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Cardiovascular diseases include ischemic and hemorrhagic diseases involving the heart, brain, whole body tissue, and includes coronary heart disease, heart failure, arrhythmia, atherosclerosis and stroke. This particular group of diseases continue to be a leading cause of death throughout the world with mortality rate remaining high. Currently, drugs administered orally and intravenously and surgical treatments are used to treat such diseases.

Traditional Chinese medicine (TCM) refers to natural herbal medicines and their processed products used for preventing and treating disease under the guidance of traditional Chinese medicine’s theory. The implementation of prevention and treatment programs of ischemic cardiovascular diseases with the use of TCM have been associated with positive outcomes; in terms of a reduction in the disability and mortality rate of some patients. Other studies have also shown that specific multi-component TCM preparations have therapeutic benefits based on multi-target and multi-pathway mechanisms, which may have advantages over the current single-component and single-target therapy. Based these characteristics, approved pharmaceutical drugs based in TCM, such as Compound Danshen Dripping Pills, Naoxintong Capsules, Tonxinluo Capsules, and Danhong Injection, are currently used to treat cardiovascular diseases.

However, there are a number of areas that still need further investigation. For example, the identification of effective components in herbal medicine is essential in furthering our understanding of what occurs at a pharmacological level; the metabolizing pharmacological pathways of such components; the cellular target of the components; and the lack of standardized guidelines to enhance clinical research.
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Danggui Buxue Tang (DBT) is an ancient herbal mixture containing Astragali Radix and Angelicae Sinensis Radix, and which are commonly consumed for “qi-invigorating” (i.e., stimulating vital energy/energy metabolism) as traditional Chinese medicine (TCM). The pharmacological activities of DBT in anti-oxidation, estrogenic, hematopoietic, and immunogenic have been reported; however, the role of DBT in cellular energy metabolism has not been determined. Here, we employed an extracellular flux analyzer to evaluate the mitochondrial respiration of cultured H9C2 cardiomyoblasts in present of DBT. The herbal extract of DBT was qualified chemically for the major ingredients, i.e. astragaloside, calycosin, formononetin, Z-ligustilide, and ferulic acid. The anti-oxidant activities of DBT, as well as its major ingredients, were determined by Folin-Ciocalteu assay, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay, and protective effect in tert-butyl hydroperoxide (tBHP)-treated cultured cardiomyoblasts. In addition, a real-time oxygen consumption rate (OCR) in herbal extract-treated cultured cardiomyoblasts was revealed by using a Seahorse extracellular flux analyzer. In addition, the transcript expressions of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PCG-1α) and other genes relating to mitochondria biogenesis were determined in cardiomyoblasts under different herbal treatments. DBT possessed the strongest anti-oxidant activity and protective effects on the oxidatively stressed cardiomyoblasts. By revealing the OCR in mitochondria, the health state of cultured cardiomyoblasts under DBT was improved via increase of basal respiration, proton leak, non-mitochondria, and adenosine triphosphate (ATP) production. Furthermore, the transcriptional activities of genes responsible for mitochondrial biogenesis and DNA replication were stimulated by application of DBT in cultures.
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Introduction

Traditional Chinese medicine (TCM) has been used as medicine, or health supplement, in China over thousands of years (Lu and Lu, 2014). Historically, TCM herbal decoction is prepared by a unique methodology with specific combination of different herbs as a formula. Among thousands of herbal formulae, Danggui Buxue Tang (DBT) is an ancient Chinese herbal decoction having a simple combination of two herbs. DBT was first described in Neiwaishang Bianhuo Lun by Li Dongyuan in China in AD 1247. DBT contains two common herbs, Astragali Radix [AR; roots of Astragalus membranaceus (Fisch). Bunge or A. membranaceus (Fisch). Bunge var. mongholicus (Bunge) Hsiao] and Angelicae Sinensis Radix (ASR; roots of Angelica sinensis Oliv). at the weight ratio of 5 to 1 (Lin et al., 2017). DBT is a well-known herbal decoction in clinical treatment for women suffering from menopausal symptoms (Gong et al., 2016a). Until now, numerous components have been identified in DBT decoction, and astragaloside IV, calycosin, formononetin, Z-ligustilide, and ferulic acid are considered to be major and active ingredients (Zheng et al., 2011). According to TCM theory, DBT promotes “qi” (vital energy) enhancement and “blood” (body circulation) nourishment. DBT has been proposed to possess pharmacological properties both in vivo and in vitro, which includes: i) stimulating hematopoietic function (Yim et al., 2000), ii) exhibiting estrogenic property (Choi et al., 2011), iii) accelerating bone regeneration (Wang et al., 2015), iv) promoting immune system (Yang et al., 2014), v) protecting cardiovascular and pulmonary system (Mak et al., 2006), and vi) engaging formation of capillary and blood vessel (Gong et al., 2016a).

DBT and its chemical ingredients showed protective effects to different organs in various models of oxidative stress-related defects. For example, the antioxidant properties of ASR-derived ferulic acid (Kikuzaki et al., 2002) and AR-derived astragalosides and isoflavonoids were clearly shown in both in vitro and in vivo (Chen et al., 2011). In ferulic acid knock-out DBT, a significant decrease of anti-oxidative property was revealed, and which strongly suggested the role of ferulic acid in DBT (Gong et al., 2016b). To achieve maximal anti-oxidative functions, astragalosides from AR inhibited ROS generation, as induced by high glucose, in rat retinal capillary endothelial cells (Qiao et al., 2017). In addition, the ﬂavonoids from AR, e.g. calycosin and formononetin, inhibited ROS-related lipid peroxidation (Toda and Shirataki, 1998).

Mitochondrial bioenergetics is a measurement of cellular energy status. In live cells, a Seahorse extracellular flux analyzer could be used to reveal the profiling of mitochondrial bioenergetics. These bioenergetics parameters are oxygen consumption rate (OCR), spare respiratory capacity (SRC), referring to ability of mitochondria to increase ATP to theoretical maximum (Dranka et al., 2010), and proton leakage, representing part of OCR pushing the substrate cycle of proton pumping and proton leak across inner mitochondrial membrane and not coupling to ATP production (Brand, 2005).

An important function of mitochondria is to enhance ATP production and oxidative phosphorylation for balance of bioenergy (Owen and Sunram-Lea, 2011). In addition, mitochondrial has a crucial role in cell death, signaling transmission, and energy homeostasis (Friedman and Nunnari, 2014). Thus, the malfunction of mitochondria is proposed to be the primary cause of energy decline, as well as onset of aging process, including neurodegenerative disease and diabetes (Sivitz and Yorek, 2010). Improving the profile of mitochondrial bioenergetics could be an approach to prevent cell damage (Wallacea et al., 1997). Thus, the application of TCM in maintaining health status of mitochondria should be considered. DBT is commonly consumed in daily life, and which has been claimed to be “qi-invigorating” (i.e., stimulating vital energy/energy metabolism), but the effect of DBT in mitochondrial bioenergetics is still a mystery. Here, a detail oxidative phosphorylation parameter in mitochondria, after application of DBT, or other herbal extracts, in cultured cardiomyoblasts were determined in live cell dynamically by fluorescence-based respirometer. In addition, the expression of mitochondrial genes, as well as the morphology of mitochondria, was determined here in cultured cardiomyoblasts.

Materials and Methods

Standardization of DBT Extracts

The preparation of herbal extracts, e.g., DBT and water extracts of ASR and AR, was described previously (Song et al., 2004). Roots of 3-year-old A. membranaceus var. mongholicus (AR) from Shanxi Province and 2-year-old A. sinensis roots (ASR) from Minxian of Gansu Province were used. The authentication of plant materials was identified by Dr. Tina Dong at Hong Kong University of Science and Technology (HKUST). The authentication of these herbs was according to Hong Kong Materia Medica Standards. The voucher specimens (voucher # 02-9-1 for ASR and voucher # 02-10-4 for AR) were stored in Centre for Chinese Medicine of HKUST. To prepare the herbal extract, DBT (exact amounts of AR and ASR in a weight ratio of 5:1), AR, and ASR were boiled in 8 vol of water (v/w) for 2 h, and the extraction was repeated twice. The extracts were dried by lyophilization and stored at −80°C. Qualification of chemical markers of DBT and water extracts of ASR and AR was performed on an Agilent HPLC 1200 series system (Agilent, Waldbronn, Germany), equipped with a degasser, a binary pump, an autosampler, a thermos-stated column compartment, and a diode array detector. The mixtures were filtered by a 0.22-µm filter before separated by an Agilent ZORBAX Eclipse XDB-C18 column (1.8 µm, 50 mm × 4.6 mm). The mobile phase composed of 0.1% formic acid in acetonitrile (A) and 0.1% formic acid in water (B) according to the following gradient program: 0–2 min, isocratic gradient 20–20% (A); 2–7 min, linear gradient 20–34% (A); 7–12 min, isocratic gradient 34–34% (A); 12–16 min, linear gradient 34–65% (A); and 16–18 min, linear grad 65–80% (A). A pre-balance period of 5 min was used between each run. The flow rate was set at 0.4 ml/min; the column temperature was 25°C; and the injection volume was 5 µl. To determine amount of chemical markers of DBT, ASR, and AR extracts, the efﬂuent was introduced into MS for further analysis. Mass spectrometry was performed on an Agilent QQQ-MS/MS (6410A) equipped with an ESI ion source was operated in positive and negative ion. The dry gas temperature was 325°C; drying gas flow rate: 10 L/min; capillary voltage: 4,000 V; nebulizer pressure: 35 psi; and delta electro multiplier voltage: 400 V. For the multiple reaction monitoring (MS/MS) analysis, two transition pairs were chosen for acquisition in MRM mode for calycosin, formononetin, Z-ligustilide, ferulic acid, and astragalosides. The collision energy value and fragmentor voltage were optimized in advance to obtain the highest abundance.

Cell Cultures

The rat embryonic cardiomyoblast, H9C2 cell line, was obtained from American Type Culture Collection (ATCC, Manassas, VA). H9C2 cell line was maintained in high-glucose content Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 100 IU/ml penicillin, 100 µg/ml streptomycin, and 10% fetal bovine serum (FBS) at 37°C in a 5% CO2 water-saturated incubator. All culture reagents were purchased from Invitrogen Technologies (Carlsbad, CA).

Cell Viability Assay

Cell viability was performed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide (MTT) assay. Cells were seeded in 96-well plates at a density of 5,000 cells/ml. After 24-h drug treatment, cells in each well were incubated with 50 µl MTT (2 mg/ml, Invitrogen) at a final concentration of 0.5 mg/ml for 3 h at 37°C. After removal of the solution, DMSO was used to re-suspend the purple precipitate inside the cells at room temperature, and the absorbance was detected at 570 nm. The cell viability was calculated as a percentage of absorbance; while the value of vehicle control was set as 100%.

Folin-Ciocalteu Assay

To reveal the amount of total phenolic compound, 20 µl of each herb sample together with 40 µl 10% (v/v) Folin-Ciocalteu solution (Sigma-Aldrich, St Louis, MO) was added into 96-well microplate and shaken for 10 min at room temperature in dark. Then, 160 µl Na2CO3 (700 mM) was introduced into the well. The assay plates were shaken and incubated at room temperature without light exposure for 2 h before optical displacement (OD) value at 765 nm was measured. At the same time, gallic acid (Sigma-Aldrich) was used as the reference chemical marker, and total phenolic amount of each extract was referring amount of gallic acid.

2,2-Diphenyl-1-picrylhydrazyl Radical Scavenging Assay

The free radical scavenging activity of herbs extracts was measured by 2,2-diphenyl-1-picrylhydrazyl (DPPH) colorimetric assay. In brief, 150 µl of 0.1 mM DPPH solution with 50 µl of each extract (0–9 mg/ml) was added into 96-well microplate for 10 min at room temperature. The color of DPPH solution was changed from purple to yellow, indicating free radical scavenging or redox reaction. The OD value at 517 nm was measured. DPPH radical scavenging capacity was calculated as inhabitation percentage based on the following equation: inhibition [(%) = (A0-A1)/A0] × 100, where A0 is the OD value of the vehicle control, and A1 is the OD value of each herbs sample aliquot. In this assay, gallic acid (0–100 µM) was served as a positive control.

Oxidative Stress Assay

To investigate the ability of DBT against tert-butyl hydroperoxide (tBHP)-induced cytotoxicity of oxidative stress, the cells were cultured in 96-well plate. After drug treatment for 24 h, tBHP (400 µM) were added into the wells for 3 h before MTT at 37°C, MTT was dissolved in 1 × PBS at a final concentration of 0.5 mg/ml. After the solution was removed, the purple organic crystal inside the cells was re-suspended in dimethyl sulfoxide (DMSO) and then measured at 570 nm absorbance. Before performed this experiment. The amount of tBHP (Sigma-Aldrich) and positive control (vitamin C, 1 mM) were optimized in cultured H9C2 cells.

Mitochondrial Bioenergetics Analysis

To determine mitochondrial bioenergetics of H9C2 cell, real-time oxygen consumption by mitochondria in live cells was monitored by a Seahorse Bioscience XFp extracellular flux analyzer (Agilent). When the cell was exposed to various stimuli through multiple mitochondrial specific inhibitors from injection ports, the rate of oxygen consumption (OCR) by mitochondria in live cells could be measured by the change of fluorescence intensity at Seahorse XFp sensor cartridge. The seeding density of H9C2 cell was optimized at 5,000 cells per well, and thus this density was utilized for the experiments. In addition, mitochondrial-specific inhibitors and uncouplers (Sigma-Aldrich) were used at 1 µM oligomycin (complex V inhibitor), 3 µM FCCP (mitochondrial oxidative phosphorylation uncoupler), and 1 µM rotenone/antimycin A (inhibitors of complex I and complex III, respectively) to elicit maximal effects on mitochondrial respiration. The fluorescence background noise and interference were normalized by background correction wells (the wells without cells). Cells were seeded on XFp cell mini-plates (Agilent) and treated with herbal extracts for 24 h. The sensor cartridge of XFp analyzer was hydrated in a 37°C non-CO2 water-saturated incubator a day before the experiment. During the sensor calibration, cells were incubated in 37°C non-CO2 incubator in 180 µl assay medium (XF base medium, 10 mM glucose, 1 mM pyruvate, and 2 mM L-glutamine, pH 7.4 at 37°C) for 1 h prior to assay. The plate was placed into calibrated XFp extracellular flux analyzer. The OCR had three cycles of reading: 2 min of mixing solution, 2 min of reagent incubation, and 2 min of fluorescing intensity measurements consisted in each measurement cycle. The OCR was normalized to amount of cellular protein/well and corrected for extra-mitochondrial O2 consumption. After Seahorse XFp assay, the cells were lysed with high salt lysis buffer (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM EDTA, and 1% Triton X-100), and the amount of total protein of intact cells was determined using Bradford reagent (Bio-Rad; Hercules, CA). The bovine serum albumin (BSA) was used for the standard curve for the determination of protein content. The OCR data were expressed as pmol/min/µg protein. Each complex of the mitochondrial respiratory chain was provided in bioenergetics profile. In brief, six parameters of mitochondrial function were calculated from bioenergetics profile: basal respiration, ATP production, proton leak, maximal respiration, spare respiration capacity, and non-mitochondrial respiration.

Mitochondrial Membrane Potential Assay

H9C2 cell was seeded on 96-well black multiwall plate at 4,000 cell/ml with clear bottom and grown for 24 h. The cultures were washed with 1× PBS twice and loaded with 100 µl JC-1 dye (20 µM; Sigma-Aldrich) at 37°C for 10 min under 5% CO2 r (v/v) at 37°C. The cells were washed with PBS twice for staining and incubated with DBT, as well as extracts of ASR, AR, and their mixture. Carbonyl cyanide-p-trifluoromethoxy-phenylhydrazone (FCCP; 100 µM), a mitochondrial uncoupler, was used as a negative control in the measurement. The accumulation of JC-1 dye in mitochondria was quantified by red fluorescence intensity (excitation 527 nm and emission 590 nm), which was monitored every 1 min for up to 60 min at 37°C. The changes in mitochondrial membrane potential were expressed as the percentage of initial level of corresponding control.

Real-Time Polymerase Chain Reaction

Cultured H9C2 cells were seeded in a 6-well plate at 4,000 cells/ml and treated with herbal extracts, or other reagents, for 24 h. Total RNA was isolated by RNAzol reagent from Molecular Research Center Inc. (Cincinnati, OH), followed by reverse transcription into cDNA according to the manufacturer’s instructions (Invitrogen). RT-PCR was performed by using Fast Start Universal SYBR Green Master (ROX) according to manufacturer’s instructions (Roche Diagnostics; Mannheim, Germany). The primers for rat PCG-1α gene were 5’-GGA GCA ATA AAG CAA AGA GCA-3’ and 5’-GTG TGA GGA GGG TCA TCG TT-3’; the primers for rat TFAM were 5’-CAG AGT TGT CAT TGG GAT TGG-3’ and 5’-TTC AGT GGG CAG AAG TCC AT-3’; the primers for rat NRF1 were 5’-TTG ATG GAC ACT TGG GTA GC-3’ and 5’-GCC AGA AGG ACT GAA AGC AG-3’; the primers for rat PLOG were 5’-CTC CTA CCT GCC TGT CAA CC-3’ and 5’-GCT CCA TCA GCG ACT TCT TC-3’; the primers for rat TOP1MT were 5’-CCA AGG TGT TTC GGA CCT AC-3’ and 5’-GTT TGC CCG GTT GTA AGC TA-3’; the primers for rat TWINKLE were 5’-GAG GAC AGG GAG GAG GTC TT-3’and 5’-TGG TAA GGC CAA ACA TCA CA-3’. The rat GAPDH RNA was used as internal control in all case, and its primer sequences were: 5-AAC GGA TTT GGC CGT ATT GG-3’ and 5-CTT CCC GTT CAG CTC TGG G-3’. The SYSB green signal was detected by LightCycler 480 Ⅱ real-time PCR system (Roche; Basel, Switzerland). The transcript levels were quantified by using ΔΔCt value method under LightCycler 480 software release 1.5.1.62 SP3 in which the values of EPO genes were normalized first by GAPDH mRNA in the same sample before comparison. The products of PCR were analyzed by gel electrophoresis, and the analysis of melting curve was for confirmation of amplification.

MitoTracker Staining and Confocal Microscopy

Cardiomyoblasts were seeded in 6-well plates at a density of 4,000 cells/ml on a glass slide. The cell was treated with herbal extract for 24 h. Following the treatment, the treated cell was strained by MitoTracker FM red (Invitrogen) at concentration of 150 nM for 30 min. The MitoTracker FM red was removed and washed by PBS, three times. The 63× objective was used in a laser scanning confocal microscope (LSM7 DUO, Zeiss). Fluorescence intensity was measured by Zeiss software, and mitochondria parameters were measured by ImageJ (Dagda et al., 2009).

Transmission Electron Microscopy

H9C2 cells were seeded in 6-well plates at a density of 4,000 cells/ml on 100-mm culture dish. After the drug treatment, H9C2 cells were trypsinized and were fixed in 2.5% glutaraldehyde for 24 h. Then, the fixed cells were firmed by 1% osmium tetroxide. After, the cells were dehydrated and embedded in durcupan. The embedded samples were cut into 60 nm by using a diamond knife and mounted on Cu-grids. The images were viewed by transmission electron microscope (Philips CM100). The mitochondria parameters were measured by ImageJ.

Statistical Analysis

Tandem mass spectrometry data were processed using Agilent Mass Hunter workstation software version B.01.00. Principal component analysis (PCA) of the sample was conducted using SIMCA-P version 13.0 (Umetrics, Sweden). The mitochondrial bioenergetics profile was visualized on Wave Desktop 2.3.0. All data were expressed as mean ± standard error of the mean (SEM). Statistical tests were performed with Student’s t-test and Dunnett’s test (one-way analysis of variance with multiple comparisons, SPSS, version 13). Statistically, difference was classified as significant (*) where p < 0.05, more significant (**) where p < 0.01, and highly significant (***) where p < 0.001.

Results

Phenolic Compounds in DBT

In chemical standardization of herbal extracts, an optimized LC-MS method was used to determine the amounts of major ingredients within DBT, e.g. astragaloside IV, calycosin, formononetin, ferulic acid, and Z-ligustilide, as reported (Zheng et al., 2012; Supplementary Figure 1A). The LC profiles of those chosen markers in herbal extracts were revealed (Supplementary Figure 1B); while the amounts of those chemical markers were calibrated (Table 1 and Supplementary Table 1). A well-standardized herbal decoction is a must as to ensure the repeatability of all experiments. A PCA analysis of marker contents in DBT was conducted. Two ranking PCs, PC1 and PC2, described ~53.9% and ~43.1% of the total variability, respectively, and which accounted for ~96% of total variance. The score plot showed that DBT, ASR, AR, and ASR+AR (simply adding AR extract and ASR extract in 5:1 ratio) could be clarified into four distinct groups (Supplementary Figure 1C). The loading plots for PC1 versus PC2 indicated different role of each variable in the extracts (Supplementary Figure 1D).





	
Table 1 | Quantitative assessment of five chemicals in DBT, AR, and ASR extracts.





	
Marker chemical


	
DBT (ng/mL)a


	
AR (ng/mL)b


	
ASR (ng/mL)c





	
Calycosin


	
3,051.91 ± 16.36d


	
1,140.59 ± 0.12


	
–





	
Formononetin


	
764.54 ± 0.423


	
224.45 ± 10.84


	
–





	
Ferulic acid


	
267.46 ± 24.9


	
–


	
1,086.42 ± 40.86





	
Z-ligustilide


	
4.98 ± 0.43


	
–


	
34.19 ± 1.26





	
Astragal side IV


	
737.79 ± 5.73


	
475.24 ± 1.31


	
–





	
aAmount of chemicals in 1 mg/ml of DBT, determined by LC-MS/MS.

bAmount of chemicals in 1 mg/ml AR extract, determined by LC-MS/MS.

cAmount of chemicals in 1 mg/ml ASR extract, determined by LC-MS/MS.

dValues are in mean ± SD, n = 3.









Anti-Oxidative Effect of DBT

To conduct a comprehensive analysis of anti-oxidative effects of herbal extracts of DBT, AR, ASR, and ASR+AR, free radical scavenging activity and total phenolic compounds were examined. Gallic acid was used as a reference marker, and total phenolic content of each herbal extract was represented by an equivalent amount of gallic acid. As shown in Figure 1A, DBT contained significant higher content of phenolic compounds, i.e., equivalent to ~13 mg gallic acid/g of sample. The extracts of ASR, AR, and ASR+AR contained equivalent ~8.5, ~5, and ~7 mg gallic acid/g, respectively. Moreover, the free radical scavenging activity was determined here, and gallic acid served as a control showing a dose-dependent manner (Figure 1B). At the same time, DBT showed significant higher, at least ~2.5 folds, in DPPH scavenging activity, as compared to that of other herbal extracts (Figure 1C). Here, we proposed a correlation between free radical scavenging ability and amount of phenolic compounds in DBT might be closely related (Figure 1A and C). Thus, the anti-oxidative element within the herbal extract could be represented by total phenolic compounds.
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Figure 1 | (A) Total amount of phenolic compounds in herbal extracts was measured using Folin-Ciocalteu assay, corresponding to equivalent amount of gallic acid (i.e., GAE in mg/g). (B) Radical scavenging ability was detected by colorimetric reaction in gallic acid. (C) Protection effect of herbal extract to H9C2 cells against oxidative stress, i.e. DPPH scavenging (left) and cell protection against 400 µM tBHP (right). The values are in percentage of control (no treatment) in mean ± SD, n = 4. Statistical difference was made of the sample with the lowest value of corresponding content or indicated, *p < 0.05, **p < 0.01, and ***p < 0.001.



H9C2 cell, a commonly used cardiomyoblast, was employed here in testing the role of DBT. A stress inducer, tBHP, was chosen to damage cultured cardiomyocytes in a dose-dependent manner (Supplementary Figure 2A). A sub-maximal induction of cell death at ~400 μM was used for subsequent assay. The applied herbal extract by itself in cultures did not affect the cell viability (Supplementary Figure 2B). Application of herbal extracts of DBT, AR, ASR, and ASR+AR protected cardiomyocytes against oxidative insult in a dose-dependent manner (Figure 1C, right). Among the herbal extracts, DBT and ASR showed significant higher, at least ~1.5 folds, in protecting cell from damage, as compared to that of AR and ASR+AR extracts at 1 mg/mL (Figure 1C, right).

DBT Regulates Mitochondrial Bioenergetics

By using Seahorse XFp extracellular flux analyzer, various parameters of mitochondrial bioenergetics during myocardium energy metabolism could be measured (Supplementary Figure 3A). Firstly, seeding cell density and FCCP concentration were optimized for the measurement of cellular metabolic functions. As shown in Supplementary Figure 3B, the optimal cell density of H9C2 cells was set at 5,000 cells/well, as to adjust an initial OCR to appropriate range (100–160 pmol/min) for further analysis. Meanwhile, the concentration of FCCP was optimized to 3 μM yielding maximal OCR (Supplementary Figure 3B). The concentration of oligomycin (1 μM) and rotenone/antimycin A (1 μM) were optimized according to the manufacturer’s instruction. The effects of increasing concentration of herbal extracts on OCR of cultured H9C2 cells were plotted against time. All extracts could dose-dependently increase basal respiration, proton leak, ATP production, and non-mitochondrial respiration to different degree (Figure 2). In mitochondrial bioenergetics, the effects of DBT, as well as other herbal extracts, to the parameters of maximum respiration and SRC were rather different. By analyzing the results of mitochondrial bioenergetics, all herbal extracts could regulate OCR reading in dose-dependent manners (Figure 3). DBT in many cases showed the best induction in basal respiration, proton leak, ATP production, and non-mitochondria respiration (Figure 3). The non-mitochondria respiration was the most sensitive parameter in responding to DBT challenge, i.e., ~10-fold induction at high dose of DBT. In addition, the responsive dose of cultured cardiomyoblasts to herbal extracts was rather sensitive. In many cases, a low dose of herbal extract could achieve a maximal response (Figure 3).
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Figure 2 | The extracts of DBT, ASR, AR, and ASR+AR modulate mitochondrial bioenergetics of H9C2 cells. Cultured H9C2 cells were treated with herbal extracts, as indicated, for 24 h before measuring oxygen consumption rate (OCR in pmol/min/mg of protein) with XFp Cell Mito Stress Test. The response of H9C2 cells after oligomycin (1 µM), FCCP (3 µM), and rotenone/antimycin A (1 µM) applied to the wells were recorded. Blank is the naive cell. Data are expressed in mean ± SD, n = 3, each with triplicate samples.
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Figure 3 | The parameters of mitochondrial respiration in DBT, ASR, AR, and ASR+AR applied H9C2 cells. Cultured H9C2 cells were treated with herbal extracts as that in Figure 2. The effects of different extracts to basal respiration, proton leak, ATP production, spare respiratory capacity, maximal respiration, and non-mitochondrial respiration were measured and compared. The OCR value in pmol/min/mg of protein was shown. Data are expressed as mean ± SD, n = 3, each with triplicate samples. Statistical comparison was made of the sample with the lowest value of corresponding concentration, *p < 0.05, **p < 0.01, and ***p < 0.001.



The mitochondrial bioenergetics was carried out in tBHP-treated cardiomyoblasts under the treatments of herbal extracts (Figure 4). Similar to the control cell, the herbal extracts increased, dose-dependently, basal respiration, proton leak, ATP production, and non-mitochondrial respiration to different degree. The robust inductive effects in OCR reading after the treatment of DBT could be revealed in basal respiration, ATP production and non-mitochondrial respiration: these outcomes were very similar to that in normal cultured cardiomyoblasts (Figure 5). These results showed that the effects of DBT could be revealed in normal or stressed cell cultures. Again, all extracts showed a robust response in a low dose treatment (Figure 5).
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Figure 4 | The extracts of DBT, ASR, AR, and ASR+AR modulate mitochondrial bioenergetics of H9C2 cells under oxidative stress. Cultured H9C2 cells were treated with herbal extracts for 24 h. Then, the treated cells were exposed to 30 µM tBHP for 3 h before measuring oxygen consumption rate with XFp Cell Mito Stress Test, as in Figure 2. The OCR value in pmol/min/mg of protein was shown. Blank is the naive cell. Data are expressed as mean ± SD, n = 3, each with triplicate samples.
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Figure 5 | The parameters of mitochondrial respiration in DBT, ASR, AR, and ASR+AR applied tBHP-treated H9C2 cells. Cultured H9C2 cells were treated as that in Figure 4. The effects of increasing concentration of herbal extracts to basal respiration, proton leak, ATP production, spare respiratory capacity, maximal respiration, and non-mitochondrial respiration was measured and compared. The OCR value in pmol/min/mg of protein was shown. Data are expressed as mean  ± SD, n = 3, each with triplicate samples. Statistical comparison was made of the sample with the lowest value of corresponding concentration, *p < 0.05, **p < 0.01, and ***p < 0.001.



To further investigate the bioenergetic roles of major ingredients in DBT, the mitochondrial bioenergetics was carried out in tBHP-treated cardiomyoblasts under the treatments of calycosin, formononetin, ferulic acid, Z-ligustilide, and astragaloside IV (Figure S1A). The robust inductive effects in OCR reading, after the treatment of astragaloside IV, could be revealed in basal respiration, ATP production, and SRC, but not for other DBT ingredients (Figure 6). Moreover, Z-ligustilide was able to induce proton leakage significantly (Figure 6).
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Figure 6 | The parameters of mitochondrial respiration in tBHP-treated H9C2 cells in the present of major chemicals from DBT. The effects of increasing concentration of different extracts to basal respiration, proton leak, ATP production, spare respiratory capacity, maximal respiration, and non-mitochondrial respiration were measured and compared. The OCR value in pmol/min/mg of protein was shown. Data are expressed as mean ± SD, n = 3, each with triplicate samples. Statistical comparison was made with the sample with the lowest value of corresponding concentration, *p < 0.05, **p < 0.01, and ***p < 0.001.



DBT Stabilizes Mitochondrial Membrane Potential

To investigate mitochondrial membrane potential being regulated by DBT, the changes in the membrane potential were monitored by real-time photo-luminescent. The incubation of H9C2 cells with DBT induced an increase of mitochondrial membrane potential in a time-dependent manner. During initial time period (5–20 min), the membrane potential was induced by DBT application, and thereafter which was stabilized (Figure 7A). In contrast, a gradual decrease in mitochondrial membrane potential was observed after incubation with the extracts of AR, ASR, and AR + ASR. Furthermore, the effects of different herbal extracts on membrane potential in tBHP-treated H9C2 cells were tested. Interestingly, DBT applied in H9C2 cells caused a time-dependent manner increase of mitochondrial membrane potential during initial period (5–20 min): the maximum of stimulation being increased at 20 min after the herbal treatment (Figure 7B). However, the treatment of H9C2 with the extracts of ASR and AR caused a time-dependent stability in mitochondrial membrane potential. FCCP, a chemical uncoupler of mitochondria, served as a control to induce a gradual decrease in mitochondrial membrane potential in both types of cultures.
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Figure 7 | Regulation of mitochondrial membrane potential in H9C2 cells treated with herbal extracts. In a 96-well black multi-well plates with a clear bottom, H9C2 cells were stained with JC-1 and then washed with 2× PBS. The fluorescence of JC-1 aggregates in different treatments was measured. FCCP (100 µM) was used as a negative control. (A) Time course of herbal extract-induced changes in mitochondrial membrane potential in H9C2 cells. (B) Time course of herbal extract-induced changes in mitochondrial membrane potential in H9C2 cells after treated with 400 µM tBHP. All herbal extract was at 0.1 mg/ml. Data are expressed as the percentage of ﬂuorescence intensity of JC-1 aggregate to value of control (no treatment). Values are in mean ± SD, with n = 3. Statistical comparison was made with the sample with control, *p < 0.1, **p < 0.01, and ***p < 0.001.



DBT Upregulates Mitochondrial Gene Expressions

To determine the molecular mechanism responsible for enhanced mitochondrial content by DBT treatment, the expression levels of mitochondrial biogenesis related gene (PGC-1α, NRF1, TFAM) and mitochondrial DNA replication related gene (PLOG, TOP1MT, TWINKLE) were determined by quantitative real-time PCR. The treatments with DBT and AR extracts for 24 h caused a significant increase of PGC-1α mRNA to ~3 folds (Figure 8). The PGC-1α mRNA induction was much less in cases of ASR and AR + ASR. In parallel, NRF1, a downstream target of PGC-1α, was also increased by ~3 folds in DBT- and AR-treated cardiomyocytes. TFAM, a downstream effector of NRF1 and a regulator of mitochondrial DNA expression, showed a significant change of expression under DBT and ASR treatments (Figure 8). The mitochondrial DNA replication related genes, i.e. PLOG, TOP1MT, and TWINKLE, were measured here. DBT, as well as other herbal extracts, induced the expressions of these transcripts by two to eight folds (Figure 8).
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Figure 8 | DBT regulates mitochondrial biogenesis-related genes. The expression levels of (upper panel) mitochondrial biogenesis related gene (PGC-1α, NRF1, TFAM) and (lower panel) mitochondrial DNA replication related gene (PLOG, TOP1MT, TWINKLE) were quantified by RT-PCR, following treatment of H9C2 cells with DBT, ASR, AR, and ASR+AR at 0.1 mg/ml for 24 h. Data are expressed as the ratio to the background (no treatment). Values are in mean ± SD, with n = 3. Statistical comparison was made of the sample with the background, *p < 0.1, **p< 0.01, and ***p < 0.001.



DBT Alters Mitochondrial Morphology

MitoTracker staining and confocal microscopy were used to examine the oxidative status of mitochondria (Figure 9A). In DBT-treated cardiomyocytes, the MitoTracker staining was markedly increased by ~160%, as compared to the control (Figure 9B). In addition, the mitochondria morphology of DBT-treated cells was changed, which included the average values of perimeter, circularity, and minor axis (Figure 9B). In addition, the mitochondria ultrastructure was revealed under a transmitted electron microscopy (Figure 10A). The mitochondria ultrastructure DBT-treated cardiomyocytes were found to have a decrease of circularity (Figure 10B). In contrast, the average length and area of mitochondria did not alter.
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Figure 9 | DBT increases mitochondrial morphology in cultured cardiomyocyte. (A) H9C2 cells were stained with MitoTracker Red FM and then analyzed for fluorescence intensity using confocal microscope. The cultures were treated with herbal extracts at 0.1 mg/ml for 24 h. Representing photo was shown. (B) Quantitative analysis from (A) out of 10 randomly selected images taken under 63× objective after treatment with DBT, ASR, AR, and AR+ASR. Data are expressed as the percentage of change to background (no treatment), in mean ± SD, with n = 4. Statistical comparison was made of the sample with control, *p < 0.1, **p < 0.01, and ***p < 0.001.
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Figure 10 | Electron microscope of DBT-treated H9C2 cells. (A) Mitochondrial ultrastructure was visualized by transmission electron microscope after H9C2 were treated with DBT (0.1 mg/ml) for 24 h. (B) Quantitative analysis from (A), and data are expressed as arbitrary unit (AU), in mean ± SD, with n = 3. Statistical comparison was made of the sample with control, *p < 0.1.



Discussion

Mitochondria have crucial roles in cardiomyocytes’ dynamic, survival, and maintenance of cardiac functions in daily life (Gottlieb and Gustafsson, 2011). Mature cardiomyocytes possess a large number of mitochondria occupying at least 30% of total cell volume (Piquereau et al., 2013). The close relationship between mitochondrial biogenesis and cardiac function was supported by the observation of heart failure under mitochondrial dysfunction (Pisano et al., 2015). We have previously reported the protective effects of DBT in cardiomyocyte’s energy metabolism in mice having acute myocardial infarction or cardiac ischemia-reperfusion injury: this protective effect was triggered by mitochondrial enhancement as well as glutathione status in red blood cell (Mak et al., 2006). DBT is a Chinese herbal mixture being prescript for “qi-invigorating” action, and which is aiming to improve the “Yin-Yang balance” of an individual. The quantification of five major chemical ingredients, i.e., calycosin, astragaloside IV, formononetin, Z-ligustilide, and ferulic acid, in extracts of ASR, AR, and DBT were measured by using LC-MS. The result showed that DBT contained higher amount of these ingredients in decoction as compared to that of AR alone, ASR alone, or just AR+ASR (just mixing the extracts of AR and ASR together with boiling separately), and this result was in line to previous report (Zheng et al., 2014). The stability and solubility of bioactive ingredients in DBT could be increased after boiling of AR and ASR together in 5 to 1 ratio, in contrast to different herb ratios (Gao et al., 2016). On the other hand, the amount of bio-suppressive chemical (Z-ligustilide) was markedly reduced after boiling of two herbs together (Zheng et al., 2014). Based on the difference in contents of these compounds, the herbal extracts could be distinguished by an analysis of PCA, and the clustering of herbal extracts in PCA scoring plot was highly consistent with the chemical markers in loading plot. These results revealed that the chemical composition might be differed significantly in DBT, ASR, AR, and ASR+AR.

Due to flexibility and efficiency, Folin-Ciocalteu and DPPH radical scavenging assays were chosen here for chemical assessment of total antioxidant activities of herbal extracts (Kedare and Singh, 2011; Margraf et al., 2015). Here, the radical scavenging ability was represented relatively by total phenolic compounds. DBT had higher radical scavenging ability than that from the extracts deriving from single herb or ASR+AR mixture. In line with previous studies, DBT showed higher protection effects to oxidatively stressed cells, which therefore might be due to an inhibition of tBHP-induced ROS in the present of herbal extract (Gong et al., 2016b). In accordance to this notion, ferulic acid, derived from ASR, was demonstrated to be a key ingredient in orchestrating the anti-oxidative properties of DBT by reducing the formation of free radicals (Gong et al., 2016b).

Mitochondrial function plays roles in a variety of cellular process and metabolism. The assessment of bioenergetic properties in isolated mitochondria was done in past few years (Chowański et al., 2017). However, the damage of mitochondria during such isolation process happens very often, and additionally this isolation requires large amounts of starting materials (Lanza and Nair, 2009). To better understand the effect of DBT in mitochondrial metabolic flux change. The oxidative status of herbal extract-treated H9C2 cells was measured by an analyzer in monitoring real-time extracellular flux and mitochondria respiration in a live cell, which therefore could offer a more dynamic window for drug examination.

After DBT treatment in cultured H9C2 cells, an increase of basal respiration and ATP production was revealed. Astragaloside IV was identified to be a major active compound in inducing basal respiration and ATP production. Basal respiration is oxidative phosphorylation in responding to ATP demand; while ATP production is reflecting to cellular energy status, which can improve the energy metabolism in cultured cardiomyoblasts (Brand and Nicholls, 2011). On the other hand, the proton leak, a sign of mitochondrial uncoupling, was induced by DBT in our assay. Among different DBT ingredients, Z-ligustilide is a major inducer in proton leak. An increase of the proton leak is reported to reduce the generation of ROS (Dott et al., 2014) and to show the cytoprotective effect in ischemic injury models (Brookes, 2005). Indeed, the mitochondrial uncoupling has been proposed to have favorable effects in diseases having association with oxidative stress, e.g., ischemic-reperfusion injury, Parkinson’s disease, insulin resistance, aging, heart failure, ischemic-reperfusion injury, and obesity (Busiello et al., 2015). The non-mitochondria respiration, induced by DBT in the cultures, was having a dose-dependent increase; however, the induction was insignificant for DBT major chemicals. Thus, possible unidentified ingredients, e.g., polysaccharide, should be considered in triggering this non-mitochondria respiration. Besides the aforementioned bioenergetics parameters, we have shown the DBT-induced transcriptional expression of heme oxygenases via triggering hypoxia inducible factors (HIFs) (Dunn et al., 2014). Indeed, the effect of DBT on HIF pathway has been shown in previous report (Zheng et al., 2011). The protective effect of DBT under oxidative stress is in line to induction of heme oxygenases, because these enzymes are well known in affecting oxidation, differentiation, and apoptosis (Ayer et al., 2016). The detail mechanism therefore needs to further investigation.

In accounting the ATP production from oxidative phosphorylation, we have shown an increase of mitochondria membrane potential during DBT treatment. In our previous studies, astragaloside IV and calycosin are proposed to be active compounds in enhancing the stability of mitochondria membrane potential (Huang et al., 2018). Stability of mitochondria membrane potential is an important parameter in maintaining the mitochondrial function (Brand and Nicholls, 2011).

The energy lost in dissipating proton gradient via uncoupling protein (UCP) is the cause of heat generation, and therefore UCP is linking to thermogenesis (Dulloo and Samec, 2001). PGC-1α, a co-activator of PPARy, serves as an inducible booster in mitochondrial biogenesis (Wenz, 2013). Here, PGC-1α, as well as its down stream effectors including NRF1, TFAM, and  other related genes involved in NRF family, was found to be upregulated in DBT-treated cardiomyocytes. PGC-1α is strongly related with fatty acid oxidation, glucose utilization, antioxidant detoxication, angiogenesis, mtDNA transcription, and replication (Liang and Ward, 2006). Furthermore, the transcriptional level of mtDNA polymerase genes (PLOG,TOP1MT, and TWINKLE) were also upregulated after DBT treatment. Report has been shown the important of mtDNA in aging process (Copeland,  2010).

The decrease of circularity and increasing of perimeter and minor axis of mitochondria could be reflected to cell having less oxidative stress (Sripathi et al., 2018). These mitochondria morphological parameters in cardiomyocytes could be altered by DBT treatment. In line to this result, astragaloside IV has been shown to improve mitochondrial ultrastructure of angiotensin II-induced dysfunction in vascular smooth muscle cells (Lu et al., 2015). In addition, ferulic acid applying together with ascorbic acid could restore the catecholamine-induced cardiotoxicity in rats (Yogeeta et al., 2006). Ligustilide, another key chemical in DBT, restored the memory deficiency in APP/PS1 transgenic mice by increasing the mitochondrial length (Xu et al., 2018). Therefore, we speculated that DBT treatment in cultured cardiomyoblast might promote mitochondrial biogenesis.

In summary, this study provided a comprehensive analysis of DBT effects on mitochondrial bioenergetics, as well as to explain the difference of tonic effect between single herbs and formulation of DBT. In our future work, the molecular docking has to be done in revealing the possible interaction of various molecular protein targets with DBT major ingredients: because the direct targets in mitochondria being activated by DBT are not known.
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FIGURE S1 | PCA of chemical markers in different AR extracts. (A) Chemical Structure of calycosin, formononetin, ferulic acid, Z-ligustilide and astragaloside IV. (B) Identiﬁcation of ferulic acid (1), calycosin (2), astragaloside IV (3), Z-ligustilide (4) and formononetin (5) was made by an MS detector. Representative chromatograms of standard markers (Standards), DBT, ASR and AR under MRM mode were shown. (C) The scoring plot of different extracts was presented by comparing the contents of chosen standards. PC1 and PC2 described ~80.2% and ~17.5% of the total variability, respectively. (D) The loading plot of PC1 versus PC2 for four markers was shown, n = 3.

FIGURE S2 | (A) Optimization of tBHP dose in MTT assay. Cultured H9C2 cells (1 x 104 cells/well) were exposed to tBHP at various concentrations. The cell viability was determined by MTT assay after treated for 3 hours, and the level of intracellular ROS was measured by fluorescent staining after 1 hour. Cell viability was expressed as % of control (cells without tBHP). tBHP at 400 µM was used for routine analysis. (B) The effects of DBT, ASR, AR and ASR+AR extracts and main ingredients for cell viability in H9C2 cells. Cultured H9C2 cells were treated with different extracts (0-3 mg/mL) for 24 hours. Cell viability was determined by MTT assay. Data are expressed as Mean ± SD, n = 3, each with triplicate samples. 

FIGURE S3 | (A) Schematic diagram of metabolic parameters of mitochondrial respiration measured by Seahorse Bioscience XFp extracellular flux analyzer. Basal respiration represents energetic demand of the cell under baseline conditions. Proton leak shows the remaining basal respiration and is the difference in OCR after oligomycin and rotenone/antimycin A (R&A) injection. ATP production is the difference between basal respiration and proton leak and represents the portion of basal respiration that is being used to drive ATP production. Maximal respiration shows the maximum rate of respiration that the cell can achieve, which is calculated as the OCR after FCCP injection. Spare respiratory capacity is the difference between maximal and basal OCR and can be an indicator of cell fitness or flexibility. The non-mitochondrial rate was subtracted from all other rates, which is a result of a subset of cellular enzymes that continue to consume oxygen after rotenone/antimycin A addition. (B) Optimization of cell density, FCCP and tBHP dosage in XFp Mito Stress Test. (Left) Cultured H9C2 cells with increasing cell density were seeded in XFp Cell Culture Miniplate and cultured for 48 hours before basal OCR was measured. (Center) H9C2 cells (5,000 cells/well) were cultured for 48 hours, then treated with 1 µM oligomycin and three serial injections of FCCP at different concentrations (a high concentration range of 3, 6, 12 µM and a low concentration range of 0.75, 1.5, 3 µM). The resulting data set characterizes the cells’ response to 6 doses of FCCP. (Right) Cultured H9C2 cells (5,000 cells/well) were exposed to tBHP at various concentrations for 24 hours, and OCR was determined. The above-mentioned OCR values were normalized with the cellular protein. Data are expressed as mean ± SD, n = 3, each with triplicate samples.

TABLE S1 | Mass spectra properties of marker chemicals in DBT, ASR and AR extracts.
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Coronary heart disease (CHD) remains the leading cause of morbidity and mortality worldwide. Traditional Chinese medicine (TCM) is one of the effective complementary and alternative therapies used to improve the prognosis of CHD patients. Xuefu Zhuyu (XFZY) decoction, a classical traditional Chinese medication for regulating Qi and promoting blood circulation, has a clinical benefit in CHD; however, the underlying mechanism is not clear. Recently, it was found that the metabolites involved in amino acid metabolism and the tricarboxylic acid cycle were altered in CHD patients with Qi and Yin deficiency syndrome. To understand the material foundation of Qi, it is of great significance to study the differential metabolites involved in Qi during treatment of CHD with Qi-regulating and blood-promoting herbs. In this study, we investigated the metabolic profiles of serum in CHD patients by nontargeted metabolomics analysis to detect differential metabolites between the XFZY decoction group and placebo group. Ten CHD patients were enrolled and treated with placebo granules or XFZY decoction granules in a random and double-blind manner. Serum samples of all patients were evaluated by untargeted high-performance liquid chromatography with tandem mass spectrometry-based metabolomics. In total, 513 metabolites were detected in the serum of CHD patients, and six of these metabolites participating in seven metabolic pathways were significantly different between CHD patients treated with XFZY decoction and the placebo group. Among the six differential metabolites, FA (20:2)-H and tetracarboxylic acid (24:0), involved in fatty acid metabolism; cis-aconitic acid, which participates in the tricarboxylic acid cycle; 2-deoxy-D-glucose, involved in glucose metabolism; and N-acetylglycine, involved in amino acid metabolism, were decreased, whereas spermine, which participates in amino acid metabolism, was increased as compared with the placebo group. Our findings, combined with the perspective of biological functions, indicate that 2-deoxy-D-glucose and spermine might constitute the partial material foundation of Qi in CHD patients treated with XFZY decoction.

Keywords: metabolomics, coronary heart disease, Xuefu Zhuyu decoction, LC-MS/MS, ethnopharmacology

Introduction

Coronary heart disease (CHD) remains the major cause of morbidity and mortality worldwide, responsible for about one in every seven deaths (Lozano et al., 2012). It is predicted to continue until 2030, accounting for 14% of all deaths (Mirzaei et al., 2009). Currently, the incidence of CHD is still on the rise and is associated with a high mortality rate, despite the use of effective Western medicine treatments. Therefore, effective complementary and alternative therapy is necessary to improve functional status and quality of life in CHD patients. Traditional Chinese medicine (TCM) integrated with Western medicine in the treatment of CHD has made great progress. As an effective complementary and alternative therapy, TCM has improved the prognosis of CHD patients. According to the TCM theory, Qi is the commander of blood. Qi stagnation causes blood stasis, which leads to heart vessel blockage stasis. CHD with Qi stagnation and blood stasis is a common syndrome of CHD. Therefore, one of the critical treatments of CHD in TCM is to regulate Qi and promote blood circulation (Xu and Chen, 2007). Xuefu Zhuyu (XFZY) decoction, which originated from the ancient Chinese document “Yilin Gaicuo” in the late Qing Dynasty, has effects on regulating Qi and promoting blood circulation, which is the basic prescription for the treatment of CHD (Meng et al., 2018). Previous studies confirmed that XFZY decoction reduced the incidence of cardiovascular events and improved the prognosis of patients with CHD; however, the underlying mechanism is still unclear.

CHD is characterized by an atherosclerotic plaque-induced narrowing of the coronary arteries, which results in myocardial ischemia, infarction, and postinfarction heart failure. The abnormal substrate and energy metabolism induced by myocardial ischemia is fundamental in the development of CHD (Doenst et al., 2013). Because complete metabolism of glucose is more oxygen efficient than that of fatty acids (FA; Mjos, 1971), myocardial ischemia causes the limitation of FA oxidation and the effective utilization of glucose catabolism, which may lead to the decrease of adenosine triphosphate (ATP) production. In addition, several additional pathways that do not lead to ATP generation, such as the pentose phosphate pathway and the hexosamine biosynthetic pathway, are activated. Therefore, metabolic abnormality plays a key role in affecting the development and prognosis of CHD (Nicholson et al., 1999; Kordalewska and Markuszewski, 2015). Recently, it was found that metabolites involved in amino acid metabolism and tricarboxylic acid (TCA) cycle might partially constitute the material foundation of Qi, according to the Qi and blood theory of TCM (Zhou et al., 2019). Therefore, we studied differential metabolites in the serum of CHD patients to explore the effects of TCM on regulating Qi and promoting blood circulation. It is of great significance to elucidate the mechanism of improving the prognosis of CHD patients through Qi-regulating and blood-promoting herbs and to study Qi and blood in TCM theory.

