fphys-08-01132/crossmark.jpg
©

2

i

|





OPS/images/fphys-08-01132/fphys-08-01132-g001.gif





OPS/images/fphys-08-01091/fphys-08-01091-g005.gif
ook Mo 0 Tom s S0 T vt Paecatio  Nngwnd
i vas a2 1 12 % 9 T b
svn. e 7 & ims 45 M ol wmbesrm
T cn o 0 102w e, e

Hesopoon v - 38,17 2030 P 208
e ove o = 15 P 000000






OPS/images/fphys-08-01091/fphys-08-01091-t001.jpg
Studies

Lanetal., 1999
Chang ot al,, 2010

Wang et al,, 2010

Nery et al., 2012

Nery et al, 2015

Coronary
disease type

Post-CABG

Post-PC/CABG

Chronic stable
angina

AMI

AMI

Nationality

Taiwian
(China)

Taiwan
(China)
China

Brazi

Brazi

Sample size

22

42
27
22
18

31

Intervention group

Age

55771
582+ 113
679468
687470

655469
59 £ 10

56£9

Intervention

Yang's style, teaching guider, 54min every
moming

Yang’s style, teaching guider, at least 3 times a
week, 50min each time

Simplified 24 stylerlow intensity—30 min/d, 3
Aw, moderate intensity—40 min/d, § d/w,
Jogging:high intensity~40 min/d, 5 d/w
Yang’s style, teaching uider, 3 times a week,
60min each time

“Bejing” style, 3 times a week, 60min each
time

Sample
size

Control group

Age

572476

63.3+9.4

69.5:% 4

58+9

609

Control

Walking VO, peak
3times aweek HR peak

Blank HR peak

Blank VO max

HRmax

Stretching VO max
2 times a week

Stretching  VOg peak
times aweek HR peak

Outcomes  Study

type

N-RCT

N-RCT

N-RCT

RCT

RCT

Treatment
duration

One year
6 months

& months

12 weeks.

12 weeks.





OPS/images/fphys-09-00589/fphys-09-00589-g004.jpg
pg/mg protein

[=2]
o
1

H
o
1

204

TNFa

e

0
<

-2}
<

pg/ mg protein

IL-1B

C 1\

veh TGC

A N
U v
veh TGC veh TGC veh TGC
sham MI "
— [GC
- ™ N 2 : ! : : ‘ | ‘
| ‘ | ‘ LS ¥
- Y NP = S ; : S : ‘_
| \ ; g - . 3 . (\J
- ~ et P = . -‘ _ ' ; \‘
- > \\ ; ‘ - |
~ : ; | \ ‘\
| | : . ; 3 e { Nt
S N VRS STy 2 : 2 ‘
| : o i : E e 5 4% 2 -~
- 2 . ‘
\ . . e : 7 : .
\ ’ : . 4 i~ e )% >
“ ¥ -~ ) ‘ ' ‘ | £
. IS \ 5 ; o ' \
| ‘ ! ““ £ N - - o~ ~ -
. ‘ e g . o .
LA . il R o No ~ M A T e R —
. . ' g
. = - e % ~
- ¥ LY . % 3 ; S - './ ' | ‘
s /57 : \ s 2 N Jpty > R -
t b () o s 1 e ; K sh S
i < S a0 s -xd e o
A < ; .'
: : : wis poay - - = S
Sy A & i ; ; ‘b
[& S ’ P g S i : ; ‘
L B TS WYL - 2 Sl AR )
sr oy e . ~ . ]
; ' " | - 4 AN
: : : o . -~
7 ~ ey N LS : g 3 ) :
. - _' . - ..1 ‘) ! : : } : | A
[ X ey paes -» i o 52 \‘
T : Y 3 G N
vy (W e : ’ : » | - |
’ ‘: ’ 0 et : N .
‘ )l ’ ' . - - .
= 1 ~ A ’ - /-
| = 7/ - i 4
» %y 2 - . s ; . | q
. - » > ke - : “
- ¥ : \
‘ | y
- \ 8L : ‘ "
-, Y & f : v ‘ ’
’ ! - ¢ p : ' \
-. L 9, \ L4 < . " & ,, T 4 ; 1
- V. ~ R A : : o0
= . < ’ b (05
« e ; : | |
| l ‘ . x Ny ‘L :
: : .\ s : .\' N\ = e
. ~- Y \ = : | z '\
- ‘ ' : - ‘
' . L v O v ‘- % 2 ; : :
e : ‘ | | |
- k¢ v : '
. i * : i
. r et X . I l/.