Metabolomics is one of the youngest branches of “-omics” (such as genomics, transcriptomics, proteomics) techniques to offer the most up-to-date insight into the state of the system in the field of systems biology. It contains approaches to detect low-molecular-weight metabolites (molecular mass <1,500 Da), which reflects changes in the final representations of an organism’s phenotype. In our study, we used nontargeted metabolomics analysis to focus on the differential metabolites in the serum from CHD patients treated with placebo and XFZY decoction. We aimed to provide references for the pathogenesis of CHD and the treatment of Qi-regulating and blood-promoting drugs, which refined the understanding of Qi and blood in TCM theory.

Materials and Methods

Participants

In this study, a total of 10 CHD patients were recruited from the Chinese PLA General Hospital from April to July 2017. On the basis of routine Western medicine treatment according to the guidelines, participants were treated with placebo granules and XFZY decoction granules randomly and double blindly (twice a day for 12 weeks). The study was approved by the Ethics Review Committee of Chinese PLA General Hospital (No. S2015-048-01) and registered at www.chictr.org.cn (registration number ChiCTR-IOR-15006989).

Inclusion criteria included age <75 years and compliance with the diagnostic criteria for stable CHD according to the American College of Cardiology (ACC)/American Heart Association (AHA) guidelines in 2014 (Fihn et al., 2014). All participation was voluntary, and patients signed an informed agreement. We excluded patients with severe renal dysfunction (serum creatinine >220 μmol/l in males or >175 μmol/l in females), liver dysfunction (aspartate aminotransferase or alanine aminotransferase level three times higher than normal), uncontrolled blood pressure, diabetes mellitus, hemorrhagic diseases, malignant tumors, autoimmune diseases, or hematological or psychiatric diseases; pregnant women; and those who were allergic to components of the research drugs. We also excluded patients with a history of myocardial infarction, severe chronic heart failure, severe arrhythmia, or a cardiac pacemaker. Patients were treated with routine Western medicine according to the guidelines, including anti-ischemia drugs (β receptor blocker or calcium antagonist), antiplatelet drugs (aspirin or clopidogrel), anticoagulant drugs (heparin or low-weight-molecular heparin), and lipid-lowering drugs (statins). Complications, such as hypertension and dyslipidemia, were treated according to relevant guidelines. During the study, nitroglycerin was used to relieve acute angina pectoris. The specifications of nitroglycerin are 0.5 mg/tablet. The original treatment was maintained during the trial.

TCM Treatment

Both XFZY decoction granules and placebo granules were prepared and standardized from China Resources Sanjiu Medical & Pharmaceutical Company (Shenzhen, China). XFZY decoction granules refer to the proportion of components of XFZY decoction, and the botanical compositions are shown in Table 1. The voucher specimens of total compositions were stored by China Resources Sanjiu Medical & Pharmaceutical Company (Shenzhen, China). The chemical compositions of XFZY decoction mainly consisted of ferulic acid, paeoniflorin, amygdalin, hydroxysafflor yellow A, catalpol, platycodin D, liquiritin, and ammonium glycyrrhizinate, as indicated by the high-performance liquid chromatography (HPLC) profile of the extract performed by the manufacturer (Supplementary Figure 1). The chemical structures of those major compounds are depicted in Supplementary Figure 2. The main components of placebo granules were caramel pigments (4 g), and maltodextrin (1,000 g). Using the technical requirements of the quality standards of TCM formula granules, a mixing solution was dried, and granules were then formed. Quality control (QC) of the pharmaceutical process was carried out in accordance with Pharmaceutical Production Quality Management Standards (2015).





	
Table 1 | Botanical compositions of Xuefu Zhuyu decoction.





	
Herb (local name)


	
Medicinal parts


	
Amount in application (g)





	
Prunus persica (L.) Batsch (Tao Ren)


	
Seed


	
12





	
Angelica sinensis (Oliv.) Diels (Dang Gui)


	
Root


	
15





	
Conioselinum anthriscoides “Chuanxiong” (Chuan Xiong)


	
Root


	
10





	
Carthamus tinctorius L. (Hong Hua)


	
Flower


	
10





	
Paeonia lactiflora Pall. (Chi Shao)


	
Root


	
10





	
Rehmannia glutinosa (Gaertn.) DC. (Di Huang)


	
Root


	
15





	
Citrus × aurantium L. (Zhi Qiao)


	
Fruit


	
6





	
Bupleurum chinense DC. (Chai Hu)


	
Root


	
3





	
Platycodon grandiflorus (Jacq.) A.DC. (Jie Geng)


	
Root


	
4.5





	
Achyranthes bidentata Blume (Niu Xi)


	
Root


	
9





	
Glycyrrhiza uralensis Fisch. ex DC. (Gan Cao)


	
Root


	
6





	
All components in Xuefu Zhuyu decoction granules were fully validated using http://mpns.kew.org/mpns-portal/?_ga=1.111763972.1427522246.1459077346.
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Figure 1 | The orthogonal projection to latent structure-discriminant analysis (OPLS-DA) score plots compared the Xuefu Zhuyu decoction group to the placebo group. The left image is the two-dimensional graph of the OPLS-DA score plots, and the right image is the three-dimensional graph of the OPLS-DA score plots. The placebo group is shown in green, and the Xuefu Zhuyu decoction group is shown in red.



Randomization, Control, and Double Blinding

Subjects were randomly grouped by researchers using a random-number table by SAS statistical software. The allocation ratio between the XFZY decoction group and placebo group was 1:1. Drugs were coded and packaged according to random numbers. The blind bottom could not be disassembled during the trial. A placebo group was established as the control of XFZY decoction to exclude the effect of the placebo on CHD treatment. The participants, staff, and researchers were blinded to the treatment group allocation.

Sample Collection and Preparation

All subjects fasted overnight, and 4 ml of peripheral venous blood was drawn in the morning of the day of the consultation. The blood was then coagulated for 30 min at 4°C and centrifuged at 3,000 × g for 15 min. The serum supernatant was collected. We then added 400 μl of prechilled methanol to 100 μl serum samples to precipitate the proteins. The mixture was shaken for 15 s, incubated at –80°C for 1 h, and then centrifuged at 13,400 × g for 20 min at 4°C. The supernatant was transferred to a new Eppendorf tube and dried before storage in the –80°C freezer. A pooled QC sample solution was prepared by combining equal volumes of serum from each sample and treated using the same procedure. This sample was used to monitor the reliability of the entire experiment. One QC sample was inserted in front of the batch of experimental samples, and each QC sample was inserted in an interval of 10 to 15 samples. Once a QC sample ended, the instrumental stability was monitored throughout the batch process (Li et al., 2018).

Untargeted LC-MS/MS Analysis and Metabolite Identification

Samples were analyzed by untargeted liquid chromatography with tandem mass spectrometry (LC-MS/MS) using an Ultimate 3000 UHPLC (Dionex) system combined with a Thermo Q-Exactive (Orbitrap) mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). Data identifications were performed by Trace Finder (Thermo Fisher Scientific, San Jose, CA, USA). First, metabolites were potentially identified by accurate masses according to the endogenous MS database. Meanwhile, metabolites that matched with the spectra in the fragment database were confirmed at the MS/MS level. The mass tolerances of primary and secondary identifications were 10 and 15 ppm, respectively. Moreover, a 0.25-min retention time shift was applied (Ning et al., 2018).

Data Processing and Statistical Analysis

SIMCA 14.0 software (Umetrics AB, Umea, Sweden) was used for multivariate statistical analysis. Unsupervised principal component analysis (PCA) was employed to assess the quality, homogeneity, outlier identification, and dominating trends of the group separation inherent in the data set. A supervised orthogonal partial least squares discriminant analysis (OPLS-DA) was applied to distinguish between the classes and to identify the differential metabolites. Variable importance in the projection (VIP) value was generated in PLS-DA model. The quality of the multivariate statistical analysis model was evaluated by R2X and Q2. Student’s t test was used to determine the difference in metabolites between the two groups. Metabolites with VIP > 1 and P < 0.05 were considered to be the most probable metabolites, which could be used to analyze the difference between the two groups and to assess the severity of CHD. Subsequently, the internal metabolite MS/MS database was used to identify metabolites by matching accurate quality and MS/MS spectra. MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/; Wishart Research Group, McGill University, Canada) was used to show differential metabolites with a heat map and to predict the metabolic pathways (Chong et al., 2018). SPSS v13.0 (Chicago, IL, USA) was used for statistical analysis. Student’s t test was performed for two-group comparisons on baseline characteristics. One-way analysis of variance was used to detect the homogeneity of variance. Values are presented as mean ± SD. P < 0.05 was considered statistically significant.

Results

Baseline Characteristics

Ten CHD patients were randomly and double blindly divided into two groups: five patients were treated with placebo granules for 12 weeks, and five patients were treated with XFZY decoction granules for 12 weeks. Serum samples from 10 CHD patients were detected by nontargeted metabolomics analysis. The baseline characteristics of the subjects are shown in Table 2 and include age, body mass index (BMI), blood pressure (systolic pressure, diastolic pressure), heart rate, five kinds of blood routine indices [including red blood cell (RBC), hemoglobin (HGB), white blood cell (WBC), neutrophil (NE), and platelet (PLT)], 10 kinds of biochemical indices [including alanine aminotransferase (ALT), aspartate aminotransferase (AST), serum creatinine (SCr), blood urea nitrogen (BUN), uric acid (UA), triglyceride (TG), total cholesterol (TC), low-density lipoprotein (LDL), high-density lipoprotein (HDL), and fasting glucose (Glu)], and four kinds of coagulation parameters [including prothrombin time (PT), activated partial thrombin time (APTT), fibrinogen (FIB), and thrombin time (TT)]. The average ages of the CHD patients in the two groups were 54.4 ± 5.73 years and 57.0 ± 15.84 years, respectively. The mean BMIs of the two groups were 28.26 ± 6.62 kg/m2 and 28.49 ± 3.71 kg/m2, respectively. With the statistical analysis by Student’s t test, the levels of HGB and Glu were increased, whereas APTT was decreased in the XFZY decoction group as compared with those in the placebo group (P < 0.05). However, all values were within the normal range. There was no significant difference in other characteristics between the two groups (P > 0.05).





	
Table 2 | Baseline characteristics of patients.





	
	
Placebo (n = 5)


	
XFZY (n = 5)


	
P Value





	
Gender (F/M)


	
2/3


	
1/4


	
0.690





	
Age, years


	
54.4 ± 5.73


	
57 ± 15.84


	
0.739





	
BMI, kg/m2


	
28.26 ± 6.62


	
28.49 ± 3.71


	
0.946





	
Blood pressure, mmHg


	
	
	



	
SBP


	
126.80 ± 15.40


	
133.60 ± 11.61


	
0.453





	
DBP


	
86.80 ± 6.42


	
82 ± 8.37


	
0.339





	
Heart rate, beats/min


	
67.20 ± 5.22


	
71.40 ± 15.19


	
0.575





	
Library data


	
	
	



	
RBC, ×1012/L


	
4.78 ± 0.08


	
5.12 ± 0.42


	
0.153





	
HGB, g/L


	
140.4 ± 7.57


	
159 ± 16.02


	
0.047*





	
WBC, ×109/L


	
6.03 ± 1.98


	
7.08 ± 2.34


	
0.465





	
NE, %


	
64.94 ± 9.80


	
63.99 ± 4.54


	
0.849





	
PLT, ×109/L


	
231 ± 47.43


	
231.6 ± 92.69


	
0.990





	
AST, U/L


	
20.18 ± 4.98


	
20.86 ± 7.06


	
0.865





	
ALT, U/L


	
22.80 ± 10.51


	
27.40 ± 8.86


	
0.476





	
SCr, μmoI/L


	
68.34 ± 23.38


	
82.08 ± 15.89


	
0.309





	
UA, μmoI/L


	
319.74 ± 90.24


	
319.84 ± 24.85


	
0.998





	
BUN, mmoI/L


	
4.63 ± 1.20


	
5.31 ± 1.23


	
0.399





	
TG, mmol/L


	
2.22 ± 1.15


	
1.32 ± 0.38


	
0.135





	
CHOL, mmol/L


	
3.07 ± 1.59


	
4.48 ± 0.68


	
0.106





	
HDL, mmol/L


	
1.29 ± 0.48


	
1.18 ± 0.12


	
0.630





	
LDL, mmol/L


	
1.94 ± 0.47


	
2.70 ± 0.74


	
0.088





	
Glu, mmol/L


	
4.83 ± 0.37


	
5.64 ± 0.59


	
0.031*





	
PT, s


	
13.18 ± 0.63


	
12.52 ± 0.98


	
0.242





	
APTT, s


	
37.84 ± 1.63


	
32.94 ± 3.14


	
0.015*





	
FIB, g/L


	
2.84 ± 0.35


	
3.19 ± 0.44


	
0.201





	
TT, s


	
16.68 ± 0.66


	
16.72 ± 1.58


	
0.960





	
Values are mean ± SD. *P < 0.05 versus placebo group.









Analysis of QC Samples

We randomly selected 10 serum samples from CHD patients for metabolomics testing (five in the placebo group and five in the XFZY decoction group). In our research, we used a customized database and nontargeted metabolomics methods to analyze the data. From data collection to data analysis of clear compounds, we quantitatively identified hundreds of compounds according to the established Orbitrap workflow. A total of 513 metabolites were detected in the samples after treatment, which were identified with known MS/MS information. Samples were then subjected to PCA and OPLS-DA analysis.

Serum Metabolomics and Pathway Analysis

To evaluate the identification ability of 513 metabolites, we analyzed the metabolic differences between the two groups, merged all identified compounds (513 in total), and imported them into SIMCA-P software for PCA. The results showed that there was no significant difference between the two groups (P > 0.05). Further analysis with two- or three-dimensional orthogonal partial least -squares discriminant method obtained an OPLS-DA score chart (Figure 1), which confirmed that there was significant difference between the XFZY decoction group and the placebo group. The OPLS-DA model established a good model and made an accurate prediction (R2X = 76.2% and Q2 = 39.1%).

After filtering 513 different metabolites in each group with the requirements of VIP > 1 and P < 0.05, six differential metabolites in the XFZY decoction group were changed as compared with the placebo group, namely, tetracosanoic acid (24:0), N-acetylglycine, FA (20:2)-H, 2-deoxy-D-glucose (2-DG), cis-aconitic acid, and spermine. Compared with the placebo group, tetracosanoic acid (24:0), N-acetylglycine, FA (20:2)-H, 2-DG, and cis-aconitic acid were downregulated, whereas spermine was upregulated in the XFZY decoction group.

As shown in Table 3, the differential metabolites related to FA metabolism were tetracosanoic acid (24:0) and FA (20:2)-H, which were obtained by election spray ionization negative (ESI–) mode with a mass of 367.358 and 307.264, respectively. Compared with the placebo group, tetracosanoic acid (24:0) and FA (20:2)-H in the XFZY decoction group were decreased, exhibiting that the ratio (XFZY/placebo) of tetracosanoic acid (24:0) or FA (20:2) was 0.46 (VIP = 2.40596, P = 0.008) or 0.78 (VIP = 2.21854, P = 0.020). 2-DG and cis-aconitic acid, which are related to glucose metabolism and obtained by ESI– mode, were downregulated with XFZY decoction treatment. The mass, VIP value, P value, and FC (XFZY/placebo) of 2-DG were 163.061, 2.03138, 0.039, and 0.50, respectively. The mass, VIP value, P value, and FC (XFZY/placebo) of cis-aconitic acid were 173.009, 1.9734, 0.048, and 0.81, respectively. The differential metabolites associated with amino acid metabolism were N-acetylglycine and spermine obtained by ESI+ mode. The concentration of N-acetylglycine in the XFZY decoction group was decreased as compared with the placebo group, which showed that the ratio (XFZY/placebo) of N-acetylglycine was 44% (VIP = 2.28626, P = 0.015). However, the concentration of spermine was increased by 208% compared with that in the placebo group (VIP = 1.99192, P = 0.045). As shown in Figure 2, the heat map illustrated total differential metabolites between the XFZY decoction group and placebo group: tetracosanoic acid, N-acetylglycine, FA, 2-DG, and cis-aconitic acid were downregulated, whereas spermine was upregulated.





	
Table 3 | Differential metabolites between the XFZY group and placebo group patients from LC-MS/MS analysis.





	
Differential metabolite


	
Related metabolism


	
ESI mode


	
Mass (m/z)


	
RT (min)


	
FC (XFZY/placebo)


	
VIP


	
P value





	
Tetracosanoic acid (24:0)


	
Fatty acid metabolism


	
Neg


	
367.358


	
14.85


	
0.46


	
2.40596


	
0.008





	
N-acetylglycine


	
Amino acid metabolism


	
Pos


	
118.050


	
8.29


	
0.44


	
2.28626


	
0.015





	
FA(20:2)-H


	
Fatty acid metabolism


	
Neg


	
307.264


	
13.25


	
0.78


	
2.21854


	
0.020





	
2-deoxy-D-glucose


	
Glucose metabolism


	
Neg


	
163.061


	
1.04


	
0.50


	
2.03138


	
0.039





	
Spermine


	
Amino acid metabolism 


	
Pos


	
203.223


	
8.76


	
3.08


	
1.99192


	
0.045





	
cis-aconitic acid


	
Glucose metabolism


	
Neg


	
173.009


	
0.87


	
0.81


	
1.9734


	
0.048





	
XFZY, Xuefu Zhuyu decoction; ESI, election spray ionization; RT, retention time; VIP, variable importance in the projection; P, probability; FC, fold change; Pos, positive; Neg, negative; FA, fatty acid.
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Figure 2 | The six differential metabolites in the two groups are shown in the heat map using MetaboAnalyst 4.0 (A: placebo group; B: Xuefu Zhuyu decoction group). The row represents the metabolites, and the column represents the individual samples. Red bands indicate upregulated metabolites, and blue bands indicate downregulated metabolites in the two groups. The deeper the color, the greater the difference in metabolites.



MetaboAnalyst 4.0 software was used to analyze and predict the potential metabolic pathways involved in differential metabolites with XFZY decoction treatment. As shown in Figure 3, six differential metabolites were involved in seven metabolic pathways: citrate cycle (TCA cycle), β-alanine metabolism, glycerolipid metabolism, glutathione metabolism, glyoxylate and dicarboxylate metabolism, FA metabolism, and arginine and proline metabolism.
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Figure 3 | The disturbed metabolic pathways showed differential metabolites changed in the Xuefu Zhuyu decoction group as compared with the placebo group by MetaboAnalyst 4.0 software. Node radius was based on pathway impact values. Node color was based on P value.



Further studies showed that cis-aconitic acid was involved in the TCA cycle as well as in glyoxylate and dicarboxylate metabolism. Spermine was predicted to participate in glutathione metabolism, arginine and proline metabolism, and β-alanine metabolism, respectively. FA (20:2) were predicted to be involved in FA metabolism and glycerolipid metabolism (Table 4).





	
Table 4 | Differential metabolic pathway between the XFZY group and placebo group.





	
Pathway name


	
Match status


	
Match metabolites





	
Citrate cycle (TCA cycle)


	
1/20


	
cis-aconitic acid





	
β-alanine metabolism


	
1/28


	
Spermine





	
Glycerolipid metabolism


	
1/32


	
Fatty acid





	
Glutathione metabolism


	
1/38


	
Spermine





	
Glyoxylate and dicarboxylate metabolism


	
1/50


	
cis-aconitic acid





	
Fatty acid metabolism


	
1/50


	
Fatty acid





	
Arginine and proline metabolism


	
1/77


	
Spermine





	
XFZY, Xuefu Zhuyu decoction; TCA cycle, tricarboxylic acid cycle; match status, the number of accumulated metabolites/the number of all metabolites in metabolic pathways.









Discussion

CHD is the leading cause of morbidity and mortality throughout the world (Lozano et al., 2012). The high mortality rate of CHD asks for effective complementary and alternative therapy to improve the prognosis of CHD patients. TCM based on syndrome differentiation is one of the effective complementary and alternative therapies. XFZY decoction, a classical traditional Chinese medication that regulates Qi and promotes blood circulation, is confirmed to be of clinical benefit for CHD treatment; however, the underlying mechanism is still unknown. The key pathogenesis of CHD is based on the abnormal metabolism of myocardial substrates and the disturbance of energy metabolism induced by myocardial ischemia or hypoxia (Doenst et al., 2013). A recent study found that metabolites involved in the TCA cycle and amino acid metabolism (tryptophan, arginine, and proline metabolism) were significantly decreased in fasting morning urine of CHD patients with Qi and Yin deficiency syndrome, suggesting that the metabolites in amino acid metabolism and TCA cycle were partially the material foundation of Qi (Zhou et al., 2019). In  TCM theory, Qi is the commander of blood. Qi replenishment causes the promotion of blood circulation, whereas Qi stagnation leads to blood stasis, which suggests that Qi plays a leading role in CHD with Qi stagnation and blood stasis. In our study, the effect of XFZY decoction on low-molecular-weight metabolites was investigated by nontargeted metabolomics analysis. Compared with the placebo group, 513 kinds of metabolites were detected, and six metabolites were significantly differential in the serum from CHD patients after treatment with XFZY decoction. Among the six differential metabolites, FA (20:2)-H and tetracarboxylic acid (24:0), which are involved in FA metabolism; cis-aconitic acid, which participates in the TCA cycle; 2-DG, which is involved in glucose metabolism; and N-acetylglycine, which is involved in amino acid metabolism, were decreased, whereas spermine, which is involved in amino acid metabolism (such as arginine and proline, glutathione, and β-alanine metabolism), was increased as compared with the placebo group. This suggests that those low-molecular-weight metabolites might be the material foundation of XFZY decoction for regulating Qi and promoting blood circulation in CHD treatment.

FA Metabolism

Because of continuous mechanical work, the heart has a high rate of ATP utilization. Because the high-energy phosphate pool in the heart is significantly small and could be exhausted within a few seconds, cardiomyocytes are very sensitive to changes in energy metabolism, and cardiac work strongly depends on ATP generation. Nearly 70% to 90% of ATP is produced by the oxidation of FA in cardiomyocytes (Doenst et al., 2013). Free FA are esterified to fatty acylCoA in the cytosol and are transported into the mitochondria matrix by carnitine. There, they form Acyl-CoA to enter β-oxidation (Berndt et al., 2019). Xu et al. found that FA and carnitine in the plasma of CHD patients were decreased compared with controls (Xu et al., 2016). However, others detected the lipid profile of H9c2 cells and then found that different types of FA were increased or decreased in hypoxic cardiomyocytes, which demonstrates that FA (18:1) was decreased, whereas FA (16:0) and FA (18:0) were increased as compared with controls. This indicates that different FA might change differently in special periods of hypoxia or ischemia in cardiomyocytes (Sousa et al., 2016). FA (20:2)-H and tetracarboxylic acid (24:0) are very-long-chain FA and should be oxidized by peroxisome to form medium- or short-chain FA. They are then transported to the mitochondria matrix by carnitine for β-oxidation. This means that FA (20:2)-H and tetradecanoic acid (24:0) provide substrates for β-oxidation, and the decrease in carnitine indicates the limitation of FA β-oxidation. In this study, we found that FA (20:2)-H and tetradecanoic acid (24:0) were downregulated, whereas carnitine did not decrease after XFZY decoction treatment as compared with the placebo group, suggesting that XFZY decoction might promote FA β-oxidation, which led to the decrease of FA in the serum.

Glucose Metabolism

In myocardial metabolism, FA and glucose utilization is tightly linked and co-regulated. Utilization of one substrate may directly inhibit the utilization of the other, which is referred to as the “Randle cycle” (Randle, 1998). In ischemic myocardium, FA oxidation is limited, and the utilization of glucose is increased. As a glucose analogue, 2-DG inhibited the critical enzymes of glycolysis (hexokinase and phosphoglucose isomerase), which inhibited glycolysis with the downregulation of glucose-6-phosphate and fructose-6-phosphate. In addition, 2-DG possessed a mannose-like property, which competed with mannose during the initial steps of N-linked glycosylation, resulting in protein misfolding and endoplasmic reticulum stress (Xi et al., 2014). In rat models, 2-DG was encountered as cardiac toxicity, with microscopic findings of vacuolar degeneration and hypertrophy of the endothelial cells of the endocardium (Terse et al., 2016). Studies in tumors have found that at low doses, 2-DG mainly interfered with N-linked glycosylation, resulting in endoplasmic reticulum stress, apoptosis, and autophagy. At medium doses, 2-DG also blocked glycolysis, leading to ATP reduction,  and the subsequent growth inhibition. At high doses, 2-DG started to disrupt the pentose phosphate pathway, which caused growth arrest and oxidative stress (Xi et al., 2014). It was found for the first time that 2-DG in the serum of CHD patients was decreased after treatment with XFZY decoction, which suggested that XFZY decoction could attenuate the inhibition of N-glycosylation and glycolysis; alleviate endoplasmic reticulum stress, apoptosis, and autophagy; promote ATP production; and protect cardiomyocytes by downregulating 2-DG.

Acetyl-CoA, a common end product of glucose and FA oxidation, enters the TCA cycle and provides energy for cardiomyocytes (Opie, 2004). Cis-aconitic acid is an important intermediate that participates in the TCA cycle. It combines with aconitase, which converts citric acid to isocitric acid, and maintains the progress of the TCA cycle. The decrease in cis-aconitic acid suggests the limitation of TCA cycle metabolism. Our study first found that cis-aconitic acid, one intermediate of the TCA cycle, had the same change as 2-DG. Compared with the placebo group, cis-aconitic acid was decreased after XFZY decoction treatment. Combined with the previous changes in FA metabolism, it suggested that the upregulation of FA metabolism might inhibit glucose metabolism, as shown in the decrease of the intermediate in the TCA cycle.

Amino Acid Metabolism

Amino acids can also be used as energy metabolites. They form precursors of glucose and FA metabolism through deamination or transamination and participate in metabolic pathways, such as the TCA cycle. In addition, amino acid-derived bioactive substances play an important role in the cardiovascular system. Spermine is a kind of polyamine that is further produced by putrescine converted from arginine and has many physiological functions. It was reported that spermine was significantly decreased after myocardial ischemia/reperfusion injury in rats, suggesting that spermine may play a key role in myocardial ischemia/reperfusion injury (Han et al., 2009). Animal experiments showed that spermine enhanced the antioxidant status: spermine supplementation and extended spermine administration could promote the expression of antioxidant enzymes, such as glutathione reductase by upregulating nuclear factor erythroid 2-related factor 2 (Nrf2) expression (Cao et al., 2018). Arginine plays a critical antiatherogenic role in the development of cardiovascular disease by regulating endothelial cell homeostasis. Nitric oxide (NO), produced by the oxidation of arginine in endothelial cells, promotes beneficial effects in the vasculature, including vasodilation, enhanced fibrinolysis, and inhibition of multiple atherothrombotic biological processes, such as platelet aggregation, leukocyte adhesion, endothelin generation, and smooth muscle cell proliferation (Nausch et al., 2008; Tang et al., 2009). β-alanine can be transaminated to pyruvate, providing a substrate for cardiac glucose oxidation. In our study, we found for the first time that the serum spermine concentration in CHD patients was increased after treatment with XFZY decoction. Bioinformatics analysis further indicated that spermine was involved in glutathione metabolism, arginine and proline metabolism, and β-alanine metabolism. It was suggested that XFZY decoction could alleviate oxidative stress in cardiomyocytes by promoting glutathione metabolism, maintain endothelial function by upregulating arginine metabolism, and increase the production of aerobic oxidative substrates in cardiomyocytes by promoting β-alanine metabolism.

In our study, we further investigated the mechanism of XFZY decoction for regulating Qi and promoting blood circulation from the perspective of biological functions of low-molecular-weight metabolites. Some studies have shown that XFZY decoction alleviated cardiomyocyte apoptosis and oxidative stress (Meng et al., 2018) as well as the inhibition of platelet aggregation (Li et al., 1999). For the first time, we found that 2-DG was decreased whereas spermine was increased in the serum of CHD patients after treatment with XFZY decoction. Through exploration of the effects of those two differential metabolites on ischemic myocardium, we confirmed the potential mechanism of XFZY decoction in CHD treatment: the decrease of 2-DG alleviated apoptosis and autophagy and promoted glycolysis to generate ATP after treatment with XFZY decoction, and the increase in spermine alleviated apoptosis and oxidative stress and inhibited platelet aggregation in the XFZY decoction group, which explained the similar functions of XFZY decoction in previous animal experiments. The elevation of spermine also illustrated the increase of arginine metabolism, which might generate more NO to alleviate coronary atherosclerosis. In addition, the decrease in 2-DG promoted ATP synthesis. Because NO and ATP are regarded as a part of the involvement of Qi in TCM theory (Deng et al., 2012; Chen et al., 2018), it is suggested that the metabolites of Qi might be associated with 2-DG and spermine.

Limitation

Although we believe that our study investigated the effects of XFZY decoction on metabolic profiles in CHD patients and the results could partly explain the mechanism of XFZY decoction for regulating Qi and promoting blood circulation, some limitations should still be considered. One limitation is that the sample size in this study is small. Another limitation is that the follow-up time is not long enough, so we did not focus on the study of the primary or second end points. Because there was statistical difference between the placebo group and the XFZY decoction group before treatment, we excluded the metabolites that have similar trends in our analysis. In addition, metabolomics itself has some limitations. Because of the wide concentration range and chemical diversity of metabolites, there is no instrument to detect all metabolites in a single analysis. In this study on metabolomics of CHD, we detected the metabolites in the serum. However, the metabolites in the circulatory system may originate from nonmyocardial tissues. The use of metabolic drugs and the excretion function of the liver and kidney may also affect the level of metabolites. Those two reasons increased the uncertainty of applying metabolomics to clinical detection of CHD (Dias and Koal, 2016). Moreover, some energy metabolites, such as ATP, adenosine diphosphate (ADP), and phosphocreatine were not detected in this study. Considering the limitation of nontargeted metabolomics, we should optimize the methods, such as choosing targeted metabolomics in the future.

Conclusion

In conclusion, we found that XFZY decoction caused the changes in six metabolites in FA, glucose, and amino acid metabolism with the detection of the serum in CHD patients by nontargeted LC-MS/MS analysis. We further predicted seven metabolic pathways according to those differential metabolites. Among them, 2-DG and spermine might partially be the material foundation of Qi in TCM theory, which suggests potential targets of XFZY decoction for regulating Qi and promoting blood circulation in CHD treatment.
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Smooth muscle (SM) contraction is one of the important physiological functions of the human body, and SM abnormal contraction will induce many diseases. The phosphorylated regulatory light chains (p-RLC) play a decisive role in SM contraction, and dephosphorylation of p-RLC is an effective way to relax SM. Our previous study showed that the novel benzylisoquinoline alkaloid, neoliensinine (Neo), could relax microvascular SM contracted by KCl hyperpolarization. In this study, mesenteric capillaries isolated from 45 mice were divided into normal tension group (Control), 124 mM KCl induced contraction model group (Model), and KCl and Neo-treatment group (Drug). The dephosphorylation levels of RLC in the three groups were measured. Compared with the model group, the phosphorylation of RLC in the drug group was decreased dramatically as expected, suggesting that the relaxation effect of Neo was caused by downregulating p-RLC of microvessel SM. In order to fully understand its fundamental mechanism, our research focused on the identification of target proteins in mice with KCl-induced contractile mesenteric capillary. Isobaric tags for relative and absolute quantification (ITRAQ) tagging was carried out by nanospray liquid chromatography–tandem mass spectrometry. The results allowed the upregulation of 164 differential abundance proteins (DAPs) among the 3,474 protein abundance disturbances identified from the model/control samples. Further comparison showed that there were 16 DAP convergences associated with vascular SM contraction between the drug/model and the drug/control samples. Among them, two proteins with known function, PLCβ and RhoGEF12, were selected as target proteins of the relaxation effect of Neo. The two selective target DAPs were verified by Western blot at protein level. The results suggested that changes of the two proteins were consistent with that of the iTRAQ results. Our present work reveals that Neo relaxes vascular smooth muscle via inhibition of RLC phosphorylation, and PLCβ and RhoGEF12 may be potential biomarkers for evaluating the effects mediated by Neo.

Keywords: vascular smooth muscle relaxation, neoliensinine, Nelumbo nucifera Gaertn, regulatory light chain phosphorylation, iTRAQ

Introduction

Smooth muscle (SM) exists in the circulatory system, respiratory system, reproductive systems, and other parts of the human body (Webb, 2003). Its failure to relax normally due to improper regulation can lead to hypertension (Heinze et al., 2014), gastrointestinal diseases (He et al., 2008), asthma (Christopher, 2009), and other problems. Therefore, many treatment strategies rely on medication for SM relaxation (Mak and Hanania, 2012). Nelumbo nucifera Gaertn, also known as Indian lotus, Chinese water lily, sacred lotus, India bean, Egyptian bean, or simply lotus, is currently classified as a single genus of Nelumbonaceae (Shen-Miller et al., 2002). Embryo of lotus seed, as an ancient folk herb, is widely used to overcome nervous disorders, insomnia, high fever (with restlessness), and cardiovascular diseases (SATCM, 1999; Khare, 2004; China Pharmacopoeia Committee, 2015). Previous studies have shown that isoquinoline alkaloids were the active components in the bitter embryos (Zhang and P, 2002; Itoh et al., 2011; Li et al., 2016; Sharma et al., 2017). These compounds were attracting ever-increasing attention for their biological activities in hypertension, arrhythmia, and ischemic stroke related to abnormal contraction of SM (Qian, 2002). In our previous study, neoliensinine (Neo) was reported to be a newly isolated tribenzylisoquinoline of N. nucifera. The stereochemical structure of Neo is shown in Figure 1. Neo has been shown to possess a unique skeleton different from that of existing isoquinolines and has a potent relaxation effect on constricted SM induced by KCl hyperpolarization, and the relaxation effect is weak reversible (or nearly irreversible) (Yang et al., 2018). However, until now, the mechanism of its action as a new relaxant is very little understood.
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Figure 1 | The 3D structure of neoliensinine isolated from embryos of lotus seed, a unique tribenzylisoquinoline.



The structure of neoliensinine was elucidated to be2-[[(1R)-1-(4-methoxyphenyl) methyl-6-methoxy-2-methyl-3, 4-dihydro-1H-isoquinolin-7-yl] oxy]-4-[[4-[[(1R)-6, 7-dimethoxy-2-methyl-3, 4-dihydro-1H-isoquinolin-1-yl] methyl]-2-[[(1R)-6-methoxy-1-[(4-methoxyphenyl) methyl]-2-methyl-3, 4-dihydro-1H-isoquinolin-7-yl] oxy] phenyl-1-yl] oxy] phenol. As far as we know, naturally occurring tribenzylisoquinoline alkaloids that possess three benzylisoquinoline moieties have not been reported yet.

Generally, myosin light-chain kinase (MLCK) may phosphorylate the regulatory light chains (RLCs, also called MLC20) to form p-RLC within minutes of the smooth muscle being stimulated to contract by physiochemical agents. The smooth muscle then has the ability to maintain contractile force, keeping the phosphorylation of RLC at a certain level in the subsequent sustained phase (Hartshorne and Ito, 1998; He et al., 2008; Aguilar and Mitchell, 2010; He et al., 2011; Qiao et al., 2014). Therefore, dephosphorylation of p-RLC is an effective means to inhibit smooth muscle contraction.

As we have known, drugs exert their therapeutic effect by binding to and regulating specific protein or nucleic acid targets and identifying potential intervention targets, which is the first step to use reverse pharmacology approach to discover a drug (Overington et al., 2006; Landry and Gies, 2008; Rang et al., 2012). Among a variety of global quantification strategies used in MS-based proteomics, isobaric tags for relative and absolute quantification (iTRAQ) is an attractive option for detecting large amounts of proteins in specific biological environments using labeled peptides to identify different samples (Evans et al., 2012). Using iTRAQ approach, many researchers have made great progress in identifying drug targets (Wang et al., 2017). ITRAQ analysis is further strengthened using robust bioinformatic tools, such as Gene ontology (GO) annotation and the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment, as well as statistical analyses that supports observations (Herbrich et al., 2013). In the present research, a mass-spectrometry-based iTRAQ was carried out to identify cell targets involved in Neo-mediated relaxation of microvascular arteries in vitro and to obtain comprehensive differential protein profiles in control, model, and drug samples. Differentially expressed proteins were selected for further bioinformatics analysis to determine the optimal target proteins. This work will help to understand the molecular mechanism of Neo-triggered relaxation of microvascular vessels and further reveal the biological activity of Neo.

Materials and Methods

Main Instruments

The main instruments used in this study were described as below: Sartorius PB-10 pH meter (Sartorius, Germany); Evolution 200 Ultraviolet–Visible Spectrophotometer (Thermo Fisher Scientific, USA); BT25S Electronic Balance (Sartorius, Germany, d = 0.01 mg); Ultrapure Water Machine (Millipore, USA); Bio-Rad ChemiDoc XRS+ System with Image Lab software and Bio-Rad Mini-Protean® Tetra system; DMI3000B Inverted Research Grade Microscope with Leica Application Suite V4.4.0 (Leica, Germany); 5427R Microcentrifuge (Eppendorf, Germany); Triple TOF 5600 Mass Spectrometer fitted with Eksigent NanoLC-Ultra 2D system, Nanospray III source, and Protein Pilot 5.0 software (AB SCIEX, MA, USA); and high-performance liquid chromatography (HPLC) system (Agilent 1200, USA).

Solutions and Drugs

Embryos of lotus seed were purchased from Bozhou Medical Material Market (Anhui China) and collected from Jiangxi province, and authenticated by Professor Yang Pan (Nanjing University of Chinese Medicine) according to the Chinese Pharmacopoeia. A voucher specimen (NENU-2010-AH-BZ) was deposited in the School of Pharmacy, Nanjing University of Chinese Medicine, Nanjing, Jiangsu, China. Neo was isolated from embryos of lotus seed (Nelumbo nucifera Gaertn) by our laboratory, whose structure was elucidated by spectral analyses, with the purity above 95% confirmed by HPLC peak area normalization method (Yang et al., 2018). Neo was dissolved in dimethyl sulfoxide (DMSO) solution at the concentration of 10 mM as mother solution before pharmacological use. Trichloroacetic acid (TCA), Trizma base (T1503), glycine (G8898), Tris base, sucrose, TEMED [(CH3)2NCH2CH2N(CH3)2], sodium dodecyl sulfate (SDS), and urea (U6504) were all products of Sigma Chemical Company. HEPES, glycerol, EDTA, ammonium persulfate [APS, (NH4)2S2O8], and bromophenol blue were purchased from Sangon Biotech Co., Ltd. (Shanghai, China).

The protease inhibitor phenylmethanesulfonylfluoride (PMSF) and dithiotheritol (DTT) used in protein extraction were from Sigma Chemical Company. The bicinchoninic acid (BCA) protein assay kit, rabbit antiphospho-mouse myosin regulatory light chain (primary antibody), and horseradish peroxidase conjugated goat antirabbit IgG (secondary antibody) were provided by Thermo Scientific (USA). The SuperBright™ Prolong ECL substrate was an approval Western blot detection kit by Sudgen Biotechnology Inc. for local package in China (Nanjing, China). The 30% acrylamide/Bis (29:1) and polyvinylidene difluoride (PVDF) membrane were from Bio-Rad Laboratories, Inc. (USA). ITRAQ® Reagents, 8-plex amine-modifying labeling reagents for multiplexed relative and absolute protein quantitation was a registered product of AB Sciex Pte. Ltd., MA (USA). Acetonitrile of HPLC grade was from Tedia Company Inc. (USA). Deionized water was purified by a Milli-Q Water Purification system (Millipore, MA, USA). Antibodies (primary antibody) to Plcβ and Arhgrf12 were purchased from Affinity Biosciences, Inc. (USA). β-Actin antibody (primary antibody) was obtained from Proteintech Group, Inc. (USA). Antirabbit IgG horseradish-peroxidase-linked antibody (secondary antibody) for all above samples was also from Proteintech Group, Inc. (USA). PVDF membranes were purchased from Millipore, Inc. (USA).

Animals, Animal Welfare, and Ethical Statement

About 8-week-old male or female C57BL/6J mice were kindly provided by the Model Animal Research Center of Nanjing University (NJUMARC, Nanjing, China). Animals were cage acclimated for 7 days before surgery in temperature-controlled environment (24 ± 3°C) on a 12-h light/12-h dark cycle, with food and water. All animal experiments were strictly performed in accordance with the Guidelines of Care and Use of Laboratory Animals of NJUMARC. Animal protocols were approved by the Nanjing University Institutional Animal Care and Use Committee of NJUMARC.

During the experimental procedures, all animals were clinically normal, free of any infection or inflammation, and did not show any neurological deficits. To minimize animal suffering, the test mice were killed by cervical dislocation before preparation of mesenteric arteries.

Preparation of Mesenteric Arteries

The second-order branches of mesenteric arteries were prepared from C57BL/6J mice of either gender (18–22 g body weight) by the successful operation as previously reported (He et al., 2011). In short, mice were killed by cervical dislocation, and the entire mesentery was rapidly removed and immersed in HEPES-Tyrode (H-T) buffer solution (pH 7.4) with the following composition (in mM): NaCl, 136.9; KCl, 2.7; MgCl2, 1.0; CaCl2, 1.8; HEPES, 10.0; and glucose, 5.09 (adjust pH to 7.4 with 2 M NaOH). The pH value was measured using a Sartorius PB-10 pH meter (Sartorius, Germany). About six second-order branches of mesenteric artery were separated from each mouse and cleaned of adventitial adipose and connective tissue under a stereoscopic microscope, cut into 6.0–8.0-mm-long segments. The integrity of contractile reactivity of the arteries was assessed by being exposed to 124 mM KCl for contraction, and the segments exhibiting no contraction were discarded. Then, the well-chosen segments were washed with H-T buffer to remove KCl for further use.

Measurement of Myosin Regulatory Light Chain Phosphorylation

Multiple signal networks have been implicated in regulation of smooth muscle contraction, in which Ca2+/calmodulin-dependent myosin light chain kinase (MLCK) is central to smooth muscle contraction, and MLCK dedicatedly phosphorylates the regulatory light chain (RLC) at Ser19 site (Kamm and Stull, 1985; Somlyo and Somlyo, 2000; Ogut and Brozovich, 2003; Herring et al., 2006; He et al., 2008; Hong et al., 2013).

Pretreatment of isolated tissues. In order to reduce the error caused by individual differences, six mesenteric segments of each mouse with contractility were assigned equally to control, model, and drug samples, i.e., two segments for each one. The three samples were prepared from 30 mice to obtain sufficient protein amounts. The normotonic segments cultivated in H-T buffer (pH 7.4) were the control sample; the segments stimulated by 124 mM KCl for 5 min to constrict the blood vessels were used as the model sample; while the contractile segments induced by KCl for 5 min and then treated by 10 μM of Neo for 10 min were the drug sample. All artery tissue samples were quickly frozen by liquid nitrogen and immersed in ice-chilled 10% trichloroacetic acid/acetone to immobilize. Samples must be used immediately or stored at −80°C until further experiments.

Protein preparation. The immobilized tissues prepared above were homogenized with a glass tissue grinder homogenizer on ice after transferring into 10% trichloroacetic acid/H2O. The precipitated proteins were yielded by centrifugation and dissolved in urea sample buffer for protein determination by the BCA assay (Smith et al., 1985; Wiechelman et al., 1988).

RLC phosphorylation assay. The equal concentrations of proteins of the samples were loaded and separated by urea/glycerol polyacrylamide gel electrophoresis (PAGE) where the nonphosphorylated RLC would be detached from the monophosphorylated RLC (Isotani et al., 2004). At last, using a monoclonal antibody against myosin light chain, and then secondary antibody sequentially, both nonphosphorylated and monophosphorylated RLC protein were visualized after blotting. All the electrophoresis, membrane electro-transfer, and image formation were carried out in sequence on Bio-Rad Laboratory Instruments (USA) equipped with a Min-ROTEAN Tetra system, a trans-blot cell with wire electrodes and PowerPac HC Power Supply System, and a ChemiDoc XRS+ System with Image Lab software. Western blot analyses were run with biological triplicates (n = 3). ImageJ software was applied to calculate the grayscale image, which was a public domain, Java-based image processing program developed at the National Institutes of Health (Collins, 2007; Schneider et al., 2012).

ITRAQ Analysis

ITRAQ has unique advantages over other conventional proteomics techniques because it identifies and quantifies many proteins from mammalian proteomes by sensitive mass spectrometers (Evans et al., 2012). However, the reliability and efficiency of protein identification and quantitation from an iTRAQ workflow strongly depend on sample preparation before MS (Luczak et al., 2014; Spanos and Moore, 2016). Here, we described our methods of sample treatment for iTRAQ analysis.

Sample design. The second-order branches of mesenteric artery were isolated from 45 mice to make the total protein contents of each sample as high as 100 μg. The samples were divided into control, model, and drug groups as described before. Two sets of parallel experiments were conducted for replication.

Protein extraction and total content determination. The immobilized artery segments were grinded into a fine powder in liquid nitrogen, and the tissue powder were suspended in 10% trichloroacetic acid/acetone solution containing 0.1% dithiotheritol (DTT) and 1 mM PMSF. The mix was placed at −20°C overnight and centrifuged at 15,000 rpm for 20 min at 4°C. The precipitate resuspended was in the same solvent. The mix was placed again at −20°C for 2 h and centrifuged in the same conditions. The sediment was freeze dried into powder in a refrigerated vacuum dryer. About 100 μg of protein was dissolved in 800 μl of lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 65 mM DTT, 0.5% ampholyte, 1 mM PMSF). The supernatant was centrifuged at 15,000 rpm for 10 min at 4°C. Then, the supernatant was collected, and protein concentration was quantified by the Bradford method (Bio-Rad) (Bradford, 1976).

Protein alkylation, digestion, and labeling. For each sample, 100 μg of protein was dissolved in precooled acetone. The mix was set at −20°C for 1 h and centrifuged at 15,000 rpm for 20 min at 4°C. Peptides were generated by a modified filter-aided sample preparation (FASP) protocol (Wiśniewski et al., 2009). In short, the sediment of 100 μg of protein was dissolved in dissolution buffer and reduced with 5 mM of DTT at 60°C for 1 h, and then alkylated with 10 mM of iodoacetamide at 25°C in darkness for 40 min. After that, the protein sample was buffer exchanged with 200 μl of cysteine-blocking reagent, i.e., 0.5 M of triethylammonium bicarbonate (TEAB, pH 8.5), using a spin ultra-filtration unit of nominal molecular weight cutoff 10 kDa (Millipore, MA), and placed under room temperature for 10 min. Sequencing-grade modified trypsin (Promega) was added to each sample at an enzyme to protein ratio of 1:50, and the samples were incubated at 37°C for 16 h. Digested peptides were collected by centrifugation and quantified using a NanoDrop spectrophotometer.

ITRAQ labeling. ITRAQ method is based on the covalent labeling of the N-terminus and side chain amines of peptides from protein digestions with tags of varying masses (Ross et al., 2004; Zieske, 2006). We performed iTRAQ labeling using an iTRAQ 8-plex reagent kit. One hundred micrograms of digested samples was labeled and conducted in duplicates as follows: control 1→model 1→drug 1: tag 113, 115, and 118; control 2→model 2→drug 2: tag 119, 117, and 121.

Peptide fractionation, desaltation, and nano-LC-MS/MS determination. After being labeled, all samples were fractionated using Agilent 1200 HPLC with a strong cation-exchange column and further separated with an Eksigent NanoLC-Ultra 2D system (Zieske, 2006).

High strong cation-exchange reverse phase fractionation chromatography was carried out using an Agilent 1200 HPLC system with a quaternary pump, online degasser, autosampler, column temperature controller, ultraviolet detector (UV), and a fraction collection device. The mobile phase included parts A and B. Part A was 0.1% trifluoro acetic acid (TAA) water solution, and part B was 0.1% TAA CH3CN solution. The iTRAQ-tagged tryptic peptides were load onto Poly-SEA C18 column (150 mm × 2.0 mm, 5 μm, 300 Å, Michrom, USA) and eluted with gradient 0–5% B in 5 min, 5–50% B in 35 min, 50–80% B in 5 min, and 80% B hold for 10 min at a flowrate of 0.3 ml/min. Absorbances at 215 and 282 nm were monitored, and a total of 10 fractions were collected and vacuum dried.

Online separation was performed with an Eksigent NanoLC-Ultra system. Each of the fractions was dissolved in 0.1% TAA and then centrifuged at 15,000 rpm for 20 min. A volume of 5 μl of the supernatant was first loaded onto C18 precolumn (3 cm × 100 μm, 3 μm, 150 Å) to be desalted, then eluted on the analytical column (Chrom XP Eksigent C18, 15 cm × 75 μm, 3 μm, 120 Å, AB, USA) by a gradient with a linear increase of 5–35% B at a flowrate of 2 μl/min over 70 min. The mobile phase system was the same as mentioned above.

Protein identification and quantification. At the peptide level, the signals of the reporter ions of each MS/MS spectrum allow for calculating the relative abundance (ratio) of the peptide(s) identified by this spectrum. The abundance of the reporter ions may consist of more than one single signal in the MS/MS data, and the signals must be integrated in some way from the histogram spectrum. At the protein level, the combined ratios of a protein’s peptides represent the relative quantification of that protein (Zieske, 2006).

Data-dependent MS/MS was performed with a Triple TOF 5600 System fitted with Nanospray III source and pulled quartz tip as the emitter (New Objectives, USA). The electrospray voltage applied was 2.5 kV, curtain gas of 30 psi, nebulizer gas of 5 psi, and an interface heater temperature of 150°C. For information-dependent acquisition (IDA), survey scans were acquired in 250 ms, and as many as 35 product ion scans were collected if they exceeded a threshold of 150 counts per second (counts/s) with a two to five charge state. The total cycle time was fixed to 2.5 s. A rolling collision energy setting was applied to all precursor ions for collision-induced dissociation (CID). Dynamic exclusion was set for 1/2 of peak width (18 s), and the precursor was then refreshed off the exclusion list.

ITRAQ Data Analysis

Raw data were analyzed by Protein Pilot software v.5.0 against the database using the Paragon algorithm (Shilov et al., 2007). The iTRAQ data processed with protein identification was performed using the Uniport Database (update to June 12th, 2017, including 267,091 protein sequences). Searching parameters were as follows: trypsin was chosen as the enzyme with allowance at most two-missed cleavage; Gln→pyro-Glu (N-terminus Q), oxidation (M), deamidated as the potential variable modifications, and carbamidomethyl (C), iTRAQ 8-plex (N-terminus), iTRAQ 8-plex (K) as fixed modifications; a mass tolerance of 10 ppm was permitted for intact peptide mass and 0.02 Da for fragmented ions. The instrument was Triple TOF 5600, and iTRAQ quantification and biological modifications were selected as ID focus.

A Percolator algorithm was applied to estimate the false discovery rate (FDR) based on q-value, and only peptides with FDR values <1% were counted as the identified protein. For protein quantitation, one protein had to contain at least one unique peptide during the search, and peptides at the 95% confidence interval were considered for further analysis. The protein abundance perturbations were further confidently assessed by setting unused value ≥1.3.

A three-step process was performed in two biological replicates to screen differential abundance proteins (DAPs) (EF < 3). When the fold change was more than 1.5 in the model sample compared to the control one, the DAPs were predicated to be upregulated significantly. Then, by setting threshold of 0.7-fold decrease in drug/model samples, these upregulated DAPs were confirmed to be downregulated through Neo treatment. Finally, these downregulated proteins were expected to reach almost normal or lower levels in drug/control samples.

Bioinformatic Analysis of DAPs

KEGG is a knowledge base for systematic analysis of gene functions, linking genomic information with higher order functional information (Kanehisa and Goto, 2000; Kanehisa et al., 2016). KEGG databases are daily updated and freely available (http://www.genome.ad.jp/kegg/) (Kanehisa et al., 2017). In the present study, KEGG pathway analysis was employed to analyze the selected DAPs.

Western Blot Analysis

Protein samples of the three groups, i.e., the control, model, and drug groups, were subjected to SDS-PAGE. After being separated, proteins in samples were transferred to PVDF transfer membranes (Millipore, Inc. USA) by standard procedures. After being blocked with 3% bovine serum albumin in PBS for 1.5 h at 37°C, the membranes were incubated with primary antibody overnight at 4°C and secondary antibody (Proteintech Group, Inc. USA) sequentially at room temperature for 2 h. After washing, the blots were detected with ECL substrate (Millipore, Bedford, MA). Immunoreactive protein bands were detected with Tanon 5200 Chemiluminescence imaging system (Shanghai, China). β-Actin was chosen as the internal marker. The band intensities were quantified with ImageJ software. All experiments reported here were performed with at least triplicate independent replicates.

Datum Calculation and Statistical Analysis

Data are expressed as mean ± SEM of different experiments with more than three replicated measurements. The statistical analyses of differences among group means were obtained by analysis of one-way analysis of variance (ANOVA) (Fisher, 1918), taking P < 0.05 as significant according to Tukey’s multiple comparison test.

Results

The Decrease in RLC Phosphorylation by Neo

The morphological characters of the three mesenteric capillary samples, i.e., normotonic capillaries (control group), contractive capillaries evoked by 124 mM KCl (model group) for 5 min, and Neo-treated contractive capillaries (drug group), were observed using stereoscopy (Figure 2A). And urea/glycerol PAGE electrophoresis showed that RLC phosphorylation (p-RLC) changes shifted quite visibly among the control, model, and drug groups (Figure 2B). The grayscale values calculated by image analysis system were well consistent with the results of Western blot as seen from the figure above. The p-RLC value of normal tension mesenteric arteries was almost zero without the presence of p-RLC protein bands. Thus, compared with the control sample, the RLC phosphorylation band of the model sample was observed clearly, and p-RLC protein level was extremely increased to 47.39% (n = 3, P < 0.001). On the other hand, the p-RLC of the drug sample was dramatically decreased to very a low level at 13.48% as compared to the model one (n = 3, P < 0.001) (Figure 2C), suggesting that neoliensinine relaxed smooth muscle by inhibiting the signaling converging on Ca2+/calmodulin-dependent MLCK, or activating the countered enzyme MLCP, a serine/threonine-specific protein phosphatase that dephosphorylated p-RLC.
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Figure 2 | Relaxing smooth muscle and reducing RLC phosphorylation effects of neoliensinine on microvascular constriction. (A) Mesenteric arteries of three groups, (B) RLC phosphorylation by Western blot, (C) histogram of RLC phosphorylation. ***P < 0.001 and ###P < 0.001.



The second-order branches of mesenteric arteries were prepared from C57BL/6J mice of either gender. The mesenteric capillaries of each mouse were equally divided into three groups, i.e., normotonic capillaries (Control), contractive capillaries evoked by 124 mM KCl for 5 min (Model), and Neo-treated contractive capillaries (Drug) (A). All samples were quickly frozen and immobilized for protein sample preparation. RLC phosphorylation was measured by Western blot of urea/glycerol PAGE gels, and the ImageJ method was used to analyze the grayscale image (B). The gray values were the means ± SEM of three independent experiments (n = 3). Bars with different symbols indicated significant differences according to one-way analysis of variance, Tukey’s multiple comparison test. The RLC phosphorylation of the control group was almost zero. Thus, compared with the control sample, the RLC phosphorylation of the model group was extremely increased (***, P < 0.001), while the RLC phosphorylation of the drug group was dramatically decreased to very low level as compared with the model one (###, P < 0.001) (C), suggesting that neoliensinine relaxed smooth muscle by inhibiting the signaling converging on Ca2+/calmodulin-dependent MLCK. Blue squares represented the grayscale values of the unphosphorylated RLC, and red squares represented those of the phosphorylated RLC.

Screening the Differential Abundance Proteins

An iTRAQ-based shotgun quantitation analysis was used to obtain the overall view of proteomic expression patterns of three experimental groups, including control, model, and drug groups. As a result, a total of 3,934 proteins in the control group were identified with <1% FDR, and 3,474 protein abundance perturbations were confidently assessed by setting unique peptide ≥1 and unused value ≥1.3 (Supplementary Tables S1 and S2). With a cutoff threshold of >1.5-fold change for increase and <0.7-fold change for decrease, 302 proteins showed differential accumulation in model/control samples, including 164 proteins upregulated and 138 proteins downregulated after KCl stimulation (Supplementary Tables S3 and S4). The 138 downregulated proteins were not further analyzed here and will be covered separately in the next article. In the case of the 164 upregulated proteins, 33 were decreased differentially by adoption of <0.7-fold in drug/model samples (Supplementary Table S5). Among the 33 downregulated proteins in drug/control samples, although expressions of 17 proteins remained to be higher than 1.5-fold of that of control group, expressions of 16 proteins were at normal or lower levels (Table 1), suggesting that Neo could interfere with these protein expressions significantly so as to relax vascular smooth muscle contracted by KCl.


Table 1 | Significant differential abundance proteins in microvascular smooth muscles contracted by high potassium with or without Neo treatment.
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Top 10 Key Pathways Based on the 16 DAPs

To narrow the molecular targets and make them more specific, the top 10 key pathways were extracted by KEGG pathway enrichment based on the 16 significant differential proteins selected before. They were classified into 10 functional categories as follows: platelet activation, vascular smooth muscle contraction, protein processing in endoplasmic reticulum (all P < 0.01), pathways in cancer, African trypanosomiasis, endocrine and other factor-regulated calcium reabsorption, long-term depression, long-term potentiation, renin secretion, and inositol phosphate metabolism (all P < 0.05) (Figure 3). There were only four proteins involved in the top 10 key pathways, and PLCβ and RhoGEF12 played a collective role in mediating processes of vascular smooth muscle contraction.
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Figure 3 | The 10 key pathways extracted by KEGG pathway enrichment based on the 16 DAPs.



The top 10 key pathways (or biological processes) were extracted by KEGG pathway enrichment. The bars were colored with gradient color from deep blue (smaller P value) to sea blue (bigger P value), which represented the following: function 1, platelet activation; function 2, vascular smooth muscle contraction; function 3, protein processing in endoplasmic reticulum (P < 0.01); function 4, pathways in cancer; function 5, African trypanosomiasis; function 6, endocrine and other factor-regulated calcium reabsorption; function 7, long-term depression; function 8, long-term potentiation; function 9, renin secretion; and function 10: inositol phosphate metabolism (P < 0.05). Our analysis revealed that two proteins PLCβ and RhoGEF12 were mainly involved in vascular smooth muscle contraction.

Protein Expressions of PLCβ and RhoGEF12 by Western Blot

The relative expressions of two target proteins, PLCβ and RhoGEF12, in control, model, and drug samples were analyzed by Western blot. Figure 4 showed that the relative PLCβ and RhoGEF12 expressions were significantly increased in model group compared to those in control group, while they were notably decreased after exposure to Neo in drug samples compared to those in the model group. Thus, we concluded that treatment of Neo could decrease abnormally increased protein expressions of PLCβ and RhoGEF12 in smooth muscles simulated by KCl, which was consistent with the above iTRAQ results.
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Figure 4 | Reducing expressions of PLCβ and RhoGEF12 of neoliensinine in mesenteric arteries contracted by KCl. (A) Protein expressions of PLCβ and RhoGEF12 by Western blot, (B) histogram of protein expressions of PLCβ and RhoGEF12. **P < 0.01 and #P < 0.05.



All samples were quickly frozen and immobilized for protein sample preparation. Protein expressions of PLCβ and RhoGEF12 were measured by Western blot of SDS-PAGE gels, and the ImageJ method was used to analyze the gray scale image (A). The gray values were the means ± SEM of three independent experiments (n = 3). Bars with different symbols indicated significant differences according to one-way analysis of variance (ANOVA), Tukey’s multiple comparison test. Compared with the control sample, the expressions of PLCβ and RhoGEF12 in the model group was extremely increased (**, P < 0.01). On the other hand, the two protein expressions in the drug group were dramatically decreased as compared with the model one (#, P < 0.05), suggesting that neoliensinine relaxed smooth muscle by inhibiting the expressions of PLCβ and RhoGEF12.

Discussion

As we reported earlier, once KCl is added to mesenteric smooth muscle (SM), its initial contraction was characterized by rapid contraction and periodic relaxation. After only few seconds, SM entered a phase of sustained contraction tonically until neoliensinine was given at sufficient concentration. KCl stimulation for 5 min could achieve the optimal stable tension of SM and significantly increase the phosphorylation level of MLC20 in sustained phase (Yang et al., 2018). Based on these results, KCl was used to stimulate vessels for 5 min in subsequent experiments, and samples were collected for proteomics analyses to analyze changes in protein expression.

The phosphorylated regulatory light chains (p-RLC) regulated by myosin light-chain kinase (MLCK) was a crucial link in SM contraction, and decreasing or eliminating p-RLC may cause them to relax. We also demonstrated that RLC phosphorylation of contractive capillary SM increased significantly under KCl inducement and then decreased sharply to normal level after neoliensinine (Neo) treatment. The result indicated that Neo relaxed SM by inhibiting the convergence of Ca2+/calmodulin-dependent MLCK signals. However, little is known about the details and molecular mechanisms. Our study used LC-MS/MS for iTRAQ proteomic analysis to explore and quantify dysregulated proteins in contractive mesenteric capillaries. Compared with other proteomics methods, it is a mature and high-throughput proteomics technique (Xu et al., 2014), and relative quantification of eight samples can be achieved simultaneously (Xu et al., 2017). Therefore, we designed three experimental groups to screen differential abundance proteins (DAPs) in mouse mesenteric capillaries: blank control group (control), high K-stimulation group (model), and KCl-inducement and Neo-treatment group (drug).

The important criterion for screening DAPs can be set by P value or error factor (EF). We selected EF to screen out DAPs. The closer EF gets to 1, the more reliable the result is. Generally, EF< 3 is a good result. In this MS, we chose EF< 3 as the criterion. As a result, based on the criterion of |fold change (FC)|≥1.5, 164 upregulated DAPs were found in the 3,474 protein abundance perturbations identified in model/control samples, among which 33 downregulated DAPs were filtered out in drug/model samples with a cutoff value of 0.7-fold. Of the 33 converging DAPs, only 16 DAPs (including 10 normal DAPs and 6 downregulated DAPs) were recommended for use as specific targets for Neo treatment in drug/model samples, which may be involved in Neo-mediated microvascular relaxation for further bioinformatics analysis. The results of both intragroup replicate and repetitive assessment showed that our results were fairly reproducible between comparisons.

Analysis of KEGG pathway clearly shows that the two candidate proteins, PLCβ and RhoGEF12, are involved in vascular smooth muscle contraction, which is consistent with the results of molecular mechanism research on Neo-mediated relaxation effect on KCl-induced small vessel contraction.

Smooth muscle can phasically contract with rapid contraction and relaxation or tonically with slow and sustained contraction (Aguilar and Mitchell, 2010). Normally, phosphorylation of RLC is initiated by MLCK at the initial phase of microvessel contraction and maintained by protein G activation of RhoA via RhoGEFs during sustained contraction. PLCβ acting as an upstream MLCK regulator, while RhoGEF12 acting as a member of RhoGEFs, play vital roles in initial and sustained phases of SM contraction, respectively. KCl-induced SM contraction is mainly performed through L-type calcium channel. Meanwhile, the activation of PLCβ and RhoGEF12 by KCl may be due to partial activation of GPCR via stimulation of Rho and ROCK (Janssen et al., 2004). The two proteins associated with RLC phosphorylation signaling pathway are further discussed below.

PLCβ isozymes are expressed in SM cells, which are activated by binding of its C-terminal or N-terminal pleckstrin homology (PH) domain to protein G (Rhee, 2001). Phosphatidylinositol 4,5-bisphosphate (PIP2) is the predominant phosphoinositide substrate hydrolyzed by PLCβ, resulting in the formation of diacylglycerol (DAG) and a diffusible Ca2+-mobilizing messenger, inositol 1,4,5-trisphosphate (IP3) (Murthy and Makhlouf, 1991). Activation of PLCβ is transient (<2 min), mainly occurring in the initial phase of contraction (Murthy and Makhlouf, 1995; Murthy, 2006). Inhibition of IP3 formation and IP3-dependent Ca2+ results in the relaxation of initial Ca2+-dependent contraction (Gohla et al., 2000).

Protein G-coupled receptors (GPCRs) can activate Rho/Rho-kinase, which inhibits the activity of myosin phosphatase (MLCP) through signal cascade reaction, while the increase in phosphorylated myosin (p-MLC) leads to sustained contraction of smooth muscle (Somlyo and Somlyo, 1994; Gohla et al., 2000; Tang et al., 2003). RhoA exists in two forms, the inactive and active ones. The inactive form of RhoA (RhoA. GDP) in the cytosol bound to a guanine dissociation inhibitor (GDI), and the activation of RhoA by protein G is mediated by various Rho-specific guanine nucleotide exchange factors (RhoGEFs). RhoGEFs promote the transformation of GDP to GTP, thereby activating RhoA, triggering the downstream signaling pathway, and causing continuous contraction of smooth muscle (García-Mata et al., 2006). Therefore, if the activity of RhoGEFs is blocked, the dephosphorylation of MLCP will be enhanced to cause smooth muscle relaxation.

Neoliensinine may relax vascular smooth muscle relaxation through blocking PLCβ expression in initial phase and RhoGEF12 expression in sustained phase, which also well explains the weak reversible (or nearly irreversible) relaxation effect of Neo. One possible explanation for the changes in protein expression is that KCl induces PLCβ (or RhoGEF12) activation in GPCR pathway, and the activated PLCβ (or RhoGEF12) are transferred to the membrane. The activated PLCβ (or RhoGEF12) is more easily dissolved and detected by iTRAQ analysis, while the treatment of neoliensinine makes both proteins inactive, and the inactivated PLCβ and RhoGEF12 are not easy to be dissolved and detected.

The iTRAQ proteomics analysis is intended to explore and semiquantify proteins of interest. Compared with other proteomics methods, it is a mature and high-throughput proteomics technique. In our study, the relative quantification of eight samples can be achieved simultaneously. Western blot is a technique that quantifies specific proteins in samples based on image analysis, and ImageJ software was used to analyze the grayscale image. It is inevitable that data from different methods may not be completely consistent. The samples for iTRAQ analysis and Western blot were from different mice, which may also lead to differences in the data from the two methods. However, the data trends of the two methods were the same, which could reasonably explain the protein changes of model/control group, drug/model group, and drug/control group.

Conclusion

In conclusion, neoliensinine can effectively relax constricted vascular smooth muscle (SM) by KCl hyperpolarization via downregulating p-RLC of microvessels. Through iTRAQ screening, we focused specifically on two target proteins, PLCβ or/and RhoGEF12; the two upstream factors may cause nonphosphorylation of RLC in initial phase and dephosphorylation of RLC in sustained phase, respectively. Western blot also confirmed the two selective target DAPs at the protein level, indicating that the change trend of the two proteins was consistent with that of iTRAQ results.

Our present work reveals that Neo inhibits RLC phosphorylation and relaxes vascular SM, and PLCβ and RhoGEF12 may be potential biomarkers for evaluating the effects mediated by Neo. The two underlying targets may provide new drug strategies for the treatment of SM-related diseases. However, it is still necessary to study the exact molecular mechanism of neoliensinine-mediated microvascular SM relaxation using genetic materials.
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Background: Metabolic syndrome (MS) is one of the major causes of coronary artery diseases (CAD). Gut microbiome diversity and its natural fermentation products are not only correlated with MS and CAD, but their correlations also appear to be stronger than the associations with traditional risk factors. Therefore, the aim of this study was to provide a new potential pathway for the natural fermentation product butyrate to improve MS and to examine whether it is associated with serum metabolic profiles and gut flora composition.

Methods: C57BL/6J mice fed a high-fat diet (HFD) were treated with 400 mg/kg of sodium butyrate for 16 weeks. Blood and fecal samples were collected, and the metabolite concentrations and 16s rRNA were measured with liquid chromatography–MS and Illumina platform, respectively. The plasma differential metabolites and gut microbiome composition were analyzed with XCMS online and QIIME 2, respectively.

Results: Gut microbiome-derived butyrate reduced glucose intolerance and insulin resistance, resisting HFD-induced increase in the relative abundance of f_Lachnospiraceae, f_Rikenellaceae, and f_Paraprevotellaceae. Meanwhile, sodium butyrate increased the levels of α-linolenate, all-trans-retinal, resolvin E1, and leukotriene in the plasma, and the differential pathways showed enrichment in mainly resolvin E biosynthesis, histidine degradation, lipoxin biosynthesis, and leukotriene biosynthesis. Moreover, sodium butyrate increased the levels of phosphorylated-adenosine 5′-monophosphate-activated protein kinase (p-AMPK) and facilitated glucose transporter member 4 (GLUT4) in the adipose tissue.

Conclusion: Butyrate can induce AMPK activation and GLUT4 expression in the adipose tissue, improving cardiovascular disease (CVD)-related metabolic disorder, resisting HFD-induced gut microbiome dysbiosis, and promoting resolvin E1 and lipoxin biosynthesis. Oral supplement of the natural fermentation product butyrate can be a potential strategy for preventing CVD.

Keywords: AMPK, GLUT4, metabolomics, sodium butyrate, 16s rRNA

Introduction

Previous studies have indicated that the risk of developing cardiovascular disease (CVD) in patients with metabolic syndrome (MS) is approximately 2-fold higher than that in healthy people. Gut microbiome diversity is not only correlated with MS and CVD, but the correlations also appear to be stronger than the associations with traditional risk factors (Flego et al., 2016; Bogiatzi et al., 2018; Menni et al., 2018). Diet is an important factor affecting the diversity and composition of the gut microbiome, especially high-fat diet (HFD), which is not only associated with gut microbiome composition but is also a risk factor for MS and CVD (Daliri et al., 2018). However, how HFD affects MS and CVD via the gut microbiome still remains largely unknown.

Butyrate is a natural fermentation product of the gut, and it plays a crucial role in maintaining the homeostasis of host metabolism and gut microbiome diversity (Kasubuchi et al., 2015). A reduction in butyrate concentration in the gut is related to the development of the MS and CVD (Murugesan et al., 2018). Although oral butyrate supplement can improve HFD-induced MS and coronary artery disease in mice via histone deacetylases (Gao et al., 2009), a recent research indicated that oral butyrate treatment exerts a beneficial effect on glucose metabolism in healthy males instead of MS patients (Bouter et al., 2018), thus suggesting that the effects and molecular mechanism of butyrate in glucose metabolism and insulin resistance need to be confirmed further.

Butyrate is mostly produced in the intestinal epithelium, and its concentration is very low in the blood (Leonel and Alvarez-Leite, 2012). Therefore, butyrate-derived blood metabolites could be a potential pathway through which butyrate can regulate the physiological processes in the host. However, it has been rarely reported how butyrate impacts the metabolites in the blood. Comparative metabolomics based on the pathological process and circumstantial stimuli is an effective approach to discover the relationship between metabolites and pathways (Shan et al., 2018). 16s RNA sequencing is extensively applied to describe the gut microbiome profile.

Here, we used metabolomics and 16s RNA sequencing to identify the differential metabolites and gut microbiome related to MS, thus evaluating the effects of butyrate on glucose homeostasis and metabolic profiles. Discovery of a relationship between the natural fermentation product butyrate and MS provides opportunities to identify new strategies and targets for CVD.

Materials and Methods

Treatment of Animals

Male C57BL/6J mice (4 weeks old) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. All animals were housed in a temperature-controlled environment with a 12 h light/12 h dark cycle and allowed free access to food and water. The animal study was reviewed and approved by the Ethics Committee of Institute of Materia Medica, Chinese Academy of Medical Sciences & Peking Union Medical College. After 1 week of adaptation, 36 mice were randomly assigned to control, HFD, and HFD plus sodium butyrate group. Animals in the control group were fed with a normal diet and given daily gavage with water. Animals in the HFD group were fed with an HFD and given daily gavage with water (10% lard, 1.00% cholesterol, 0.4% sodium cholate, and 10% custard powder) (Wang et al., 2017).

Sodium butyrate (molecular formula: C4H7NaO2, molecular weight: 110.09, purity: 99%) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Animals in the sodium butyrate group were fed with HFD and given daily gavage with sodium butyrate (400 mg/kg, dissolved in water) for 16 weeks.

Glucose Tolerance Tests and Glucose-Induced Insulin

Blood samples of C57BL/6J mice were collected from the caudal vein after fasting for 16 h. The concentration of blood glucose was measured with a blood glucose meter (Accu-ChekActive [Model GB], Roche Diabetes Care Gmbh, Mannheim, Germany). Glucose-induced insulin secretion was measured with an Insulin Kit [Insulin (Mouse) Ultrasensitive EIA, 96w, “RUO” Alpco].

Measurement of Total Cholesterol, Triglyceride, and Glycosylated Protein

Blood samples of C57BL/6J mice were collected from the caudal vein after fasting for 12 h. Analyses of cholesterol (CHOD-PAP kit, BioSino Bio-Technology & Science Inc, Beijing, China), triglyceride (GPO-PAP kit, BioSino Bio-Technology & Science Inc, Beijing, China), and glycosylated protein (GSP-NBT, BioSino Bio-Technology & Science Inc, Beijing, China) were performed by using the standardized kits.

Serum Metabolomics

The metabolites in serum were determined by a Dionex UHPLC Ultimate 3000 system (Thermo Scientific, Dionex, Sunnyvale, CA, USA) coupled to a Q-Exactive mass spectrometer. Blood samples were collected at week 4. A quantity of 50 μL serum was precipitated with 150 μL acetonitrile. The mixture was vortexed for 300 s at 2500 rpm and then centrifuged at 10,000 rpm under 4°C for 5 min. The supernatant was collected and dried under nitrogen gas flow. The residues were dissolved in 100 μL acetonitrile:H2O (2:98, V/V) for liquid chromatography–MS analysis. Chromatographic separation was performed on a Waters HSS T3 (C18) column (2.1 × 100 mm, 1.8 mm), and the column temperature was maintained around 35°C. The mobile phase consisted of 0.1% formic acid (A) and acetonitrile (B), and the flow rate was 250 μL/min. The injection volume was 10 μL. The gradient conditions were as follows: 0 min, 2% B; 9 min, 60% B; 18 min, 60% B; 20 min, 100% B; and 30 min, 100% B. The mass spectrometric settings for positive/negative ion modes were as follows: scan mode, full MS; scan range, m/z 100–1000; resolution, 70,000; automatic gain control target, 3 × 106; maximum IT, 100 ms; spray voltage (+/−), 3.5/3.2 kV; capillary temperature, 320°C; sheath gas flow rate (+/−), 40/7; and aux gas flow rate (+/−), 11/0. The non-linear alignment of data in the time domain and the spontaneous integration and isolation of peak intensities were performed by using XCMS online. Partial least squares discriminant analysis (PLS-DA), principal components analysis (PCA), principal coordinates analysis (PCoA), and volcano plot were performed using the Omicshare platform.

16s RNA Sequencing of Fecal Samples

Fecal samples from C57BL/6J mice were collected and stored at −80°C at week 4. The V3–V4 hypervariable domain of the 16S rRNA gene was ampliﬁed with the specific primers 341F: (5′-CCTAYGGGRBGCASCAG-3′ and 806R (5′-GGACTACNNGGGTATCTAAT-3′) (Supplementary Material). Sequencing was performed using a single-end conﬁguration by an Illumina sequencing platform. Phenotypic analysis was carried out by QIIME2 (version: 2018.11). The sequence quality control and feature table construction were performed with the DADA2 plugin. Phylogenetic diversity analyses were performed with q2-phylogeny and q2-diversity. The feature classifiers were trained by q2-feature-classifier within QIIME2. The box plot was generated using the Omicshare platform.

Western Blot Assay

Proteins were prepared from tissues and cells in radio immunoprecipitation assay (RIPA) lysis buffer with protease inhibitors and phosphatase inhibitor cocktail (Roche, Switzerland). Then, SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was conducted, and bands were transferred to polyvinylidene fluoride (PVDF) membrane, followed by incubation with primary antibodies against phospho-AMPK (phosphorylated-adenosine 5′-monophosphate-activated protein kinase), phospho-ACC, phospho-LKB1 (Ser428), Glut4, GAPDH, and di-methyl-histone H3(Lys27) (diluted at 1:1000, catalog number: 3033, 3661, 3482, 2213, 5174, and 9728, respectively, Cell Signaling Technology, Boston, MA, USA). Corresponding secondary antibodies (diluted at 1:5000) were added, and bands were visualized with enhanced chemiluminescence reagents (Thermo Fisher Scientific, Waltham, MA, USA). Signals were normalized to those of β-actin (diluted at 1:5000, catalog number: 4967, Cell Signaling Technology, Boston, MA, USA).

Hematoxylin–Eosin Staining

Sections (3 μm) were obtained from each paraffin block using a microtome and stained with hematoxylin–eosin. Samples were immersed in xylene and alcohol, stained with hematoxylin for 5 min, stained with eosin for 3 min, and re-immersed in alcohol and xylene.

Results

HFD Induces MS in Mice

To evaluate the impact of HFD on the homeostasis of glucose and lipids, we treated C57BL/6J male mice with HFD for 16 weeks. At the beginning of the experiment, mice were randomly divided into control and HFD groups. The levels of plasma glucose, total cholesterol, and triglycerides, which can characterize MS, were detected at week 4. As expected, compared to the control group, the weight was much higher in the HFD group (Figure 1A). In addition, we observed an apparent increase of triglyceride and total cholesterol in the HFD group at week 4 (Figures 1B, C), glucose intolerance and insulin resistance appeared at week 16 (Figures 1D–G). In the control group, hepatocytes were arranged radially around a vein in the center and hepatic structure was clearly visible. Few small-sized cavities were found, whereas in the HFD group many small-sized cavities were found (Figure 1H). These results indicated that HFD impaired the homeostasis of glucose and lipids, which is in agreement with previous studies (Araujo et al., 2011).
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Figure 1 | HFD induces metabolic syndrome in C57BL/6J mice. Male C57BL/6J mice were allowed free access to the high-fat and normal diet. (A) The body weight of the HFD group was significantly higher compared to the control group. (B and C) Compared to the control group, the levels of plasma TG and Total CHO were significantly increased in the HFD group at week4 (n = 6, *p < 0.05). (D and E) After fasting for16 hours, mice received i.p. injections of 1 g/kg glucose. Blood glucose level was measured at 15, 30, 60, and 120 min. Compared to the control group, the level of blood glucose was significantly increased in the HFD group at 0 and 15 min (n = 5, *p < 0.05). Data are representative of five mice in each case. Data represent mean ± sem. *p < 0.05; **p < 0.01; ***p < 0.001 via unpaired t-test at each time point. (F and G) After fasting for16 hours, mice received i.p. injections of 1 g/kg glucose. Serum insulin levels were measured at 15, 30, 60, 90, and 120 min. Compared to the control group, the level of serum insulin was significantly increased in the HFD group (n = 5, *p < 0.05). Data are representative of five mice in each case. Data represent mean ± sem. *p < 0.05; **p < 0.01; ***p < 0.001 via unpaired t-test at each time point. (H) Compared to the control group, the number of cavities was increased in the HFD group.



HFD Changes the Metabolic Profiles in Mice

To further investigate the change in metabolic profiles induced by HFD, we performed serum untargeted metabolomics using a liquid chromatograph–mass spectrometer. As shown by the metabolomics cloud plot (Figure 2A), a total of 4840 features were observed (p-value ≤ 0.05 and fold ≥ 1.5). The PCoA analysis displayed that there was a separate tendency of serum metabolites between the control and HFD groups (Figure 2B). The parameter values of R2 and Q2 from PLS-DA analysis were 0.988 and 0.95, respectively, indicating that this model showed excellent performance on predictive ability (Figure 2C). The values of variable importance in projection (VIP) above 1.0 and p-values below 0.05 were employed to identify significant metabolites related to group separation. Compared to the control group, a total of 682 metabolites were increased and 229 metabolites were decreased in the HFD group (Figure 2D). Differential pathways showed enrichment in nicotine degradation IV, noradrenaline and adrenaline degradation, sphingomyelin metabolism or ceramide salvage, phospholipases, and pentose phosphate pathway (Figure 3).
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Figure 2 | HFD changes metabolic profiles in C57BL/6J mice. Blood samples were collected at week 4. Serum metabolomics analysis was performed with the pairwise method on the XCMS online platform. (A) Differential featured plots were shown. Only dysregulated features (p-value ≤ 0.05 and fold change ≥ 1.5) are displayed. Up-regulated features are shown in green, and down-regulated features are shown in red. (B) PCoA of the features intensities from all simples. The control group is shown in red; the HFD group is shown in blue; the quality control is shown in green (C) PLS-DA scores plot of the control and HFD group. Blue spots represent the control group, and the red spots represent the HFD group. (D) The red column represents up-regulated metabolites, and green column represents down-regulated metabolites in the HFD group.
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Figure 3 | Differential pathway analysis of the HFD and control group. The radius of each circle represents the number of metabolites relative to the number of metabolites represented by other circles. The colors from green to red indicate the elevated p-value.



Gut Flora Composition Is Associated With Plasma Biomarker and Metabolic Profiles

To investigate how HFD changes the gut microbiome composition, we analyzed fecal samples of mice in the HFD and control groups using 16S rRNA gene sequencing (Kovatcheva-Datchary et al., 2015). PCoA based on the individual Bray–Curtis distance indicated that there was a significant separation tendency between these two groups (Figure 4A). Although p_Bacteroidetes and p_Firmicutes were the dominant bacteria at the phylum level, our results indicated that there was no significant difference between these two groups (Figure 4B). At the family level, we observed an increased relative abundance of f_Lachnospiraceae, f_Rikenellaceae, and f_Paraprevotellaceae and a decreased relative abundance of f_Alcaligenaceae in the HFD group (Figure 4C). Meanwhile, the ratios of f_Lachnospiraceae/p_Firmicutes, f_Rikenellaceae/p_Bacteroides, and f_Paraprevotellaceae/p_Bacteroides were also increased, suggesting that p_Lachnospiraceae, p_Rikenellaceae, and p_Paraprevotellaceae were the dominant bacteria in the HFD group and were associated with HFD-induced MS (Figure 4D).
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Figure 4 | HFD alters the composition of gut microbiome in C57BL/6J mice. Fecal samples were collected at week 4. Fecal DNA was subjected to 16S rRNA sequencing and analyzed with QIIME2. (version 2018.11). (A) Principal coordinates analysis (PCoA) plot of Bray–Curtis distance. Red spots represent samples from the control group, and blue spots represents samples from the HFD group. (B) The relative abundance of a major microbial phylum in the control and HFD group. Compared to the HFD group, proteobacteria was a higher abundance in the control group. Data are mean ± SD (*p < 0.05; Wilcoxon matched-pairs signed rank test and Mann–Whitney U test). (C) Relative abundance of a major microbial family in the control and HFD group. The seven abundant families are shown. Data are mean ± SD (*p < 0.05; Wilcoxon matched-pairs signed rank test and Mann–Whitney U test). (D) The ratio of the major microbial family/phylum in the control and HFD group. Data are mean ± SD (*p < 0.05; Wilcoxon matched-pairs signed rank test and Mann–Whitney U test).



To explore whether the alteration of gut composition is associated with plasma biomarkers and metabolic profiles, we performed a Pearson correlation analysis. The results are displayed in Figure 5, and they showed that relative abundance of f_Lachnospiraceae, f_Rikenellaceae, and f_Paraprevotellaceae had a positive correlation with the levels of total cholesterol, triglyceride, and glucose resistance, and a negative correlation with glucose tolerance. Moreover, f_Lachnospiraceae, f_Rikenellaceae, and f_Paraprevotellaceae relative abundances were associated with MS-related metabolites, including choline and L-argininosuccinate. Therefore, we deduced that gut composition is associated with metabolic profiles and plasma biomarkers, suggesting that gut composition could affect MS via metabolites.
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Figure 5 | Heatmap of gut microbiome, plasma biomarker, and plasma metabolites. (A) Pearson correlation of plasma biomarker and gut microbiome. (B) Pearson correlation between metabolites and gut microbiome. The colors from blue to red indicate the elevated value of correlation coefficient.



Butyrate Improves HFD-Induced MS in Mice

To further determine the effects of butyrate on HFD-induced MS, we performed daily gavage of 6-week-old C57BL/6J mice fed an HFD with sodium butyrate (400 mg/kg) for 16 weeks. The levels of total cholesterol and triglyceride showed no significant difference between the sodium butyrate and HFD group, whereas HFD-induced glucose intolerance and insulin resistance were significantly reduced (Figures 6A–D). Compared to the HFD group, weight gain was alleviated by sodium butyrate (Figure 6E). In the control group, few small-sized cavities were found in hepatocytes, whereas in the HFD group large-sized cavities were observed. Compared to the HFD group, the number of cavities was reduced in the butyrate group (Figure 6F). These data demonstrated that butyrate could improve HFD-induced glucose metabolism disorder instead of lipid metabolism disorder.
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Figure 6 | Butyrate improves HFD-induced metabolic syndrome in C57BL/6J mice. Male C57BL/6J mice were divided into the HFD group and Butyrate group. Butyrate group was oral gavaged sodium butyrate (400 mg/kg) for 16 weeks. (A and B) After 16 hours of fasting, mice received i.p. injections of 1 g/kg glucose. Blood glucose levels were measured at 15, 30, 60, and 120 min. Compared to the HFD group, blood glucose level was significantly reduced at 0 and 15 min in the butyrate group (n = 5, *p < 0.05). Data are representative of five mice in each case. Data represent mean ± sem. *p < 0.05; **p < 0.01; ***p < 0.001 via unpaired t-test at each time point. (C and D) After 16 hours of fasting, mice received i.p. injections of 1 g/kg glucose. Serum insulin level was measured at 15, 30, 60, 90, and 120 min. Compared to the HFD group, serum insulin level was significantly reduced in the butyrate group (n = 5, *p < 0.05). Data are representative of five mice in each case. Data represent mean ± sem. *p < 0.05; **p < 0.01; ***p < 0.001 via unpaired t-test at each time point. (E) Body weight of mice on the high-fat diet was significantly higher than the butyrate group for 16 weeks. (F) Compared to the HFD group, few cavities were observed in the butyrate group.



Given the effect of butyrate on glucose tolerance and insulin resistance, we examined the levels of p-AMPK and glucose transporter member 4 (GLUT4) in the liver and adipose tissue. As shown in Figure 7, sodium butyrate at 400 mg/kg increased the levels of p-AMPK, GLUT4, and histone acetylation in the white adipose tissue and brown adipose tissue from C57 BL/6J mice.
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Figure 7 | Sodium butyrate supplement increases the expression of p-AMPK, Glut4, and H3 (Lys 27) in adipose tissue from C57BL/6J mice. Murine tissues were collected after sodium butyrate treatment for 16 weeks (A) The western blotting of p-AMPK, Glut4, and H3(Lys 27). (B, C, and D) Compared to the HFD group, the levels of p-AMPK, Glut4, and H3 (Lys 27) were increased in the sodium butyrate group (p < 0.05). Data represent mean ± sem. *p < 0.05; **p < 0.01; ***p < 0.001 via unpaired t-test.



Butyrate Alters the Metabolic Profiles in Mice

To further explore the effect of butyrate on HFD-induced MS, we used serum untargeted metabolomics to monitor the change in the metabolic profile induced by sodium butyrate. As shown in the metabolomics cloud plot (Figure 8A), we observed a total of 4369 features (p-value ≤ 0.05 and fold ≥ 1.5). The PCoA analysis displayed that there was a separate tendency of serum metabolites between the sodium butyrate and HFD groups (Figure 8B). The parameter values of the R2 and Q2 from PLS-DA analysis were 0.985 and 0.949, respectively (Figure 8C). Compared to the control group, a total of 229 metabolites were increased and 444 metabolites were decreased in the sodium butyrate group (Figure 8D). Differential pathways showed enrichment in resolvin E biosynthesis, histidine degradation, lipoxin biosynthesis, and leukotriene biosynthesis (Figure 9).
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Figure 8 | Sodium butyrate alters metabolic profiles in C57BL/6J mice. Blood samples were collected at week 4. Serum metabolomics analysis was performed with the pairwise method on the XCMS online platform. (A) Differential featured plots were shown. Only dysregulated features (p-value ≤ 0.05 and fold change ≥ 1.5) are displayed. Up-regulated features are shown in green, and down-regulated features are shown in red. (B) PCoA of the features intensities from all simples. HFD group is shown in blue; butyrate group is shown in red; quality control group is shown in green. (C) PLS-DA scores plot of the butyrate and HFD group. Red spots represent the butyrate group; blue spots represent the HFD group; green spots represent the quality control group. (D) The red column represents up-regulated metabolites, and the green column represents down-regulated metabolites in the HFD group.
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Figure 9 | Differential pathway analysis of the HFD and butyrate group. The radius of each circle represents the number of metabolites relative to the number of metabolites represented by other circles. The colors from green to red indicate the elevated p-value.



Butyrate-Mediated Metabolic Profile Alteration Is Associated With the Gut Microbiome

To further determine the effect of butyrate on gut microbiome composition, we performed daily gavage of 6-week-old C57BL/6J mice with sodium butyrate (400 mg/kg) and collected fecal samples at week 4. Results are displayed in Figure 10, and they showed that sodium butyrate increased the relative abundance of p_Verrucomicrobia and decreased the relative abundance of p_Firmicutes. At the family level, the relative abundances of f_Verrucomicrobiaceae, f_Bacteroidaceae, and f_Alcaligenaceae were increased and the relative abundances of f_Lachnospiraceae and f_Paraprevotellaceae were decreased in the butyrate group. The ratios of f_Lachnospiraceae/f_Firmicutes and f_Paraprevotellaceae/f_Bacteroidetes were decreased, suggesting that butyrate can resist HFD-induced increase in f_Lachnospiraceae and f_Paraprevotellaceae. Subsequently, we performed a Pearson correlation analysis to confirm whether there is a correlation between the gut microbiome and butyrate-mediated metabolic profile alteration. The results are shown in Figure 11, and they showed that f_Verrucomicrobia was negatively associated with L-glutamine, 13-hydroxy-α-tocopherol, and hydroxy-bupropion, and it was positively correlated with resolvin E 1, (5)-HPETE, and linoleate. The pattern in f_Lachnospiraceae and f_Paraprevotellaceae was opposite to that in f_Verrucomicrobia.
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Figure 10 | Butyrate resists the gut flora perturbation of C57BL/6J mice induced by HFD. Fecal samples from both HFD and butyrate group were collected at 4 weeks. Fecal DNA was subjected to 16S rRNA sequencing, and sequences were analyzed using QIIME2 (version 2018.11). (A) Relative abundance of a major microbial phylum in the butyrate and HFD group. Data are mean ± SD (*p < 0.05; Wilcoxon matched-pairs signed rank test and Mann–Whitney U test). (B) Relative abundance of a major microbial family in the butyrate and HFD group. The seven abundant families are shown. Data are mean ± SD (*p < 0.05; Wilcoxon matched-pairs signed rank test and Mann–Whitney U test). (C) The ratio of the major microbial family/phylum in the butyrate and HFD group. Data are mean ± SD (*p < 0.05; Wilcoxon matched-pairs signed rank test and Mann–Whitney U test).
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Figure 11 | Heatmap of plasma metabolites and gut microbiome. The colors from blue to red indicate the elevated value of the correlation coefficient.



Discussion

MS is a cluster of metabolic disorders, including central adiposity with visceral fat accumulation, dysglycemia, insulin resistance, and dyslipidemia (Sherling et al., 2017). The risk of developing CVD in patients with MS is approximately 2-fold higher than that in healthy people (Samson and Garber, 2014). Gut flora composition and microbiome-derived metabolites are correlated with CVD and appear to have a strong correlation than traditional risk factors (Mazidi et al., 2016). Accumulating studies have suggested that HFD-induced gut flora dysbiosis is related to MS and CVD (Murphy et al., 2015).

Here, we found that C57BL/6J mice fed an HFD not only showed altered gut flora diversity but also increased relative abundances of f_Lachnospiraceae, f_Rikenellaceae, and f_Paraprevotellaceae and decreased relative abundance of f_ Alcaligenaceae. The increase in the above-mentioned bacteria had a positive correlation with total cholesterol, triglyceride, and insulin resistance, and a negative correlation with glucose tolerance. Meanwhile, the increase in f_Lachnospiraceae, f_Rikenellaceae, and f_Paraprevotellaceae was associated with plasma metabolite change. These data demonstrated that HFD-induced gut flora dysbiosis was associated with plasma biomarker and plasma profile. Previous studies have also supported the claim that f_Lachnospiraceae and f_Rikenellaceae are related to glucose metabolism disorder and insulin resistance (Brown and Hazen, 2015; Brown and Hazen, 2018). Our results also showed that f_Lachnospiraceae and f_Rikenellaceae are associated with plasma metabolites including choline and branched chain amino acids (BCAAs). Previous studies have displayed that choline-derived trimethylamine oxide (TMAO) can stimulate the macrophages to engulf ox-LDL and enhance platelet hyperreactivity, ultimately promoting atherosclerosis progression. Elevated levels of BCAAs selectively disrupt mitochondrial pyruvate utilization and promote MS, whereas promoting BCAA catabolism or normalizing glucose utilization by overexpressing GLUT1 in the heart can rescue the metabolism disorder (Li et al., 2017).

HFD-induced microbiome dysbiosis is a major cause of butyrate reduction in the gut and is related to MS. Butyrate is a major metabolite from microbial fermentation in the gut (Duncan et al., 2002; Khan and Jena, 2015). As an important energy source for the intestinal epithelium and intestinal epithelial cells, butyrate not only can maintain physiological function but also can directly regulate gene expression and physiological process via inhibiting histone deacetylation (Perry et al., 2016; Menni et al., 2018). Although a probiotic supplement can increase the butyrate level, probiotics can occasionally cause detrimental metabolic activities or produce host deleterious metabolites and cause inappropriate immune responses and systemic infections (Daliri et al., 2018). Therefore, oral butyrate supplement is a better way to increase the butyrate level in the gut. In our study, we observed that oral sodium butyrate supplement could reduce HFD-induced glucose metabolites and insulin resistance, in agreement with previous studies (Si et al., 2018). However, we did not observe a significant effect of sodium butyrate on lipid metabolism in C57BL/6J mice.

AMPK is an important energy sensor in mammalian cells, and it can sense glucose via fructose-1,6-bisphosphate and aldolase. AMPK activation can increase glucose uptake, glycolysis, and mitochondrial biogenesis to improve glucose metabolism disorder and atherosclerosis (Kim et al., 2016). GLUT4 is a member of glucose transporter protein family and is expressed primarily in skeletal muscle and adipose tissue. The primary function of GLUT4 is insulin-induced glucose uptake (Lizunov et al., 2013; Salt and Hardie, 2017). AMPK activation increases GLUT4 transfer to the plasma membrane and facilitates glucose uptake. Meanwhile, AMPK activation can increase PGC-1 expression to elevate GLUT4 expression (Fulco and Sartorelli, 2008). Given the effect of sodium butyrate on glucose metabolism and insulin resistance, we measured the levels of p-AMPK and GLUT4 in the liver and adipose tissue from sodium butyrate-treated C57BL/6J mice. As expected, we observed an increase in p-AMPK and GLUT4 levels in adipose tissue.

Butyrate is mostly produced by intestinal endothelium, and the concentration of butyrate is about 1–3 μM in the blood (Kasubuchi et al., 2015); thus, a metabolite derived from the interaction between butyrate and host could be responsible for improving MS. Previous studies have indicated that butyrate can stimulate intestinal epithelial cells to secrete glucagon-like peptide 1, thus increasing insulin sensitivity (Yadav et al., 2013). In our study, we observed that butyrate could increase the levels of α-linolenate, all-trans-retinal, resolvin E1, and leukotriene. The differential metabolic pathways are abundant in resolvin E1 biosynthesis, histidine degradation, lipoxin biosynthesis, and leukotriene biosynthesis. Resolvin E1 is a specialized pro-resolving lipid mediator, and it is linked to metabolic dysregulation and the immune system in type 2 diabetes. Resolvin E1 can resist LPS and TNFα induction of ERV1 overexpression and diabetic overexpression activating phagocytosis and resolution signals in human neutrophils (Freire et al., 2017). Thus, butyrate-induced resolvin E1 biosynthesis could be a potential mechanism through which butyrate can reduce unexplained inflammation. Lipoxin can attenuate obesity-induced adipose inflammation and alter the adipose M1/M2 ratio, promoting HFD-induced MS (Borgeson et al., 2015). However, we did not find any studies on the effect of butyrate on resolvin E1 and lipoxin metabolism for improving MS. We speculated that butyrate-induced biosynthesis of resolvin E1 and lipoxin could be a new pathway through which butyrate can reduce unexplained  inflammation.