MI

pg/mg protein

o0
<

@
<

'S
<

N
<

IL-6

veh TGC

107

veh TGC

sham

MI

VehiCle

 RRLTRY K

; SR Dy
» 1 2 3 : ' '
5 ' :
& F S A
) R ey |
" . - ) @ 7 ‘ A
B i ~ L 1 X i
: i % ’. F 3 <
¥ e :
& 2 o < :
S s -
. ph ey j
- > ' ’ {
. ‘ ok - G
PR T \ 2 ’ S
: S £ e
a = : : :
RO £ i e
~% . o— x 5 = !
2 i e = 2 !
-~ - ” = e :
e 4 = ” v“" :
= -~ 553D A Z 4 -
- L e R E j ;
- 4 - A L. z
: ol ‘e
o ) - . .-
- ’ . - ’ . :
« » A # i
. 3 -
o P 7 k
et v e e
/ «y z
s £ o o B
' i CERE VN o)
’ ‘ ;
‘ {
" pe T < s ) gl )
: y
' . -~ v By .
‘ o § i LI .
; rt
' z
. . 2 * i 4 ’ \
1 ot *
- / :
7 ¢ ¢ , ‘
! \ A5 :
.
 ~ed : :
7 2 —\I ! - A §
4 4 (= et 1'
LS & : : i : :
2t : .





OPS/images/fphys-09-00589/fphys-09-00589-g003.jpg
sham

MI

TGC vehicle

vehicle

E sham MI
vehicle TGC vehicle TGC

veh TGC

veh TGC
sham

Scar circumference

%
s

veh TGC

Fibrotic area

X o

veh TGC
MI

Myocyte size

veh TGC

veh TGC

sham

"~ veh TGC veh TGC

sham





OPS/images/fphys-09-00589/fphys-09-00589-g002.jpg
mm
3 I -

" veh TGC veh TGC
sham MI

LVESD
#

—

veh TGC veh TGC
sham MI

%40' — vehicl
gzo. -- TGC

c0 '; 1I4 2'1 2I8 3I5 412

Days
C
Heart rates

= (1

520

mmHg
¥ ¢ 3 §

w

vehicle

sham

Systolic pressure

p—

#

%

%

%
N 8 3 8

" veh TGC veh TGC

sham MI

LVEF

*k

.

%

" veh TGC veh TGC

sham MI

TGC

mm

veh TGC veh TGC
sham MI

LVFS

*k

%o

o .
veh TGC veh TGC
sham MI






OPS/images/fphys-09-00589/fphys-09-00589-g001.jpg
1449.14 A

1086.41

723.87 -

360.84

\

.
e
<

J
. ! |
) : C:~' EAY ’J
"
N | N f
\J A R FoRi!
|

-

[\

- 161201
———170402

170101

—151203

181002

160802

Y
160201

[———————~160102
151102

26.38

salvianolic acid B

tanshinone [

OH

OH

HzC CHg

cryptotanshinone





OPS/images/fphys-09-00589/cross.jpg
3,

i





OPS/images/fphys-09-00505/fphys-09-00505-g007.jpg
Hypoxia-ischemia injury

@@Q HEEIEIEEEEIEEEEEEEEE(EE=(E(=)

|~ O3 LDH/CK-MB
@@@v@ L= = PEERE PSS = PEREEE
3 W O 7+ J——

. J)
— — o SON —— e . ey
: e~ ———

‘ Cytoplasm @ Endothelium cells
<= Cardiomyocyte

Macrophage

RAWURY

Apoptosis gene





OPS/images/fphys-09-00505/fphys-09-00505-g006.jpg
Sham Model

Ginaton

BYD Tablets

p-MKKG6

MKK6

P-P38 MAPK

P38 MAPK

pMAPKAPK2

MAPKAPK2

GAPDH

CM:+SB203580

o
i

o
(-]
1

LT

Fluorescent density(%)
e o
- L~

ot
=]
1

CM -
BYD @800 pg/mL) -
SB203580(10 pg/mL) -

Apoptotic rates

*x

—

+
+ +

+ 4

+

+

Relative intensity

(p-MKK6/MKK®6)