In conclusion, our study demonstrated that HFD increases the relative abundances of f_Lachnospiraceae, f_Rikenellaceae, and f_Paraprevotellaceae related to the levels of choline and BCAAs, which play a crucial role in the pathological process of atherosclerosis. Oral butyrate supplement could resist HFD-induced increase in f_Lachnospiraceae, f_Rikenellaceae, and f_Paraprevotellaceae. Meanwhile, oral butyrate supplement can regulate resolvin E1 biosynthesis, histidine degradation, lipoxin biosynthesis, and leukotriene biosynthesis, thus providing a new pathway through which butyrate can reduce unexplained inflammation related to CVD. Therefore, an oral supplement of the natural fermentation product butyrate can be a potential strategy for preventing CVD.
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Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of endothelial nitric oxide synthase (eNOS). ADMA is degraded by dimethylarginine dimethylaminohydrolase (DDAH). Elevated levels of ADMA lead to reduction in nitric oxide (NO) production, which is linked to endothelial dysfunction and atherosclerosis. Piper sarmentosum is an herb that has shown stimulation on endothelial NO production by increasing both expression and activity of eNOS. Thus, this study determined whether the positive effect of P. sarmentosum on NO production is related to its modulation on the DDAH–ADMA pathway in cultured human umbilical vein endothelial cells (HUVEC) exposed to tumor necrosis factor-α (TNF-α). HUVEC were divided into four groups: control, treatment with 250 µg/ml of aqueous extract of P. sarmentosum leaves (AEPS), treatment with 30 ng/ml of TNF-α, and concomitant treatment with AEPS and TNF-α for 24 h. After treatments, HUVEC were collected to measure DDAH1 messenger RNA (mRNA) expression using quantitative real-time polymerase chain reaction. DDAH1 protein level was measured using enzyme-linked immunosorbent assay (ELISA), and DDAH enzyme activity was measured using colorimetric assay. ADMA concentration was measured using ELISA, and NO level was measured using Griess assay. Compared to control, TNF-α-treated HUVEC showed reduction in DDAH1 mRNA expression (P < 0.05), DDAH1 protein level (P < 0.01), and DDAH activity (P < 0.05). Treatment with AEPS successfully increased DDAH1 mRNA expression (P < 0.05), DDAH1 protein level (P < 0.01), and DDAH activity (P < 0.05) in TNF-α-treated HUVEC. Treatment with TNF-α caused an increase in ADMA level (P < 0.01) and a decrease in endothelial NO production (P < 0.001). Whereas treatment with AEPS was able to reduce ADMA level (P < 0.01) and restore NO (P < 0.001) in TNF-α-treated HUVEC. The results suggested that AEPS promotes endothelial NO production by stimulating DDAH activity and thus reducing ADMA level in TNF-α-treated HUVEC.

Keywords: Piper sarmentosum, asymmetric dimethylarginine, dimethylarginine dimethylaminohydrolase, human umbilical vein endothelial cells, tumor necrosis factor-α, endothelial dysfunction

Introduction

Atherosclerotic cardiovascular disease is the leading cause of mortality worldwide (Benjamin et al., 2017). The earliest stage of atherosclerosis development is endothelial dysfunction that is associated with other cardiovascular risk factors such as hypertension, hypercholesterolemia, hyperhomocysteinemia, diabetes mellitus, obesity, and systemic inflammation, contributing to the pathogenesis of cardiovascular diseases (Su, 2015). Endothelial dysfunction is defined as the loss of the homeostatic mechanisms that operate in healthy endothelial cells. It is characterized by decreased bioavailability of nitric oxide (NO), which promotes vascular dysfunction and atherosclerosis progression (Su, 2015).

Endothelium-derived NO is synthesized by endothelial nitric oxide synthase (eNOS). NO acts as an endogenous anti-atherosclerotic molecule by inducing vasodilation (Sukhovershin et al., 2015) and inhibiting monocyte adhesion, smooth muscle cell proliferation, and platelet aggregation (Ishizaka et al., 2007). Decrease of NO leads to endothelial dysfunction and subsequently promotes atherosclerosis. Asymmetric dimethylarginine (ADMA) is a competitive inhibitor of eNOS, which reduces NO production. ADMA level was increased in individuals with hypercholesterolemia, hypertension, diabetes mellitus, and hyperhomocysteinemia, leading to increased risk of atherosclerosis (Jawalekar et al., 2013).

A small part of ADMA is excreted via the kidneys, while most ADMA is degraded by dimethylarginine dimethylaminohydrolase (DDAH) enzyme to dimethylamine and l-citrulline (Liu et al., 2016). Reduction in DDAH activity leads to an increase in ADMA, which in turn reduces eNOS activity and NO production (Czarnecka et al., 2017). Tumor necrosis factor-α (TNF-α) is a pro-inflammatory cytokine that reduces the expression and activity of eNOS. TNF-α also reduces DDAH activity and consequently increases ADMA level (Vairappan, 2015). There are two isoforms of DDAH, with DDAH1 predominantly found in the kidneys and brain while DDAH2 is present mainly in the kidneys and heart (Bulau et al., 2007). Several studies have identified the role of DDAH1 in ADMA degradation and NO synthesis while the physiological function of DDAH2 is still undetermined (Liu et al., 2016). Enzyme kinetics of these isoforms demonstrated a Vmax value of 356 and 4.8 nmol/mg/min for ADMA of DDAH1 and DDAH2, respectively. Thus, the apparent rate of ADMA degradation for DDAH1 is 70 times higher than that of DDAH2 (Pope et al., 2009). Based on these enzyme kinetics studies, DDAH1 is recognized as the principal ADMA metabolizing pathway in the endothelium. In addition, overexpression of DDAH1 was reported to reduce ADMA level in mice (Zhang et al., 2011). Hence, this study was focused mainly on DDAH1 expression.

Piper sarmentosum is an herbaceous plant that is widely used in Chinese traditional medicine to treat fever, cough, pleurisy, toothache, and dyspepsia. The vernacular names of P. sarmentosum vary among different countries such as daun kaduk in Malaysia, cha plu in Thailand, and qing ju in China. The plant easily grows in tropical and subtropical regions, especially in shady and moist areas (Chaveerach et al., 2008). Aqueous extract of P. sarmentosum (AEPS) leaves is rich in flavonoids and possesses numerous pharmacological properties such as anti-inflammatory, antioxidant, antibacterial, and anti-osteoporosis activities (Chan and Wong, 2014). AEPS leaves also reduced the formation of atherosclerosis in hypercholesterolemic rabbits (Adel et al., 2010). The extract was able to reduce blood pressure and increase serum nitric oxide in spontaneously hypertensive rats (Zainudin et al., 2015). Subacute toxicity study in rats showed that AEPS leaves was safe for consumption (Zainudin et al., 2013). In addition, AEPS leaves promoted the production of NO in human umbilical vein endothelial cells (HUVEC) by increasing both expression and activity of eNOS (Ugusman et al., 2010). Therefore, this study was conducted to determine whether the positive effect of P. sarmentosum on NO production is related to its modulation on the DDAH–ADMA pathway in HUVEC treated with TNF-α. We hypothesized that AEPS stimulated endothelial NO generation by increasing DDAH and decreasing ADMA, hence protecting against endothelial dysfunction and atherosclerosis.

Materials and Method

Preparation and Chemical Analysis of Aqueous Extract of P. sarmentosum

Fresh leaves of P. sarmentosum were purchased in one batch from Herbagus Sdn. Bhd., Penang, Malaysia, and only this batch was used throughout the study. The leaves were identified by plant taxonomists in Herbarium, Universiti Kebangsaan Malaysia (UKM) (specimen voucher number: UKMB40240). AEPS was prepared according to the previous method (Ugusman et al., 2010). Fresh P. sarmentosum leaves were rinsed with water, dried under sunlight, and blended into powder. Then, 100 g of the powder were immersed in 900 ml of Milli-Q water (1:10, w/v) in a reflux extractor machine. The extract was boiled at 80°C for 3 h, and the resulting solution was filtered and frozen at −80°C. Finally, the extract was freeze-dried and stored at 4°C. Liquid chromatography (LC)–mass spectrometry (MS) Orbitrap full-scan analysis was conducted to identify the compounds present in AEPS. LC–ultraviolet (UV) analysis was performed using the Accela™ ultrahigh-performance LC (UHPLC) system (Thermo Scientific, San Jose, USA) equipped a with quarternary pump, a build degasser, a photodiode array (PDA) detector, and an autosampler. The column used for the chromatographic separation was a Luna Kinetex Reversed Phase C18 column [2.6-µm particle size, 2.1- mm inner diameter (ID) × 150 mm]. The conditions consisted of a gradient elution using acetonitrile as mobile phase A and 0.1% formic acid as phase B at a flow rate of 200 µl/min over 40 min. The following gradient was applied: 0–20 min, 5% A; 20–30 min, 35% A; 30–35 min, 100% A; 35–35.01 min, 5% A, returning to 5% A in 5 min, with 10 µl of sample injected. The compounds eluted and separated were further analyzed with a linear trap quadrupole) LTQ Orbitrap mass spectrometer (Thermo Scientific, San Jose, USA) operating in a negative ion mode. The operating parameters were as follows: source accelerating voltage, 4.0 kV; capillary temperature, 350°C; sheath gas flow, 40 arb; auxiliary gas, 20 arb. Mass spectra were acquired with a scan range of 300–1,000 m/z. All data were processed with the Xcalibur™ 2.1 software (Thermo Scientific, San Jose, USA). LC–MS Orbitrap full-scan analysis identified a total of 19 compounds in AEPS (Figure 1). The compounds were characterized using retention times (Rt) and mass spectra, as provided by electrospray ionization (ESI)–MS (summarized in Table 1).
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Figure 1 | Total ion chromatogram of aqueous extract of P. sarmentosum leaves (AEPS). Peaks are identified with numbers according to the elution order (refer to Table 1).







	
Table 1 | Retention time (Rt) and mass spectra details for compounds identified in the negative mode of liquid chromatography (LC)–mass spectrometry (MS) Orbitrap full-scan analysis.





	
Peak


	
Rt (min)


	
m/z


	
Molecular weight


	
Molecular formula


	
Proposed compound





	
1


	
1.98


	
195.0503 (M-Na)


	
218.252


	
C13H14O3


	
2,2-Dimethyl-2H-1-benzopyran-6-carboxylic acid; methyl ester





	
2


	
2.61


	
191.01933 (M-H)


	
192.214


	
C11H12O3


	
1-Allyl-2-methoxy-4,5-methylenedioxybenzene/sarisan/asaricin





	
3


	
3.56


	
203.0820 (M-H)


	
204.35


	
C15H24


	
Sesquisabinene





	
4


	
5.16


	
315.0530 (M-H)


	
316.5


	
C21H32O2


	
1-(3,4-Methylenedioxyphenyl)-1E-tetradecene





	
5


	
6.18


	
341.0863 (M-H)


	
342.3


	
C15H18O9


	
1-O-Caffeoylgalactose





	
6


	
6.7


	
195.0504 (M-H)


	
196.202


	
C10H12O4


	
2′-Hydroxy-4′,6′-dimethoxyacetophenone





	
7


	
7.72


	
431.0965 (M-H)


	
432.38


	
C21H20O10


	
Vitexin





	
8


	
9.31


	
206.0816 (M-Na)


	
229.279


	
C14H15NO2


	
N-[3-(4-Methoxyphenyl)propanoyl]pyrrole





	
9


	
13.9


	
209.0812 (M-H)


	
210.229


	
C11H14O4


	
Kadsuketanone A





	
10


	
14.75


	
239.0918 (M-H)


	
240.255


	
C12H16O5


	
3,4,5-Trimethoxydihydrocinnamic acid





	
11


	
16.71


	
237.0761 (M-H)


	
238.239


	
C12H14O5


	
2,4,5-Trimethoxycinnamic acid





	
12


	
18.3


	
225.1125 (M-H)


	
226.275


	
C15H14O2


	
1-Phenylethanol; benzoyl





	
13


	
19.6


	
361.1851 (M-H)


	
362.381


	
C22H18O5


	
Isochamanetin





	
14


	
23.46


	
229.1441 (M-H)


	
230.348


	
C13H26O3


	
Sarmentol A





	
15


	
25


	
243.1595 (M-H)


	
244.331


	
C13H24O4


	
Sarmentoic acid





	
16


	
25.74


	
279.1568 (M-Na)


	
302.238


	
C15H10O7


	
Quercetin





	
17


	
26.86


	
271.1906 (M-H)


	
272.256


	
C15H12O5


	
Naringenin





	
18


	
27.83


	
293.2112 (M-Na)


	
316.5


	
C21H32O2


	
1-(3,4-Methylenedioxyphenyl)-1E-tetradecene; (E)-form





	
19


	
29.63


	
265.1471 (M-H)


	
266.293


	
C14H18O5


	
3,4-Dihydroxy-5-(3-methyl-2-butenyl)benzoic acid; 3′-isomer, 2′-hydroxy, ethyl ester









Isolation and Culture of HUVEC

HUVEC were isolated from human umbilical cords collected from the labor room of the Department of Obstetrics and Gynaecology, Hospital Kuala Lumpur. This study was approved by the Ethical Research Committee of Universiti Kebangsaan Malaysia Medical Centre and National Medical Research Registration (approval numbers: FF-2014-412 and NMRR-14-583-20729). Informed consent was obtained from all volunteers prior to delivery. HUVEC were isolated using collagenase infusion as described previously (Ugusman et al., 2010). The cells were cultured in endothelial cell medium (ECM) (ScienCell Research Laboratories, Inc., San Diego, CA) at 37°C in a humidified 5% CO2 incubator. The cells were not exposed to shear stress as the cell culture media did not fluctuate during the experiments and the cells were maintained in static conditions (Albuquerque et al., 2000). HUVEC were subcultured until they reached passage 3 at 80% confluency.

3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay for Determination of Cell Viability and Griess Assay for Determination of NO Level

Optimal dose of TNF-α was determined based on its effect on HUVEC viability and NO production. Briefly, 5 × 104 HUVEC per well were seeded in a 96-well plate and allowed to attach for 24 h. The cells were then exposed to 10 to 40 ng/ml of TNF-α for 24 h. MTT assay was used to measure the viability of HUVEC while Griess assay was used to measure NO level in the culture medium. MTT assay was done according to a previous method (Ugusman et al., 2012). Briefly, 200 µl of MTT solution was added to each well, and the mixture was incubated for 4 h. Subsequently, the supernatants were aspirated, and the purple formazan crystal formed in each well was dissolved in 200 µl of DMSO. The absorbance of each well was read at 570 nm. A nitrate/nitrite colorimetric assay kit (Sigma-Aldrich, USA) was used to measure NO level indirectly in the cell culture medium as described previously (Ugusman et al., 2010). The principle of this assay is based on the measurement of total nitrite in the sample whereby nitrate reductase was utilized for enzymatic reduction of nitrate to nitrite. Total nitrite was measured at 540- nm absorbance after adding Griess reagents. Even though Griess reaction is less sensitive to quantitate NO generation compared to the direct method, it is the most extensively used method to measure NO indirectly; this method is fast and cheap and has a strong literature background (Csonka et al., 2015).

HUVEC were exposed to 50–300 µg/ml of AEPS for 24 h, and cell viability was measured using MTT assay to assess the extract’s cytotoxicity effect. In order to determine the optimal dose of AEPS for subsequent experiments, HUVEC were treated concomitantly with 30 ng/ml of TNF-α and three different concentrations of AEPS (150, 250, and 300 µg/ml) for 24 h. AEPS at these concentrations was used as it had shown potent antioxidant effects in a previous study (Hafizah et al., 2010). Subsequently, HUVEC viability and NO production were measured using MTT assay and Griess assay, respectively.

Experimental Protocol

HUVEC at 1 × 105 cell density were seeded onto six-well tissue culture plates and allowed to grow until it reached 80% confluency. The cells were then divided into four groups: control, treatment with 250 µg/ml of AEPS, treatment with 30 ng/ml of TNF-α, and concomitant treatment with 250 µg/ml of AEPS and 30 ng/ml of TNF-α for 24 h. The dose of TNF-α (30 ng/ml) was chosen as it was the first dose that significantly reduced HUVEC viability and NO production. As for AEPS, 250 µg/ml of AEPS was used as it significantly increased HUVEC viability and NO production when exposed to 30 ng/ml of TNF-α.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) for Measurement of DDAH1 mRNA Expression

Extraction of RNA was done using TRI reagent (Molecular Research Center, Cincinnati, Ohio) as described previously (Ugusman et al., 2011). Following RNA extraction, cDNA synthesis was carried out using SuperScript® III First-Strand Synthesis SuperMix for qRT-PCR kit (Invitrogen, Carlsbad, USA). Master mixes containing SYBR® Select Master Mix (BIO-RAD Laboratories, Hercules, USA), cDNA samples, RNase- and DNase-free distilled water, and forward and reverse primers were prepared and pipetted into the PCR plate. Specific forward and reverse primers were used as follows: DDAH1 (GenBank accession no. BC_033680), forward: 5′-ggacaaatcaacgaggtgct-3′, reverse: 5′-tagcggtggtcactcatctg-3′; and GAPDH (GenBank accession no. NM_002046), forward: 5′-tccctgagctgaacgggaag-3′, reverse: 5′-ggaggagtgggtgtcgctgt-3′. The reaction was conducted at initial denaturing at 95°C for 3 min; then involved 40 cycles of 61°C for 30 s, 95°C for 1 min, 55°C for 1 min, 70 cycles of 60°C for 10 s; and terminated by a cooling step at 4°C. Each experiment was performed in duplicate. The specificity of the PCRs was verified by analysis of melting curves and 1.5% agarose gel electrophoresis. The threshold cycle (CT) value was determined, and the relative mRNA expression of DDAH was analyzed as follows:

[image: ]

[image: ]

ELISA for Measurement of DDAH1 Protein Level

DDAH1 protein level in HUVEC was measured using a human DDAH1 ELISA kit (Cloud-Clone Corp., USA) according to the manufacturer’s instructions. Briefly, 100 µl of HUVEC lysates was added into the plate and incubated for 2 h at 37°C. After incubation, liquid from each well was aspirated, and biotin-conjugated antibody specific to DDAH 1 was added. After washing, avidin conjugated to horseradish peroxidase (HRP) was added followed by 3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution. Optical density (OD) of the wells was measured at 450 nm using a spectrophotometer.

Colorimetric Assay for Measurement of DDAH Enzyme Activity

The activity of DDAH was determined based on a previous method (Prescott and Jones, 1969). The principle of this assay was based on the measurement of l-citrulline produced by DDAH from ADMA degradation in the sample in a timed reaction. Serially diluted l-citrulline standard of different concentrations from 0 to 100 mM was prepared. HUVEC lysates were centrifuged at 3,000 g for 10 min, and the supernatant was collected. Then, 250 µl of 20% sulfuric acid solution containing 0.5% w/v antipyrine and 250 µl of 5% acetic acid solution containing 0.8% w/v diacetyl monoxime were mixed. Subsequently, 100 µl of the mixture was added to each sample. The mixtures were incubated in a shaker incubator at 60°C for 110 min in a dark state before the absorbance was measured at 466 nm. Concentration of l-citrulline in the sample was calculated based on the standard curve. Total protein concentration in the samples was determined using Bradford assay (Bradford, 1976). DDAH enzyme activity is calculated based on the following formula:
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ELISA for Measurement of ADMA Concentration

ADMA concentration in HUVEC was determined using a human ADMA ELISA kit (Cloud-Clone Corp., USA) according to the manufacturer’s instructions. HUVEC lysate and biotin-labeled ADMA were added into their respective wells. The mixture was mixed and incubated for an hour at 37°C. After incubation, liquid was aspirated and washed. Then, avidin conjugated to HRP was added to each well and incubated for 30 min at 37°C. The processes of aspiration and washing were repeated. After the last wash, TMB substrate solution and sulfuric acid were added. OD of each well was measured at 450 nm using a spectrophotometer.

Statistical Analysis

Data were analyzed using SPSS version 21.0 software. The Kolmogorov–Smirnov test was used to measure the normality of the data. Then, the data were analyzed using one-way ANOVA and post hoc Tukey test. The data were presented as mean ± standard error for the mean (SEM). Differences were considered significant at P < 0.05.

Results

AEPS Protected Against TNF-α-Induced Cytotoxicity

Exposure to varied concentrations of AEPS up to 300 μg/ml did not cause noticeable toxicity to HUVEC whose viability was 80% and above (Figure 2A). Treatment with different TNF-α concentrations ranging from 10 to 40 ng/ml induced cell death and reduced NO level in a dose-dependent manner with 30 and 40 ng/ml of TNF-α causing significant reduction in HUVEC viability (P < 0.05) and NO level (P < 0.05) (Figures 2B, C). Thus, 30 ng/ml of TNF-α as the first dose causing significant reduction in HUVEC viability and NO level was selected for subsequent experiments. In the presence of AEPS, TNF-α-induced cytotoxicity was significantly reduced, as determined by MTT (Figure 2D) and Griess (Figure 2E) assays, as well as cell density and morphological examination (Figure 2F). Treatment of TNF-α-induced HUVEC with 150, 250, and 300 μg/ml of AEPS also successfully increased HUVEC viability (P < 0.05) (Figure 2D). However, there was no significant difference in cell viability between these three doses of AEPS. In addition, Griess assay showed that treatment of TNF-α-induced HUVEC with 150, 250, and 300 μg/ml of AEPS increased NO production by HUVEC (P < 0.05) (Figure 2E). AEPS concentrations of 250 and 300 μg/ml stimulated more NO production compared to 150 μg/ml of AEPS (P < 0.05). However, there was no significant difference in the NO level between 250 and 300 μg/ml of AEPS. Based on the effects of AEPS on cell viability and NO production, 250 μg/ml of AEPS was selected as the dose for subsequent experiments. HUVEC exposed to 250 μg/ml of AEPS showed a normal cobblestone appearance and had a similar density as the control group (Figure 2F). TNF-α induced HUVEC had a striated appearance with less cell density compared to control. Treatment of TNF-α-induced HUVEC with AEPS improved the density, and the cells retained the cobblestone appearance.
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Figure 2 | Protective effect of aqueous extract of P. sarmentosum leaves (AEPS) against tumor necrosis factor (TNF)-α-induced toxicity in human umbilical vein endothelial cells (HUVEC). Toxicity of AEPS in HUVEC was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay after treatment with 50–300 μg/ ml of AEPS for 24 h (A). Cells were exposed to 10–40 ng/ml TNF-α for 24 h, cell viability was measured by MTT assay (B), and NO level was measured by Griess assay (C). In addition, HUVEC were treated with 30 ng/ml of TNF-α in combination with different concentrations of AEPS (150, 250, and 300 μg/ ml) for 24 h, and then cell viability (D) and NO level (E) were measured. Cell density and morphology were observed under microscope at 100× magnification (F). All data are shown as the mean ± SEM of at least three independent experiments (*P < 0.05 compared with the control group, #P < 0.05 compared with the TNF-α group, $P < 0.05 compared with the group treated with 150 μg/ml of AEPS).



DDAH1 mRNA Expression in HUVEC

There was no significant difference in DDAH1 mRNA expression for the AEPS group compared to the control group (P = 0.061) (Figure 3). TNF-α decreased DDAH1 mRNA expression by 0.52-fold compared to control (P = 0.011). Treatment of TNF-α-induced HUVEC with AEPS increased DDAH1 mRNA expression by 0.47-fold compared to the TNF-α group (P = 0.033).
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Figure 3 | DDAH1 messenger RNA (mRNA) expression in human umbilical vein endothelial cells (HUVEC). Data shown as mean ± SEM, n = 6 [*P < 0.05 compared with the control group, #P < 0.05 compared with tumor necrosis factor (TNF)-α group].



DDAH1 Protein Level in HUVEC

AEPS increased DDAH1 protein level compared to control (P = 0.001) (Figure 4). TNF-α decreased DDAH1 protein level in HUVEC compared to control (P = 0.004). Treatment of TNF-α-induced HUVEC with AEPS increased DDAH1 protein level compared to the TNF-α group (P = 0.002).
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Figure 4 | DDAH1 protein level in human umbilical vein endothelial cells (HUVEC). Data shown as mean ± SEM, n = 6 [**P < 0.01 compared with the control group, ##P < 0.01 compared with the tumor necrosis factor (TNF)-α group].



DDAH Enzyme Activity in HUVEC

AEPS induced DDAH activity compared with control (P = 0.023) (Figure 5). TNF-α caused a reduction in DDAH activity compared to control (P = 0.016). Treatment of TNF-α-induced HUVEC with AEPS increased DDAH activity compared to the TNF-α group (P = 0.039).
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Figure 5 | Dimethylarginine dimethylaminohydrolase (DDAH) enzyme activity in human umbilical vein endothelial cells (HUVEC). Data shown as mean ± SEM, n = 6 [*P < 0.05 compared with the control group, #P < 0.05 compared with the tumor necrosis factor (TNF)-α group].



ADMA Concentration in HUVEC

There was no significant difference in ADMA level between the AEPS and control groups (P = 0.076) (Figure 6). Treatment of HUVEC with TNF-α resulted in an increase in ADMA compared to control (P = 0.0008). Treatment of TNF-α-induced HUVEC with AEPS successfully reduced ADMA concentration compared to the TNF-α group (P = 0.001).
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Figure 6 | Asymmetric dimethylarginine (ADMA) concentration in human umbilical vein endothelial cells (HUVEC). Data shown as mean ± SEM, n = 6 [**P < 0.01 compared with THE control group, ##P < 0.01 compared with the tumor necrosis factor (TNF)-α group].



NO Production in HUVEC

There was a significant increase in NO level produced by HUVEC treated with AEPS compared to the control group (P = 0.0001) (Figure 7). HUVEC induced by TNF-α showed a decrease in NO level compared to control (P = 0.0007). On the other hand, treatment of TNF-α-induced HUVEC with AEPS promoted NO production compared to the TNF-α group (P = 0.0001).
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Figure 7 | Nitric oxide level in human umbilical vein endothelial cells (HUVEC). Data shown as mean ± SEM, n = 6 [***P < 0.001 compared with the control group, ###P < 0.001 compared with the tumor necrosis factor (TNF)-α group].



Discussion

The main findings from this study were AEPS stimulated DDAH activity, thus decreasing ADMA level and increasing NO production in TNF-α-treated HUVEC. The results showed that TNF-α decreased DDAH1 mRNA expression compared to control. This is in accordance with a previous study whereby mRNA expression of DDAH1 is decreased in HUVEC treated with TNF-α or oxidized low-density lipoprotein (ox-LDL) (Ito et al., 1999). Induction with TNF-α also caused reduction in DDAH1 protein level and DDAH activity. This study was in conformity with the previous study whereby 250 U/mol of TNF-α reduced 60% of DDAH activity in endothelial cells (Vairappan et al., 2009). AEPS was able to increase DDAH1 mRNA expression in HUVEC treated with TNF-α. AEPS increased DDAH1 mRNA expression, causing more DDAH1 protein to be synthesized and DDAH activity to be increased. AEPS was reported to have anti-inflammatory action whereby it suppressed nuclear factor-κβ (NF-κβ) activation and cellular adhesion molecule expression in HUVEC treated with TNF-α (Ismail et al., 2018). Anti-TNF therapy resulted in reduced NF-κβ-driven inflammation and improved DDAH and eNOS expression in cirrhotic rats (Balasubramanian et al., 2017). Therefore, in this study, the anti-inflammatory activity of AEPS could be a factor contributing to improved DDAH activity in TNF-α-induced HUVEC.

Since DDAH plays an important role in degrading ADMA, reduction in DDAH activity leads to an increase in ADMA, which in turn reduces eNOS activity and NO production. High ADMA concentration in the plasma is a risk factor for development of atherosclerosis and cardiovascular diseases (Jawalekar et al., 2013). This study showed that treatment of HUVEC with TNF-α for 24 h caused an increase in ADMA level. A previous study showed that TNF-α-treated HUVEC had higher level of ADMA after 24 and 48 h of incubation (Eid et al., 2007). Another in vitro study reported that HUVEC exposed to TNF-α for 48 h showed eight times increase in ADMA level (Ito et al., 1999) and DDAH activity decreased to 60% of baseline value.

Based on previous studies, intracellular DDAH plays an important role in controlling ADMA concentrations (Vairappan et al., 2009). Endothelial cells exposed to S-2-amino-4(3-methylguanidino) butanoic acid had reduced DDAH activity and increased ADMA formation (MacAllister et al., 1996). Similarly, in another study, exposure of endothelial cells to TNF-α caused a reduction in DDAH activity that leads to accumulation of intracellular ADMA (Eid et al., 2007). Treatment of TNF-α-induced HUVEC with AEPS successfully decreased ADMA level. Since AEPS stimulates DDAH activity, more ADMA will be degraded to l-citrulline and dimethylamine, thus decreasing ADMA level. On the other hand, there are several therapeutic ways to reduce ADMA. Previous studies have reported that l-arginine supplementation enhances endothelial function in hypercholesterolemic rabbits by reducing ADMA (Brinkmann et al., 2015). A clinical study on patients with rheumatoid arthritis showed a significant reduction in ADMA after 3 months of treatment with TNF-α inhibitors by increasing endothelial progenitor cells (Spinelli et al., 2013).

Endothelial NO is mainly synthesized by eNOS from l-arginine. Treatment of HUVEC with TNF-α reduced NO production. By inhibiting DDAH activity, TNF-α reduces ADMA degradation. ADMA inhibits eNOS competitively, thus reducing NO synthesis (Czarnecka et al., 2017). Furthermore, TNF-α reduces eNOS mRNA expression and the stability of eNOS mRNA, resulting in further reduction of NO production in HUVEC (Guijun et al., 2008). Treatment of TNF-α-induced HUVEC with AEPS promoted NO production. Since AEPS was able to stimulate DDAH activity, less ADMA was available to inhibit eNOS. This resulted in the increase in NO level. The results were in accordance with previous study whereby AEPS leaves stimulated eNOS activity and NO production in HUVEC (Ugusman et al., 2010).

The results also showed that AEPS promoted NO generation in both the absence and presence of TNF-α. In an earlier study, AEPS leaves had been shown to stimulate NO production in the absence and presence of hydrogen peroxide (H2O2) (Ugusman et al., 2010). Even in baseline culture condition without H2O2 treatment, AEPS alone was able to increase eNOS mRNA expression, eNOS protein level, and eNOS activity in HUVEC. This resulted in increased NO production by the cells (Ugusman et al., 2010). In this study, at baseline condition, AEPS alone promoted NO generation together with increased DDAH protein level and activity. Increased DDAH activity caused ADMA level to be maintained at a low baseline level, hence promoting eNOS activity and NO production. This result suggested that AEPS improved endothelial function by augmenting endothelial NO production in both healthy and diseased states.

Antioxidants are known to enhance NO by scavenging reactive oxygen species (ROS), hence protecting NO against oxidative destruction by ROS (Ignarro et al., 2006). As AEPS has an antioxidant effect, there may be a possibility that the increase in NO in this study is contributed by its ROS scavenging action too. However, this factor is beyond the scope of our study. It will be interesting to look at this factor in future experiments.

LC–MS Orbitrap full-scan analysis of AEPS leaves used in this study showed the presence of flavonoids such as naringenin, quercetin, and vitexin. Naringenin had been shown to stimulate eNOS and NO in endothelial cells exposed to high glucose (Qin et al., 2016). Quercetin caused an increase in plasma NO and eNOS activity in vascular tissues of hypertensive rats (Yamamoto and Oue, 2006). Besides, quercetin increased DDAH activity and decreased ADMA concentration in rat’s liver (Trocha et al., 2012). Consumption of biscuits containing bioactive complex of quercetin, selenium, catechins, and curcumin reduced ADMA level in the plasma of healthy men (Madaric et al., 2013). Quercetin also inhibited ADMA-induced apoptosis in glomerular endothelial cells (Guo et al., 2014).

However, to date, there is no study done on the effect of vitexin on the DDAH–ADMA–NO pathway yet. Nevertheless, vitexin was proven to promote cell viability, suppressed apoptosis and reduced oxidative stress in HUVEC treated with ox-LDL (Zhang et al., 2017). Besides, vitexin inhibited overexpression of pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α, and cellular adhesion molecules in ox-LDL-induced HUVEC by activating 5′-adenosine monophosphate-activated protein kinase (AMPK) signaling (Zhang et al., 2017). In lipopolysaccharide (LPS)-activated RAW 264.7 cells, vitexin was able to reduce pro-inflammatory mediators by inhibiting the expression of transcriptional factors such as p-p38, p-ERK1/2, and p-JNK (Rosa et al., 2016). Since anti-TNF therapy resulted in reduced inflammation and improved DDAH expression in rats (Balasubramanian et al., 2017), the anti-inflammatory activity of vitexin could also be a contributing factor to the effects of AEPS on DDAH activity in this study.

Previous phytochemical analysis showed that P. sarmentosum contains other active compounds such as rutin, vitamin E, carotenes, tannins, and xanthophyll (Miean and Mohamed, 2001). An in vivo study on ischemia/reperfusion rat models reported that rutin stimulated the DDAH/NOS pathway by upregulating both eNOS and DDAH1 expression (Lanteri et al., 2007). Besides, high-dose vitamin E supplementation potentially reduced ADMA level in patients with chronic renal insufficiency by improving DDAH activity and NO bioavailability (Jiang et al., 2002). In a Japanese population, high serum carotenoid levels such as α-carotene and β-carotene were linked to low ADMA level (Watarai et al., 2014). As this study used crude extract of P. sarmentosum and not its purified active compound, this study was unable to identify the specific component of the extract that mediated the observed effects. However, it is suggested that the effects were likely due to the active compounds mentioned above.

Study Limitations

This study did not evaluate the detailed intracellular signaling pathway by which AEPS acts on the endothelial cells. Besides, the present study did not consider the possibility of the results to be related to the reduction of oxidative stress by the antioxidant effect of AEPS. Further studies incorporating endothelial response to shear stress as well as functional studies should be performed in order to extrapolate the findings from this in vitro study to what is observed physiologically.

Conclusion

The present study shows that AEPS promotes endothelial NO production by stimulating DDAH activity and thus decreases ADMA level in TNF-α-induced HUVEC. Based on the vasoprotective and anti-atherosclerotic effects of endothelial NO, AEPS has the potential to reduce the risk of endothelial dysfunction and atherosclerosis. However, further studies using isolated bioactive components from AEPS are required in order to support the therapeutic potential of AEPS for endothelial dysfunction and atherosclerosis.
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Objective: The aim of this study was to determine whether Si-Miao-Yong-An decoction (SMYAD) could ameliorate pressure overload-induced heart hypertrophy and its mechanisms.

Methods: C57BL/6 mice were subjected to either sham or transverse aortic constriction (TAC) surgery to induce heart hypertrophy. SMYAD (14.85 g/kg/day, ig) or captopril (16.5 mg/kg/day, ig) was administered to the mice for 4 weeks. Cardiac function was evaluated based on echocardiography. Heart hypertrophy was detected using hematoxylin and eosin or wheat germ agglutinin staining. Protein expression of CD41, CD61, and P-selectin were measured with Western blot and immunohistochemistry. The expression levels of atrial natriuretic peptide, brain natriuretic peptide, β-myosin heavy chain, β-thromboglobulin, and von Willebrand factor were evaluated by quantitative polymerase chain reaction.

Results: Four weeks after TAC, mice developed exaggerated cardiac hypertrophy and demonstrated a strong decrease in left ventricular ejection fraction compared with sham (29.9 ± 9.3% versus 66.0 ± 9.9%; P < 0.001). Conversely, SMYAD improved cardiac dysfunction with preserved left ventricular ejection fraction (66.5 ± 17.2%; P < 0.001). Shortening fraction was increased by SMYAD, while the left ventricular internal diameter and left ventricular volume were decreased in SMYAD group. SMYAD treatment significantly attenuated cardiac hypertrophy as reflected by the inhibition of atrial natriuretic peptide, brain natriuretic peptide, β-myosin heavy chain mRNA expression, and by the decreasing of cardiac myocyte cross-sectional area. Furthermore, Western blot and immunohistochemistry indicated that the protein expression of platelet aggregation markers (CD41 and CD61) and platelet activation marker (P-selectin) were significantly higher in model mice compared with control. These pathological alterations in TAC-induced mice were significantly ameliorated or blocked by SMYAD administration.

Conclusions: Our results suggested that SMYAD exerted its effect by inhibiting platelet aggregation and activation as revealed by CD41/CD61/P-selectin downregulation. Inhibition the activation of the platelets might contribute to the therapeutic effect of SMYAD in failing heart.

Keywords: Si-Miao-Yong-An decoction, cardiac hypertrophy, heart failure, platelet activation, transverse aortic constriction

Introduction

Cardiac hypertrophy is a common pathophysiological component of cardiac remodeling in many kinds of cardiovascular diseases, such as valvular heart disease, hypertension, and hypertrophic cardiomyopathy (Pillai et al., 2015). This process is usually considered to be a compensatory response of the heart to an increased hemodynamic load, which could cause contractile depression, ventricular dilatation, interstitial cardiac fibrosis, and eventually heart failure (HF) (Ooi et al., 2015). Studies have shown that platelet activation played a critical role in several cardiovascular diseases, such as HF (Schafer et al., 2003), coronary artery disease (George et al., 2016), and atrial fibrillation (Lim et al., 2014). Platelet activation is followed by platelet adhesion that is characterized by expression of variety of glycoproteins on platelet surface. In platelet-related thrombogenesis, platelets adhere to injured endothelium undergoing a conformational transition followed by activation and degranulation. This activation results in the combination of fibrinogen with the platelet surface receptors and consequently leading to thrombus formation (Santhakumar et al., 2015), thereby leading to coronary artery disease and HF.

Si-Miao-Yong-An decoction (SMYAD) is a traditional Chinese medicine formula, which consists of Lonicerae Japonicae Flos (Jinyinhua), Scrophulariae Radix (Xuanshen), Angelica Sinensis Radix (Danggui), and Glycyrrhizae Radix et Rhizoma (Gancao). SMYAD was reported to reduce the atherosclerosis plaque area, promote the recruitment of vasa vasorum pericytes, and stabilize atherosclerosis vulnerable plaques in ApoE-/- mice (Qi et al., 2019). SMYAD has also been verified to ameliorate the stability of atherosclerotic plaque by lowering blood lipid in rabbit model (Peng et al., 2012). The formula was also reported to have anti-inflammatory and anti-oxidation properties (Wang and Tian, 2014). We previously demonstrated that SMYAD promoted isoprenaline-induced HF through antioxidant effects (Ren et al., 2019). However, the role of SMYAD in pressure overload-induced cardiac hypertrophy has yet not been explored.

In this study, we found that SMYAD attenuated pressure overload-induced cardiac dysfunction through inhibiting platelet aggregation and activation, suggesting SMYAD as a promising therapeutic agent for adverse cardiac remodeling.

Materials and Methods

Animals

All the animal experiments were performed in accordance with the “Guide for the Care and Use of Laboratory Animals” by the National Institutes of Health. This study was approved by the Animal Research Ethics Committee of Beijing University of Chinese Medicine (BUCM-4-2018090701-3019). All studies were conducted in line with the approval of the Animal Care Committee of Beijing University of Chinese Medicine. Male C57BL/6 mice, weighing 20–22 g, were obtained from Vital River (Beijing, China, License number: SCXK 2016-0006) and maintained on a 12:12-hour light–dark cycle with free ad libitum access to food and water for a 1-week acclimatization period.

Sample Preparation and Constituents Identification of Si-Miao-Yong-An Decoction

SMYAD was provided by School of Chinese Materia Medica, Beijing University of Chinese Medicine. Lonicerae Japonicae Flos, Scrophulariae Radix, Angelica Sinensis Radix, and Glycyrrhizae Radix et Rhizoma were obtained from Anguo Wanlian Chinese Medicine Yinpian Co. Ltd (Hebei, China) and identified by Professor Yuan Zhang. Detailed information of the drug materials and the scan of the vouchers were given in Supplementary Table 1. The voucher specimens were deposited in School of Chinese Materia Medica, Beijing University of Chinese Medicine. The SMYAD was prepared with Lonicerae Japonicae Flos, Scrophulariae Radix, Angelica Sinensis Radix, and Glycyrrhizae Radix et Rhizoma at a weight ratio of 3:3:2:1 according to the ancient documents. The herbs were extracted twice by refluxing with 10 times of water (volume/weight) for 2 h each time. Then, the extracted solution was filtered. The filtered extracts were mixed together and then concentrated to the relative density for 1.5 g/ml.

The high-performance liquid chromatography characteristic chromatogram of SMYAD has been previously established and used for its quality control (Li et al., 2018). On the basis of macroporous adsorption resin column chromatography, nuclear magnetic resonance, and mass spectrometry (MS), we have isolated and identified 22 compounds from SMYAD, which were 5(S)-5-carboxystrictosidine (1), harpagoside (2), geniposide (3), glycyrrhetinic acid (4), glycyrrhizic acid (5), hyperoside (6), liquiritin (7), isoliquiritoside (8), liquiritigenin (9), isoliquiritigenin (10), luteolin (11), quercetin (12), 2-(3-hydroxy-4-methoxyphenyl)ethyl O-α-arabinopyranosyl-(1→6)-O-α- rhamnopyranosyl-(1→3)-O-β-glucopyranoside (13), angoroside C (14), acteoside (15), cinnamic acid (16), ferulic acid (17), (E)-aldosecologanin (18), protocatechuic acid (19), stigmasterol (20), hentriacontanol (21), and daucosterol (22), and 13 compounds were isolated from SMYAD for the first time (Liu et al., 2018).

To further investigate the pharmacokinetic change of SMYAD, we explored the absorbed constituents of water extract of SMYAD in rat plasma using liquid chromatography–MS-ion trap–time of flight method. As a result, 14 compounds were preliminary identified, of which 10 compounds were prototypes of SMYAD, and four were metabolites (Chi et al., 2016). In addition, seven major active ingredients of SMYAD extract (i.e., harpagide, chlorogenic acid, sweroside, loganin, liquiritin, angoroside C, harpagoside) in rat plasma were detected simultaneously by a sensitive ultra-performance liquid chromatography–tandem mass spectrometry method (Liu et al., 2017a).

Reagents

Captopril was obtained from Beijing Jingfeng Pharmaceutical Group Co. Ltd. (Drug Production Approval Number H20084569). Pentobarbital sodium was purchased from Sigma (St. Louis, USA).

Groups and Treatment

Mice were randomly assigned to four groups: sham with vehicle (sham), TAC with vehicle (TAC), TAC with captopril (TAC + captopril), and TAC with SMYAD (TAC + SMYAD). Mice in the latter three groups underwent TAC surgery. On day 3 post-surgery, SMYAD was administered at a dose of 14.85 g/kg/day via oral gavage administration for 28 days. Captopril, which was used as a positive control, was administered intragastrically at a dose of 16.5 mg/kg/day for 28 days. The sham and TAC groups were fed intragastrically with equal volumes of double distilled water once daily for 4 weeks.

Transverse Aortic Constriction

Mice were subjected to TAC-induced pressure overload as previously described (Ren et al., 2018). Briefly, the mice were anesthetized with 0.5% pentobarbital sodium (50 mg/kg), then they were orally intubated and placed on a ventilator to maintain respiration. TAC was created using a 6-0 suture banded between the carotid arteries over a 26-gauge needle. The needle was immediately removed after ligation. Sham group animals underwent the carotid arteries separation procedure but without aortic ligation.

Echocardiography

Four weeks after the TAC surgery, the cardiac function was assessed by the Vevo2100 imaging system (VisualSonics, Canada). Echocardiography was performed with a 30-MHz linear transducer probe (MS500). Images were captured in M-mode using pulse-wave Doppler and tissue Doppler imaging. Offline image analyses were performed using dedicated Visual Sonics Vevo2100 1.6.0 software.

Histochemical and Immunohistochemical Analyses

The hearts were fixed in 4% paraformaldehyde, embedded in paraffin, and then stained with hematoxylin and eosin (HE). Pictures were acquired by Aperio VERSA scanning system (Leica Biosystems Richmond, Inc.). For immunohistochemistry, the slides were incubated with primary antibodies against CD41 (Glycoprotein IIb) (1:100, Abcam, ab33661, UK), CD61 (Glycoprotein IIIa) (1:100, Abcam, ab210515, UK), P-selectin (1:100, Abcam, ab54427, UK) overnight at 4°C. After the slides were washed with phosphate-buffered saline, they were incubated with the corresponding secondary antibodies for 1 h at 37°C. Photomicrographs of stained sections were digitalized and analyzed by an automated image analysis system (Image-Pro Plus 6.0 software, Media Cybernetics, Silver Spring, USA).

Immunofluorescent Staining

Immunofluorescent staining was performed using fluorescein isothiocyanate-conjugated wheat germ agglutinin (WGA) (1:200, Sigma-Aldrich, L4895, USA), and cell nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (ZLI-9557, ZSGB-BIO, China). For determination of cardiac myocyte cross-sectional areas, 6-µm thick paraffin-embedded sections were stained for membranes with WGA for 30 min and then sealed with DAPI. Images were taken from areas of transversely cut muscle fibers by microscopy under a 400× field.

Quantitative Polymerase Chain Reaction

SYBR Green quantitative polymerase chain reaction was performed with Bio-Rad CFX96 Real-Time System. Target-specific primers were designed, and their sequences are listed later (each gene symbol is followed by the forward and reverse primers). Forward and reverse primers, complementary DNA template, and the FastStart universal SYBR Green Master Mix (Roche, USA) were mixed to a final volume of 20 μl. The following programm was used: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.

β-actin mouse: F:GGCTGTATTCCCCTCCATCG, R:CCAGTTGGTAACAATGCCATGT;

ANP mouse: F: GCTTCCAGGCCATATTGGAG, R: GGGGGCATGACCTCATCTT;

BNP mouse: F: GAGGTCACTCCTATCCTCTGG, R: GCCATTTCCTCCGACTTTTCTC;

β-MHC mouse: F: ACTGTCAACACTAAGAGGGTCA, R: TTGGATGATTTGATCTTCCAGGG;

β-TG mouse: F: CTCAGACCTACATCGTCCTGC, R: GTGGCTATCACTTCCACATCAG;

vWF mouse: F: GCTGGCATGGAATATAAGGAGTG, R: CCAAGCCTACCTGGGCATT.

Western Blot Analysis

Total protein from heart tissues was extracted using radioimmunoprecipitation assay lysis buffer, and protein concentrations were evaluated using bicinchoninic acid protein assay kit (Applygen, China). The protein was separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis and then transferred onto polyvinylidene difluoride membranes using a wet transfer apparatus (Bio-Rad, USA). The membranes were blocked in 5% nonfat milk incubated with dilutions of anti-CD41 (1:1,000, Proteintech, 24552-1-AP, China), anti-CD62P (1:1,000, Abcam, ab54427, UK), and anti-CD61 (1:1,000, Abcam, ab210515, UK) antibodies overnight at 4°C. The membranes were then incubated for 1 h at room temperature with secondary antibodies (1:5,000, BioDee Biotechnology, DE0601 and DE0602, China). The membranes were detected using an ECL Western-blotting Detection Reagent kit (catalogue RPN2106, GE Healthcare USA), with the LAS-3000 detection system. Protein levels were analyzed using Image Lab software.

Statistical Analysis

The statistical analysis was performed using SPSS 22.0 statistical software (IBM, Armonk, NY), and the results were presented as mean ± standard error of the mean. Differences between groups were compared by one-way analysis of variance. P < 0.05 was considered statistically significant.

Results

Si-Miao-Yong-An Decoction Ameliorated Transverse Aortic Constriction-Induced Cardiac Dysfunction

To investigate the effect of SMYAD on the cardiac function, transthoracic echocardiography was performed on the day before the animals were sacrificed (Figure 1B). As previously described, the aortic blood flow rate at the constriction point was greater than 2,400 mm/s in TAC-proceeded mice, whereas in the sham group, it was less than 900 mm/s (Figure 1A) (Ren et al., 2018). According to echocardiographic evaluation, left ventricular ejection fraction and left ventricular fractional shortening in the TAC group were markedly decreased as compared with those in the sham group, but these two parameters were significantly improved in the TAC + SMYAD group as compared with those in the TAC group (Figure 1C). In addition, TAC mice displayed a remarkable increase in left ventricular internal diameter (LVID) compared with the sham-operated mice (P < 0.05 and P < 0.001 for LVID; d and LVID; s, respectively). In contrast, SMYAD administration effectively reduced the TAC-induced increase in LVID; d and LVID; s by 17.7% (P < 0.05) and 34.4% (P < 0.01), respectively. Left ventricular volume at end systole (LV Vol; s) was increased after 4 weeks of pressure overload (P < 0.001), and SMYAD administration prevented the TAC-induced decrease in LV Vol; s (P < 0.001) (Figure 1C).
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Figure 1 | SMYAD improved cardiac dysfunction 4 weeks after TAC. (A) Illustrating the transthoracic echo Doppler findings of velocity of blood ﬂow in ascending aorta after TAC procedure. The aortic blood flow rate at the constriction point was greater than 2,400 mm/s in TAC-proceeded mice, while less than 900 mm/s in the sham group. (B) Representative M-Mode images. (C) Echocardiographic parameter analysis. EF, left ventricular ejection fraction; FS, left ventricular fractional shortening; LVID; d, left ventricular internal diameter at end diastole; LVID; s, left ventricular internal diameter at end systole; LV Vol; d, left ventricular volume at end diastole; LV Vol; s, left ventricular volume at end systole. Sham (n = 12), TAC (n = 8), TAC + captopril (n = 7), TAC + SMYAD (n = 9). ###P < 0.001 compared with sham, #P < 0.05 compared with sham; ***P < 0.001 compared with TAC, **P < 0.01 compared with TAC, *P < 0.05 compared with TAC.



Si-Miao-Yong-An Decoction Prevented Pressure Overload-Induced Cardiac Hypertrophy

Next, we determined whether SMYAD administration attenuated cardiac hypertrophy and HF. The samples shown in Figure 2A and HE staining of whole heart (Figure 2B) demonstrated that TAC mice have dilated hearts and SMYAD administration prevented left ventricle dilation. Histological analysis indicated that TAC caused significant increase of cardiac myocyte cross-sectional area. WGA staining of histological sections further confirmed the inhibitory effect of SMYAD on cardiac hypertrophy induced by TAC (Figures 2E, F). As shown in Figure 2G, pressure overload induced by TAC remarkably increased the ratio of heart weight to body weight (HW/BW) and the ratio of heart weight to tibia length compared by the sham group (P < 0.001). In contrast, SMYAD administration effectively reduced the ratio of HW/BW by 22.2% compared with the TAC group (P < 0.01). Consistently, real-time polymerase chain reaction analysis of cardiac hypertrophy markers, such as atrial natriuretic peptide, brain natriuretic peptide, and β-myosin heavy chain, manifested a significant alleviation in the presence of SMYAD compared with that in TAC-treated mice (Figure 2H). Together, these data indicated that SMYAD prevented the development of cardiac hypertrophy in vivo.
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Figure 2 | SMYAD reversed cardiac hypertrophy in mice with TAC. (A) Representative image of whole heart. (B, C, and D) Representative images of HE staining in whole heart, perivascular, and interstitial. (E) WGA staining (green) of histological sections confirmed the inhibitory effect of SMYAD on hypertrophy, and nuclei were counterstained with DAPI (blue). (F) Quantification of cell cross-sectional area by measuring 100 random cells. (G) HW/BW and heart weight-to-tibia length ratios in each group. (H) The mRNA expression of hypertrophy-associated genes. β-actin was used as the internal control. ANP, atrial natriuretic peptide. BNP, brain natriuretic peptide. β-MHC, β-myosin heavy chain. ###P < 0.001 compared with sham, ##P < 0.01 compared with sham; ***P < 0.001 compared with TAC, **P < 0.01 compared with TAC, *P < 0.05 compared with TAC.



Si-Miao-Yong-An Decoction Attenuated Histological Changes Following Transverse Aortic Constriction Surgery

According to HE staining, the heart tissues of the sham group displayed normal myofibrils with neatly arrangement. In the TAC group, a dense inflammatory infiltration, necrosis of a large number of cardiomyocytes, muscle fiber dissolution, and the disappearance of the normal structure of the myofibrils were observed. Heart tissues in the SMYAD and captopril groups showed less necrosis of myocardial cell than that in the TAC group. In addition, we found that necrosis of cardiomyocytes were induced both interstitial and perivascular in TAC hearts and attenuated in SMYAD-treated hearts (Figures 2C, D).

Si-Miao-Yong-An Decoction Inhibited CD41- and CD61-Mediated Platelet Aggregation in TAC-Induced Heart Failure

To confirm that platelet aggregation is altered in hearts after TAC surgery, we examined CD41 and CD61 levels in hearts at 4 weeks after TAC surgery. Figures 3A, B and 4A, B exhibited that CD41 and CD61 expressions were increased in TAC mice compared with those in the control mice. However, both CD41 and CD61 were significantly reduced in the SMYAD-treated mice. Furthermore, immunohistochemistry staining of heart tissues illustrated that TAC treatment significantly increased the accumulation of CD41 and CD61 (P < 0.001) (Figures 3C, D and 4C, D). Compared with those in the TAC group, CD41 and CD61 expressions were significantly decreased in the TAC + SMYAD group (Figures 3C and 4C).
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Figure 3 | SMYAD suppressed CD41 expression in mice with TAC. (A and B) Protein level of CD41 in sham, TAC, TAC + captopril, and TAC + SMYAD was verified by western blot. (C and D) Expression of CD41 in each group was verified by immunohistochemistry examination. ###P < 0.001, ##P < 0.01 vs the sham group; ***P < 0.001, **P < 0.01 vs the TAC group.
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Figure 4 | SMYAD suppressed CD61 expression in mice with TAC. (A and B) Expression of CD61 protein in each group was verified by Western blot examination. (C and D) Representative immunostaining and quantification of CD61 by immunohistochemistry examination at 4 weeks post-surgery. ###P < 0.001, ##P < 0.01 vs the sham group; ***P < 0.001, **P < 0.01 vs the TAC group.



Si-Miao-Yong-An Decoction Reduced Platelet Activation in Heart Tissue

β-thromboglobulin (β-TG) is a specific protein that secreted from the α-granules of platelet during the release reaction. von Willebrand factor (vWF) is critical for normal platelet tethering during hemostasis. vWF unfolds from its inactive globular conformation into an active string-like form that can specifically recruit platelets in response to blood shear forces. In our study, β-TG and vWF messenger RNA (mRNA) expression levels were increased by 3-fold and 1.3-fold, respectively, in TAC mice compared with those in sham, which were both reduced in SMYAD group (Figures 5A, B). P-selectin is a marker of activated platelet following heart injury. Thus, we investigated the possible involvement of P-selectin in the cardioprotective activity of SMYAD against cardiac hypertrophy by immunohistochemical staining and Western blot. In accordance to previous reports, TAC treatment significantly increased the expression of P-selectin protein as compared with sham group. SMYAD significantly attenuated the upregulation of P-selectin protein in TAC-treated mice (Figures 5C, D). Meanwhile, we observed that the levels of P-selectin in the TAC group were significantly increased compared with those in the sham-operated group based on immunohistochemical staining (Figures 5E, F). SMYAD treatment significantly suppressed the expression of P-selectin compared with the TAC group. In conclusion, our results suggested that SMYAD mediated the inhibitory effects on cardiac hypertrophy by disrupting both platelet aggregation and platelet activation.
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Figure 5 | SMYAD suppressed platelet activation in mice with TAC. (A and B) mRNA level of β-TG and vWF in each group. β-TG, β-thromboglobulin. vWF, von Willebrand factor. (C and D) Representative immunoblots and calculation of P-selectin levels in the sham, TAC, TAC + captopril, and TAC+ SMYAD. (E and F) Expression of P-selectin protein in the myocardium was detected by histopathological staining. ###P < 0.001 compared with sham, #P < 0.05 compared with sham; ***P < 0.001 compared with TAC, **P < 0.01 compared with TAC, *P < 0.05 compared with TAC.



Discussion

HF represents a heterogeneous condition characterized by vulnerabilities in the blood, vasculature, and impaired flow dynamics that predispose to both arterial and venous thrombosis. Despite the fact that treatment with angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, beta adrenergic antagonists, and mineralocorticoid receptor antagonists in HF patients has improved long-term outcomes, morbidity or mortality remain high in patients with acute decompensated HF (Zannad et al., 2013). Furthermore, there has been little progress in preventing the adverse cardiac remodeling that initiates HF.

Immune activation, inflammation, oxidative stress, alterations in mitochondrial bioenergetics, and autophagy have been postulated as important pathophysiological events in HF (Ayoub et al., 2017). It is commonly recognized that platelet activation plays a main role in cardiovascular disease. There is evidence that platelet activation and hypercoagulability present in HF, and stroke were reduced by warfarin therapy in the HF patient (Gurbel and Tantry, 2014). Platelets normally maintained a quiescent state and were sensitive to homeostasis changes resulting from endothelial cell damage, stress conditions, and hemodynamic abnormality (Hansen et al., 2015). A variety of adhesion molecules were prestored inside platelet granules and expressed on the platelet surface responding to activation. β-TG and platelet factor 4 represented specific platelet proteins of alpha-granules, which could be secreted into surrounding medium during cell activation. It was demonstrated that β-TG and P-selectin were significantly associated with the occurrence of atrial fibrillation and consequent stroke (Weymann et al., 2017). Thus, platelet activation contributes to the progress of cardiovascular disease.

SMYAD is a famous traditional Chinese medicine formula that was mainly applied to treat thromboangiitis obliterans in China for centuries and presented satisfactory curative effect. The main function of SMYAD is activation of blood circulation to dissipate blood stasis and promote vital energy regulation. Clinically, SMYAD was reported to improve myocardial infarction and HF (Zhou et al., 2012). Recently, SMYAD has been verified to improve liver function and reduce fat accumulation in hyperlipidemia rat by accelerated transformation of cholesterol into bile acids (Liu et al., 2017b). It has not been reported whether SMYAD had effect on cardiac dysfunction induced by TAC. Thus, our study is aimed to investigate the effects and mechanisms of SMYAD on cardiac hypertrophy.

We demonstrated that SMYAD improved systolic function in HF mice, as well as modestly reduced LVID and LV Vol. However, the molecular mechanism by which SMYAD mediates its anti-hypertrophic effects remains unclear, and the signaling pathways that interact to drive hypertrophy are very complicated. To understand the molecular mechanisms responsible for SMYAD’s effects in HF, we investigated platelet, which has been shown to be activated in TAC-treated mice to induce cardiomyocyte hypertrophy and collagen synthesis (Wu et al., 2017a). We observed increased activation of cardiac CD41/61 and P-selectin in TAC-treated mice, as well as the reverse effect of SMYAD. P-selectin (CD62P) is a member of the selectin family of cell adhesion molecules and is stored on the membrane of platelet α-granules and endothelial Weibel–Palade bodies (Qi et al., 2015). It was the main platelet activation marker appearing on the surface of platelet membrane (Xie et al., 2014). It was reported that the expression of platelet P-selectin was increased in hyperlipidemic patients after ischemic stroke (Pawelczyk et al., 2015). In our study, SMYAD reduced the activation of platelet by downregulating P-selectin. P-selectin is responsible for the adhesion of certain leukocytes and platelets to the endothelium when thrombosis develops and inflammation is caused. It rapidly translocated to the cell surfaces of platelets and endothelial cells upon activation (Qi et al., 2015). Platelets can induce cell survival and growth by secreting several sorts of growth factors, including vascular endothelial growth factors, fibroblast growth factors, and platelet-derived growth factors. The plasma concentration of soluble P-selectin is now recognized as a predictor of adverse cardiovascular events (Ishida et al., 2014).

CD41 and CD61 are the main receptors mediating platelet aggregation, and CD61 is the most abundant receptor expressed on the platelet surface. Increased expression of CD61 on platelet surfaces results in enhanced fibrinogen binding and, subsequently, platelets cross-linking and thrombogenesis. SMYAD is suggested to inhibit platelet aggregation by CD41/61 expression and the elevation of vWF. CD41/61 and P-selectin significantly increased in atrial fibrillation patient with hypercoagulable state (Zhang et al., 2018). Besides, the prothrombotic state was characterized by the expression of CD41/61 and P-selectin mediating binding of vWF and fibrin interactions that led to different abnormalities in platelet function (Karmakar et al., 2015). In our study, inhibition of platelet activation by SMYAD reduced the infiltration of inflammatory cell into the heart.

Anticoagulants (e.g., warfarin) and antiplatelet agents (e.g. aspirin) are the principle antithrombotic agents. Many HF patients with sinus rhythm took aspirin because coronary artery disease was the leading cause of HF (Shantsila and Lip, 2016). The prescription of antiplatelet agents, such as clopidogrel and aspirin, has indeed become a stronghold of atherosclerotic cardiovascular disease and heart attack therapy. The therapeutic efficiency of clopidogrel is manipulated by the actions of hepatic cytochrome P450 (CYP) enzymes and influenced by individual genetic variations. The metabolism of clopidogrel into its active metabolites is affected by individual polymorphisms of CYP enzymes (Jarrar et al., 2016). Patients with high on-treatment platelet reactivity upon clopidogrel were at increased risk for thrombotic events, particularly for stent thrombosis and myocardial infarction, but cardiovascular mortality was also elevated in patients undergoing percutaneous coronary intervention (Gross et al., 2016). It was reported that aspirin use after discharge for HF hospitalization was associated with reduced risk of death, all-cause readmission, and HF readmission (Kim et al., 2016). However, data on aspirin in HF were inconclusive because of bleeding complications. There was evidence that a lower risk for death or stroke was associated with warfarin therapy in the HF patient (Hart et al., 2007). Warfarin (vitamin K antagonist) blocks multiple steps of coagulation by reducing the synthesis of vitamin K-dependent coagulation factors. As warfarin was metabolized by the CYP isoenzymes, the pharmacokinetics and pharmacodynamics of warfarin were influenced by interactions with other drugs that were metabolized by the same CYP isoenzymes (Gurbel and Tantry, 2014). Thus, it is of great urgency to find anti-platelet drugs with fewer adverse reaction.

Persistent hemodynamic overload will result in pathological cardiac hypertrophy, which is a leading predictor for the development of HF. In the present study, we used a TAC mice model to mimic pressure overload-induced stress. We demonstrated that SMYAD improved pressure overload-induced cardiac dysfunction and remodeling, and promoted histological changes in heart tissues. We also found that SMYAD decreased protein expressions of platelet aggregation markers (CD41, CD61) and platelet activation marker (P-selectin) in pressure overload-induced failing hearts. We have previously isolated and identified some chemical constituents, but the relationship between pharmacological effects and chemical constituents needs to be further studied.

The healthy endothelium in large vessels has multiple mechanisms that inhibit the adhesion or activation of platelets, either directly or by actively degrading platelet agonists. One of the earliest events in atherosclerosis is the loss of normal endothelial functions, including disruption of anti-platelet mechanisms. Endothelial cells respond to injury by releasing numerous factors, including vWF. vWF is an established marker of endothelial activation, and patients with elevated plasma levels of the ultra large vWF molecules are at high risk for future cardiovascular events (Warlo et al., 2017). vWF is a glycoprotein involved in both platelet activation and aggregation through its binding sites for GpIb and GpIIb/IIIa, respectively. High circulating levels of unusually large vWF multimers have strong procoagulant activity and facilitate platelet adhesion and aggregation by interacting with platelets after an acute event superimposed on coronary artery disease (Akyol et al., 2016). There was increasing evidence that platelet–endothelial interactions also contributed to early atherosclerotic plaque initiation and growth (Wu et al., 2017b). Platelets may also play a key role in neutrophil extracellular traps (Carestia et al., 2016).Through these interactions, platelet-derived factors can contribute to the pro-inflammatory and mitogenic status of resident mural cells. There was evidence that transendothelial migration of platelet monocyte complexes may result in dissociation and surface deposition of platelets (van Gils et al., 2008). In the next study, we will further investigate the interaction between platelet, endothelial cells, and neutrophil.

Conclusions

In this study, we characterized the property of SMYAD against cardiac hypertrophy. SMYAD inhibited pressure overload-induced platelet activation, cardiac hypertrophy, and dysfunction. It inhibited TAC-induced hypertrophy, myocardial necrosis, platelet aggregation, and platelet activation. CD41/CD61 served as a mediator of the platelet aggregation effect, while P-selectin/β-TG mediated the platelet activation effect. This study provided evidence that SMYAD may be a promising therapeutic agent for adverse cardiac remodeling.
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Xin Su Ning (XSN) is a China patented and certified traditional Chinese herbal medicine used to treat premature ventricular contractions (PVCs) since 2005. XSN is formulated with 11 herbs, designed to treat arrhythmia with phlegm-heat heart-disturbed syndrome (PHHD) according to Chinese medicine theory. The rational compatibility of the 11 herbs decides the therapeutic outcome of XSN. Due to the multicomponent nature of traditional Chinese medicine, it is difficult to use conventional pharmacology to interpret the therapeutic mechanism of XSN in terms of clear-cut drug molecule and target interactions. Network pharmacology/systematic pharmacology usually consider all the components in a formula with the same weight; therefore, the proportion of the weight of the components has been ignored. In the present study, we introduced a novel coefficient to mimic the relative amount of all the components in relation with the weight of the corresponding herb in the formula. The coefficient is also used to weigh the pharmacological effect of XSN on all relative biological pathways. We also used the cellular electrophysiological data generated in our lab, such as the effect of liensinine and isoliquiritigenin on NaV1.5 channels; we therefore set sodium channel as one of the targets of these two components, which would support the clinical efficacy of XSN in treating tachyarrhythmia. Combining the collected data and our discovery, a panoramagram of the pharmacological mechanism of XSN was established. Pathway enrichment and analysis showed that XSN treated PHHD arrhythmia through multiple ion channels regulation, protecting the heart from I/R injury, inhibiting the apoptosis of cardiomyocyte, and improving glucose and lipid metabolism.

Keywords: Xin Su Ning, network pharmacology, phlegm-heat heart-disturbance, weight coefficient, cardiac arrhythmia, electrophysiology



Introduction

Arrhythmia is a disease featuring the abnormalities of frequency or rhythm of heart excitement caused by abnormal cardiac electrophysiological activities generated by the electrical conduction system of the heart. Symptoms of arrhythmia often include dizziness, breathlessness, and palpitations (Barsky, 2001). The presence of cardiac arrhythmias may at times suggest a specific underlying heart disease or even noncardiac pathological changes. The most common and important cause of cardiac arrhythmias is coronary artery disease (Atarashi and Hayakawa, 1996). In recent decades, even though plenty of non-chemical therapies have been developed, anti-arrhythmic drug is still the most common treatment. However, the proarrhythmic effect of the anti-arrhythmic drugs has been causing concerns on the safety of the arrhythmic patients.

As a complementary and alternative medicine, Chinese medicine plays an increasing role in the treatment of arrhythmias (Dong et al., 2017). Many proprietary Chinese medicines, such as Xin Su Ning capsule (Yuan and Zhou, 2000; Wang and Lu, 2008; Lin et al., 2011; Li and Zhang, 2015; Zhai et al., 2017), Wenxin Keli (Kalifa and Avula, 2012; Li and Guihua, 2018), and Shensong Yangxin capsule (Wang et al., 2011; Liu et al., 2014), have showed clear clinical antiarrhythmic efficacy comparable with the single chemical compound anti-arrhythmic drugs. However, the Chinese-patented antiarrhythmic medicines have rare adverse reactions being recorded.

Based on the theories of traditional Chinese medicine (TCM), a disease can be categorized from four fundamental dimensions, which is consisted of four pairs of relative concepts including yin–yang, exterior–interior, excess–deficiency, and cold–heat (Lu et al., 2004; Jiang et al., 2012). In terms of excess–deficiency categorization, arrhythmia can be divided into two main types of syndromes: excess syndrome and deficient syndrome (Chen and Ba, 2010). Deficiency syndrome is a TCM condition with weakness and lack of energy. Up to present, most of the marketed anti-arrhythmic Chinese medicines have been used to treat deficient syndrome, such as Wenxin Keli (Wang et al., 2016) and Shensong Yangxin capsule (Gu et al., 2005) for the deficiency of Qi and Yin, Xinbao Wan for the deficiency of Yang (Chen and Wu, 1996; Dong et al., 2005), and Tianwang Buxin Wan for the deficiency of Yin (Ni et al., 2019). Excess syndrome is a typical TCM syndrome caused by the accumulation of pathological phlegm and dampness in the body. Cardiac arrhythmia with typical clinical manifestation of phlegm-heat heart-disturbance (PHHD) syndrome takes a large proportion of the clinical treatment, and to the best of our knowledge, XSN is the only medicine for treating PHHD arrhythmia (Yuan and Zhou, 2000).

Xin Su Ning (XSN) is a multi-herbal medicine patented and launched in China since 2005 for treating cardiac ventricular arrhythmia, especially arrhythmias induced by cardiac ischemia and viral myocarditis (Zhai et al., 2017). XSN is comprised of 11 herbs: Coptidis Rhizoma (Huanglian, Coptis chinensis Franch.), Pinelliae Rhizoma (Banxia, Pinellia ternata [Thunb.] Makino), Poria (Fuling, Poria cocos [Schw.] Wolf), Aurantii Fructus Immaturus (Zhishi, Citrus aurantium L.), Dichroae Radix (Changshan, Dichroa febrifuga Lour.), Nelumbinis Plumula (Lianzixin, Nelumbo nucifera Gaertn.), Sophorae flavescentis Radix (Kushen, Sophora flavescens Ait.), Artemisiae annuae Herba (Qinghao, Artemisia annua L.), Ginseng Radix et Rhizoma (Renshen, Panax ginseng C. A. Mey.), Ophiopogonis Radix (Maidong, Ophiopogon japonicus (L. f) Ker Gawl.), and Nardostachyos Radix et Rhizoma (Gancao, Glycyrrhiza uralensis Fisch.).

However, the complexity of the chemical composition of multi-herbal TCM formula brings great difficulties to the pharmacological research. Network pharmacology has been one of the approaches to reveal the complex pharmacological mechanisms behind the multitargeting properties by the multicomponent medicines (Li et al., 2011). TCM formulas are well known by the characteristics of multi-herbal/component, which would exert its clinical efficacy through multiple targeting, hence multi-pharmacological actions (Leung et al., 2014). However, most of the studies were centered on attributing the edge between component and target and considering the weight values of all the components as the same (Shao and Zhang, 2013). A good TCM formula would be formed with the right herbs in an accurate proportion that would produce the best possible clinical efficacy with none or minimal toxicity. Therefore, each herb in a formula would be indispensable in evaluating the clinical efficacy of the formula as well as in a network pharmacological mechanism mapping. Furthermore, in terms of compound formula which consists of multiple herbs, the target spectrum (target distribution of all monomer components) determines the therapeutic range of the formula, and high-weight components may determine the therapeutic direction.

In this study, we tried to introduce a parameter, weight coefficient, to mimic the proportion of all the encompassed components and resort their effects on different targets and pathways. We used the data from multiple bioassay databases, combining with the results of pharmacological assays of high-weight coefficient components; a closer-to-the-fact pharmacological panorama was constructed.




Materials and Methods



XSN Chemical Component Library Building

All of the chemical monomer components in the 11 herbs of XSN were retrieved from the book Chemical Components of Source Plants in Traditional Chinese Medicine (Zhou et al., 2009) and the database: TCM Systems Pharmacology Database and Analysis Platform (TcmSP™, http://lsp.nwu.edu.cn/tcmsp.php) (Ru et al., 2014). In addition, four important pharmacology-related properties of the collected components were also obtained from admetSAR (Cheng et al., 2012; Yang et al., 2018), including MW, ALogP, Hbond donor count, and Hbond acceptor count, Rotation bond count, and human oral bioavailability (HOB). The proportion of each herb in XSN formula was retrieved from the patent of XSN (Wang and Mao, 2018), and the contents of the main active components in all the 11 herbs were retrieved from published papers, and all the other components without quantitative data were set to be equal to the lowest quantity value of known components (details see Supplement Table 1).




Calculation of Weight Coefficients

Component weight coefficient:

	[image: ]	

wi,j is the weight coefficient of component j in herb i, and mi is the weight of herb i in XSN formula, n is the total count of herbs in XSN, Ci,j is the content of component j in herb i, and Mj is the molecular weight of component j, and pj(OB) is the predicted probability of positive human OB of component j.

The weight coefficient is the product of three elements: [image: ] is the proportion of each herb in the XSN formula, [image: ] represented the molar concentration of each component in 1 gram of raw herb in XSN formula, and pj(OB) is the probability of the bioavailability of each component reaching 30% of the total oral administration. Therefore, the coefficient wi,j is a relative quantity among all the components of the 11 herbs in XSN formula to reflect the proportional relationships of the components existed in the body.

Since the activity of the multiple herbal medicine involved in multiple targeting, and each target was usually bound by multiple components. Weight coefficient of one single target in this paper was represented by the sum of all the weight coefficients of the components interacting with this target. Furthermore, weight coefficient of each pathway was also represented by the sum of all the weight coefficients of all targets in this pathway.




Establishment of the Relationships Between Component-Target and Zheng Target

All the relative targets of each component in the 11 herbs of XSN were retrieved from BindingDB database (https://www.bindingdb.org/) as the component-target relationship library of XSN (Gilson et al., 2016). Since Zheng (TCM syndrome) is represented by the series of characteristics with clinical manifestations and symptoms (hereinafter referred to as TCM symptom), all the 10 TCM symptoms of PHHD arrhythmia referred in the indications of XSN capsule and the standard names of their corresponding modern medicine symptoms (MM symptom) were collected from SymMap database (https://www.symmap.org/) (Wu et al., 2018). All the target genes relative to each MM symptom above were obtained from the Human Phenotype Ontology Database (https://hpo.jax.org/app/) as the target-Zheng relationship library of PHHD arrhythmia.




Network Construction and Analysis

Two networks were constructed: the networks of PHHD target and XSN component targets. All the networks were visualized by Cytoscape 3.7.0 (http://www.cytoscape.org), which is an open-source project for complex network construction and visualizing and analyzing (Shannon et al., 2003). Pathway enrichment was carried out using Reactome pathway database (https://www.reactome.org) (Fabregat et al., 2017; Fabregat et al., 2018); the pathways with FDR < 0.05 were kept in the result.




Chemicals and Solutions

All the chemical agents were purchased from Sigma–Aldrich, and all high-weight coefficient components were obtained from Chengdu Herbpurify Co., Ltd. The intracellular buffer contained (in mM): KCl 120, MgCl2 2, CaCl2 1, Na2ATP 3, EGTA 11, HEPES 10, and pH 7.2 corrected with 5M NaOH. The extracellular buffer contained (in mM): NaCl 112, NaH2PO4•H2O 1, KCl 5.4, HEPES 5, NaHCO3 24, glucose 10, MgCl2 1.2, CaCl2 1.8, and pH 7.4 corrected with 5M NaOH. Components experimented in this paper were dissolved in the external buffer, and for the dose–response research, the concentrations of the compounds studied were ranging from 1 to 100 μM in the external buffer solution.




Electrophysiological Research

CHL cells stably expressing the α-subunit of human NaV1.5 (SCN5A) were used for electrophysiological assays. Patch clamp assays were carried out at room temperature (~ 22 to 24°C), and the cells were superfused with the extracellular buffer at a rate of 2 ml/min. Patch pipettes were pulled from borosilicate glass (Harvard Apparatus, UK) using a DMZ-Universal Puller (Zeitz-Instruments, Germany); the average pipette resistance was 3–5 MΩ. The control currents were recorded 5 minutes after the whole-cell configuration was achieved using an Axopatch™ 200B Amplifier (Molecular Devices, USA).




Data Analysis

Data was analyzed and illustrated using pCLAMP 10.3 software (Axon Instruments, Inc.) and Origin 9.1. For each protocol and condition, at least five cells were tested. Data values are presented as mean ± standard error of the mean (SEM). The difference between the control and the effect of a compound was statistically tested using Student’s unpaired t-test. P < 0.05 was deemed to be statistically significant. Where results are not statistically significant, the actual p-value is provided.





Results



XSN Component Library

Nine hundred sixty-three monomer components from 11 herbs of XSN were collected from Chemical Components of Source Plants in Traditional Chinese Medicine and TCMSP database (Supplement Table 1). Chemical properties including AlogP, Hbond donor and acceptor count, molecular weight (MW), human OB, and rotatable bond count were calculated by AdmetSar 2.0 as described above, analyzed and shown as Figures 1A–F (Supplement Table 1). The component accounts of each herb were analyzed and shown in Figure 1G. The content of monomer components was obtained from published chemical constituent research indexed by PubMed (https://www.ncbi.nlm.nih.gov/pubmed) and CNKI (http://www.cnki.net/) (Supplement Table 1). The contents of 47 of 963 components above were quantified in the reports, and the content values were abstracted from the references. The contents of the remaining 916 components were set as the lowest value of the content reported components. The most abundant component berberine was 2.82×106 times that of neohesperidin which was with the lowest content in the 47 reported components. The weight coefficients for all the components were calculated, and top 40 with references were listed and shown in Figure 1H with higher weight components.
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Figure 1 | Chemical properties statistics of components in the 11 herbs of XSN. (A) AlogP, (B) Hbond donor count, (C) Hbond acceptor count, (D) Molecular weight (MW), (E) human oral bioavailability, (F) rotatable bond count, (G) component count of each herb collected in XSN component library, and (H) weight coefficient of top 40 weight components in 11 herbs. The different colors means the source herb of components, which is same as (G).






XSN Target Spectrum

Two thousand eight hundred thirty-five component-target relationship data were obtained, covering 487 monomer components and 618 targets (Supplement Table 2). The classification of targets was analyzed using the ChEMBL hierarchical target classification system (Bento et al., 2014), and the classification of enzymes were updated according to the ENZYME database (Bairoch et al., 2004). Major and secondary classifications of target spectrum were shown as Figure 2 (Supplement Table 3). The proportion of targets were grouped by the means of target count in Figure 2, which shows the proportion of different target categories and also shows the differences between statistics by target count and weight coefficient, especially for cytochrome P450, hydrolase, nuclear receptor, enzymes, oxidoreductase, protease, protein kinase, and VGIC (proportion > 5% and fold change >3).
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Figure 2 | The targeting spectrum of XSN. (A) Statistic and major classifications of XSN target spectrum by target count and (B) statistic and secondary classifications of XSN target spectrum. The X axis of (B) is labeled with targets including family A GPCR, rhodopsin-like GPCRs; family B GPCR, secretin-like GPCRs; family C GPCR, metabotropic glutamate receptor family; LGIC, ligand-gated ion channel; VGIC, voltage-gated ion channel.






PHHD-Arrhythmia Target Spectrum

Since Zheng (TCM syndrome) is represented by the series of characteristics with clinical manifestations and symptoms (hereinafter referred to as TCM symptom); all the 10 TCM symptoms of PHHD arrhythmia and their relative modern medicine symptoms (MM symptom) were collected: Xin Ji (palpitations), Xiong Men (respiratory distress), Xin Fan (boredom), Yi Jing (panic attack), Kou Gan (xerostomia), Kou Ku (bitter taste in the mouth), Shi Mian (insomnia), Duo Meng (dreaminess), Xuan Yun (vertigo), and Mai Jie Dai (knotted or regularly intermittent pulse) (Table 1, Supplement Table 4).



Table 1 | The relative relationship between TCM symptoms and modern medicine symptom.
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TCM symptom Kou Ku means bitter taste in the mouth, but not bad breath in the mouth; therefore, the MM symptom halitosis retrieved from SymMap was replaced by another keyword: abnormality of taste sensation. Mai Jie Dai included two types of pulses: Jie Mai is knotted or bound pulse, which is slow, relaxed and stops at irregular intervals. Jie Mai represents an irregular beat or palpitation stemming from the heart. Dai Mai means the pulse is with regularly intermittent abnormality, which also suggests the patients with this pulse have advanced heart disease according to modern medicine. Therefore, an alternative keyword irregular heartbeat was used to represent the TCM symptom Mai Jie Dai.

Five hundred two targets in total for PHHD arrhythmia were collected as PHHD-arrhythmia target spectrum; statistics of target count for each TCM symptom were shown in Figure 3 (Supplement Table 4).



[image: ]

Figure 3 | Statistics of target count for each TCM symptom of PHHD arrhythmia.




To obtain the pharmacological network of XSN on treating PHHD arrhythmia, 40 targets were obtained in the common set of XSN target spectrum and PHHD-arrhythmia target spectrum (Table 2). All the components interact with the 40 targets above consist of the panoramagram of the pharmacological mechanism of XSN for treating PHHD arrhythmia.



Table 2 | The common genes between XSN target spectrum and PHHD-arrhythmia target spectrum.
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Pharmacodynamic Research of High-Weight Components in XSN

Based on our previous study, XSN is a class III anti-arrhythmic drug supported by the prolongation of the action potential of cardiac myocytes through blocking hERG channel (Ma et al., 2016; Wang et al., 2017), and it also showed class I antiarrhythmic property of blocking sodium channels (Wang et al., 2019b). However, the available pharmacological research data of all the components in the 11 herbs of XSN reported and recorded in all the databases are not sufficient to correlate with the clinical antiarrhythmic efficacy and our discovery that inhibit human cardiac sodium current, NaV1.5 channel (encoded by gene SCN5A) with total target weight coefficient of 1.32 (Wang et al., 2019b). Comparing with the effect of hERG channel (encoded by KCNH2), total target weight coefficient of hERG is 14838.89; both of them are with similar IC50 values generated by XSN, which can be considered as a combination of all the components. Thus, we screen the set of high-weight components with reported content in corresponding herbs on inhibiting NaV1.5.

Two high-weight active components: liensinine (LSN, PubChem CID: 160644) and isoliquiritigenin (ISL, PubChem CID: 638278) were detected using electrophysiological approaches. LSN is the No. 35 high-weight component, which blocked human NaV1.5 channel dose-dependently with an IC50 of 3.58 ± 0.36 μM (Figure 4). ISL reduced peak INa concentration dependently, with a median inhibitory concentration (IC50) of 10.11 μM ± 1.12 μM. The positive control amiodarone (AMD) blocks NaV1.5 channel with IC50 = 5.05 ± 0.55 μM.
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Figure 4 | (A) Chemical structure of liensinine (LSN) and isoliquiritigenin (ISL). (B) Dose–response curve of the inhibition on human NaV1.5 channel by amiodarone (AMD, n=5), LSN (n=6), and ISL (n=8).






Panoramagram of the Pharmacological Mechanism of XSN

Including the pharmacological effects of LSN and ISL, a panoramagram of the integrative pharmacological mechanism of XSN was interpreted (shown as Figure 5). The pharmacological network consisted of 963 components, 618 targets, and 10 symptoms. This panoramagram illustrated the network pharmacological relationships among the XSN formula, herbs, components, targets, symptoms, and PHHD arrhythmia.
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Figure 5 | Panoramagram of the pharmacological mechanism of XSN for treating PHHD arrhythmia. This panoramagram illustrated the connections among the XSN formula, herbs, components, targets, symptoms, and PHHD arrhythmia. (A) XSN formula and components. All the 11 herbs were shown as figures in the box with different colors, and the components of each herb were shown as small square with the same color as their source herb. (B) XSN target spectrum. All the targets were corresponding to the component in panel A; the 41 targets showed in the dash line box in the bottom is the overlapping target set between XSN target spectrum and PHHD-arrhythmia target spectrum. Targets were shown in different shapes according to the classifications as indicated in the keys. (C) Arrhythmia with PHHD Zheng and relative TCM symptoms. Ten TCM symptoms of PHHD arrhythmia were represented by large pink squares in the bottom panel.






Pathways Involved in the Pharmacological Mechanism of XSN on Treating PHHD Arrhythmia

All the 40 common targets between XSN target spectrum and PHHD-arrhythmia target spectrum were selected to carry out pathway enrichment with Reactome application in Cytoscape. 117 pathways with FDR less than 0.05 were obtained and resort by total weight coefficients (Figure 6, Supplement Table 5).
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Figure 6 | Pathway enrichment results of 40 targets of XSN on treating PHHD arrhythmia. Top 50 pathways were shown here; and all were sorted by pathway weight coefficient.




To better understand the antiarrhythmic therapeutic efficacy of XSN, cardiac conduction pathway is calculated to hold the highest total weight coefficient in the list of resorting pathway total weight coefficient. It was shown in Figure 7 and all the components in XSN involved in regulating this pathway were marked in the figure.
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Figure 7 | Cardiac conduction pathway. Top 1 pathway in the rank of total target weight coefficient, all the target regulated in this pathway were marked in red (Jassal, 2014).







Discussion

Tan-Re-Rao-Xin Zheng is named as PHHD syndrome in English. Based on the traditional Chinese Medicine theories, PHHD is defined as that heat having existed in the body for a period of time without distributing leads to the body's fluids being concentrated as Phlegm. The concept Heart in the Chinese medicine mainly refers to the circulatory system and nervous system, and they are easily to be blocked or obstructed to cause malfunction (Jiao et al., 2015). This is why PHHD is classified as an “excess” syndrome; the heat and the phlegm must be cleared to treat the symptoms in circulatory system and neuronal system successfully.

Physical symptoms of PHHD are usually consist of the followings (Yongdun et al., 2005; Ren et al., 2012; Xing et al., 2015): (1) insomnia, difficulty in falling asleep and frequent dream-disturbed waking. (2) Palpitations, the heart rhythm becomes out of control, e.g., PVCs or tachycardia. However, it depends on the severity of how much the heart had been disturbed by the phlegm fire; the clinical manifestation could range from incidental PVC to frequent PVC or from normal heart rate to tachycardia. In the region of the heart, there is often a sensation of heat or discomfort and oppressed chest, feeling difficult to breath. (3) Tongue, tongue body is red, especially at the tip, which is often swollen and painful. The tongue coating is yellow and thick. There is very often a mid-line crack extending to the tip, with yellow moss on it. Hypertension—high blood pressure—is often a feature of heart phlegm fire. (4) Pulse, slippery, and rapid and overflowing which means “excess”; it often appears after the first stage of infectious disease and shows excess heat. Complexion is red; eyes are bloodshot. Some mental symptoms could also happen, like boredom or even hypomania which also depends on the severity of phlegm-heat disturbing the neural system (which is also part of the Heart in TCM theory). Therefore, arrhythmia with obvious clinical signs of PHHD is a particular condition that the patient suffering from phlegm-heat, and the circulation system would be mostly influenced.

XSN capsule originated from the famous compound formula Huanglian Wendan (HLWD) Decoction recorded in 150 years ago, which has the effect of removing phlegm, blood stasis, and fire toxin. Huanglian, Banxia, Fuling, Gancao, and Zhishi are from the original formula HLWD decoction; Changshan, Lianzixin, Qinghao, and Kushen were added to make XSN formula more inclined to the circulation system. Therefore, XSN was not only a combination of anti-arrhythmic monomer components, but also a complex therapeutic system to regulate biological/pathological process relative to PHHD syndrome.

The compatibility principle of the herbs in XSN also reflects another key property of Chinese herbal medicine: amount/proportion of herbs in compound formula. For a better understanding of the pharmacological mechanism of XSN, we introduced a novel parameter, weight coefficient, to mimic the compatible combination of all the chemical components in the 11 herbs in XSN. As mentioned in methods section, weight coefficient is the product of proportion of herbs in the compound formula, content of each component in relative herb and the predicted probability of human OB of each component. Weight coefficient is not the absolute concentration of each chemical component but a relative content among them, which means the ranked order of weight coefficient of each component can be considered as the extent how much a component involved in the pharmacological mechanism of XSN. The weight coefficient of each component reflects its molar concentration in the blood; therefore, the higher the weight coefficient, the more molecules will bind to the targets. However, the binding affinity of the component to the target remains to be tested pharmacologically.

In this study, we used network pharmacological approach to visualize the complex pharmacological mechanism of XSN on treating PHHD arrhythmia. All the data were collected from databases and books to assure the quality and reliability of all the relationships in the pharmacological network. Based on our previous study, XSN can be classified as class III antiarrhythmic drug, and with some pharmacological property of class I drug (Sweeney et al., 2019; Wang et al., 2019a; Wang et al., 2019b). The application of XSN resulted in significant morphological changes of the ECG trace of isolated rat heart featured by the suppression of the R wave amplitude. The QRS complex represents ventricular depolarization as a result of activation of NaV1.5. Our previous study attributed the decrease in R wave amplitude to XSN dependent inhibition of INa; when whole-cell sodium currents were elicited using a depolarizing pulse protocol, it was evident that XSN inhibited INa concentration dependently and reversibly. However, the data from reported research recorded in the databases were not sufficient to support all the antiarrhythmic effect of XSN; we, therefore, carried out a small scale component screening on the target of class I antiarrhythmic drug, human NaV1.5 channel. Given previous collected in this paper did not provide enough weight coefficient on NaV1.5 channel, some unidentified high-content components should target NaV1.5. Thus, we screened a series of high-content components listed in Figure 1H, to replenish the component-target information. LSN and ISL were identified as active components on NaV1.5 channel in the present study. Briefly speaking, the pharmacologically defined inhibition of NaV1.5 by the active components of the 11 herbs in XSN suggests that Lien and ISL bind to the channel in its inactivated state which reduces the INa amplitude. The total weight coefficient of NaV1.5 is 76.013, which is still much lower than hERG 13942.141. The reason is understandable that, based on the content of components in the mixture of raw herbs of XSN, the weight of Huanglian (334g/2,377g mixture of raw herbs) is much more than Lianzixin (42g/2,377g mixture of raw herbs) and Gancao (167g/2,377g mixture of raw herbs); meanwhile, the concentration of berberine is much higher than LSN and ISL in relative herbs (details see Supplement Table 1). Secondly, the experimental inhibitory effect of NaV1.5 by XSN was carried on directly on isolated heart or cell lines without influenced by absorption, distribution, metabolism, and excretion; the predicted oral bioavailability also lower down the weight coefficients of LSN and ISL. Technically, more active components inhibiting NaV1.5 were still undiscovered, and further research on XSN is still needed.

Including the pharmacological effects of LSN and ISL, we drew a panoramagram of the integrative pharmacological mechanism of XSN with 475 components targeting 617 targets. Among the 617 targets, 40 targets were relative to PHHD arrhythmia. To explain the mechanism, we carried out pathway enrichment instead of subnetwork analysis, 116 pathways were obtained, and top 50 were shown as Figure 6.

As an antiarrhythmic drug, XSN showed multiple therapeutic effects. From the standpoint of TCM treatment, both tip and root causes can be reflected in the pathways, which can also be considered as quick-acting and long-acting mechanisms. First, ion channels play essential role in terminating abnormal electrical activity in arrhythmic heart. Based on the results from the analysis above, the mechanism on cardiac electronic activity may involve such targets: TNNI3, CACNA1S, SCN5A, KCNH2, KCNJ11, and CALM1. NaV1.5, CaV1.2, and hERG are three key ion currents in cardiac electric conduction during depolarization and repolarization. Troponins I (encoded by TNNI3) is integral to cardiac muscle contraction, which is also used as diagnostic and prognostic indicators in the management of myocardial infarction and acute coronary syndrome. Calmodulin 1 (encoded by CALM1) mediates the regulation of plenty of enzymes, ion channels, aquaporins, and other proteins acting with calcium-binding. Secondary, as long-acting mechanism, XSN was used to treat arrhythmia caused by coronary heart disease and viral myocarditis. Protection of myocardium, such as protection of I/R injury, antithrombosis and anti-apoptotic effect should be the essential effects of XSN. Intracellular sodium accumulation is a key pathophysiological mechanism in myocardial ischaemia/reperfusion (I/R) injury. Furthermore, it is thought that, Nav1.5, alongside NHE and other transporters, contributes to this sodium overload that can be reduced with application of lidocaine, suggesting that inhibition of INa may attenuate I/R injury. Previous work has shown XSN is cardioprotective in I/R injury induced in isolated rat hearts. Given the effect of ISL in inhibiting Nav1.5, it is possible that LSN and ISL reported in the present study are responsible for some of XSN’s cardioprotective actions in this way.

Besides of calcium overload, another reason of myocardium injury was caused by apoptosis of cardiomyocyte. The p53 tumor suppressor is one of the major apoptosis signaling pathways. It regulates a wide variety of genes involved in apoptosis, growth arrest, or senescence in response to genotoxic or cellular stress. The p53 can promote apoptosis through interactions with Bcl-2 family proteins in the cytoplasm. In addition, HIF1 alpha was also downregulated by the top1 component berberine (Mao et al., 2018). Berberine inhibits doxorubicin-induced cardiomyocyte apoptosis (Lv et al., 2012).

Inflammatory response is well recognized as a critical contributor for the development and complications of atherosclerosis cardiovascular disease (ASCVD), including myocardial infarction (MI), heart failure, and stroke, which involve complex interactions between multiple biological processes.

Besides of cardiovascular pathways, several diabetic pathways were also obtained. In TCM system, disease with diabetes-related symptoms is called “Xiaoke,” which is primarily caused by deficiency of Yin with dryness and heat syndromes as the secondary cause (Tong et al., 2012). As both PHHD and Xiaoke partially shared the pathogenesis of heat, it is understandable to share some biological pathways in common. In type II diabetes mellitus, insulin secretion, integration of energy metabolism pathways, KCNJ11, and ABCC8 were the common targets, which may be regulated by XSN. The beta‐cell ATP‐sensitive potassium (KATP) channel is a key component of stimulus‐secretion coupling in the pancreatic beta‐cell. The channel coupled metabolism to membrane electrical events bringing about insulin secretion. The channel consists of four subunits of the inwardly rectifying potassium channel Kir6.2 and four subunits of the sulfonylurea receptor 1 (SUR1).

Beyond of these targets, several targets including fatty acid synthase (FASN), pyruvate kinase L/R (PKLR), acetyl-CoA carboxylase (ACC, alpha unit encoded by ACACA), transketolase (TKT), free fatty acid receptor 1(FFAR1), glucagon-like peptide 1 receptor (GLP1R), and so on were also regulated by XSN. These targets are involved in the bioprocess of glycolysis, fatty acid synthesis, and pentose phosphate pathway, which are key steps of glucose and lipid metabolism. Through these mechanisms, XSN may improve fatty acid storage and convert it into glycogen. Lipid metabolism disorder has been reported being related to the TCM heat syndrome (Lv et al., 2012), which also suggest XSN regulate glucose and lipid metabolism to act as removing the extra heat based on the TCM theories.

In summary, the mechanism of XSN on treating PHHD arrhythmia may act as follows: on quick-acting aspect, XSN balanced the ion current of the heart by regulating multiple ion channels to terminate cardiac arrhythmia; on the long-acting aspect, XSN protects the heart from I/R injury, inhibits the apoptosis of cardiomyocyte, and improves glucose and lipid metabolism. Part of the mechanism of XSN on treating PHHD syndrome by sharing pathways with insulin secretion or glucose and lipid metabolism also suggest the potential therapeutic effect of diabetes and diabetic cardiopathy.
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Background: Primary intracerebral hemorrhage (ICH) is the most harmful subtype of stroke, but there have yet been no specific proven therapies. Chinese herbal medicine (CHM) has been used for ICH for more than a thousand years; however, currently it is still lacking of available evidence. The objective of this study is to assess the current available evidence of CHM for acute ICH according to randomized controlled trials.

Methods: Eight databases were searched from the year of their respective inception to November 2017. Only the studies that assessed at least four domains with “yes” according to the Cochrane risk of bias tool were selected for analysis. All the data were analyzed by using Review Manager 5.3 software. P < 0.05 was considered to be statistically significant.

Results: Forty-five studies with 4,517 individuals were identified. CHM paratherapy can improve dependency, neurological function deficit, volume of hematoma, clinical effective rate, and volume of perihematomal edema compared with CHM alone or placebo (all P < 0.05). By contrast, it was not significant for improving the mortality rate of ICH patients (P > 0.05). In addition, adverse events were reported in 16 studies, whereas 29 studies did not mention it. The frequency of adverse events was 70/972 in the trial group and 48/944 in the control group.

Conclusion: The present study provided supportive evidence of CHM for improving dependency of ICH and showed generally safety; however, there is still lack of evidence for improving mortality rate, and it opens for further study.

Keywords: primary intracerebral hemorrhage, Chinese herbal medicine, systematic review, meta-analysis, randomized controlled trials



Introduction

Primary intracerebral hemorrhage (ICH), known as the irruption of blood in the brain parenchyma, is the most harmful subtype of stroke. It accounts for 10–15% of all strokes and is a devastating stroke with a higher mortality and disability rate compared to ischemic stroke (Liu et al., 2012). There is approximately 40% of case fatality at 1 month with an increase of 54% at 1 year (van Asch et al., 2010; Poon et al., 2014). However, currently no clinically proven specific therapy or treatment is available (Morgenstern et al., 2015). The currently available evidences for the management of ICH recommended by the guidelines remain multifaceted and symptomatic (Steiner et al., 2014; Morgenstern et al., 2015).

Traditional Chinese medicine (TCM) that includes Chinese herbal medicine (CHM), acupuncture, and other non-drug therapies has been used for stroke for thousands of years, but it was difficult to differentiate the ischemic and hemorrhagic stroke. As for Western medicine, during the first half of the 20th century, clinicopathological studies have been concentrated on the clinical symptoms of patients who died after stoke. In 1935, cerebrovascular diseases began to be classified into thrombosis and hemorrhage (intracerebral or subarachnoid) by analyzing stroke patients studied clinically and at necropsy (Caplan, 2011). By the end of the 1980s and the 1990s, computed tomography (CT) and magnetic resonance imaging (MRI) scans became generally available so that brain hemorrhages were readily diagnosed by imaging. Patients could be recognized of accurate classification and differential diagnosis of brain hemorrhages or infarcts when they were alive through CT or MRI. With the introduction of modern Western medicine into China during the Early Republic of China (1912–1949), some doctors recognized that stroke can be either hemorrhagic or ischemic (Zheng and Huang, 2005). In 1978, the Chinese Medical Association approved the classification of cerebrovascular diseases on the Second National Conference on Neuropsychiatry, which clearly divided the stroke into hemorrhagic and ischemic (The Second National Conference on Neuropsychiatry, 1978). Since then, it became the most widely used classification method of cerebrovascular diseases in China. In 1997, stroke in TCM has its national classification standard that exactly same as western medicine. The National standard of TCM, section of Clinical terminology of diagnosis and treatment on TCM clearly divided it into ischemic and hemorrhagic stroke (China State Bureau of Quality and Technical Supervision, 1997; Zheng and Huang, 2005). Actually, TCM has been the dominantly medical modalities in China before Western medical healthcare was introduced into the regions (Zheng, 2009). It was also the only available medical care of stroke patients in ancient time and now still plays an important role in China and elsewhere worldwide. With the deepening of basic and clinical studies on stroke, TCM has shown its unique academic advantages in the prevention and treatment of stroke, and has gradually exerted a certain influence in the world (Wang, 1997; Wu et al., 2007). At present, there are great differences in the treatment of stroke between China and the West, the most remarkable difference is the use of TCM (Sze et al., 2005). CHM is the main pharmacological therapeutic method in TCM. In addition, systematic review of the rigorous randomized controlled trials (RCTs) has been recognized the highest level of evidence (Parnianfard et al., 2017). The validity of a conclusion of systematic review is highly dependent on the quality of RCTs included. Conversely, the low-quality RCTs with high risk of bias and high heterogenicity have the positive conclusions, which are not scientifically sound and misleading attribute to methodological flaws (Wang et al., 2019). Correspondingly, the Cochrane group guidelines for clinical reviews have developed a strict process to exclude such not-so-good studies when conducted a systematic review (Chan et al., 2012). Thus, the objective of the present systematic review is to assess the existing evidence of CHM for ICH after the exclusion of not-so-good RCTs.




Methods

Ethical approval was not needed because of literature research. The systematic review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses: The PRISMA Statement (Moher et al., 2009).