e
o
3

-
(=]
1

e
o

£ 1.0
-
*k *x Q E oa_ k& 23 e
E a *hk
0.6+
% g 0.4-
E ® 0.2
=
£ 0.0-
g@s @“9 & @\? gfo é@be» & &\?
& #
G“‘? &
1.59
%’ g * *k x%
a 1.04
b
E ; 0.5
g2
0.0-
d&z& ~@é & &y\?
&
&
p-CRYAB I - - - - ‘
I
GAPDIL | e 4 b |
CM -+ o+ o+ o+
BYD@800 pg/mL) = - 2 - +
SB203580(10 pg/m1) - - - + 4
0.15- -—
E.
£5
S & 0.10-
g - ** kK [
2
0 <
2 % 0.05-
S U
&
0.00- : :
M -+ o+ o+ o+
BYD@800 pg/mL) - - 4 - a5

SB203580(10 pg/mL) -





OPS/images/fphys-09-00505/fphys-09-00505-g005.jpg
e )

RAW264.7 T 24h T 24h - )
conditioned media (CM)
seeded LPS ‘
CCK8 l A
24h T 6h T 4k T HoC2
Administration
cM (BYD or/and seeded

SB203580 /

Control

CM+BYD =
(400 pg/mlL)

CM+BYD
(800 pg/ml)

Apoptotic rates

o
=

Fluorescent density(%o)
=]
~N

0.0-
CM + + +
BYD - - 400 600 800
(ng/mL)
cleaved- | S e *I
caspase3
cospases | - ——— — -
oo, S &
caspase9
caspasd | o= ..-|
| - - - - |
Bax
GAPDH I- L - -‘
CM = + + + +
BYD - - 400 600 800
(ng/mkL)

*kKk

(% of control)

Viability

BYD -
(ng/mL)

Relative intensity
(cleaved-caspase3/caspase3)
o

* Rk
F*Hd * kK
T T |
+ +

600 800

C T-SOD

151
*kk
- by *kk L) =
E
5
5- .
CM k + + + +
BYD - - 400 600 800
(ng/mL)

p-CRYAB | -

- -

CRYAB D D — -l
GAPDH |’ - - -l
CM = + + + +
BYD - 400 600 800

(ng/mL)
1.5-
zs
é E 1.0- r
i< 2
Iy
= *
2% 05{ 2
TU
-4 é
0.0' T Ll
CM - + + + +
BYD - 400 600 800
(ng/mL)
2 15
b -
é: 1.0' *
:l_:' *%
9 -
é 05 *hk
= ]
kK *kk kK E‘;g xs
-:; 0.0-
" + = # CM -+ + 4+ +
- 400 600 800 BYD - - 400 600 800
(ng/mL)
1.5+
£=
g E 1.0
_E - * kK "
g g kK
= = 0.5 *hK
e
=
0.0-
M - + = ® &
BYD - - 400 600 800

(ng/mL)





OPS/images/fphys-09-00505/fphys-09-00505-g004.jpg
Bax

Bel-2

cleaved-
caspase3

cleaved-
caspase9

GAPDH

Sham Model

Ginaton
BYD  Taplets

- - - .

-

Sham

Model

Relative intensity
(Bax/GAPDH)
o
-

-
o
]

-
o
1

Relative intensity
(cleaved-caspase3/GAPDIH)
o
°

Ginaton
BYD Tablets

p-CRYAB

CRYAB

GAPDH

Apoptotic rates

100+
m-
50- - *kk
3
40-
20-
*hE
0 L 1
& o @
> >
S & s &
&
(;?
1.04 *hH
s
? E‘ o.s- *hkk
s E **
= 0.6
N 23
g q 0.4
e
*hK = E S 927
0.0- T
& &
S & &S S & &S
& o
g 1.5
&«
29
8 % 1.0
% i * *
** E ]
g I 0.5 -
*hK =z 2
Fekk g
< 0.0
& @e@ & y & & & F &P\aﬁ
& &
& &
p-CRYAB
0.008 -
*Kk%
—
0.0061 **
E i *
[
a 0.004+
=
0.0024
0.000 T T
& L &
& @*’b L A
&
&
&