Database and Search Strategies

Electronic searches were performed in eight databases from their respective inception to November 2017: PubMed, EMBASE, Web of Science, Cochrane Library, Chinese National Knowledge Infrastructure, Chinese Biomedical Literature Database, Chinese VIP Database, and Wanfang Database. We also manually searched the additional relevant studies using the references of the systematic reviews published previously. No language restrictions were applied. The following search strategy was used for PubMed and was modified to suit other databases.

	1.	Chinese medicine*

	2.	Chinese herbal*

	3.	integrative medicine

	4.	OR/1–3

	4.	intracerebral hemorrhage*

	5.	hemorrhagic stroke*

	6.	OR/4–5

	7.	4 AND 6




Eligibility Criteria



Types of Studies

Only RCTs that assessed the efficacy and safety of CHM for acute ICH were included, regardless of publication status or language. If the study had a three-arm design, we extracted data only for the group(s) involving CHM and the control group(s). Quasi-randomized trials, such as those in which patients were allocated according to date of birth and order of admission number, were excluded.




Types of Participants

We included participants with a diagnosis of ICH within 7 days of stroke onset in accordance with the diagnostic criteria of Chinese Cerebrovascular Disease Diagnosis Standard (CCDDS) made by the Chinese Medical Association at the Fourth National Conference on cerebrovascular disease in 1995 (The Fourth National Conference on Cerebrovascular Disease, 1996), CCDDS in 1998 (Wang, 1998), and guidelines for prevention and treatment of cerebrovascular diseases issued by the Neurology Branch of Chinese Medical Association in 2007 (Rao, 2007), regardless of gender, age, or race. All participants were confirmed with CT/MRI scan.




Types of Interventions

The analyzed intervention was CHM adjunct western conventional medication (WCM), regardless of dosage, duration, administrated methods, administration route, or administration time of treatment. The comparator was given WCM alone or plus CHM placebo. WCM refers to the combination of needed therapies of the following aspects (Morgenstern et al., 2015): 1) general supportive care; 2) blood pressure management; 3) glucose management; 4) hemostasis and coagulopathy; patients with a severe coagulation factor deficiency or severe thrombocytopenia should receive appropriate factor replacement therapy or platelets, respectively; 5) surgical treatment; 6) management of medical complications; and 7) rehabilitation and recovery. Studies comparing one kind of CHM with another CHM were excluded.




Types of Outcomes

Mortality and dependency as primary outcomes were measured at the end of the treatment course and the follow-up period. Dependency has the definition of needing the aid of activity of daily living (ADL), which was measured by a standard rating scale such as the Barthel Index (BI), modified Rankin Standard (mRS), ADL Scale, Glasgow Outcome Scale (GOS), and the degree of disability. The degree of disability was recorded in the standard of the degree of clinical neurological deficit in stroke patients (SDCNFS1995) (Chen, 1996). The secondary outcomes were the neurological deficit improvement (Li et al., 2015), volume of hematoma (VH), the clinical effective rate, volume of perihematomal edema (VPE), and adverse events. The neurological deficit improvement was measured after treatment using National Institutes of Health Stroke Scale (NIHSS) score and Chinese Clinical Neurological Deficit Scale (CCNDS). A serious adverse event (SAE) is defined as “any untoward medical occurrence at any dose”: a) results in death; b) is life-threatening; c) requires inpatient hospitalization or prolongation of an existing hospitalization; d) results in persistent or significant disability/incapacity; or e) is a congenital anomaly/birth defect (ICH Expert Working Group, 1996).





Data Extraction and Management

We extracted data that included first author’s name; publication year; diagnosis standard of ICH; study design; patients’ total number and characteristics (age, gender, belong to control or treatment group); inclusion of patient-based VH; intervention schedule and intervention time for treatment group and control group; follow-up time; change of outcome index; the reports of adverse reaction. The outcome information of the last evaluation would be extracted if there were multiple time-point outcome indicators. Reasons for the exclusion of studies were also recorded. For eligible studies, two authors extracted data independently and resolved all discrepancies by discussing with each other or with a third author.




Assessment of Risk of Bias

The Cochrane’s Collaboration tool was used to assess the risk of bias by the 7-item criteria (Higgins et al., 2008). Two authors valued the eligible studies independently and a discussion with the corresponding author was conducted to solve any discrepancies. RCTs that received at least four out of seven domains “yes” were selected for analysis (Li et al., 2015; Yang et al., 2017)




CHM Composition

The main compositions of the CHM formulae were recorded. We calculated the frequency of use of all Chinese herbs, and analyzed and described in detail those used at high frequency.




The Quality of the Clinical Studies

In order to assess the quality of the clinical studies, we used a rating system (Wang et al., 2019) as follows: 1) high quality—full information about the botanical material is provided, including a voucher specimen; 2) moderate quality—only partial information about the botanical material is provided and a voucher specimen is missed; there are taxonomic inaccuracies; 3) low quality—inadequate information and overall taxonomically inadequate.




Statistical Analysis

Data were analyzed by using Review Manager (version 5.3). P < 0.05 was considered statistically significant. Dichotomous outcomes were calculated by the risk ratio (RR), with a 95% confidence interval (CI), whereas continuous outcomes were calculated by weighted mean differences (WMD) or standardized mean differences (SMD). The Cochrane Q-statistic test and the I2-statistic were used to test the heterogeneity among studies. When no obvious heterogeneity exists (P > 0.1, I2 < 50%), we used a fixed effect model. Otherwise, the random effect model is a more plausible match. However, all meta-analyses were carried out through a random-effect model because of the clinical heterogeneity. Publication bias was visually estimated using funnel plots.





Results



Description of Studies

We identified 14,596 potentially relevant hints from eight databases. Removing duplication of literature, there were 8,279 articles left. We excluded 7,514 studies that are not related to this study after reading the titles and abstracts in detail. Through reading the full text of 742 articles, 697 articles were excluded for at least one of the following reasons: 1) non-randomized or quasi-RCTs; 2) no clear ICH diagnostic criteria; 3) combined Chinese herbs with other TCM treatment modalities; 4) published by repeated data; and 5) unavailable data. Finally, 45 articles were included for analysis (Figure 1).
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Figure 1 | Flowchart of study screening.






Characteristics of Included Studies

The sample sizes of the 45 studies ranged from 51 to 404. All studies were published between 2000 and 2017. There were 4,517 participants of Chinese ethnicity that were included in the 45 studies, of which 2,267 patients were treatment groups and 2,250 patients served as controls. Forty-two studies (Fan et al., 2000; Jia et al., 2000; Dai et al., 2002; Ma and Gong, 2005; Yang and Liu, 2006; Fan et al., 2008; Sun and Chen, 2008; Huang et al., 2010; Liao et al., 2010; Ming et al., 2010; Chen, 2011; Li et al., 2011; Peng et al., 2011; Wang and Wang, 2011; Li et al., 2012; Shen et al., 2012; Zhang et al., 2012; Ming et al., 2013; Wang et al., 2013; Bi and Hu, 2014; Gu et al., 2014; Guo et al., 2014; Li, 2014; Ye, 2014; Guan et al., 2015; Li et al., 2015; Luo et al., 2015; Peng and Feng, 2015; Shen and Luo, 2015; Guo et al., 2016; Jiang et al., 2016; Li et al., 2016; Liu and Wu, 2016; Liu and Zhang, 2016; Long et al., 2016; Shang and Yang, 2016; Xia et al., 2016; Zhou et al., 2016; Lei and Qiao, 2017; Ma and Zhang, 2017; Sun et al., 2017; Zhang et al., 2017) compared CHM plus WCM with WCM alone, and three studies (Huang et al., 2006; Chen et al., 2010; Liu et al., 2012) compared CHM plus WCM with CHM placebo plus WCM. The CHM treatment course varied from 7 to 90 days. Nineteen studies reported follow-up from 7 days to 1 year. The follow-up time over 3 months was reported in 18 studies (Jia et al., 2000; Dai et al., 2002; Huang et al., 2006; Chen et al., 2010; Huang et al., 2010; Wang and Wang, 2011; Li et al., 2012; Shen et al., 2012; Zhang et al., 2012; Ming et al., 2013; Wang et al., 2013; Ye, 2014; Li et al., 2015; Li and Wu, 2016; Liu and Zhang, 2016; Xia et al., 2016; Ma and Zhang, 2017). Mortality rate was observed in 14 studies; dependence in 10 studies; clinical effective rate in 28 studies; neurological deficit score in 37 studies; VH in 23 studies; VPE in 7 studies; and adverse events in 16 studies. The detailed characteristics are listed in Supplementary Table 1.




Risk of Bias in Included Studies

The total scores according to Cochrane risk of bias (Table 1) are as follows: Xia et al. (2016) with 7 points; Chen et al. (2010) and Li et al.(2016) with 6 points; Huang et al. (2006) and Luo et al. (2015) with 5 points; the other 40 RCTs with 4 points. The method of random distribution was clearly proposed in all included documents. In addition, three studies (Chen et al., 2010; Li et al., 2016; Xia et al., 2016) explicitly proposed the method of distribution concealment; two studies (Chen et al., 2010; Xia et al., 2016) had double blinding for the implementers and participants; and four studies (Huang et al., 2006; Luo et al., 2015; Li et al., 2016; Xia et al., 2016) evaluated the outcome indexes by blind method.



Table 1 | Assessment of study quality and risk of bias.
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The Quality of the Clinical Studies

We accessed the quality of the included clinical studies with a rating system, which is related to the information about the botanical material and voucher specimens. All studies are low quality with inadequate information and overall taxonomically inadequate. The quality for each included clinical study is summarized in Table 2.



Table 2 | The quality of the clinical studies.
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Effectiveness



Mortality

Fourteen studies (Fan et al., 2000; Jia et al., 2000; Dai et al., 2002; Huang et al., 2006; Sun and Chen, 2008; Chen et al., 2010; Huang et al., 2010; Wang and Wang, 2011; Liu et al., 2012; Guo et al., 2016; Liu and Zhang, 2016; Zhou et al., 2016; Lei and Qiao, 2017; Zhang et al., 2017) reported the mortality rate as outcome measure. Three studies (Huang et al., 2006; Chen et al., 2010; Liu et al., 2012) showed CHM plus WCM was not significant for improving mortality rate compared with CHM placebo plus WCM (p > 0.05). Meta-analysis of 11 studies (Fan et al., 2000; Jia et al., 2000; Dai et al., 2002; Sun and Chen, 2008; Huang et al., 2010; Wang and Wang, 2011; Guo et al., 2016; Liu and Zhang, 2016; Zhou et al., 2016; Lei and Qiao, 2017; Zhang et al., 2017) showed that CHM plus WCM was not significant for improving the mortality rate in acute ICH patients compared with WCM alone (n = 1006, nT/nC = 512/494, RR 0.69, 95%CI: 0.48~1.00, P = 0.05, heterogeneity χ2 = 6.57, df = 10, p = 0.94, I2 = 0%) (Figure 2A); meta-analysis of five studies (Jia et al., 2000; Dai et al., 2002; Huang et al., 2010; Wang and Wang, 2011; Liu and Zhang, 2016) that followed up for more than 3 months showed similar results (n = 492, nT/nC = 250/242, RR 0.71, 95% CI: 0.46~1.11, P = 0.13, heterogeneity χ2 = 2.88, df = 4, p = 0.58, I2 = 0%) (Figure 2B).
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Figure 2 | Forest plots of meta-analysis of mortality rate. (A) Eleven studies compared CHM plus WCM with WCM alone. (B) Five studies that followed up for more than 3 months compared CHM plus WCM versus WCM alone in acute ICH patients.






Dependency

Ten studies (Jia et al., 2000; Dai et al., 2002; Huang et al., 2006; Chen et al., 2010; Wang and Wang, 2011; Li et al., 2012; Liu et al., 2012; Li et al., 2016; Xia et al., 2016; Ma and Zhang, 2017) used the dependency as outcome measure. Three studies showed that CHM plus WCM was signiﬁcant for reducing the dependence according to BI (Huang et al., 2006); combined use of mRS and BI (Chen et al., 2010) and home-made comparable scale (Liu et al., 2012) compared with CHM placebo plus WCM (P < 0.05). Seven studies (Jia et al., 2000; Dai et al., 2002; Wang and Wang, 2011; Li et al., 2012; Li et al., 2016; Xia et al., 2016; Ma and Zhang, 2017) compared the CHM plus WCM with WCM alone, and all showed that CHM plus WCM was significant for improving dependency at the end of the treatment and follow-up more than 3 months according to BI (Li et al., 2012), mRS (Li et al., 2016; Xia et al., 2016), GOS (Ma and Zhang, 2017), ADL (Wang and Wang, 2011), and degree of disability (Jia et al., 2000; Dai et al., 2002) (P < 0.05). Meta-analysis of two studies (Jia et al., 2000; Dai et al., 2002) showed CHM plus WCM was significant for improving degree of disability (n = 131, nT/nC = 66/65, RR 2.01, 95% CI: 1.40~2.89, P < 0.0001, heterogeneity χ2 = 0.00, df = 1, p = 0.97, I2 = 0%) at the end of the treatment compared with WCM (Figure 3).
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Figure 3 | Forest plot of meta-analysis of acute ICH patients’ dependency (≥3 months follow-up) among two studies compared CHM plus WCM with WCM alone.






Clinical Effective Rate

The clinical efficacy was reported in 28 studies (Fan et al., 2000; Jia et al., 2000; Dai et al., 2002; Ma and Gong, 2005; Huang et al., 2006; Yang and Liu, 2006; Huang et al., 2010; Chen, 2011; Li et al., 2012; Liu et al., 2012; Zhang et al., 2012; Guo et al., 2014; Li, 2014; Ye, 2014; Guan et al., 2015; Li et al., 2015; Peng and Feng, 2015; Shen and Luo, 2015; Guo et al., 2016; Jiang et al., 2016; Li et al., 2016; Liu and Wu, 2016; Long et al., 2016; Shang and Yang, 2016; Zhou et al., 2016; Lei and Qiao, 2017; Sun et al., 2017; Zhang et al., 2017). Meta-analysis of two studies (Huang et al., 2006; Liu et al., 2012) showed CHM plus WCM was significant for increasing clinical effective rate compared with CHM placebo plus WCM (P < 0.05). Meta-analysis of 20 studies (Dai et al., 2002; Ma and Gong, 2005; Yang and Liu, 2006; Huang et al., 2010; Chen, 2011; Li et al., 2012; Zhang et al., 2012; Guo et al., 2014; Li, 2014; Ye, 2014; Li et al., 2015; Peng and Feng, 2015; Shen and Luo, 2015; Guo et al., 2016; Jiang et al., 2016; Li et al., 2016; Liu and Wu., 2016; Long et al., 2016; Lei and Qiao, 2017; Zhang et al., 2017) showed CHM plus WCM was significant for increasing clinical effective rate compared with WCM alone according to SDCNFS 1995 (n = 1853, nT/nC = 935/918, RR 1.40, 95%CI: 1.30~1.51, P < 0.00001, heterogeneity χ2 = 17.27, df = 19, p = 0.57, I2 = 0%) (Figure 4A). The funnel graph is basically symmetrical, indicating that there is no obvious publication bias (Figure 4B). Owing to the different evaluation criteria of clinical efficiency, the other six studies (Fan et al., 2000; Jia et al., 2000; Guan et al., 2015; Shang and Yang, 2016; Zhou et al., 2016; Sun et al., 2017) failed to conduct meta-analysis, but they showed positive results (P < 0.05).
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Figure 4 | (A) Forest plot of meta-analysis of clinical effective rate among 20 studies compared CHM plus WCM versus WCM alone. (B) Funnel graph of publication bias.






CCNDS Score

The CCNDS score as outcome measure was used in 12 studies (Jia et al., 2000; Dai et al., 2002; Ma and Gong, 2005; Yang and Liu, 2006; Huang et al., 2010; Chen, 2011; Wang and Wang, 2011; Li et al., 2012; Liu et al., 2012; Wang et al., 2013; Peng and Feng, 2015; Long et al., 2016). One study (Liu et al., 2012) showed that CHM plus WCM was significant for reducing the CCNDS score at 48 days compared with CHM placebo plus WCM (P < 0.05). Eleven studies compared CHM plus WCM with WCM alone at 14, 90, or 180 days. Meta-analysis of three studies (Ma and Gong, 2005; Yang and Liu, 2006; Long et al., 2016) showed CHM plus WCM was significant for reducing the CCNDS score at 14 days compared with WCM (n = 238, nT/nC = 120/118, WMD −5.05, 95%CI: −6.20~−3.91, P < 0.00001, heterogeneity χ2 = 2.59, df = 2, p = 0.27, I2 = 23%; Figure 5A); three studies (Huang et al., 2010; Chen, 2011; Li et al., 2012) at 90 days (n = 254, nT/nC = 131/123, WMD −7.66, 95%CI: −9.09~−6.23, P < 0.00001, heterogeneity χ2 = 0.00, df = 2, p = 1.00, I2 = 0%; Figure 5B); and two studies (Jia et al., 2000; Dai et al., 2002) at 180 days (n = 122, nT/nC = 60/62, WMD −6.42, 95%CI: −9.51~−3.33, P < 0.00001, heterogeneity χ2 = 0.00, df = 1, p = 1.00, I2 = 0%; Figure 5C). Due to the inconsistent time points of evaluation, the other three studies (Wang and Wang, 2011; Wang et al., 2013; Peng and Feng, 2015) failed to conduct meta-analysis, but they reported positive results.
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Figure 5 | Forest plots of meta-analysis of Chinese clinical neurological deficit scale score. (A) Three studies compared CHM plus WCM with WCM alone at 14 days. (B) Three studies at 90 days and (C) two studies at 180 days.






NIHSS Score

Nineteen studies (Huang et al., 2006; Fan et al., 2008; Sun and Chen, 2008; Liao et al., 2010; Shen et al., 2012; Zhang et al., 2012; Gu et al., 2014; Li, 2014; Guan et al., 2015; Luo et al., 2015; Jiang et al., 2016; Li et al., 2016; Liu and Wu, 2016; Liu and Zhang, 2016; Shang and Yang, 2016; Zhou et al., 2016; Lei and Qiao, 2017; Ma and Zhang, 2017; Sun et al., 2017) used NIHSS scores as outcome. Huang et al. (2006) showed that CHM plus WCM was significant for improving the NIHSS score compared with CHM placebo plus WCM at 90 days (P < 0.05). Eighteen studies (Fan et al., 2008; Sun and Chen, 2008; Liao et al., 2010; Shen et al., 2012; Zhang et al., 2012; Gu et al., 2014; Li, 2014; Guan et al., 2015; Luo et al., 2015; Jiang et al., 2016; Li et al., 2016; Liu and Wu, 2016; Liu and Zhang, 2016; Shang and Yang, 2016; Zhou et al., 2016; Lei and Qiao, 2017; Ma and Zhang, 2017; Sun et al., 2017) showed CHM plus WCM exerted a significantly better recovery of lost neurological functions than that of WCM alone (P < 0.05). We failed to conduct meta-analysis because of the various assessment time points from 7 to 90 days after CHM treatment.




VH

It was reported as an outcome measure in 23 studies (Fan et al., 2000; Jia et al., 2000; Ma and Gong, 2005; Yang and Liu, 2006; Liao et al., 2010; Ming et al., 2010; Chen, 2011; Li et al., 2011; Peng et al., 2011; Shen et al., 2012; Zhang et al., 2012; Wang et al., 2013; Bi and Hu, 2014; Guo et al., 2014; Li, 2014; Ye, 2014; Luo et al., 2015; Peng and Feng, 2015; Jiang et al., 2016; Li et al., 2016; Lei and Qiao, 2017; Sun et al., 2017) assessed at 7, 21, and 28 days after CHM treatment. Meta-analysis of eight studies (Jia et al., 2000; Ma and Gong, 2005; Yang and Liu, 2006; Liao et al., 2010; Chen, 2011; Shen et al., 2012; Guo et al., 2014; Li, 2014) showed that CHM plus WCM significantly reduced the VH at 7 days compared with WCM alone (n = 611, nT/nC = 307/304, WMD −3.96, 95%CI: −4.68~−3.25, P < 0.00001, heterogeneity χ2 = 14.77, df = 7, p = 0.04, I2 = 53%; Figure 6A); two studies (Jiang et al., 2016; Sun et al., 2017) at 21 days (n = 124, nT/nC = 68/68, WMD -5.66, 95%CI: −6.18~−5.15, P < 0.00001, heterogeneity χ2 = 0.14, df = 1, p = 0.71, I2 = 0%; Figure 6B); and six studies (Fan et al., 2000; Peng et al., 2011; Zhang et al., 2012; Ming et al., 2013; Li, 2014; Ye, 2014; Long et al., 2016) at 28 days (n = 465, nT/nC = 233/232, WMD −2.37, 95%CI: −3.03~−1.71, P < 0.00001, heterogeneity χ2 = 6.63, df = 5, p = 0.25, I2 = 25%; Figure 6C). Seven studies (Ming et al., 2010; Li et al., 2011; Wang et al., 2013; Bi and Hu, 2014; Ye, 2014; Luo et al., 2015; Li et al., 2016) failed to carry out meta-analysis because of the inconsistent time points of evaluation, but they reported positive results (P < 0.05).
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Figure 6 | Forest plots of meta-analysis of volume of hematoma. (A) Eight studies compared CHM plus WCM with WCM alone at 7 days. (B) Two studies at 21 days and (C) six studies at 28 days.






VPE

It was reported in 7 studies at 14 days (Li, 2014; Long et al., 2016), 21 days (Sun and Chen, 2008; Ming et al., 2013; Ye, 2014), and 28 days (Peng et al., 2011; Zhang et al., 2012) after CHM treatment. These studies showed CHM plus WCM significantly lessened VPE compared with WCM alone (P < 0.05).




Adverse Events

They were reported in 16 studies (Fan et al., 2000; Huang et al., 2006; Chen et al., 2010; Li et al., 2011; Peng et al., 2011; Gu et al., 2014; Li, 2014; Guan et al., 2015; Luo et al., 2015; Peng and Feng, 2015; Li et al., 2016; Liu and Wu, 2016; Xia et al., 2016; Zhou et al., 2016; Lei and Qiao, 2017), whereas 29 studies did not mention it. The frequency of adverse events was 70/972 in the trial group and 48/944 in the control group. Adverse events were as follows: diarrhea (n = 22); skin itching (n = 3); transient aminotransferase mild elevation (n = 3); two cases of rash; nausea (n = 2); and skin allergy (n = 1); all of them were relieved after drug withdrawal, decrement, or symptomatic treatment. Three studies (Peng et al., 2011; Gu et al., 2014; Li, 2014) reported no obvious adverse events. There was only one study (Chen et al., 2010) that reported two cases of SAEs in the treatment group and six SAEs in the control group, but it did not mention the SAEs exactly.




Ingredients of CHM Formulae and Frequently Used Herbs

The ingredients of CHM in each RCT are listed in Supplementary Table 2. The most frequently used herbs across all formulae were Dahuang (Radix et Rhizoma Rhei, rhubarb root and rhizome), Sanqi (Radix Notoginseng, Panax notoginseng), Chuanxiong (Rhizoma Ligustici Chuanxiong, Ligusticum chuanxiong Hort), Chishao (Radix Paeoniae Rubra, Paeonia veitchii Lynch), Shichangpu (Rhizoma Acori Tatarinowii, Acorus tatarinowii Schott), Yujin (Radix Curcumae, turmeric root tuber), Zhizi (Fructus Gardeniae, cape jasmine fruit), Taoren (Semen Persicae, peach seed), Shuizhi (Hirudo, leech), Honghua (Flos Carthami, safflower), Gancao (Radix Glycyrrhizae, liquorice root), Danggui (Radix Angelicae Sinensis,Angelica sinensis), Niuxi (Radix Achyranthis Bidentatae, twotoothed achyranthes root), and Huangqin (Radix Scutellariae, baical skullcap root) (Table 3).



Table 3 | Frequently used herbs in included studies.
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Discussion



Summary of Evidence

This study is an updated systematic review of the efficacy and safety of CHM for ICH. Forty-five low risk of bias RCTs with 4,517 subjects received at least four domains with “yes” according to the Cochrane Risk of Bias tool. The main findings of present systematic review demonstrated that CHM paratherapy can improve dependency, VH, VPE, clinical effective rate, and neurological function deficit; however, it was not significant for improving the mortality rate of ICH patients. In addition, CHM paratherapy had fewer side effects and was generally safe. Although the present study provided supportive evidence of the efficacy and safety of CHM for dependency of ICH, we should treat the results cautiously because the included studies were of high clinical heterogeneity.




Limitations

First, none of the included studies had been formally registered. Thus, protocols were not available to confirm free of selective reporting (De Angelis et al., 2004). Second, the primary studies existed in some methodological flaws such as distribution concealment and blindness. The selection bias or observer bias may affect the results. Third, only three studies (Huang et al., 2006; Chen et al., 2010; Liu et al., 2012) used CHM placebo in the control group, and thus caution should be given to the interpretation of the positive findings. Fourth, most of the included studies did not carry out formal sample size estimates. Trials with inadequate sample sizes often run the risk of overestimating intervention benefits (Kjaergard et al., 2001). Fifth, the composition of a formula, dosage, administration methods, and duration of CHM treatments varied considerably in the primary RCTs. These clinical heterogeneities may compromise validity of the results of the present study. Sixth, only 18 studies (Jia et al., 2000; Dai et al., 2002; Huang et al., 2006; Chen et al., 2010; Huang et al., 2010; Wang and Wang, 2011; Li et al., 2012; Shen et al., 2012; Zhang et al., 2012; Ming et al., 2013; Wang et al., 2013; Ye, 2014; Li et al., 2015; Li et al., 2016; Liu and Wu, 2016; Liu and Zhang, 2016; Xia et al., 2016; Ma and Zhang, 2017) have more than 3 months’ follow-up. The long prognosis of ICH of CMH treatment at least 6 months needed further clarifying.




Implications for Practice

The use of CHM in the treatment of ICH has increased in the past decades. The available evidence from the present study is supportive. We summarized the most frequently used 14 herbs: Radix et Rhizoma Rhei, Radix Notoginseng, Rhizoma Ligustici Chuanxiong, Radix Paeoniae Rubra, Rhizoma Acori Tatarinowii, Radix Curcumae, Fructus Gardeniae, Semen Persicae, Hirudo, FlosCarthami, Radix Glycyrrhizae, Radix Angelicae Sinensis, Radix Achyranthis Bidentatae, and Radix Scutellariae. These selected herbs have far-reaching clinical applications for the treatment based on syndrome differentiation of ICH patients according to the therapeutic functions of herbal medicine. Radix et Rhizoma Rhei, Radix Notoginseng, Rhizoma Ligustici, Radix Curcumae, Semen Persicae, Hirudo, Flos Carthami, Radix Paeoniae Rubra, Radix Angelicae Sinensis, and Radix Achyranthis have the function of promoting blood circulation for removing blood stasis; Radix Notoginseng and Radix Scutellariae have the function of hemostasis. Thus, we can deduce that the main pattern of primary ICH is the syndrome of blood stasis blocking brain. In addition, the selected high-frequency herbs can guide the prescribing of clinical treatment of primary ICH and can be used as candidate herbs for RCT.




Implications for Research

The present study identifies some key areas that contribute to further research. Firstly, the reasons why CHM cannot significantly improve the mortality rate are as follows: A) Sample size: Mortality rate was observed in 14 studies with 106/863 subjects in the treatment group and 179/850 subjects in the control group. There is no statistical difference between the two groups in spite of a presenting trend efficacy. It is difficult to draw conclusions and easy to get false negative results when the sample size is too small (Zhong, 2009). B) Types of participants: The participants’ condition in the included studies was not severe, and some participants with milder conditions were less likely to die. C) Follow-up time: The follow-up time was from 7 days to 1 year, so that we cannot predict the long-term effects of CHM for ICH patients. However, it does not mean that CHM has no significance for improving the mortality rate for ICH patients. The significance of CHM for improving the mortality rate may be undervalued due to the above reasons. Thus, whether CHM can significantly improve the mortality rate of ICH deserves further study. Secondly, it is crucial to improve the methodological quality of RCTs. We recommend that specific guidelines, such as the CONSORT 2010 statement (Schulz et al., 2010), guidelines for RCTs investigating CHM (Flower et al., 2012), and CONSORT Extension for Chinese Herbal Medicine Formulas 2017 (Cheng et al., 2017), should be further used to design and report RCTs for CHM. Thirdly, although the CHM treatment in the included studies was generally safe in ICH patients, the safety of CHM for ICH still needs further confirmation. In addition, the safety of herbal patent injection itself has become a major concern to both national health authorities and the general public (Wang et al., 2010). A standard reporting format for adverse drug reactions (ADR) has been developed (Bian et al., 2010), and we suggest that we should pay close attention to improving the reporting of ADRs of CHM. Fourthly, a longer follow-up period with serial measurements of outcomes is important to determine the genuine effectiveness and long-term effect of ICH. Thus, a longer follow-up period for ICH patients in the design of further clinical trials is needed. Fifthly, disease-syndrome combination is the recognized trend in integrative medicine. Syndrome differentiation is the core of TCM practice, which can establish a TCM treatment principle and enable us to prescribe the herbal formula. Thus, syndrome differentiation is the bridge to prescription corresponding to syndrome (Wang and Xiong, 2012). Thus, when evaluating the efficacy and safety of CHM treatment, the syndrome differentiation of ICH should be considered to further stratify. A precisely tailor-made TCM prescription based on individual differences can help to improve the efficacy of the selected Chinese herbs (Jiang et al., 2012). For instance, one high-quality study published in JAMA (Bensoussan et al., 1998) indicated that using individualized CHM for the treatment of irritable bowel syndrome is more effective than prescribing a common hypnotic prescription. Therefore, based on the syndrome differentiation of patients, we can select the appropriate medicine from the most frequently used 14 herbs in this study in the future clinic treatment, so as to improve the therapeutic effect of CHM for the acute period of ICH. Last but not least, some new sensitive scales can be introduced into future trials, such as the ICH grading scale (Ruiz-Sandoval et al., 2007) and the FUNC score (Rost et al., 2008).





Conclusion

The present study provided supportive evidence of CHM for improving dependency of ICH and showed general safety; however, there is still lack of evidence for improving mortality rate, and it opens for further study.
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Backgrounds: Salsolinol (SAL), a plant-based isoquinoline alkaloid, was initially isolated from Aconiti Lateralis Radix Praeparata (ALRP) and identified as the active cardiotonic component of ALRP. This study was aimed to explore the therapeutic effect and mechanism by which SAL attenuates doxorubicin (DOX)-induced chronic heart failure (CHF) in rats and improves mitochondrial function in H9c2 cardiomyocytes.

Methods: Rats were intraperitoneally injected with DOX to establish CHF model. Therapeutic effects of SAL on hemodynamic parameters, serum indices, and the histopathology of the heart were analyzed in vivo. Moreover, H9c2 cardiomyocytes were pretreated with SAL for 2 h before DOX treatment in all procedures in vitro. Cell viability, cardiomyocyte morphology, proliferation, and mitochondrial function were detected by a high-content screening (HCS) assay. In addition, a Seahorse Extracellular Flux (XFp) analyzer was used to evaluate the cell energy respiratory and energy metabolism function. To further investigate the potential mechanism of SAL, relative mRNA and protein expression of key enzymes in the tricarboxylic acid cycle in vivo and mitochondrial calcium uniporter (MCU) signaling pathway-related molecules in vitro were detected.

Results: The present data demonstrated the pharmacological effect of SAL on DOX-induced CHF, which was through ameliorating heart function, downregulating serum levels of myocardial injury markers, alleviating histological injury to the heart, increasing the relative mRNA expression levels of key enzymes downstream of the tricarboxylic acid cycle in vivo, and thus enhancing myocardial energy metabolism. In addition, SAL had effects on increasing cell viability, ameliorating DOX-induced mitochondrial dysfunction, and increasing mitochondrial oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in H9c2 cardiomyocyte. Moreover, we found that SAL might have an effect on improving mitochondrial respiratory function and energy metabolism via inhibiting excessive activation of MCU pathway in H9c2 cells. However, the protective effect could be ameliorated by ruthenium red (an MCU inhibitor) and abrogated by spermine (an MCU activator) in vitro.

Conclusion: The therapeutic effects of SAL on CHF are possibly related to ameliorating cardiomyocyte function resulting in promotion of mitochondrial respiratory and energy metabolism. Furthermore, the potential mechanism might be related to downregulating MCU pathway. These findings may provide a potential therapy for CHF.
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Introduction

Chronic heart failure (CHF), the most common form of cardiovascular disease, is a serious health problem worldwide, with rising incidence and prevalence (Stephan et al., 2017; Zhang et al., 2018). According to the “Heart disease and stroke statistics—2018 update: a report from the American Heart Association” (Benjamin et al., 2018), the prevalence of CHF will increase at 46% from 2012 to 2030, resulting in more than 8 million people not less than 18 years of age with heart failure (HF). Prevention and treatment of CHF will effectively reduce morbidity and mortality rates in human beings. Currently, although various potential mechanisms have been investigated for the treatment of CHF, there is still a lack of satisfaction for the targeted therapy. The heart is the main energy-consuming organ of one’s body, and sufficient energy supply is a normal guarantee for maintaining its own needs and pumping function. Clinically, the insufficient myocardial energy supply or metabolic imbalance will lead to the abnormal structure and function of the heart and eventually lead to the occurrence of HF (Watanabe et al., 2010). In 2004 (van Bilsen et al., 2004), Van Bilsen proposed the concept of energy “metabolic remodeling,” that is, the failing heart suffers from chronic energy starvation. The changes in mitochondrial function can also cause changes in heart function. From a metabolic point of view, the hypertrophic heart is characterized by a significant change in matrix preference from fatty acids to glucose. As energy metabolism is affected during compensated hypertrophy and cardiac failure, compounds that can promote mitochondrial energy metabolism may be potential drugs for the treatment of HF (Neubauer et al., 1997; Kalsi et al., 1999).

In the prevention and treatment of HF, with the safety and multi-target advantages, traditional Chinese medicine (TCM) protects myocardial mitochondria during HF, thus providing a new idea for studying the pathogenesis and targeted treatment of CHF. Our previous study had shown that Aconiti Lateralis Radix Praeparata (ALRP, Fuzi in Chinese) had an effect on anti-acute HF by enhancing mitochondrial biogenesis via Sirt1/PGC-1a pathway (Lu et al., 2017) and anti-CHF by promoting energy metabolism via PPARα/PGC-1α/Sirt3 pathway (Wen et al., 2019). However, the active components of this herbal couple are still unclear. Salsolinol (6,7-dioxy-1-methyl-1,2,3,4-tetrahydroisochinoline, SAL), a plant-based isoquinoline alkaloid, was initially isolated from ALRP and identified as 1-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline by Dihua Chen in 1982 (Chen and Liang, 1982). Due to the effect on the biosynthesis of catecholamines in vivo, SAL has gradually attracted the attention of researchers. Experiments have shown that SAL is a weak beta-adrenergic stimulant that excites the atrium of isolated guinea pigs and increases the frequency of contraction. It can also increase the blood pressure of normal and ruined spinal cord rats and demonstrate excitatory effects on both β- and γα-adrenergic bodies (Zhou, 2011). As a water-soluble active ingredient in aconite, SAL has a certain cardiotonic effect. However, whether SAL can promote mitochondrial energy metabolism remains to be studied.

Mitochondrial calcium ion (Ca2+) homeostasis plays a vital role in cellular physiological functions, including energy metabolism of cardiomyocytes and oxygen phosphorylation process (Foskett and Philipson, 2015). Mitochondrial calcium uptake 1 (MICU1) is a mitochondrial inner membrane protein that regulates the transport of Ca2+ through the mitochondrial calcium uniporter (MCU) and plays a role in maintaining the homeostasis of Ca2+ in mitochondria, thus playing a vital role in influencing cardiovascular disease (Mallilankaraman et al., 2012). The uptake of mitochondrial Ca2+ is primarily achieved by MCU on the inner membrane, which has highly selective and low affinity for Ca2+ (Penna et al., 2018). There is an interaction relationship between MICU1 and MCU. These two combine other protein molecules to form mitochondria that can also be formed as a mitochondrial unidirectional transporter complex, among which MCU is the center of this complex. There are other regulatory proteins, including MICU1, mitochondrial calcium uptake 2 (MICU2), and essential MCU regulator (EMRE) (Foskett and Philipson, 2015). Among them, MICU1 has dual regulation of mitochondrial Ca2+ transport (Mallilankaraman et al., 2012). MICU2 plays a key role in maintaining cardiovascular homeostasis (Bick et al., 2017). EMRE is a necessary regulatory protein for MCU. The inhibition of EMRE will reduce the activity of MCU, which can interact with MCU, as well as MICU1 and MICU2 (Alevriadou et al., 2017; Penna et al., 2018). As the core channel of the MCU complex, MCU can mediate Ca2+ transport and participate in the regulation of ATP production (Zaglia et al., 2017). Therefore, MCU and the regulatory protein MICU1 play an important role in cardiomyocyte function by regulating mitochondrial Ca2+ uptake. Our previous study had shown that ALRP had an effect on anti-acute HF by enhancing mitochondrial energy metabolism pathway mediated by MCU (Zhang et al., 2017). However, the active components of this herbal couple are still unclear. This study was designed to investigate whether the active ingredient SAL in ALRP can protect doxorubicin (DOX)-induced H9c2 cardiomyocyte injury by affecting mitochondrial respiratory function and energy metabolism and, further, to explore whether its potential mechanism of action is related to the regulation of MCU protein expression.

In this study, rats were intraperitoneally injected with DOX to establish CHF model. Therapeutic effects of SAL on hemodynamic parameters, serum indices, and the histopathology of the cardiac were analyzed in vivo. Moreover, the effect of SAL on cell viability, cardiomyocyte morphology, and mitochondrial membrane potential (MMP) of H9c2 cardiomyocytes were investigated by high-content screening (HCS) assay. Mitochondrial respiratory function and energy metabolism of H9c2 cardiomyocyte were measured by Seahorse Extracellular Flux (XFp) analyzer. To further investigate the potential mechanism of SAL, relative mRNA, and protein expression of key enzymes in the tricarboxylic acid cycle (TAC) in vivo were detected. Ultimately, mRNA and proteins expressions associated with the mitochondrial energy metabolism of H9c2 cells were explored. The results indicated that the therapeutic effects of SAL on CHF are possibly related to ameliorating cardiomyocyte function resulting in promotion of mitochondrial respiratory and energy metabolism. Furthermore, the potential mechanism might be related to downregulating MCU pathway. These findings may provide a potential therapy for CHF. The research process of this study is shown in Figure 1.
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Figure 1 | Research framework of this study. SD, Sprague-Dawley.






Materials and Methods



Materials

Standards of DOX (purity ≥98%, Cat. No. CHB160921) and SAL (purity ≥98%, Cat. No. CHB160922) were obtained from Chroma Biotechnology Co. Ltd (Chengdu, China). Ruthenium red (CAS No. 11103-72-3) and spermine (purity ≥96%, CAS No. 71-44-3) were purchased from Sigma Aldrich. All drugs above were dissolved in dimethyl sulfoxide (DMSO) and then diluted to corresponding concentration when used. DOX hydrochloride for injection (Shenzhen, China, batch number: 1809E2) was purchased from Shenzhen Main Luck pharmaceutical Inc. Dobutamine hydrochloride (DH) injection (Shanghai, China, batch number: 1803203) was obtained from SPH NO.1 Biochemical & Pharmaceutical Co., Ltd.




Animal Handling

The experimental protocols were approved by the Ethics Committee of the Ethics of Animal Experiments of the Fifth Medical Center of PLA General Hospital (Approval ID: IACUC-2018-010). The present study was conducted according to the recommendations of the Guidelines for the Care and Use of Laboratory Animals of the Ministry of Science and Technology of China.

Male Sprague-Dawley rats (200 ± 20 g, n = 50) were obtained from Beijing Keyu Animal Breeding Center [Permission No. SYXK (Jing) 2018-0036]. As in our previous study (Wen et al., 2019), rats in the control groups (n = 12) were intraperitoneally injected with saline and in the model groups (n = 38) were intraperitoneally injected with DOX hydrochloride for injection to establish CHF model. The injection was not stopped until the accumulative doses of DOX were 15 mg/kg body weight (2.5 mg/kg body weight, twice a week for six times), which is a dose based on previous experiments (Siveski-Iliskovic et al., 1994; Bai et al., 2017). Notably, parameters, including left ventricular systolic pressure (LVSP), left ventricle end diastolic pressure (LVEDP), +left ventricle dp/dtmax (+LV dp/dtmax), and −left ventricle dp/dtmax (−LV dp/dtmax) in the control and model groups (three rats in each group) (Lu et al., 2017; Zhang et al., 2017), were comprehensively assessed using an RM6240 (Chengdu Instrument Factory, Sichuan, China) from the left ventricle via manometer after the last intraperitoneal treatment of DOX. The CHF model was successfully established when the values of +dp/dtmax decreased to less than 50% of the values of the control group.

The animals with successfully prepared CHF model were randomly divided into four different groups of eight rats in each, including the DOX group, DH (50 μg/kg), SAL low-dose group (5 mg/kg), and SAL high-dose group (10 mg/kg). The rats serving as a control and DOX group received an equal volume of normal saline. The other groups were intraperitoneally injected with corresponding drugs once a day for seven consecutive days. After the last treatment, heart function was assessed using a multi-channel physiological signal acquisition system. Finally, all the rats were sacrificed. The serum and heart tissue sample of each rats was collected and stored at −80°C for determining a series of indicators. Serum levels of brain natriuretic peptide (BNP), lactate dehydrogenase (LDH), renin, angiotensin (Ang)-II, and aldosterone (ALD) were measured on a Synergy H1 Hybrid Reader (Biotech, USA). The heart tissue was excised and fixed in 4% paraformaldehyde general tissue fixative. To detect apoptosis of myocardial cells, the paraffin-fixed heart sections were stained with the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) technique.




Cell Culture and Cell Viability Assay

The H9c2 rat cardiomyocyte cell line was obtained from the Cell Resource Center, IBMS, CAMS/PUMC (CRC/PUMC, Beijing, China). Cells were cultivated with Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin in a humidified incubator containing 5% CO2 at 37°C. Cell viability was detected using cell counting kit-8 (CCK-8; Cat. No. HY-K0301, MedChemExpress, USA). The optical density (OD) value was measured at 450 nm using a Synergy H1 Hybrid Reader (Biotech, USA).




High-Content Analysis Experiments

The Array Scan High-Content System (Thermo Scientific, Massachusetts, USA) was used to detect nuclear morphology, cell proliferation, and mitochondrial function of H9c2 cells. Fluorescent dyes, including Hoechst 33342 (H3570, Invitrogen), calcein AM (C3099, Invitrogen), and ethidium homodimer-1 (EthD-1) (L3224, Invitrogen) were used to confirm the position and cell morphology and make quantitative analysis of H9c2 cells. Tetramethylrhodamine, ethyl ester, perchlorate (TMRE, T669, Invitrogen), a ∆ψm-dependent cationic dye, was used to monitor MMP. Cell health profiling assay module was selected in the HCS system, and several different wavelength channels were set to collect fluorescence images. The measured parameters and format are similar to those used previously (Chen et al., 2014). An Array Scan XTI (The Array Scan software algorithm was used to perform analysis) was used to quantify the mean fluorescence intensity of H9c2 cardiomyocytes.




Analysis of Mitochondrial Respiratory Function and Mitochondrial Energy Metabolism

Mitochondrial respiratory function and mitochondrial energy metabolism were performed according to the manufacturer’s instructions. Briefly, H9c2 cells were plated at a density of 6 × 103 cells per well into 8-well plates and incubated for 24 h. Then, H9c2 cells were pretreated with SAL (20 μM) followed by 5 μM of DOX and routinely incubated for 24 h. Prior to the assay, DMEM was replaced by Agilent Seahorse XF Base Medium containing 1 mM of pyruvate, 2 mM of glutamine, and 10 mM of glucose (adjusted pH to 7.4 with 0.1 N NaOH). Then, the compounds were loaded into the appropriate ports of a hydrated sensor cartridge. Cellular oxygen consumption rate (OCR), extracellular acidification rate (ECAR), and different indices were determined using the Seahorse XFp analyzer (XFp, Seahorse Biosciences, MA) according to the different manufacturers’ instructions. Among them, assay concentrations in the compound Seahorse XFp Cell Energy Phenotype Test were 10 μM of oligomycin and 10 μM of carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP); the compounds in Seahorse XFp Cell Mito Stress Test were 10 μM of oligomycin, 10 μM of FCCP, and 5 μM of rotenone/antimycin; the compounds in Seahorse XFp Mito Fuel Flex Test were 4 μM of etomoxir, 3 μM of BPTES, and 2 μM of UK5099. Other relevant indicators were calculated according to the provided protocol. Cell counting was used for normalizing Seahorse XFp metabolic data to cellular parameters. H9c2 cells in each well were plated on cell counting slides, the dual chamber for cell counter (Bio-Rad, Cat. No. 145-0011), and counted using a TC10 automated cell counter (Bio-Rad, Singapore). Then, cell counting for normalization data was added to the normalized view for each assay result file using Wave 2.6.0 (Agilent Technologies, USA) before export. The normalization unit of the present study was 6 × 103 cells. Data were analyzed using Seahorse XF Cell Test Report data analysis. The complexes of the electron transport chain (ETC) and action targets of compounds in mitochondrial respiratory function, energy metabolism, and fuel oxidation are shown in Figure 2.



[image: ]

Figure 2 | The complexes of the electron transport chain (ETC) and action targets of compounds in the mitochondrial respiratory function, energy metabolism, and fuel oxidation.






Reverse Transcription–Polymerase Chain Reaction (RT-PCR) Analysis In Vivo and In Vitro

Total mRNA was extracted from heart tissue and H9c2 cells using TRIzol reagent (Nordic Bioscience, Beijing, China) according to the manufacturer’s protocol. Quantitative real-time PCR (RT-PCR) for pyruvate dehydrogenase (PDH), malate dehydrogenase (MDH), and nicotinamide nucleotide transhydrogenase (NNT) mRNA in rats, MCU, MICU1, and MICU2 mRNA in H9c2 cardiomyocytes was performed and analyzed using cDNA and SYBR Green PCR Master Mix (Nordic Bioscience, Beijing, China). Primers sequences are listed in Table 1. The relative amounts of mRNA were determined based on 2−∆∆Ct calculations with β-actin as the endogenous reference.



Table 1 | Primers sequences used for real-time PCR analyses.
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Western Blot Analysis to Detect the Protein Expression in H9c2 Cardiomyocytes

Total protein was extracted from the H9c2 cardiomyocytes using ice-cold radioimmunoprecipitation assay (RIPA) buffer supplemented with phenylmethylsulfonyl fluoride (PMSF). Protein concentration was determined using a bicinchoninic acid assay (BCA) protein assay kit (Lot. No. 20190215, Solarbio, Beijing, China) according to the manufacturer’s instructions. The polyvinylidene difluoride (PVDF) membranes were incubated with the primary antibodies, including rabbit anti-MCU antibody (D2Z3B, Cell Signaling Technology, dilution: 1:1,000), rabbit anti-CBARA1/MICU1 antibody (D4P8Q, Cell Signaling Technology, dilution: 1:1,000), rabbit anti-MICU2 antibody (A12198, ABclonal, dilution: 1:1,000), and anti-beta actin monoclonal antibody (ab115777, Abcam, dilution: 1:200). The antigen–antibody bands were detected using enhanced chemiluminescence (ECL) solution and visualized using X-ray film (Beyotime Institute of Biotechnology). Quantification of bands was performed by densitometric analysis using Bio-Rad Quantity One. β-Actin served as an internal control.




Statistical Analysis

All data were presented as mean ± standard deviation (SD) and analyzed with the SPSS software program (version 19.0; SPSS Inc., Chicago, IL, USA). Data were presented using one-way ANOVA followed by t-test. The differences were considered to be statistically significant when P < 0.05 and highly significant when P < 0.01.





Results



DOX-Induced CHF in Rats in Terms of Cardiac Function

To identify whether CHF model had been successfully established, the role of DOX in rats was examined by hemodynamic parameters of cardiac function, including LVSP, LVEDP, and ± dp/dtmax. Hemodynamics results showed that administration of DOX decreased LVSP and ± dp/dtmax and increased LVEDP in rats in comparison with the control group (P < 0.01, P < 0.01, P < 0.01) (Table 2). The results indicated the dysfunction of left ventricle systolic and diastolic. To this point, the CHF model in rats had been successfully prepared.



Table 2 | DOX-induced myocardial injury in rats.
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Role of SAL on Cardiac Function

Next, the effects of SAL on DOX-induced CHF were evaluated by measurements of cardiac function, including LVSP, LVEDP, and ± dp/dtmax. As shown in Figure 3, the hemodynamic parameters of LVSP and ± dp/dtmax were markedly decreased in DOX-treated rats compared with the control group (P < 0.01, P < 0.01), which indicated left ventricle systolic and diastolic dysfunction. However, DH efficiently increased the hemodynamic parameters of LVSP and ± dp/dtmax and decreased LVEDP (P < 0.01, P < 0.01, P < 0.01). Similarly, the levels of LVSP and ± dp/dtmax in rats with 5 and 10 mg/kg of SAL significantly increased, and 10 mg/kg of SAL was almost equal to that of DH, indicating the enhancement effect of SAL on heart function.
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Figure 3 | Therapeutic effect of SAL on DOX-induced CHF in rats. (A) LVSP, (B) LVEDP, (C) +LV dp/dtmax, and (D) −LV dp/dtmax were determined by multi-channel physiological signal acquisition and processing system. (E) TUNEL stain of heart tissue. **P < 0.01 versus control group; #P < 0.05, ##P < 0.01 versus DOX group. Data are presented as mean ± SD (n = 6). SAL, salsolinol; DOX, doxorubicin; CHF, chronic heart failure; LVSP, left ventricular systolic pressure; LVEDP, left ventricle end diastolic pressure.




To have sufficient evidence to show cardiac cell damage and its recovery, TUNEL staining was used to examine the cytotoxicity and visually present the effect of SAL on cardiac apoptosis induced by DOX. As shown in Figure 3E, the ratio of TUNEL positive myocardial cells was significantly increased in DOX-treatment group, indicating vast apoptosis of myocardial cytotoxicity and the ratio of TUNEL positive myocardial cells. Contrastively, SAL had an effect on alleviating the cardiomyocyte from apoptosis especially in SAL high-dose group, which indicated the anti-apoptotic activity of SAL. These results indicated that 10 mg/kg of SAL continuously and significantly protected heart tissues from CHF.




Therapeutic Effects of SAL on DOX-Induced CHF Rats

As shown in Table 3, rats given DOX displayed remarkable increases in the BNP and LDH levels (P < 0.01, P < 0.01). Conversely, the serum levels of these two indexes were significantly reduced when rats were treated with DH. The effect of 10 mg/kg of SAL was almost equal to that of DH. In addition, the level of LDH but not that of BNP was also altered by 5 mg/kg of SAL (P < 0.05, P > 0.05). In addition, the serum levels of renin, Ang-II, and ALD were markedly enhanced in DOX-treated rats compared with the control group (P < 0.01, P < 0.01, P < 0.01). DH (50 μg/kg) efficiently decreased the serum levels of renin, Ang-II, and ALD. Similarly, the levels of renin, Ang-II, and ALD in rats with 5 and 10 mg/kg of SAL significantly decreased (P < 0.05, P < 0.01).



Table 3 | Effects of SAL on serum BNP, LDH, renin, Ang-II, and ALD.
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Relative mRNA Expression of Key Enzymes in the TAC

Research has shown that stimulation of the activity of key enzymes in TAC, including PDH, MDH, and NNT, leads to the promotion of regeneration of NADH and NADPH, enhances ATP synthesis in mitochondrial energy metabolism, and maintains the stability of mitochondrial environment (Zhang et al., 2017; Wen et al., 2019). Thus, the three key enzymes in the cardiac tissue were assessed by RT-PCR to evaluate the potential mechanism of SAL on the mitochondrial energy metabolism. As shown in Figure 4, the relative mRNA levels of PDH, MDH, and NNT decreased significantly in DOX group (P < 0.01, P < 0.01, and P < 0.01, respectively) (Figures 4A–C). Conversely, SAL could significantly increase the mRNA levels of PDH, MDH, and NNT in the cardiac tissue (P < 0.01, P < 0.01, and P < 0.01, respectively).
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Figure 4 | Effects of SAL on the key enzymes of the TAC. Rats were treated with different doses of SAL. The following three enzymes in the cardiac tissue were assayed: (A) PDH, (B) MDH, and (C) NNT (n = 6 per group). **P < 0.01 versus control group; ##P < 0.01 versus DOX group. All data are presented as mean ± SD. SAL, salsolinol; TAC, tricarboxylic acid cycle; PDH, pyruvate dehydrogenase; MDH, malate dehydrogenase; NNT, nicotinamide nucleotide transhydrogenase; DOX, doxorubicin.






SAL Suppressed DOX-Induced Cardiomyocyte Death in Cultured H9c2 Cells

Cell viability of H9c2 cardiomyocytes was detected using CCK-8 kit to determine the optimum concentrations of SAL for protecting H9c2 cells against DOX-induced cytotoxicity. The results showed that SAL treatment for 24 h potently suppressed cell viability in a concentration-dependent manner with the increased concentrations (0, 5, 10, 20, 40, and 80 μM), among which SAL in the concentrations of 40 and 80 μM could significantly inhibit the cell viability compared with the control groups (P < 0.05, P < 0.01) (Figure 5A). Thus, the optimal concentration was not more than 40 μM. Then, H9c2 cells were pretreated with different concentration of SAL (0, 5, 10, and 20 μM) for 2 h. Cell viability was significantly decreased to 56.85 ± 3.06% (P < 0.01) when treated with 5 μM of DOX, compared with the control group. Cell viability of H9c2 cells was dramatically increased to 65.59 ± 4.04%, 72.80 ± 3.82%, and 81.12 ± 5.64% (P < 0.05, P < 0.01, P < 0.01) (Figure 5B), respectively, when pretreated with 5, 10, and 20 μM SAL, compared with the DOX group. The results indicated that SAL could remarkably promote cell viability in a concentration-dependent manner in H9c2 cells, and 20 μM of SAL showed a relatively good protective effect. Therefore, 20 μM of SAL was used in this study to investigate the protective effect of SAL on H9c2 cardiomyocyte injury induced by DOX.
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Figure 5 | Effect of SAL on cell viability of H9c2 cells in the absence and presence of DOX. (A) Cell viability of H9c2 cells in the absence of DOX. (B) Cell viability of H9c2 cells in the presence of DOX. *P < 0.05, **P < 0.01 versus control group, #P < 0.05, ##P < 0.01 versus DOX group (n = 6). Results were expressed as percentages of the control group. Data are shown as mean ± SD (n = 6). SAL, salsolinol; DOX, doxorubicin.






Effect of SAL on Nuclear Morphology and Cell Proliferation of H9c2 Cells

To more directly present the effect of SAL on cell morphological influence, high-content live-cell imaging assays were used to qualitatively and quantitatively assay cell count, morphology, and cell viability of H9c2 cells. Among them, nucleus staining (blue fluorescence), cell cytoplasm labeling (green fluorescence), and dead cells (red fluorescence) were marked by Hoechst 33342, calcein AM, and EthD-1, respectively. In the absence of the DOX group, including a control group and different concentrations of SAL, H9c2 cells possessed a homogenous Hoechst and calcein AM fluorescence in the nucleus and cytoplasm. However, there were alterations in morphological after treating cells with 5 μM of DOX, compared with the control group. Fortunately, SAL could mitigate H9c2 cells from cytotoxicity regarding morphological alterations, especially 20 μM (Figure 6A). As for cell count, it was significantly decreased after treated with DOX for 24 h (P < 0.01), compared with the control group. The reduction rate of cell number in the SAL group, compared with the model group, had significantly decreased (P < 0.01) (Figure 6B). In addition, the green fluorescence of the model group, compared with the control group, was significantly reduced (P < 0.01), and red fluorescence was significantly increased (P < 0.01), suggesting the decrease of live cells and increase of dead cells. SAL could certainly increase the green fluorescence and decrease the red fluorescence of H9c2 cells (P < 0.01) (Figures 6C, D). These results suggested that SAL could significantly ameliorate nuclear morphology and cell proliferation in DOX-induced cardiomyocyte injury and cytotoxicity in H9c2 cells.
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Figure 6 | Representative photomicrographs and summary data for HCS image analysis of H9c2 cells. (A) Representative photomicrographs for HCS analysis of H9c2 cells; scale bar = 50 μm. (B) Valid cell count for HCS analysis of H9c2 cells (% of control). (C) Live cell count (MEAN_TargetAvgIntenCh2). (D) Dead cells count (MEAN_TargetAvgIntenCh3). *P < 0.05, **P < 0.01 versus control group, #P < 0.05, ##P < 0.01 versus DOX group. Results are expressed as percentages of control group. Data are shown as mean ± SD (n = 6). HCS, high-content screening; SAL, salsolinol; DOX, doxorubicin; EthD-1, ethidium homodimer-1.






Effects of SAL on DOX-Induced MMP Reduction on H9c2 Cells

To investigate the effects of SAL on mitochondrial functions of H9c2 cells, MMP was measured by HCS assay. As shown in Figure 7, fluorescent images of H9c2 cells stained with TMRE showed that cells emitted red–orange fluorescence in the control group, suggesting that MMP stayed in a normal state. The fluorescence intensity of TMRE decreased significantly in the DOX group, compared with the control group, suggesting that DOX caused the decrease of MMP (Figure 7A). That is, DOX may have caused the opening of mitochondrial permeability transition pore. Conversely, pretreatment with SAL could significantly enhance the intensity of the orange–red fluorescence decreased by DOX. Moreover, we also found that cells treated with SAL increased DOX-induced decrease in cell count (ValidObjectCount) (Figure 7B), average brightness of functional mitochondrial mass (Mean_TargetAvgIntenCh2) (Figure 7D), and the projected area occupied by functioning mitochondrial mass (Mean_TargetAreaCh2) (Figure 7E). Simultaneously, SAL decreased nuclear size (Mean_ObjectSizeCh1) than did the DOX group (Figure 7C). These results suggested that DOX caused the decrease of MMP and TMRE brightness but increased nuclear size, indicating mitochondrial depolarization or a mitochondrial structural change. Thus, SAL may reduce DOX-induced mitochondrial dysfunction by affecting MMP.
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Figure 7 | Representative images and corresponding numerical data for some typical cytotoxic effects of SAL on H9c2 cells nuclei and mitochondria. (A) Representative photomicrographs and summary data for TMRE staining of H9c2 cells. Scale bar = 50 μm. (B) Effect of different drugs on valid object cell count of H9c2 cells. (C) Effect of different drugs on nuclear size of H9c2 cells (MEAN_ObjectSizeCh1). (D) Effect of different drugs on average brightness of functional mitochondrial mass (MEAN_TargetAvgIntenCh2). (E) Effect of different drugs on projected area occupied by functioning mitochondrial mass (MEAN_TargetAreaCh2). **P < 0.01 versus control group, #P < 0.05, ##P < 0.01 versus DOX group. All data are presented as mean ± SD (n = 6). SAL, salsolinol; DOX, doxorubicin.






SAL Promoted Mitochondrial Respiratory Function and Energy Metabolism

To assess whether the observed toxicity of DOX was correlated with mitochondrial respiration function, Seahorse XFp analyzer was used to determine the value of OCR and ECAR in H9c2 cells. The results indicated that treatment with DOX for 24 h specifically impaired both OCR and ECAR (Figures 8A, B). Interestingly, baseline OCR (Figure 8C), baseline ECAR (Figure 8D), stressed OCR (Figure 8E), and stressed ECAR (Figure 8F) were significantly promoted in H9c2 cells when pretreated with 20 μM of SAL, compared with the DOX group, for 2 h (P < 0.01, P < 0.01, P < 0.01, and P < 0.01). These results demonstrated that DOX treatment causes mitochondrial dysfunction and that pretreatment of SAL could partially prevent these effects.
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Figure 8 | Pretreatment with SAL could attenuate the inhibition effect of DOX in mitochondrial respiration. Mitochondrial respiration was measured by a Seahorse XFp apparatus detecting the basal OCR and ECAR. (A) OCR. (B) ECAR. (C) Baseline OCR. (D) Baseline ECAR. (E) Stressed OCR. (F) Stressed ECAR. **P < 0.01, versus control group; ##P < 0.01, versus DOX group. All data are presented as mean ± SD (n = 3). SAL, salsolinol; DOX, doxorubicin; OCR, oxygen consumption rate; ECAR, extracellular acidification rate.




To further understand the mechanism responsible for the protective effects of SAL, mitochondrial respiratory function and energy metabolism in H9c2 cells were measured using the Agilent Seahorse XFp Cell Mito Stress Test. Cells were treated with SAL (20 μM) for 2 h before DOX treatment. As expected, mitochondrial oxidative phosphorylation, as measured by OCR, was reduced in the DOX group compared with the control group. Impressively, OCR was significantly higher in the SAL group (Figure 9). Simultaneously, we observed that DOX could significantly decrease the basal respiration (P < 0.01) (Figure 9B), maximal respiration (P < 0.01) (Figure 9C), ATP production (P < 0.01) (Figure 9D), proton leak levels (Figure 9E), and spare respiratory capacity (P < 0.01) (Figure 9F) in H9c2 cells compared with control group. Notably, SAL could partially prevent these effects and significantly elevate basal respiration (P < 0.01) (Figure 9B), maximal respiration (P < 0.01) (Figure 9C), and proton leak (Figure 9E) levels, which were inhibited by DOX. In addition, SAL could significantly enhance ATP production (P < 0.05) (Figure 9D). The effects of SAL on respiration were also reflected in the spare respiratory capacity of the mitochondria, as SAL increased spare oxidative capacity and attenuated the inhibition of spare capacity by DOX treatment (P < 0.05) (Figure 9F). These results support the finding that the potential protective effects of SAL against DOX-induced mitochondrial dysfunction in H9c2 cells may be related to the promotion of ATP production.
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Figure 9 | SAL rescues mitochondrial respiration and energy metabolism in DOX-treated H9c2 cells. During testing, H9c2 cells were treated with 10 μM of oligomycin, 10 μM of FCCP, and 5 μM of rotenone/antimycin A. (A) OCR, (B) basal respiration, (C) maximal respiration, (D) ATP production, (E) proton leak, and (F) spare respiratory capacity were assessed using a Seahorse Bioscience XFp analyzer. **P < 0.01 versus control group. #P < 0.05; ##P < 0.01 versus DOX group. All data are presented as mean ± SD (n = 3). SAL, salsolinol; DOX, doxorubicin; FCCP, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone; OCR, oxygen consumption rate; ECAR, extracellular acidification rate.




The rate of oxidation of each fuel (glutamine, glucose, and fatty acids) was determined by measuring OCR of H9c2 cells in the presence or absence of corresponding fuel pathway inhibitors. By blocking fatty acid metabolism with etomoxir (carnitine palmitoyltransferase-I inhibitor of fatty acid mitochondrial import) and subsequent inhibiting the glucose and glutamine pathways with UK5099 and BPTES, respectively, we found that DOX-treated H9c2 cells, compared with control groups, have a decreased OCR and dependency on fatty acids, while SAL-treated groups have an increased OCR and dependency to maintain baseline respiration (Figures 10A, C). In addition, by first inhibiting the glucose and glutamine pathway followed by blocking fatty acid metabolism, H9c2 cells show an increased capacity of fatty acid utilization to meet energy demand when other fuel pathways are inhibited (Figures 10B, D). This indicates that compared with blocking fatty acid first, H9c2 cells are able to maintain higher levels of ATP when energy production is primarily fatty acid dependent. There are still significant decreases in terms of flexibility of fatty acid in the DOX group (P < 0.01). Significant increase differences are observed in the flexibility of fatty acid oxidation in the SAL group (P < 0.01) (Figure 10E).
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Figure 10 | SAL ameliorates H9c2 cells from DOX-induced decrease on mitochondrial fuel flex. Mitochondrial substrate analysis was determined. During testing, H9c2 cells were treated with 4 μM of etomoxir and 3 μM of BPTES/2 μM of UK5099 in succession. (A) Effects of SAL on fuel dependency in terms of the fatty acid oxidation pathway. (B) Effects of SAL on fuel capacity in terms of fatty acid oxidation pathway and oxidation rates of fatty acids expressed in dependency (C), capacity (D), and flexibility (E) to maintain baseline OCR levels determined with the Seahorse XFp respirometer. **P < 0.01 versus control group. ##P < 0.01 versus DOX group. All data are presented as mean ± SD (n = 3). SAL, salsolinol; DOX, doxorubicin; OCR, oxygen consumption rate.






Relative Expression of MCU mRNA, MICU1 mRNA, and MICU2 mRNA in H9c2 Cells

Given that MCU can transfer Ca2+ from cytoplasm to mitochondrial matrix and controls its rate by electrochemical gradient, which has great significance in intracellular Ca2+ signal transduction, Ca2+ homeostasis, and mitochondrial energy metabolism (O’Brien et al., 2006), we next asked whether SAL could promote mitochondrial energy metabolism of H9c2 cells via regulating mRNA expression of MCU and its regulatory mRNA and whether the pharmacological inhibition of MCU could affect the effects of SAL. To this end, MCU inhibitor ruthenium red and MCU activator spermine were pretreated, and the expression of metabolism-related genes including MCU, MICU1, and MICU2 were determined by RT-PCR. Although the gene types of energy metabolism varied somewhat, all conditions showed similar results that DOX increased expression of MCU and its regulatory mRNA to values in H9c2 cells (P < 0.01). Furthermore, pretreatment with the MCU inhibitor ruthenium red (10 μM) following SAL (20 μM) resulted in lower expression of MCU, MICU1, and MICU2, but pretreatment with the MCU activator spermine (20 μM) following SAL (20 μM) resulted in higher expression in these genes (Figure 11).
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Figure 11 | Effects of SAL on the mRNA expression levels of MCU, MICU1, and MICU2 in H9c2 cells. The mRNA expression levels of MCU (A), MICU1 (B), and MICU2 (C) were detected by RT-PCR in different groups. **P < 0.01 versus control group. ##P < 0.01 versus DOX group. aaP < 0.01 versus SAL group. All data are presented as mean ± SD (n = 3). SAL, salsolinol; DOX, doxorubicin; MCU, mitochondrial calcium uniporter; MICU1, mitochondrial calcium uptake 1; MICU2, mitochondrial calcium uptake 2; RT-PCR, reverse transcription–polymerase chain reaction.






Protein Expression of MCU, MICU1, and MICU2 in H9c2 Cells

To further confirm our speculation that MCU plays an important role in the energy metabolism-related signaling pathway in H9c2 cells, the protein expression of MCU and its regulatory protein, MICU1, and MICU2 in different groups with or without MCU inhibitors ruthenium red (10 μM) or MCU activator spermine (20 μM) were detected. The DOX group showed increased levels of MCU, MICU1 protein, and MICU2 protein compared with expression levels in the control group (Figure 12), consistent with the expression of mRNA. However, SAL treatment can significantly decrease these protein expressions. Conversely, the enhancement could be inhibited by MCU inhibitor ruthenium red. Interestingly, we found that in addition to MCU, the expressions of MICU1 and MICU2 were also decreased in the MCU inhibitors group but increased in the MCU activator spermine group. This phenomenon provided further evidence that SAL may relieve H9c2 cells from DOX-induced cardiomyocyte injury via the downregulation of MCU activity.
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Figure 12 | Effects of SAL on the protein expression levels of MCU, MICU1, and MICU2, in H9c2 cells. (A) The Western blot images of MCU, MICU1, and MICU2. (B) Relative MCU protein level in H9c2 cells. (C) Relative MICU1 protein level in H9c2 cells. (D) Relative MICU2 protein level in H9c2 cells. **P < 0.01 versus control group; #P < 0.05; ##P < 0.01 versus DOX group. aaP < 0.01 versus SAL group. All data are presented as mean ± SD (n = 3). SAL, salsolinol; MCU, mitochondrial calcium uniporter; MICU1, mitochondrial calcium uptake 1; MICU2, mitochondrial calcium uptake 2.







Discussion

The present study had provided the pharmacodynamics and mechanism evidence that SAL treatment attenuated the DOX-induced cardiac dysfunction in vivo, as well as mitochondrial respiratory function injury and energy metabolism dysfunction in vitro. Based on the positive inotropic and energy metabolism effects, these results suggested that SAL may be the active components of Fuzi in treatment CHF. To the best of our knowledge, this is the first report describing how SAL protects against DOX-induced CHF in vivo and in vitro.

DOX, also known as adriamycin, is widely used as one of the most effective anti-cancer therapeutics known to suppress mitochondrial function leading to mitochondrial toxicity. Thus, the clinical application of DOX is limited by these irreversible and cumulative side effects (Baughman et al., 2011). Currently, excessive mechanisms have been proposed to account for DOX-induced cardiotoxicities, such as cardiac energy homeostasis, intracellular calcium disturbance, oxidative stress, dysregulation of metabolites, inflammation, and apoptosis of cardiomyocytes (Jones et al., 2004; Cui et al., 2017). In addition, DOX is known to inhibit mitochondrial function and induce mitochondrial energy metabolism disorder in cardiomyocytes (Guo et al., 2018), which can lead to a dose-dependent, cumulative, and permanent degenerative cardiomyopathy (Hakuno et al., 2013; Hosseini et al., 2017). Although the relationship among the events of DOX-induced cytotoxicity, mitochondrial respiratory function injury, and energy metabolism disorder is not well defined, which can induce injury in cardiomyocyte function in vitro. Thus, DOX was used to establish a cardiomyocyte mitochondrial metabolism injury model. In the present study, the ability of SAL to increase cell viability, mitochondrial OCR and ECAR, basal respiration and maximal respiration, and ATP production may contribute to the protective role of reducing H9c2 cardiomyocyte mitochondrial energy metabolism disorder and respiratory function injury from DOX injury. Research also explains drugs that not only promote mitochondrial energy metabolism but also partially prevent the cell from DOX-induced mitochondrial function, which will benefit a lot in terms of cell metabolism and capacity of ATP production.

ALRP is a potent traditional herbal medicine extensively used in the treatment of cardiovascular diseases in many Asian countries (Yang et al., 2018). For several decades, researchers had paid more attention to investigate the cardioactive components of ALRP and verified the definite cardiac effects of ALRP (Liu et al., 2012; Zhou and Liu, 2013). Regarding the bidirectional effect of ALRP on cardiotoxicity and cardioprotection, researchers had found that the toxic component of ALRP is diester-type diterpene ester-soluble alkaloids represented by aconitine, and the cardiovascular active substance is heat-resistant water-soluble components (Yang et al., 2018). Among the cardioprotective components, SAL, a product of nonenzymatic condensation of dopamine and acetaldehyde, produces a dose-dependent positive chronotropic effect on the rat isolated perfused heart (Liu et al., 2012). Thus, SAL plays an important role in regulating heart performance. In addition, it is valued for playing a role in the biosynthesis of catecholamines in the body (Sokolova et al., 1990). SAL can be produced in the body and inhibits the activity of catechol-O-methyltransferase, which itself methylates the free hydroxy group under the action of the enzyme, thereby changing the metabolic rate of catecholamines such as dopamine in vivo (Melchior, 1979). Experiments have shown that SAL is a weak beta-adrenergic stimulant that excites the guinea pig’s isolated atrium and increases the frequency of contraction and blood pressure in normal and ruined spinal cord rats and demonstrates excitatory effects on both β- and γα-adrenergic bodies (Melis et al., 2015). Although Chen and Liang (1982) isolated this compound from aconite in 1979, the cardiotonic effect of SAL is still not comprehensively evaluated and confirmed in current studies.

To investigate the therapeutic effects of SAL, Sprague-Dawley rats were intraperitoneally injected with DOX to induce CHF model. Then, hemodynamic indexes were performed to evaluate cardiac function in rats. Our results showed that the values of ± dp/dtmax in model groups were reduced to 50% those of the control group, indicating the CHF model was successfully prepared. Next, SAL was intraperitoneally administered to investigate whether it could produce a therapeutic effect on DOX-induced CHF. The results showed that compared with the DOX group, SAL could significantly improve heart function, reducing levels of myocardial injury markers and relieving cardiomyocyte apoptosis. Recent researches (Francesco et al., 2017; Ichiki et al., 2017; Vecchis and Ariano, 2018) have shown that RAAS plays a key role in CHF treatment. Therefore, serum levels of renin, Ang-II, and ALD were measured in this study. The serum levels of renin, Ang-II, and ALD in SAL group, compared with the model group, were decreased significantly, suggesting that SAL might play therapeutic effects by regulating the activity of RAAS to treat CHF in vivo. In addition, CCK-8 assay was used to assess the cell viability in vitro. The results indicated that SAL, compared with the control groups, could significantly inhibit the cell viability (more than 40 μM). Finally, 20, 10, and 5 μM of SAL was selected for the subsequent optimal concentration for further study. To directly demonstrate the protective effects of SAL on cell viability, HCS was used to qualitatively and quantitatively determine cell number, morphology, and cell viability of H9c2 cells. The results directly revealed that DOX, compared with the control group, could significantly increase the myocardial cell death, decrease the calcein AM fluorescence intensity, and increase the intensity of EthD-1 fluorescence. However, compared with the DOX group, SAL could reduce DOX-induced cardiomyocyte injury and cytotoxicity in varying degrees. Because MMP is a basic prerequisite for maintaining oxidative phosphorylation of mitochondria to produce ATP, and the stability of MMP is conducive to maintaining the normal physiological function of cells (Jayaraman, 2005), the protective effects of SAL on MMP of H9c2 cells were identified by the use of TMRE and were detected by HCS. The results showed that SAL may reduce DOX-induced mitochondrial dysfunction by affecting MMP. Thus, the potential mechanism of SAL promoting cardiomyocyte energy metabolism may be related to affecting MMP in vitro.

As the ATP production of mitochondrial played a pivotal role in maintaining the energy supply of cardiomyocytes and DOX could cause myocardial cell energy metabolism disorders (Pillai et al., 2010), we investigated whether SAL plays an important role in DOX-induced ATP production deficiency in H9c2 cells. The cell energy phenotype was performed to measure the metabolic phenotypes and metabolic potential of H9c2 cells. In addition, the cell mitochondrial stress was implemented to measure mitochondrial respiration function. The cell mitochondrial fuel flex test was used to determine the oxidation rate of fatty acid by measuring mitochondrial respiration of H9c2 cells in the presence or absence of fatty acid pathway inhibitors, etomoxir. Our results identified new agents to the prevention of DOX-induced cardiomyocyte injury. The results showed that treatment with SAL attenuated the energy metabolism disorder and mitochondrial dysfunction in DOX-treated H9c2 cells in terms of baseline OCR, baseline ECAR, stressed OCR and stressed ECAR, and mitochondrial respiratory function reflected in basal respiration, maximal respiration, ATP production, and H+ (proton) leak. Also, our results indicate that H9c2 cells’ fatty acid mitochondrial fuel usage is decreased as a result of DOX treatment compared with control group and significantly increased OCR, dependency, capacity, and flexibility of fatty acids as observed for SAL in H9c2 cells compared with the DOX group. The results suggested that SAL could be a new therapeutic agent to ameliorate DOX-induced cardiomyocyte injury and, furthermore, for the treatment of HF.

To extend our results to cell energy metabolism signaling, potential mechanisms of SAL responsible for the mitochondrial respiration function and mitochondrial energy metabolism were investigated. Mitochondrial Ca2+ uptake plays a pivotal role both in cell energy balance and in cell fate determination (Cristina et al., 2017). Cardiac contractility is mediated by a variable flux in intracellular calcium Ca2+, thought to be integrated into mitochondria via the MCU channel to match energetic demand. The MCU mediates high-capacity mitochondrial calcium uptake that stimulates energy production (Luongo et al., 2015). Recently, the identification of MCU and associated regulators has allowed the characterization of new physiological roles for calcium in both mitochondrial and cellular homeostasis in cytoskeletal remodeling through the modulation of ATP production (Nichols et al., 2018). In the present study, downregulation of MCU mRNA and protein expression markedly enhanced the generation of ATP decreased by DOX in vitro. It is noteworthy that MCU seems to have a critical role in promoting mitochondrial energy metabolism. To verify this hypothesis, we employed an MCU inhibitor ruthenium red and MCU activator spermine to specifically block or activate this pathway, to see whether the SAL still prevented H9c2 cells against DOX-induced downregulation of MCU, MICU1, and MICU2. Undoubtedly, ruthenium red cooperates with SAL to down-regulate the mRNA and protein expressions of MCU, MICU1, and MICU2 in H9c2 cells. These results verified our supposition that MCU is a critical regulatory protein in SAL-induced cardiac protection. SAL improves cardiomyocyte energy metabolism and has protective effects on mitochondrial respiratory function via the downregulation of MCU signaling pathway.

This study aimed to evaluate energy metabolism function and mechanism of SAL in vivo and in vitro. However, this study still has some limitations: (1) This study only tested the therapeutic effect of SAL on DOX-induced CHF model. Further studies are needed with pretreatment to determine whether SAL would be clinically useful before CHF. (2) Although several mitochondrial biomarkers were investigated in this study, the effects of SAL on the other parameters, such as real-time ATP rate, glycolytic rate, and glycolysis stress of DOX-treated H9c2 cells still need to be investigated in the future research. (3) The merit of this study is finding new active compound harboring the protective activity on cardiotoxicity. However, this study is not using positive control over the mechanism section to compare the efficacy of SAL. (4) This research tends to study the pharmacodynamics of SAL in the treatment of DOX-induced CHF. Nevertheless, the mechanism of SAL in vivo is insufficient. After the therapeutic effect has been confirmed, the mechanism of SAL in treating CHF should be further studied.




Conclusion

In conclusion, this study demonstrated that SAL may be the active component of ALRP, which can treat DOX-induced CHF and ameliorate H9c2 cells from DOX-induced cardiomyocyte toxicity. The molecular mechanism responsible for cardiomyocyte activity of SAL may involve the inhibition of MCU signaling pathway, which alleviates DOX-induced mitochondrial respiratory function impairment and energy metabolism disorders to improve H9c2 cells’ dysfunction. This finding may provide evidence why ALRP has potential therapeutic effects on HF in the clinic.
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Pharmacodynamic Evaluation of Shenfu Injection in Rats With Ischemic Heart Failure and Its Effect on Small Molecules Using Matrix-Assisted Laser Desorption/Ionization–Mass Spectrometry Imaging
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Objectives: We aimed to evaluate the effect of Shenfu injection in a rat model of ischemic heart failure and explore its mechanism.

Methods: A rat model of ischemic heart failure after myocardial infarction was established by ligating the left anterior descending coronary artery. Forty-eight hours after surgery, the rats were intraperitoneally administered Shenfu injection for 7 weeks. Then, left ventricular fractional shortening and left ventricular ejection fraction were measured using transthoracic echocardiography, whereas heart rate and left ventricular end-diastolic pressure were measured using a MD3000 biosignal acquisition and processing system. The hearts and lungs of the rats were excised and weighed to measure the heart and lung weight indexes. In addition, cardiac histopathological changes were observed via hematoxylin–eosin and Masson’s trichrome staining, and serum cardiac troponin content was detected using a cardiac troponin ELISA kit. Furthermore, matrix-assisted laser desorption/ionization–mass spectrometry imaging was used to detect the levels and distribution of small molecules in the hearts of rats with ischemic heart failure.

Results: We found that Shenfu injection can significantly increase left ventricular fractional shortening and left ventricular ejection fraction in rats with ischemic heart failure and significantly reduce the left ventricular end-diastolic pressure, heart and lung weight indexes, and cardiac troponin content; improve cardiac tissue morphology; and reduce infarct size. In addition, the matrix-assisted laser desorption/ionization–mass spectrometry imaging results demonstrated that 22:6 phospholipids were predominately distributed in the non-infarct zone, whereas 20:4 phospholipids tended to concentrate in the infarct zone. Shenfu injection significantly reduced taurine, glutathione, and phospholipids levels in the hearts of rats with ischemic heart failure and primarily changed the distribution of these molecules in the non-infarct zone.

Conclusion: Shenfu injection induced obvious myocardial protective effects in rats with ischemic heart failure by stimulating antioxidation and changing the phospholipid levels and distribution.

Keywords: ischemic heart failure, left anterior descending artery, matrix-assisted laser desorption/ionization–mass spectrometry imaging, phospholipid, Shenfu injection



Introduction

Myocardial ischemia develops when coronary arteries, the major route of blood supply to the heart, are damaged. Recently, ischemic heart disease has become one of the most serious cardiovascular diseases worldwide, and ischemic heart failure (IHF) is an important cause of death (Liu et al., 2018). When ischemia develops in the heart, blood supply becomes limited, thereby accelerating the insufficiency of energy. Consequently, myocardial cells become dysfunctional and damaged (Liu et al., 2018), eventually leading to myocardial infarction (MI). In addition, myocardial remodeling after long-term MI leads to the deposition of fibrous tissue in the myocardium and impaired function, further leading to heart failure (Takemura et al., 2018). Left ventricular remodeling caused by MI accounts for approximately 70% of the 5 million cases of heart failure in the United States (Benjamin et al., 2018), and the mortality rate of heart failure after MI remains high in China and increases with increasing disease duration (Chen et al., 2017).

From short-term hemodynamic/pharmacological measures to long-term restorative strategies aimed at altering the biological properties of failing hearts, the treatment of IHF has undergone a noteworthy transformation since the 1990s (Yancy et al., 2013). Drugs targeting the renin–angiotensin–aldosterone system and the parasympathetic nervous system are attracting increasing attention, and positive inotropic drugs, beta-blockers [e.g., carvedilol (CAR)], angiotensin-converting enzyme inhibitors, and diuretics have become common treatments for IHF (Talameh and Lanfear, 2012; Yancy et al., 2013). Previous studies have confirmed that beta-blockers (such as CAR, etc.) can effectively treat heart disease, including IHF (Hjalmarson and Waagstein, 1994).

Shenfu injection is an injectable Chinese herbal medicine derived from Shenfu decoction. It is exclusively produced by Huarun Sanjiu Pharmaceutical Co., Ltd. (Sichuan, China). Shenfu injection is a refined suspension and mainly contains ginsenosides and aconitines; its primary effects include diuresis, reduction of myocardial oxygen consumption, alleviation of ischemia-reperfusion injury, and inhibition of inflammatory reactions (Wang et al., 2009; Guo and Li, 2013). Therefore, Shenfu injection can be used to treat IHF.

Matrix-assisted laser desorption/ionization–mass spectrometry imaging (MALDI–MSI) facilitates the in situ analysis of compounds without the need for labeling in two-dimensional biological tissue sections, thereby revealing the molecular information of compounds; the spatial coordinates and distribution of compounds in the tissue under study are linked. Using 1,5-diaminonaphthalene hydrochloride as a substrate, MALDI–MSI can detect various small molecules, including metal ions, tricarboxylic acid (TCA) cycle- and energy metabolism-related molecules, small endogenous antioxidants, and phospholipids, in heart tissue (Liu et al., 2014; Liu et al., 2017). These molecules have important implications for studying the effects of Shenfu injection on oxidative stress and myocardial remodeling in rats with IHF.

The present study confirmed the effects of Shenfu injection on myocardial injury in rats with IHF and elucidated its mechanism of action.




Materials and Methods



Drug and Reagents

Shenfu injection (production batch no.: 17040401001) was provided by Huarun Sanjiu Pharmaceutical Co., Ltd. (Sichuan, China). Shenfu injection is extracted from two Chinese medicinal materials: red ginseng root (Panax ginseng C. A. Mey) and aconite tuber (Aconitum carmichaeli Debeaux). A flow chart of the Shenfu injection preparation process has been presented in Supplementary Figure 1. Briefly, red ginseng root and aconite tuber were separately soaked and concentrated into solutions and mixed in a ratio of 1:2 by volume to obtain Shenfu mixture. This mixture was then refined into Shenfu injection, followed by filling, sterilization, and quality evaluation. Shenfu injection was analyzed using high-performance liquid chromatography (HPLC) (Supplementary Figure 2) and was determined to mainly contain ginsenosides and aconitines [Ginsenoside Rg1 (0.13 mg/ml), ginsenoside Re (0.12 mg/ml), ginsenoside Rf (0.07 mg/ml), ginsenoside Rb1 (1.4 mg/ml), ginsenoside Rc (0.08 mg/ml), ginsenoside Rg2 (0.04 mg/ml), benzoylmesaconine (1.60 μg/ml), benzoylaconine (0.39 μg/ml), and benzoylhypacoitine (0.95 μg/ml)]. Of all these components, ginsenoside Rg1, ginsenoside Re, ginsenoside Rb1, and benzoylmesaconine were required to meet the quality standards of Shenfu injection (Supplementary Table 1), which was in line with the standards of the China Food and Drug Administration (Standard test nos.: WS3-B-3427-98-2013 and P. ZL. 205-001).
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Figure 1 | Flow chart of the study workflow.





[image: ]

Figure 2 | Effect of Shenfu injection on the echocardiographic characteristics of the rats with ischemic heart failure. (A) M-mode and B-mode echocardiographic images of the hearts of rats in the S, MOD, CAR, and H groups. (B) Left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic diameter (LVESD), left ventricular fraction shortening, and left ventricular ejection fraction of the rats with IHF. Arrows demarcate the LVESD and LVEDD dimensions; scale bar, 5 mm. N, normal (n = 3); S, sham (n = 3); MOD, model (n = 4); CAR, carvedilol (n = 4); L, 3 ml/kg Shenfu injection (n = 5); M, 6 ml/kg Shenfu injection (n = 4); H, 12 ml/kg Shenfu injection (n = 4). Data are expressed as the mean ± standard error of the mean. ##P < 0.05 vs. S group; *P < 0.05, **P < 0.01 vs. MOD group.




Ginsenosides were chromatographically analyzed using a Waters Symmetry Shield™ RP18 column (4.6 × 250 mm; 5.0 μm); the column temperature was maintained at 40°C. The mobile phases (A: Acetonitrile; B: H2O) were 0%–10% A for 0–30 min, 10%–23% A for 30–40 min, 23% A for 40–50 min, and 23%–60% A for 50–80 min. Flow rate was maintained at 1.0 ml/min, and the detection wavelength for HPLC analysis was set at 203 nm. The analysis of aconitines was performed using a Thermo Hypersil BDS C18 column (4.6 × 250 mm; 5.0 μm) and column temperature was maintained at 30°C. The mobile phases [A: 0.2% Triethylamine (adjust pH to 5.3 with glacial acetic acid); B:CH3CN] were 70% A for 0–30 min and 45% A for 30–40 min. Flow rate was maintained at 1.0 ml/min, and the detection wavelength for the HPLC analysis was set at 235 nm.

CAR tablets were purchased from Qilu Pharmaceutical Co., Ltd. (Shandong, China). Heparin sodium was purchased from Beijing Suolaibao Technology Co., Ltd. (Beijing, China). Cardiac troponin T (cTnT) test kit was purchased from Wuhan Huamei Bioengineering Co., Ltd. (Wuhan, China). 1,5-Diaminonaphthalene was purchased from Sigma–Aldrich (St. Louis, Missouri, USA). Hematoxylin, eosin, Ponceau, and aniline blue were provided by Servicebio (Wuhan, China).




Animals

One hundred male age-matched Sprague–Dawley rats weighing 230–260 g were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. [Beijing, China; license no.: SCXK (Beijing) 2016-0011]. The rats were labeled, weighed, caged, and permitted to eat and drink ad libitum. The temperature and humidity in the cage were maintained at 22°C–24°C and 50%–60%, respectively. The rats were maintained under a 12-h light/dark cycle and were allowed an acclimatization period of 1 week before surgery. All animal experiments were approved by the Peking University Biomedical Ethics Committee (Beijing, China; approval no.: LA2017282). The animal experimenters hold employment certificates from the Department of Laboratory Animal Science, Peking University Health Science Center, and have passed the laboratory entrance test held by Peking University School of Pharmaceutical Sciences.




IHF Model

The rats were intraperitoneally anesthetized with 0.5% pentobarbital sodium (1 ml/100 g), placed in the supine position, and provided positive-pressure ventilation using a small animal ventilator (frequency: 80 beats/min; respiratory ratio: 1:1; ventilation: 3 ml/100 g). Thereafter, the rats’ limbs were connected to an electrocardiogram electrode and electrocardiography was performed (Supplementary Figure 3A). Next, thoracotomy was performed, exposing the heart, and the left anterior descending coronary artery was threaded and ligated, thereby producing a model of IHF. The procedure was considered successful when ST segment elevation was observed on the electrocardiogram (Supplementary Figure 3B). The normal (N) group received no treatment, whereas the sham (S) group underwent surgery without ligation of the left anterior descending coronary artery (Smith et al., 2003; Lv et al., 2016).
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Figure 3 | Effect of Shenfu injection on the hemodynamics of the rats with ischemic heart failure. (A) Hemodynamic diagrams in the hearts of the rats in the S, MOD, CAR, and H groups. (B) Left ventricular end-diastolic pressure (LVEDP) and heart rate in the rats with IHF. N, normal (n = 7); S, sham (n = 11); MOD, model (n = 7); CAR, carvedilol (n = 7); L, 3 ml/kg Shenfu injection (n = 7); M, 6 ml/kg Shenfu injection (n = 7); H, 12 ml/kg Shenfu injection (n = 7). Data are expressed as the mean ± standard error of the mean. ###P < 0.001 vs. S group; *P < 0.05 vs. MOD group.






Grouping and Administration

The surviving rats with ligation of the left anterior descending artery were randomly divided into the model (MOD), CAR [10 mg/kg (Grandinetti et al., 2019), 6 ml/kg], and Shenfu injection groups [L, M, and H groups receiving Shenfu injection at concentrations of 3, 6, and 12 ml/kg, respectively (corresponding to clinical dosages of 36, 72, and 144 ml/70 kg, respectively)] 48 h after surgery. The CAR group (n = 9) received the drug intragastrically, whereas the L, M, and H groups received Shenfu injection intraperitoneally. The N, S, and MOD groups received normal saline intraperitoneally at 12 ml/kg/day. Then, body signs and survival of all rats were observed and recorded. A flow chart of the study workflow is illustrated in Figure 1.




Echocardiography and Hemodynamics

Seven weeks later, the rats were anesthetized with 2% isoflurane and echocardiographic examination was performed using a Vevo2010 ultra-high–resolution small animal imaging ultrasound system (Visual Sonics, Canada). Left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic diameter (LVESD), left ventricular fractional shortening (LVFS), and left ventricular ejection fraction (LVEF) were also measured. Thereafter, the right common carotid artery was used for catheter intubation, and the arterial catheter was then connected to a MD3000 biosignal acquisition and processing system for hemodynamic testing, including measurements of left ventricular end-diastolic pressure (LVEDP) and heart rate (HR).




Serum cTnT Measurement

After hemodynamic testing, blood (1 ml) was drawn from the abdominal aorta each rat and placed in a centrifuge tube. The blood samples were then centrifuged at 3,000 rpm for 15 min to obtain serum. The cTnT concentration in serum was determined using the cTnT test kit.




Histopathological Examination

After obtaining the blood, the hearts of four rats from each group were quickly separated, excised, and fixed in 4% paraformaldehyde for 48 h to prepare a 4-μm-thick paraffin section for hematoxylin–eosin (HE) and Masson’s trichrome staining, which were performed to observe cardiac histopathological changes under a light microscope; myocardial infarct size (IS) was calculated using the following formula: IS (%) = midline infarct length/left ventricular midline circumference × 100% (Takagawa et al., 2007). In addition, the hearts and lungs of the other rats were obtained and cleaned. Heart weight index (HWI) and lung weight index (LWI) of the rats in each group were calculated using the following formula: organ index = organ wet weight (mg)/body weight of the rat on the day of sacrifice (g).




Matrix-Assisted Laser Desorption/Ionization–Mass Spectrometry Imaging

After obtaining the blood, the hearts of three rats each from the H, S, and MOD groups were quickly separated, excised, snap-frozen in liquid nitrogen and stored at −80°C for MALDI–MSI.

The snap-frozen hearts were fixed to the sample holder using ultrapure water, and 10-μm-thick transverse slices were prepared using a cryostat microtome (Scotsman Jencons, Germany) at −17°C. The distance from the slice position to the apex was 2/5th of the vertical length of the heart. The tissue slices were then transferred onto indium tin oxide slides (Bruker Daltonics, Germany) and dried in a vacuum pump for 30 min. Matrix spraying and MALDI–MSI were then conducted, as previously described (Liu et al., 2014; Liu et al., 2017). Molecular spectrum peaks were selected in the MALDI–MSI results, and statistical analysis was performed using the SCiLS Lab software based on the normalization of total ion chromatography.




Statistical Analysis

Data were expressed as mean ± standard error of the mean. Survival curve results were analyzed using Student’s t-test (two-tailed), and the other results were compared using one-way analysis of variance. All statistical data were analyzed using the GraphPad Prism 6 software. P < 0.05 was considered statistically significant.





Results



Effect of Shenfu Injection on Body Signs and Survival of the Rats With IHF

After treatment, the body signs and survival of rats were recorded. Compared with the rats in the S group, those in the MOD group consumed less food and water and exhibited less activity; moreover, some animals in the MOD group displayed dyspnea. After treatment, the rats were not easily scared and exhibited less dyspnea and more night activity.

Survival curves were drawn for the rats in each group, except for nine that died during surgery. Compared with that in the S group, the survival rate significantly decreased in the MOD group in the early phase of myocardial ischemia (P < 0.05) from post-surgery to pre-therapy (Supplementary Figure 4A). After treatment, the survival rate of the MOD group was significantly reduced (<60%; P < 0.05); in contrast, the L, M, and H groups had survival rates >80% (Supplementary Figure 4B).
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Figure 4 | Effect of Shenfu injection on body weight of the rats with ischemic heart failure. (A–C) Body weight, heart weight index, and lung weight index. N, normal (n = 7); S, sham (n = 11); MOD, model (n = 7); CAR, carvedilol (n = 7; L, 3 ml/kg Shenfu injection (n = 8); M, 6 ml/kg Shenfu injection (n = 7); H, 12 ml/kg Shenfu injection (n = 7). Data are expressed as mean ± standard error of the mean. #P < 0.05, ###P < 0.001 vs. S group; **P < 0.01, ***P < 0.001 vs. MOD group.






Shenfu Injection Improves Left Ventricular Systolic Function of the Rats With IHF

Left ventricular systolic function, as assessed using LVFS and LVEF, was impaired in the rats with IHF, with the changes matched to elevations of LVESD and LVEDD (Smith et al., 2005; Xing et al., 2014). As shown in Figure 2, LVEDD and LVESD were higher in the MOD group than in the S group (both P < 0.01); in contrast, LVFS and LVEF were lower in the MOD group than in the S group (P < 0.01 and P < 0.001, respectively). After treatment with Shenfu injection, LVEDD and LVESD were significantly decreased in the H group (P < 0.05 and P < 0.01, respectively), whereas LVFS and LVEF were obviously increased (both P < 0.05). In addition, CAR obviously lowered LVEDD and LVESD (P < 0.01 and P < 0.05, respectively) and improved LVFS and LVEF (both P < 0.05).




Shenfu Injection Enhances Left Ventricular Diastolic Function of the Rats With IHF

Hemodynamic results indicating the changes of LVEDP and HR are shown in Figure 3A. L VEDP was inversely correlated with left ventricular diastolic function; moreover, LVEDP was significantly increased in the MOD group (P < 0.001) (Figure 3B), and 12 mg/kg Shenfu injection obviously reduced LVEDP (P < 0.05) (Figure 3B). In addition, CAR reduced LVEDP in the rats with IHF (P < 0.05) (Figure 3B). Thereafter, there was no significant difference in the HR among the S, MOD, and Shenfu injection groups (Figure 3B), consistent with prior findings (Smith et al., 2005).




Shenfu Injection Attenuates Abnormal Hypertrophy of the Heart and Lung of the Rats With IHF

HWI and LWI, which are associated with pathological conditions, such as cardiac hypertrophy and pulmonary blood stasis, are significantly greater in rats with IHF during the development of IHF (Smith et al., 2003). Compared with the S group, the MOD group exhibited decreased body weight (P < 0.05) (Figure 4A) and increased HWI and LWI (both P < 0.001) (Figures 4B, C). HWI (all P < 0.01) (Figure 4B) and LWI (all P < 0.001) (Figure 4C) were significantly improved in all Shenfu injection groups after treatment. In addition, treatment with CAR significantly improved HWI and LWI in the rats with IHF (P < 0.01 and P < 0.001, respectively) (Figures 4B, C).




Effect of Shenfu Injection on Heart Histopathology of the Rats With IHF



Shenfu Injection Inhibits Myocardial Damage

As demonstrated in Figure 5, myocardial tissue lesions of rats in the MOD group were primarily located in the middle of the outer left ventricle wall wherein damaged myocardial fibers (yellow arrow), exaggerated nuclei with a deep color, and severe inflammatory cell infiltration (red arrow) were observed. After the administration of 12 mL/kg Shenfu injection, the extent of myocardial fiber damage and inflammatory cell infiltration was improved.
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Figure 5 | Photomicrographs of heart sections stained with hematoxylin–eosin in each group after coronary artery ligation (close to the coronary vein, 200×). Scale bar, 50 μm in each panel. The yellow arrow denotes damaged myocardial fibers, whereas the red one indicates inflammatory cell infiltration. N, normal; S, sham; MOD, model; CAR, carvedilol; L, 3 ml/kg Shenfu injection; M, 6 ml/kg Shenfu injection; H, 12 ml/kg Shenfu injection.






Shenfu Injection Decreases Myocardial IS

As shown in Figure 6, large amounts of blue collagen fibers appeared in the myocardial tissue lesions in the left ventricles (red arrow) of rats in the MOD group; compensatory hypertrophy and enlarged ventricular chamber were observed in the right ventricle (green arrow). After the administration of Shenfu injection or CAR, the amount of blue collagen fibers was reduced, and the left and right ventricular walls were more stable. Furthermore, 12 mg/kg Shenfu injection or CAR significantly decreased the size of the myocardial tissue lesions (P < 0.01 and P < 0.05, respectively).
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Figure 6 | Photomicrographs of Masson’s trichrome-stained heart sections of rats from each group after coronary artery ligation. The magnification of the cross-sectional photomicrographs is 5.1× (scale bar, 2000 μm in each panel). The magnification of the local enlarged photomicrographs near the coronary vein is 200× (scale bar, 50 μm in each panel). The red arrow indicates the left ventricle, whereas the green one indicates the right ventricle. The infarct size was analyzed using Image-Pro Plus. N, normal (n = 4); S, sham (n = 4); MOD, model (n = 5); CAR, carvedilol (n = 4); L, 3 ml/kg Shenfu injection (n = 4); M, 6 ml/kg Shenfu injection (n = 4); H, 12 ml/kg Shenfu injection (n = 4). Data are expressed as mean ± standard error of the mean. ###P < 0.001 vs. S group; *P < 0.05, **P < 0.01 vs. MOD group.