- -
=] o>
1 )

Relative density
(p-CRYAB/CRYAB)
L
o

e
>

iy
%,
o,')






OPS/images/fphys-09-00505/fphys-09-00505-g003.jpg
Viability B Viability c NO

0.8 15 i
= —
Z o6 o <
E & 107 0.10-
S 0.4 s a
: 5w -
< 0.2 g 0.05-
0.0 T T T "“-' = 0.04 0.004
BYD (ngmL) - 400 600 800 1000 - Lbsid pgmky =  + + + 4 4§ LPS(1pgml) - + + + + +
Ginaton Tablets - - - - - 40 BYD (pg/mL) - - 400 600 800 BYD (ng/mL) - - 400 600 800 -
(ng/mL) Ginaton Tablets - B B g B 40 Ginaton Tablets - - = - - 40
(ng/mL) (ng/mL)

ROS
0.154

0.104
LPS+BYD

Control PS (400 pg/mL)
. 0.054

Fluorescent density(%6)

0.00-
LPS (1 pg/mL) - + + + + +
BYD (ug/mL) - 400 600 800 1000 -
Ginaton Tablets - - = o - 40
(ng/mL)

LPS+BYD EPS+BYD LPS+Ginaton Tablets
(600 pg/mL) (800 pg/mL) (40 pg/mL)






OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fphys-08-01133/fphys-08-01133-g005.gif
£
H






OPS/images/fphys-08-01133/fphys-08-01133-g006.gif
ooRon






OPS/images/fphys-09-00007/crossmark.jpg
©

2

i

|





OPS/images/fphys-08-01133/fphys-08-01133-g001.gif





OPS/images/fphys-08-01133/fphys-08-01133-g002.gif
2 AR ¥ P
' " 5 s
i}
. * _;
¥ i 1
s s .
- i -y s o
€ copaibes P emaumes

s 3 e






OPS/images/fphys-08-01133/fphys-08-01133-g003.gif
® i
Neurological score P Grip test
e
H
IR
= 1
WL
s a7 s w7 an
String test ° Global score






OPS/images/fphys-08-01133/fphys-08-01133-g004.gif
sham

D sen
@ s
@ s
3 somscs

-

i

e





OPS/images/fphys-08-01132/fphys-08-01132-g006.gif
.......





OPS/images/fphys-08-01132/fphys-08-01132-t001.jpg
Subgroups 1d 2d 3d  4d 5d 6d 7d

st +

2nd +

3rd +

ath +

5th +

6th +

7th +
1st=7th, rats in the Tst=Tth subgroup, respectively; 1 d—7 d, day 1~day 7 after
the coronary figation, resoectively; +, the operation that rats were executed and
phisbotomized, and then the FCM wes performed to quantiy the content of CEPC in
these rats.





OPS/images/fphys-08-01133/crossmark.jpg
©

2

i

|





OPS/images/fphys-09-00658/fphys-09-00658-t001.jpg
Control ~ Control ~ Control Control LDLR (+/-) LDLR(+/-) LDLR(+/-) LDLR(+/-)  Total
+NS +YXQNW +SC +YXQNW+SC  +NS + YXQNW +SC +YXQNW +SC

Plasma TC, TG, LOL-C, HOL-C 9 9 9 9 9 9 9 9 72
(CBF and Albumin leakage ®) ®) ©) ©) ©) ©) ©) ©) (48)
Electron microscopy @) 3) ) ) ®) ) @) @) (24)
Y maze 8 8 8 8 8 8 8 8 64
Nissl stain, immunohistochemistry 2] ) (4) (4) (4) ) @ ) 32)
and immunofiuorescence

Western blot @) ) (4) ) (4) ) @ ) 32)
Total g 17 17 17 " 17 17 17 136

The animals used for CBF, albumin leakage and electron microscopy were the same as those for detection of plasma TC, TG, LDL-C, HDL-C. The animals used for Niss/
staining, immunofiuorescence, immunohistochemistry, and western blot were the same as those for detection of Y maze task.
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