Shenfu Injection Reduces Serum cTnT Levels of the Rats With IHF

In rats, myocardial ischemic injury leads to an increase in the serum cTnT levels (Wei et al., 2015). As shown in Supplementary Figure 5, compared with that in the S group, the increase in serum cTnT levels in the MOD group (P < 0.01) was significantly inhibited by 12 ml/kg Shenfu injection and CAR (both P < 0.05); however, 6 ml/kg Shenfu injection did not affect the serum cTnT levels.




Effect of Shenfu Injection on the Content and Distribution of 80–1000-Da Molecules in the Hearts of the Rats With IHF

Using MALDI–MSI, significant changes in the levels and distribution of some small molecules, including endogenous antioxidant molecules (taurine, glutathione, and ascorbic acid), phospholipids [phosphatidic acid (PA), phosphatidylethanolamine (PE), and phosphatidylinositol (PI)], and TCA cycle- and energy metabolism-related molecules (aspartate, N-acetyl--aspartate, and adenosine), were observed in the whole transverse heart tissue slices of the rats with IHF.

Based on the MALDI–MSI results of ascorbic acid and PE (16:0/22:6) in the heart slices and Masson’s trichrome-stained images of the adjacent slices, the infarct zone was located using the MSI images and marked with red coils, as shown in Figure 7.
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Figure 7 | Infarct zone of the matrix-assisted laser desorption/ionization–mass spectrometry imaging (MALDI–MSI) results (marked with red coils). (A) Masson staining of the adjacent heart slice. (B) The MALDI-MSI results of ascorbic acid and PE (16:0/22:6). The spatial resolution is 200 μm (scale bar, 5 mm). S, sham; MOD, model; H, 12 ml/kg Shenfu injection.





Shenfu Injection Changes Antioxidant Molecules Levels in the Rats With IHF

Taurine, ascorbic acid, and glutathione levels were significantly increased in the whole hearts of the rats in the MOD group than in the hearts of those in the S group (P < 0.001, P < 0.001, and P < 0.01, respectively). Shenfu injection reduced the glutathione and taurine levels (both P < 0.05) compared with those in the MOD group; however, it had no effect on ascorbic acid, as shown in Figure 8. In addition, in the MOD group, ascorbic acid was primarily distributed in the infarct zone, whereas taurine and glutamine were evenly distributed in the infarct as well as non-infarct zones; Shenfu injection primarily changed the distribution of taurine and glutamine in the non-infarct zone.
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Figure 8 | Effect of Shenfu injection on antioxidant molecules in the hearts of rats with ischemic heart failure. Intensity ratios of molecules were analyzed using the SCiLS Lab software in a normalized manner. Spatial resolution is 200 μm (scale bar, 5 mm). S, sham; MOD, model; H, 12 ml/kg Shenfu injection. Data are presented as mean ± standard error of the mean; n = 3 per group. ##P < 0.01, ###P < 0.001 vs. S group; *P < 0.05 vs. MOD group.






Shenfu Injection Regulates Phospholipids in the Rats With IHF

As shown in Figure 9, the PA (18:0/20:4), PA (18:0/22:6), PE (16:0/22:6), PE (P-18:0/22:6), and PI (18:0/20:4) levels were increased in the hearts of the rats in the MOD group than in the hearts of those in the S group (P < 0.05, P < 0.01, P < 0.05, P < 0.01, and P < 0.01, respectively); in contrast, Shenfu injection reduced the PA (18:0/22:6), PE (16:0/22:6), PE (P-18:0/22:6), and PI (18:0/20:4) levels (P < 0.01, P < 0.01, P < 0.01, and P < 0.05, respectively), with no significant impact on PA (18:0/20:4). Furthermore, PA (18:0/20:4), PE (16:0/22:6), and PE (P-18:0/22:6) in the hearts of the rats in the MOD group were observed to be primarily located in the non-infarct zone, and PA (18:0/20:4) was located in the infarct zone. Shenfu injection predominately changed the distribution of phospholipids in the non-infarct zone.
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Figure 9 | Effect of Shenfu injection on phospholipids in the hearts of rats with ischemic heart failure. Intensity ratios of molecules were analyzed using SCiLS Lab software in a normalized manner. The spatial resolution is 200 μm (scale bar, 5 mm). S, sham; MOD, model; H, 12 ml/kg Shenfu injection. Data are presented as mean ± standard error of the mean; n = 3 per group. #P < 0.05, ##P < 0.01 vs. S group; *P < 0.05, **P < 0.01 vs. MOD group.






Shenfu Injection has no Effect on TCA Cycle- and Energy Metabolism-Related Molecules in the Rats With IHF

As shown in Supplementary Figure 6, the aspartate and N-acetyl-aspartate levels were increased in the MOD group than in the S group (both P < 0.05); in contrast, adenosine levels were decreased in the MOD group than in the S group (P < 0.01). Shenfu injection did not reverse these abnormal changes. Further analysis revealed that in the MOD group, aspartic acid and N-acetyl-aspartate were primarily distributed around the infarct zone, and the distribution of adenosine as a downstream product of energy metabolism was changed in the infarct and non-infarct zones.






Discussion

In the present study, Shenfu injection effectively improved myocardial ischemic injury, enhanced myocardial function, and reduced HWI and LWI levels in rats with IHF that underwent left anterior descending coronary artery ligation. In addition, using MALDI–MSI, it was first discovered that Shenfu injection can reverse the abnormal levels and distribution changes of taurine, glutathione, PA, PE, and PI in the heart caused by IHF, thereby providing new opinions for studies on the links between PA-mediated signaling pathways and cardiac dysfunction in IHF.

The IHF rat model can well simulate clinical IHF caused by coronary artery stenosis (Haidara et al., 2015). The pathogenesis of IHF is extremely complex, involving a series of cell molecular biology, cardiac function, and morphological changes (Takemura et al., 2018). In our study, 12 ml/kg Shenfu injection exerted a cardiotonic effect by dramatically improving myocardial injury to enhance cardiac function and alleviating the occurrence of myocardial hypertrophy and pulmonary congestion; in contrast, 6 ml/kg Shenfu injection had less obvious effects. We subsequently found that Shenfu injection for the treatment of myocardial ischemia in rats was administered at concentrations >6 ml/kg or for periods >7 weeks (Wu et al., 2011; Zheng et al., 2015).

Indeed, previous studies have demonstrated that Shenfu injection could ameliorate cardiac injury by stabilizing cardiac hemodynamic parameters and improving left ventricular function in IHF (Zheng et al., 2015). Furthermore, using MALDI–MS, Zheng et al. (2015) demonstrated that haptoglobin and pentraxin 3 may be inflammatory markers of IHF. In contrast, our study involved a more comprehensive pharmacological evaluation of Shenfu injection and investigated small molecules that potentially play a role in suppressing oxidative stress to protect the myocardium using MALDI–MSI.

Both taurine and glutathione are endogenous antioxidant molecules present in the body and they induce significant effects on myocardial damage. Taurine can inhibit the abnormal increase in reactive oxygen species (ROS) caused by ischemic injury, enhance the activity of antioxidant enzymes, and reduce the levels of inflammatory markers (Shimada et al., 2015; Dallak, 2017). Glutathione directly scavenges ROS and antagonizes oxidative stress associated with excessive glutathionylation of cardiac myosin-binding protein C, which causes myocardial systolic and diastolic dysfunction (Stathopoulou et al., 2016). Based on our study findings, we hypothesize that the overall accumulation of taurine and glutathione in the MOD group is associated with antagonism of oxidative stress and that Shenfu injection can both reduce oxidative stress caused by myocardial ischemia and indirectly reduce glutathionylation to confer myocardial protection; this was predominately observed in the non-infarcted zone.

In addition, PA and PI play important roles as precursors of various glycerophospholipids and are also involved in the transmission of intracellular signals and cellular functions. PE is a neutral phospholipid present in the heart (Nishizuka, 1992; Ammar et al., 2014). Previous studies have revealed that cardiac non-infarct zones exhibit cardiac hypertrophy and imbalance of myocardial interstitial fibrillar collagen synthesis and that infarct zones exhibit apoptosis, necrosis, and scar formation (Liang et al., 2016; Takemura et al., 2018; Wang et al., 2018). The observed distribution of phospholipids in the non-infarct zone of our IHF rat model might be closely associated with myocardial remodeling in this area. Moreover, small amounts of PI (18:0/20:4) and the majority of PA (18:0/20:4) were distributed in the infarct and border zones (Pilla et al., 2015), which might be related to myocardial remodeling in the infarct zone and transition from the non-infarct zone to the infarct zone. In particular, phospholipids with a 22:6 fatty acyl chain were predominately distributed in the non-infarct zone, whereas phospholipids with a 20:4 fatty acyl chain tended to concentrate in the infarct zone. In addition, these phospholipids have many unsaturated fatty acids, which are susceptible to conversion to oxidized phospholipids (OxPLs) by ROS. OxPLs have proinflammatory effects and are associated with many inflammatory diseases, such as metabolic disorders, degenerative diseases, etc. (Freigang, 2016). Therefore, we consider that Shenfu injection can reverse the increase of the levels of various phospholipids caused by myocardial ischemia, which may slow down the myocardial remodeling process in the non-infarct, border, and infarct zones; indirectly affect the overproduction of OxPLs; and inhibit the occurrence of oxidative stress and inflammatory responses. Furthermore, a previous study indicated that defects in PA-mediated signaling pathways might represent a novel mechanism of cardiac dysfunction in IHF (Tappia et al., 2001). Although our study can provide useful insights through the distribution of PA, further investigation is needed.

MALDI–MSI has an obvious advantage in detecting the levels and distribution of cardiac phospholipids. In vitro detection of phospholipids using the liquid chromatography–mass spectrometry or electrospray ionization tandem mass spectrometry technique can accurately quantify the level of a certain lipid but not reflect its distribution (Manickaraj et al., 2017; Tang et al., 2018). However, MALDI–MSI can facilitate the high-throughput detection of phospholipids and their distribution in situ. Because phospholipids are closely related to the structure and function of the heart, information regarding their distribution is extremely important.

It cannot be denied that this study had some limitations. Measurements were performed at only a single time point (i.e., at the seventh week), for which the results of phospholipids applied for only the seventh week. In addition, because the biochemical and biological functions of phospholipids are unclear, the effects of phospholipids in the course of IHF are uncertain. Therefore, our novel discoveries regarding phospholipids in IHF need to be confirmed through future studies. Furthermore, the adverse reactions of traditional Chinese medicine injections received recognition increasingly, and the causes of adverse reactions related to several factors such as clinical irrational drug use, the patient’s allergic constitution, intravenous drip rate, and use of dosing. The most common adverse reaction of traditional Chinese medicine injections was the “allergic reaction”, which strengthened the research on the clinical skin test of traditional Chinese medicine injections (Liang et al., 2015). If traditional Chinese medicine injections can be used to screen allergic people through skin tests like cephalosporins and penicillin, the safety will be greatly improved. And the State Food and Drug Administration has strengthened the supervision of Chinese medicine injections. In the new medical insurance catalogue 2017, 26 Chinese medicine injections were restricted.

To more clearly understand the relationship between the anomalous small molecules detected using MALDI–MSI, we identified ROS as important intermediaries in the abnormal changes of taurine, glutathione, ascorbic acid, aspartic acid, N-acetyl-aspartate, adenosine, and phospholipid levels (Figure 10); moreover, Shenfu injection effectively changed the taurine, glutathione, and phospholipid levels. In the past decade, the pharmaceutical industry has witnessed a shift from the pursuit of one active ingredient hitting a single target to seeking combination therapies that comprise several active ingredients, and given that Shenfu injection has been widely used in China for treating patients with septic shock, the present study suggests that Shenfu injection provides new treatment strategies of IHF in clinical settings.



[image: ]

Figure 10 | Summary of the relationships between the small molecules found in the present study. Small molecules that Shenfu injection significantly affected are indicated by red font, whereas those that were significantly changed only in the model group are indicated by blue font. Black arrows indicate metabolic processes, whereas dashed arrows indicate omission of intermediates. Purple arrows indicate promotion, and the green T-shaped solid lines indicate inhibition. GR, glutathione reductase; GSH, glutathione.
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Background: Sodium tanshinone IIA sulfonate (STS) injection, the extractive of traditional Chinese medicine Danshen, is supposed to be a supplementary treatment in hypertensive nephropathy.

Objectives: To evaluate the efficacy and safety of STS in treatment of hypertensive nephropathy.

Methods: We systematically searched China National Knowledge Infrastructure (CNKI), Chinese Scientific Journals Database (VIP), Wan-fang database, Chinese Biomedicine Database (CBM), PubMed, Embase, Web of Science, and Cochrane Library from their inception to December 2018. All studies were screened by two reviewers according to the inclusion and exclusion criteria independently. The Cochrane Collaboration's risk tool was used to assess the methodological quality of the included studies. Reviewer Manager 5.3 was employed for statistical analysis.

Results: Sixteen trials involving 1,696 patients were included. The meta-analysis results indicated a combination of STS and angiotensin receptor blockers (ARBs) was more effective than ARB monotherapy in modulating hypertensive nephropathy, as represented by improved estimated glomerular filtration rate (eGFR) [mean difference (MD) = 6.87, 95% CI (4.47, 9.28), P < 0.00001] and reduced 24 h urinary protein [MD = −0.23, 95% CI (−0.27, −0.19), P < 0.00001], serum creatinine (SCr) [MD = −21.74, 95% CI (−24.11, −19.38), P < 0.00001], cystatin-C [MD = −0.16, 95% CI (−0.24, −0.07), P = 0.0003], urinary immunoglobulin G (IgG) [MD = −0.85, 95% CI (−1.11, −0.59), P < 0.00001], and urinary transferrin [MD = −0.61, 95% CI (−1.04, −0.17), P = 0.007]. In addition, the combination therapy had better control in systolic blood pressure (SBP) [MD = −6.53, 95% CI (−8.19, −4.87), P < 0.00001] and diastolic blood pressure (DBP) [MD = −4.14, 95% CI (−5.69, −2.59), P < 0.00001]. Only three trials reported adverse events, and no adverse drug reactions were observed.

Conclusions: STS combined with ARBs had a stronger effect on improving renal function in patients with primary hypertensive nephropathy than ARB monotherapy. The combination therapy also provided auxiliary hypotensive effects. Further large-scale, multicenter, and rigorously designed randomized controlled trials (RCTs) should be conducted to confirm our findings.


Keywords: sodium tanshinone IIA sulfonate injection, hypertensive nephropathy, systematic review, meta-analysis, efficacy, safety



Introduction

The prevalence of primary hypertension (PH), a chronic disease, is increasing worldwide. It is estimated that approximately one of three people suffer from high blood pressure (BP) all over the world (Lim et al., 2012). PH has been one of the leading risk factors for global disease burden (Whelton et al., 2018). Although a system therapeutic regimen has been established, hypertension still remains undertreated and uncontrolled especially in developing countries like China (Lu et al., 2017). Patients with hypertension usually have a series of secondary lesions. The kidney, as a vital organ in balancing the volume load and the toxin level, is extremely vulnerable to high BP. It is known that structural damage to the renal unit, such as the barotrauma damage to the glomerular filtration barrier, can lead to compensatory but maladaptive increases in the reuptake of water and sodium by the renal tubule, further exacerbating BP abnormalities (Bidani et al., 2013; Hall et al., 2014). Nowadays, hypertensive kidney disease has been the second leading cause of end-stage renal disease (ESRD) after diabetes mellitus (Hart and Bakris, 2010). Approximately 30,000 individuals in the United States are diagnosed with hypertension-associated ESRD yearly, which exerts substantial adverse influence on public health and health-care financing (Suneel et al., 2011).

BP control is regarded as a vital target in patients of hypertensive nephropathy. Agents that inhibit the renin–angiotensin–aldosterone system (RAAS) are the first-line drugs of choice for those with hypertensive nephropathy since they can effectively reduce BP, proteinuria, and chronic kidney disease (CKD) progression as well as cardiovascular events associated with hypertension, diabetes, and vascular diseases (The GISEN Group, 1997; Lewis et al., 2001; Brenner et al., 2001). However, existing data have demonstrated that well controlled blood pressure (<130/80 mmHg) slows but does not stop progression of renal injury (Suneel et al., 2011). Furthermore, use of these drugs alone at the recommended dosages for BP control is usually unable to achieve enough renoprotective effect. Thus, in addition to BP control, nephropathy protection is necessary.

Traditional Chinese medicine is the most common form of both alternative and complementary medicine in Asia which has been used extensively for the treatment of CKD (Huang et al., 2018). Danshen, the dried root and rhizome of Salvia miltiorrhiza Bge (Labiatae), is a popular medicinal herb that has long been used for the treatment of various diseases. Studies have shown that Danshen is the top single herb prescribed for the treatment of CKD in outpatients in China (Huang et al., 2018). Sodium tanshinone IIA sulfonate (STS) injection, the extract of Danshen, has been widely used in current clinical practice for its activities in anti–free radical induced tissue damage, arteriolar vasodilation, lowering blood viscosity, and so on (Bai, 2012). It mainly contains STS (sodium 1,6,6-trimethyl-10, 11-dioxo-6,7,8,9,10,11- hexahydrophenanthro[1,2-b]furan-2-sulfonate) (Hao et al., 2007; Chen et al., 2013). The concentration of the commercial injection is 5 mg/ml, and the purity is more than 90% (STS: 90%–98%) (Wang et al., 2006; Liu, 2010; Chen et al., 2013; Dong et al., 2019). Quality control and chemical analyses of the material were also reported. (Wang et al., 2006; Hao et al., 2007; Liu, 2010; Chen et al., 2013; Dong et al., 2019). Procedures are fully reproducible.

In recent years, a large number of clinical trials suggested that STS and angiotensin receptor blocker (ARB) combination benefited patients with hypertensive nephropathy. However, no definite conclusion was drawn on this. Therefore, we conducted this systematic review and meta-analysis to investigate the efficacy of STS as an adjuvant agent in the management of hypertensive nephropathy.



Materials and Methods

Readers can access the protocol of this systematic review in International Prospective Register of Systematic Reviews (PROSPERO) (CRD42018114511).


Database and Search Strategies

A literature search was carried out in the following eight databases from their inception to December 2018: China National Knowledge Infrastructure (CNKI), Chinese Scientific Journals Database (VIP), Wan-fang database, Chinese Biomedicine Database (CBM), PubMed, Embase, Web of Science, and Cochrane Library. The publishing language was restricted to Chinese and English. Search terms including “hypertension,” “sodium tanshinone IIA sulfonate injection,” “tanshinone IIA,” “kidney diseases,” “renal insufficiency,” “kidney failure, chronic,” “hypertensive nephropathy,” “kidney injury,” “kidney damage,” “renal damage,” “renal injury,” “nephrosclerosis,” “renal impairment,” and “kidney impairment” were used individually or in combination. In addition, a filter for clinical trials was also employed.



Inclusion Criteria

Studies meeting the following criteria were included: (1) randomized controlled trials (RCTs), regardless of blinding or publication types; (2) patients with hypertensive nephropathy, (i) meeting the diagnostic criteria of hypertension, (ii) presenting with clinical features of renal injury like persistent proteinuria and increasing levels of serum creatinine (SCr), and (iii) without primary renal disease, secondary hypertension, or some other conditions such as diabetes mellitus causing renal injury; (3) intervention using STS combined with ARBs compared to ARB monotherapy; and (4) assessment of 24 h urinary protein as the primary outcome plus at least one additional outcome measure, which could be SCr, estimated glomerular filtration rate (eGFR), urinary immunoglobulin G (IgG), cystatin-C (Cys-C), urinary transferrin, systolic blood pressure (SBP) reduction, or diastolic blood pressure (DBP) reduction.



Exclusion Criteria

Studies were excluded if they met the following criteria: (1) duplicated publications; (2) non-clinical research, basic research, and review articles as well as case reports and theoretical discussions; (3) use of any other western medicines and/or herbal medicines during the research; or (4) outcome data of interest were unavailable for meta-analysis.



Data Extraction

Two investigators (JX, CZ) independently screened and extracted the data according to the inclusion and exclusion criteria. After the general details, patients' characteristics, interventions, and outcomes were extracted, a cross-check was then done. Any disagreements were resolved through discussion or the verification of a third investigator (XS).



Quality Assessment

Evaluation of methodological quality of the included studies was conducted by the same two investigators (JX, CZ), who used the Cochrane Collaboration's risk tool. Random sequence generation (selection bias), allocation concealment (selection bias), blinding of participants and personnel (performance bias), blinding of outcome assessment (detection bias), incomplete outcome date (attrition bias), selective reporting (reporting bias), and other bias were assessed. The grade of bias risk was classified as “low,” “high,” and “unclear.” We also performed a funnel plot to evaluate publication bias.



Data Synthesis and Analysis

Revman 5.3 software was employed to pool the effect size. Mean difference (MD) or standardized mean difference (SMD) and 95% confidence intervals (CI) were used for continuous variables. Heterogeneity was evaluated statistically using the χ2 test and inconsistency index statistic (I2) (Higgins et al., 2003). If substantial heterogeneity existed (I2 > 50% or P < 0.05), a random effect model was applied; otherwise, we adopted a fixed effect model (DerSimonian and Laird, 1986). We also performed subgroup analysis and sensitivity analysis to explore the potential sources of heterogeneity and inspect the stability of the result.




Results


Search Results

A total of 1,029 articles were initially obtained through the search strategy. After excluding 548 duplications, the remaining articles were screened based on their titles and abstracts, and 459 records were removed. Out of the remaining 22 articles assessed for eligibility, 16 articles met the eligibility criteria of this systematic review and meta-analysis (Zhu et al., 2011; Yang et al., 2012; Wu, 2013; Zou et al., 2013; Cao et al., 2014; Li, 2014; Yu, 2014; Liu, 2015; Luo, 2015; Qiu, 2015; Zhu, 2015; Bi et al., 2016; Li, 2016; Wang et al., 2016; Li and Guo, 2017; Tusonguri, 2017). The flowchart for literature retrieval is shown in Figure 1.




Figure 1 | Flow diagram of the literature selection.





Study Characteristics

All 16 included trials were conducted in China from 2011 to 2017 and involved a total of 1,696 participants. Sample size ranged from 50 to 230, and only seven trials included more than 100 participants (Li, 2014; Luo, 2015; Qiu, 2015; Bi et al., 2016; Li, 2016; Wang et al., 2016; Tusonguri, 2017). The average age of the enrolled participants was 63, with 55.5% male patients. The intervention used in all experimental groups was STS combined with ARBs (valsartan, V; irbesartan, Ir; losartan, L), and the control treatment was ARBs. The dose range of STS was from 40 to 60 mg/d. The duration of treatment was 2 or 4 weeks. More details of the included studies are presented in Table 1.


Table 1 | Characteristics of included studies.





Quality Assessment of Included Studies

The methodological quality assessments of all included studies are shown in Figures 2 and 3. Only three trials described the randomization method used in their studies, while others did not report any specific randomization technique (Li, 2014; Qiu, 2015; Li and Guo, 2017). None of studies reported allocation concealment procedure and blinding. In general, most of the included studies had high risk of bias and low methodological quality.




Figure 2 | Risk of bias summary.






Figure 3 | Risk of bias graph of included trials.






Meta-Analysis Results


24 h Urinary Protein (g/d)

All 16 trials reported 24 h urinary protein measurement results. Following the test of heterogeneity (P = 0.01, I2 = 49%), we used a fixed effect model. The pooled analysis indicated that the intervention of STS combined with ARBs had better effect in decreasing 24 h urinary protein. The difference between two groups was statistically significant (MD = −0.23, 95% CI: −0.27 to −0.19; P < 0.00001, Figure 4). This result suggests that STS as an adjunct therapy to ARBs may alleviate renal injury more effectively than ARBs alone.




Figure 4 | Meta-analysis for comparison of 24 h urinary protein levels between the experimental and control groups.





Serum Creatinine (μmol/L)

Eleven clinical trials reported SCr levels (Zhu et al., 2011; Wu, 2013; Zou et al., 2013; Li, 2014; Yu, 2014; Liu, 2015; Luo, 2015; Qiu, 2015; Li, 2016; Li and Guo, 2017; Tusonguri, 2017). Following the test of heterogeneity (P < 0.00001, I2 = 79%), a random effect model was used to estimate pooled effect size. The results showed that patients receiving the therapy of STS combined with ARBs had significantly decreased SCr compared with control groups. The difference between two groups was statistically significant (MD = −21.74, 95% CI: −24.11 to −19.38; P < 0.00001, Figure 5).




Figure 5 | Meta-analysis for comparison of serum creatinine (SCr) levels between the experimental and control groups.





Estimated Glomerular Filtration Rate (ml/Min·1.73m2)

There were four studies that reported eGFR results (Zhu et al., 2011; Wu, 2013; Liu, 2015; Li, 2016). A fixed effect model was adopted to pool the data because of no heterogeneity found in these studies (P = 0.85, I2 = 0%). The results showed that the therapy of STS combined with ARBs was more effective in maintaining eGFR (MD = 6.87, 95% CI: 4.47, 9.28, P < 0.00001, Figure 6).




Figure 6 | Meta-analysis for comparison of estimated glomerular filtration rate (eGFR) levels between the experimental and control groups.





Cystatin-C (mg/L)

There were 8 studies that showed Cys-C results (Zou et al., 2013; Li, 2014; Yu, 2014; Luo, 2015; Qiu, 2015; Wang et al., 2016; Li and Guo, 2017; Tusonguri, 2017). A fixed effect model was adopted to pool the data because of no heterogeneity found in these studies (P = 1.0, I2 = 0%). The results revealed that STS plus ARBs was superior to ARBs alone in reducing Cys-C (MD = −0.16, 95% CI: −0.24 to −0.07; P = 0.0003, Figure 7).




Figure 7 | Meta-analysis for comparison of cystatin-C (Cys-C) levels between the experimental and control groups.





Urinary Immunoglobulin G (mg/dl)

Five clinical trials reported urinary IgG levels (Yang et al., 2012; Cao et al., 2014; Qiu, 2015; Bi et al., 2016; Li, 2016). Following the test of heterogeneity (P = 0.22, I2 = 31%), a fixed effect model was used to estimate pooled effect size. The results suggested that the level of urinary IgG in STS combined with ARBs was lower than that in the control group. The difference between two groups was statistically significant (MD = −0.85, 95% CI: −1.11 to −0.59; P < 0.00001, Figure 8).




Figure 8 | Meta-analysis for comparison of urinary immunoglobulin G (IgG) levels between the experimental and control groups.





Urinary Transferrin (mg/dl)

Only three clinical trials included urinary transferrin data (Yang et al., 2012; Qiu, 2015; Li, 2016). Following the test of heterogeneity (P = 0.09, I2 = 58%), a random effect model was used to estimate pooled effect size. The results suggested that compared with control groups, patients treated with STS combined with ARBs had a significantly lower level of urinary transferrin (MD = −0.61, 95% CI: −1.04 to −0.17; P = 0.007, Figure 9).




Figure 9 | Meta-analysis for comparison of urinary transferrin levels between the experimental and control groups.





Blood Pressure Reductions (mmHg)

There were 15 studies that reported SBP and DBP reductions (Zhu et al., 2011; Yang et al., 2012; Zou et al., 2013; Cao et al., 2014; Li, 2014; Yu, 2014; Liu, 2015; Luo, 2015; Qiu, 2015; Zhu, 2015; Bi et al., 2016; Li, 2016; Wang et al., 2016; Li and Guo, 2017; Tusonguri, 2017). Following the test of heterogeneity (P < 0.00001 for both SBP and DBP, I2 = 72% and 88% for SBP and DBP, respectively), a random effect model was used to estimate pooled effect size. The results revealed that compared with ARB monotherapy, the combination treatment of STS and ARBs resulted in a significantly greater reduction in SBP (MD = −6.53, 95% CI: −8.19 to −4.87; P < 0.00001, Figure 10) and DBP (MD = −4.14, 95% CI: −5.69 to −2.59; P < 0.00001, Figure 11). In subgroup analysis, the hypotensive effect of combined STS and ARBs was better than ARB monotherapy in SBP (MD = −7.25, 95% CI: −8.92 to −5.58; P < 0.00001, Figure 10) and DBP (MD = −4.50, 95% CI: −6.38 to −2.61; P < 0.00001, Figure 11) at the 2-week follow-up time point. In addition, the combination treatment also had a significantly greater reduction in DBP (MD = −3.03, 95% CI: −4.55 to −1.52; P < 0.0001, Figure 11) at the 4-week follow-up time point. However, there were no differences in SBP reduction (MD = −4.25, 95% CI: −8.74 to 0.24; P = 0.06, Figure 10) at the 4-week follow-up time point.




Figure 10 | Meta-analysis for comparison of systolic blood pressure (SBP) between the experimental and control groups.






Figure 11 | Meta-analysis for comparison of diastolic blood pressure (DBP) between the experimental and control groups.





Safety

Out of all included studies, only three trials examined adverse events (Zhu et al., 2011; Luo, 2015; Qiu, 2015). These studies all clearly reported that there were no adverse events associated with the STS/ARB combination therapy. However, because the remaining trials did not provide any details regarding adverse effects, it is difficult to draw a conclusion on the safety of STS.



Subgroup Analysis

To explore the sources of heterogeneity and improve the persuasiveness of the evidence, we conducted a subgroup analysis based on the study characteristics for 24 h urinary protein and SCr, as both of these two biomarkers are crucial indicators that reflect the extent of the renal damage and predict the progression of diseases (Hillege et al., 2002; Lisowska-Myjak et al., 2011). The effect of the combination treatment with STS and ARBs was consistent with the results described above for every subgroup regardless of the duration of treatment, the category of ARBs, the dose of STS, or the number of patients. However, the reduction in 24 h urinary protein did not show significant difference in irbesartan studies (MD = −0.10, 95% CI: −0.25 to −0.04; P = 0.17, Table 2). Meanwhile, the heterogeneity of each subgroup on 24 h urinary protein declined in various degrees, which indicates that these four factors may be the sources of heterogeneity, especially the intervention course and sample sizes. For SCr, unfortunately, we were not able to remove the heterogeneity from subgroup analysis. However, only Ting Li's study used 4 weeks as the cutoff for treatment duration, which might bias the heterogeneity (Li, 2016). Furthermore, removal of this study from SCr analysis resulted in a considerable reduced I2 (I2 = 54%).


Table 2 | Subgroup analyses on 24 h urinary protein and SCr.





Sensitivity Analysis

To further confirm the stability of the results of the 24 h urinary protein and SCr, we respectively replaced fixed effect model with random effect model and excluded the most and least weighted trials. The results were not significantly different from those described above, suggesting our meta-analysis results are robust and reliable.



Publication Bias

We assessed the publication bias of 24 h urinary protein with the funnel plot. As shown in Figure 12, there was no obvious publication bias in our analysis. However, all the included studies were published in mainland China with positive results, potential publication bias still likely existed.




Figure 12 | Funnel plot of total 24 h urinary protein.






Discussion

Although substantial efforts have been made in the prevention and combating of hypertension, it remains one of the most common chronic diseases, and its prevalence is increasing worldwide (Suneel et al., 2011). Hypertension is not only the direct cause of renal damage but can also contribute to the progression of kidney disease (Suneel et al., 2011). The rates of hypertension-associated CKD and ESRD continue to rise, which have a substantial negative influence on public health and health-care financing. BP-lowering therapy, especially the use of the RAAS blockers, has become the main strategy for nephroprotection for patients with renal damage. However, renoprotective effects cannot be achieved to a satisfying extent when these drugs are used alone at the dosages recommended for BP control (Ruggenenti et al., 2008). Thus, other treatments that synergize with RAAS inhibitors to further interfere with events leading to interstitial inflammation and structural damage are desirable (Remuzzi and Bertani, 1998).

Danshen, a popular Chinese herb from dried roots of S. miltiorrhiza Bunge, has been used for over 2,000 years for the treatment of cardiovascular diseases without obvious side effects (Yan et al., 2018). Tanshinone IIA, one of the major constituents extracted from Danshen, is officially regarded as a quality control marker as per Chinese Pharmacopoeia (Yan et al., 2018). Sodium tanshinone IIA sulfonate injection is a water-soluble derivative of tanshinone IIA and has become commercially available in China. Previous pharmacological studies have revealed that STS has various biological activities such as anti-atherosclerosis, anti-arrhythmia, improving myocardial blood supply, and cardiac remodeling (Gao et al., 2012). Therefore, STS has been widely used for the management of cardiovascular diseases including angina pectoris and myocardial infarction. Furthermore, intensive research has discovered the renoprotective effect of STS, which has drawn much significant attention and is becoming a research hot spot. Recent publications have demonstrated that tanshinone IIA can exert its renoprotective effects by fighting oxidative stress, attenuating renal fibrosis, regulating inflammation, counteracting ischemia-reperfusion injury, protecting podocytes and endothelial cells, and ameliorating microcirculatory disturbance (Han et al., 2008; Wang et al., 2015; Xu et al., 2016; Cao et al., 2017; Zhu et al., 2017). Increasing evidence indicates that STS combined with antihypertensive drugs like ARBs can additively alleviate the renal dysfunction induced by hypertension. However, the efficacy of STS injection as adjunctive therapy for ARBs on hypertensive nephropathy has not been systematically reviewed and analyzed.

To the best of our knowledge, this is the first systematic review and meta-analysis that assessed renoprotective effects of STS combined with ARBs. A total of 16 trials involving 1,696 patients were identified for this review. According to our analysis of currently available data, we concluded that STS combined with ARBs is more effective than ARB monotherapy in renoprotection, as our findings showed improved eGFR and reduced levels of 24 h urinary protein, SCr, Cys-C, urinary IgG, and urinary transferrin in patients receiving both STS and ARBs compared with those taking only ARBs.

In clinical trials, surrogate end points are often more frequently employed than clinical end points as they are practically measurable. Additionally, use of surrogate end points can reduce the sample size and shorten the duration of studies. Therefore, not surprisingly, we found that surrogate end points were used in all of the analyzed studies, while none of them mentioned primary end points (such as time to doubling of SCr, onset of ESRD, and death). There are a number of reasons for the universality of using surrogate end points in hypertensive nephropathy studies. Firstly, the course of hypertensive nephropathy is long. Clinical outcomes may take years to draw the scientific conclusion. Secondly, as the disease progresses, ARBs may not be suitable for further treatment (such as high creatinine levels and hyperkalemia). Lastly, the use of surrogate end points could aid our understanding of disease processes and mechanisms of action of therapies, directing our decision-making regarding the treatment (Lonn, 2001).

Among multiple surrogate biomarkers that reflect renal function, urinary protein, SCr, and eGFR are the most widely used indicators for the assessment of renoprotective effects of antihypertensive agents in clinical trials. After the pioneering Ramipril Efficacy In Nephropathy (REIN) trials found that short-term reduction in proteinuria slows the progression to ESRD in the long term, the reduction of proteinuria has been considered as a novel target of renoprotective therapy (The GISEN Group, 1997). Subsequent studies confirmed that proteinuria is a potent biomarker of renal dysfunction, and the slowest progression was observed in patients with the lowest residual proteinuria (Ruggenenti et al., 2003). Therefore, the 7th Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7) and the National Kidney Foundation (NKF) guidelines recommend that reduction of albuminuria and BP should be included as the cornerstone in a treatment strategy for hypertensive nephropathy (Ruggenenti et al., 2008; Hart and Bakris, 2010). Furthermore, albuminuria has also been identified as a risk factor for cardiovascular events. Consequently, special attention should be paid to the degree of proteinuria when evaluating the improvement of renal function. In our study, we chose the 24 h urinary protein as one of the major outcomes. Based on 16 trials, the combination treatment of STS and ARBs had better efficacy in terms of preventing the progression of proteinuria. However, subgroup analysis covering three different categories of ARBs found no difference in the irbesartan group. This might be attributable to the small number of patients in the irbesartan group. Thus, further trials in a large series are required to determine the efficacy of STS plus irbesartan. SCr, an accurate index for renal function, also reliably predicts the risk for renal injury (Spanaus et al., 2010; Yan et al., 2014). The results of our analysis indicated that STS combined with ARBs can significantly decrease serum levels of creatinine. However, it should be acknowledged that there was significant heterogeneity despite subgroup analysis. The fact that creatinine is influenced by various factors such as age, gender, and diet that may bias the result should also not be ignored. Thus, in recent clinical guidelines, eGFR, calculated based on the SCr level and other parameters, is recommended for the estimation of renal function because of its sensitivity and high specificity for one-time measures of renal damage or dysfunction (Qaseem et al., 2013; Stevens and Levin, 2013). Previous studies have demonstrated that angiotensin converting enzyme inhibitors (ACEIs) and ARBs could maintain eGFR during the progress of hypertension (Cheng et al., 2016). Similar to other outcomes, we found that STS and ARB combination is more effective than ARB monotherapy in improving eGFR. However, there is yet no consensus among different guidelines on which formula to use for calculating eGFR, possibly leading to enormous calculation difference due to the use of different formulas. Although our results showed no heterogeneity, none of the included studies in this review reported the equation used for eGFR calculation, which may increase the risk of bias.

Cys-C is another biomarker that detects renal damage, especially in the early stage of nephropathy. Unlike SCr, urinary IgG, or transferrin, Cys-C is not influenced by gender, race, and muscle mass, and thus has recently drawn considerable attention (Peralta et al., 2011). Cys-C also exhibits predictive value for the prognosis of renal and cardiovascular diseases (Peralta et al., 2011; Ozkok et al., 2014; Barr et al., 2017; Zhang et al., 2017). In our study, we found that STS plus ARBs therapy was better than ARBs alone in improving urinary protein, SCr, and eGFR, which also suggested that STS could be beneficial as an “add-on” medication for hypertensive patients.

In addition, systolic and diastolic BP reductions were evaluated to detect the effects of STS in terms of BP control. The results revealed that STS/ARB combination decreased the average SBP and DBP by 6.53 and 4.14 mmHg, respectively, compared with ARB monotherapy. STS provided auxiliary hypotensive effects, thereby enabling hypertensive patients to better achieve their target BP goals. In the subgroup analysis according to the intervention course, SBP reductions were statistically significant when 2 weeks was used as the cutoff for intervention course. However, there were no statistical differences when 4 weeks was used in the analysis. Notably, the majority of patients enrolled in this systematic review had reached the target SBP and DBP by the end of 2 weeks. Therefore, according to above results, we speculate that STS as an adjuvant treatment may not have further effects on SBP when SBP is already under control. However, there were only four trials where combined therapy lasted for 4 weeks (Yang et al., 2012; Cao et al., 2014; Bi et al., 2016; Li, 2016). Although the results did not show significant differences, SBP had a tendency to be lower in the STS/ARB combination treatment group at 4 weeks. Conducting more trials may alter the statistical results. Meanwhile, we recognized that there was considerable heterogeneity. We attempted to address this heterogeneity by carefully checking all of the included studies and performing sensitivity analysis and several subgroup analyses. But, unfortunately, we were not able to figure out the origin of the heterogeneity. We believe it may be caused by several reasons, e.g., different timing of medication and BP measurement, different types of ARBs and dosages of STS used, etc., which might bias the results. Accordingly, these results should be interpreted cautiously.



Limitations

This study has several limitations. Firstly, all included trials were published in Chinese, and only three trials provided specific information of random sequence generation (Li, 2014; Qiu, 2015; Li and Guo, 2017). We tried to contact the authors by telephone, fax, or e-mail to confirm, but received no replies. Additionally, all included trials didn't provide details of allocation concealment, blinding of participants and personnel, and blinding of outcome assessment, which, as shown in Figure 3, can lead to high risk of selection, performance, and detection bias respectively. The absence of allocation concealment and blinding may subjectively influence participants and researchers as well, although objective outcomes are enrolled in all the included studies. In view of these methodological problems, in order to achieve more conclusive results, we suggest that future clinical trials in large series should adopt such methods as proper randomization, allocation concealment, participant and personnel blinding, and assessment blinding. Secondly, the treatment course in the 16 trials was short: either 2 or 4 weeks. Therefore, we were unable to assess the long-term efficacy of STS. Thirdly, the actual clinical evidence such as doubling of SCr, progression to dialysis, and death are lacking. Large-scale long-term studies should be conducted to evaluate renoprotective effects of STS. Lastly, special attention should be paid to adverse drug events or reactions. Safety is a fundamental principle in the provision of herbal products for health care. However, there is insufficient evidence to draw a conclusion on the issue of safety in this review. Because 13 trials did not report about adverse drug events or reactions. Current studies regarding the factors of adverse effect caused by STS often focus on allergic reactions. Although STS is extracted by S. miltiorrhiza Bunge with high purity, the composition is complex, which may lead to adverse events. Clinicians should dilute the injection according to the package insert strictly and avoid mixed application to prevent adverse events happening.



Conclusions

In conclusion, this meta-analysis included 16 RCTs in assessing the effect of STS plus ARBs on kidney-related outcomes in patients with hypertensive nephropathy compared to ARB monotherapy. The results illustrated that STS combined with ARBs not only exerts auxiliary antihypertensive effects but also protects renal function. These results, however, should be interpreted with caution due to the limitations described above. Further large-scale, multicenter, long-term, randomized, and double-blind clinical trials are needed. Meanwhile, the safety of STS should also be evaluated.
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Background: Tanreqing injection (TRQ) is a traditional Chinese medicine commonly used in China to treat pulmonary diseases presenting as phlegm-heat syndrome. Robust data on the safety of TRQ from real-world observational cohorts are currently lacking.

Objective: To evaluate as the incidence, type, and predictors of adverse events (AEs) and adverse drug reactions (ADRs) of TRQ in clinical practice in China.

Methods: We conducted a population-based cohort, multicenter study to evaluate the incidence, manifestation, outcomes, and risk factors of AEs and ADRs following TRQ use in China. Between April 2014 and May 2015 a total of 30,322 consecutive inpatients/emergency attendance patients from 90 hospitals across China administrated TRQ were followed-up for 7 days. Odds ratios (ORs) with 95% confidence intervals (CIs) were estimated using logistic regression to identify predictors of ADRs.

Results: The incidence of AEs and ADRs was 1.4 and 0.3%, respectively. Skin and subcutaneous tissue disorders were the most common ADRs. All ADRs were mild or moderate in severity, except for one serious case of anaphylactic reaction. The majority of ADRs (72.8%) occurred in the first 2 h after TRQ administration. Two-thirds of patients (66.1%) in the study were prescribed TRQ off-label, including infants aged ≤24 months. A history of food allergy (OR 4.50, 95% CI: 1.35–15.00), drug allergy (OR 2.77, 95% CI: 1.56–4.94), and fast infusion speed (off-label use) (OR 2.10, 95% CI: 1.27–3.50) were associated with an increased risk of ADRs.

Conclusion: TRQ is well tolerated in the general population, yet off-label use is prevalent. Efforts are required to educate prescribers to adhere to the drug label in order to minimize potential patient harm.


Keywords: drug safety, adverse drug reactions, pharmacovigilance, anaphylaxis, traditional Chinese medicine, off-label



Introduction

Tanreqing injection (TRQ) is a traditional Chinese medicine (TCM) consisting of five water-soluble herbals extracts: Radix Scutellariae [Scutellaria baicalensis Georgi (radix), 30%], bear bile powder (Fel Ursi Selenarctos thibetanus G. Cuvier Ursus arctos L., 9%), goral horn (Naemorhedus goral Hardwicke, 7%), Flos Lonicerae [Lonicera japonica Thunb (flos), 30%], and Fructus Forsythiae [Forsythia suspense (Thunb.) Vahl. (fructus), 24%], with baicalin, chlorogenic acid, ursodeoxycholic acid, and chenodeoxycholic acid as the major bioactive constituents (CFDA, 2012; Zhang et al., 2016; Li et al., 2019). Owing to its antibacterial, antiviral, and anti-inflammatory effects, it is widely used in China to treat diseases presenting as “phlegm-heart syndrome” (Li et al., 2010; Yang et al., 2018), including acute upper respiratory infections (Wang et al., 2016), pneumonia (Wang et al., 2011; Xiong et al., 2018), and acute exacerbation of chronic obstructive pulmonary disease (COPD) (Zhong et al., 2010). It was approved for use by the Chinese Food and drug Administration (CFDA) in 2003. Between 2009 and 2011, the National Centre of Adverse Drug Reaction (ADR) Monitoring, affiliated with the CFDA, received 4,899 ADR following use of TRQ, including 172 serious adverse events (SAEs) most of which were anaphylaxis. Forty five percent of SAEs occurred in children under 5 years of age or in adults aged over 60 years (the National Centre of ADR Monitoring, unpublished).

Plant based extracts and proteins from animal sources have been considered to be major allergens in TCM injections, and in 2010 an allergen-warning was added to the product label along with wording that the product is contraindicated in infants aged less than 24 months and pregnant women. Other contraindications stated on the label include hepatic, renal, or heart failure. In response to concerns that the multi-ingredient composition and low-quality standards in production may be factors related to TRQ ADRs (Ji et al., 2009; Zhang et al., 2014), in December 2011 the CFDA introduced a standardized process on active ingredient preparation to control the quality of TRQ production (Li et al., 2014; Yang, B. et al., 2017; Yang, Y. et al., 2017; Li, W. L. et al., 2017). As part of the post-marketing surveillance of TRQ, there is a need to gather safety data from large population-based observational cohorts, yet currently only a few small single-centered studies on this topic have been conducted (Zhong et al, 2010; Xie et al, 2014; Wang et al, 2018). Therefore we carried out a population-based study to evaluate the incidence, manifestation, outcomes and risk factors of ADRs and adverse events (AEs) following TRQ in clinical practice across China.



Materials and Methods


Study Design

We carried out a cohort study with prospective and retrospective components (ClinicalTrials.gov, identifier NCT02094638; Chinacohort.bjmu.edu.cn, identifier CCC2018062701). The study was conducted at 90 hospitals (55 general hospitals, 12 district/country hospitals, 9 specialized hospitals including women’s and children’s hospitals, and 14 TCM hospitals) within 27 provincial level administrative regions across China (see Supplementary Figure A and Tables A, B for details). Participating centers were selected based on sales of TRQ, scientific research capacity, and willingness to take part. The study was supported by State Administration of TCM of the People’s Republic of China (SATCM, project number: 2013ZX04) and approved by Peking University Third Hospital Ethics Committee with waiver informed consent (reference number: IRB00006761-2014009).



Study Population

A total of 30,322 consecutive patients, either inpatients or those attending a hospital emergency department, who were administered TRQ for the first time between January 2014 and May 2015 were identified. This included 2,743 patients who were newly prescribed TRQ from January to March of 2014 and who belonged to a retrospective cohort, and 27,579 patients identified between April and May 2015 that formed a prospective cohort. In view of the short half-live of TRQ (Liu et al., 2013; Li et al., 2018), every patient involved was followed up for 7 days after either TRQ was discontinued or the date of hospital discharged.



Data Sources, Collection, and Quality Control

The methods of data collection are summarized in Figure 1. Two local investigators (predominantly pharmacists) in each study site were responsible for the data collection, which included a details on all prescriptions written for TRQ issued from the central hospital pharmacy (data collected daily), demographics, medical history (including history of allergy), diagnoses (including Chinese medical diagnoses), laboratory test results, medication use, details of TRQ administration, and AEs. Historical records, including medical records and reported ADRs were collected for patients in the retrospective and prospective cohort, while data from follow-up investigations were collected in the prospective cohort. Adverse events were also identified from the medical records of patients who died or who had disease exacerbation or abnormal laboratory test results.




Figure 1 | Flow chart for adverse event (AE)/adverse drug reactions (ADRs) identification. The figure depicts the flow of AE/ADR identification from data collected from field observations and follow-up investigations in respective and prospective cohort. TRQ, Tanreqing injection; SAEs, serious adverse events; ADRIC, ADR interpretation committee.



Local investigators submitted data via a secure and password-protected web-based electronic data capture system (EDC, http://182.92.8.232/commedc/). International Classification of Diseases-10, Medical Dictionary for Regulatory Activities, and World Health Organization-Anatomical Therapeutic Chemical codes were used as the data dictionary in the EDC for standardizing entries relating to medical history and diagnoses, AEs, and medications. To minimize transcription errors, local hospital information system (if authorized) was linked to the electronic data by matching on a series of identifiers for downloading basic information in the case report form (CRF), including demographics, laboratory test results, and economic outcomes. Each patient was assigned a unique ID and the submitted data were checked three times—by the second local investigator, by a clinical research associate, and by a data administrator. Any CRF with errors was returned to the first investigator inputting the data who subsequently revised the entry. The department of technology and development center for TCM, SATCM served as the point of data collection, coordination center, and de-identification. Data analysis was carried out at the Department of Epidemiology and Biostatistics, School of Public Health, Peking University.



Assessment of Adverse Events and Adverse Drug Reactions

A multidisciplinary ADR interpretation committee (ADRIC) assessed and interpreted all ADRs in accordance with the WHO Collaborating Centre for International Drug Monitoring (WHO-UMC) causality assessment system. The relationship between the reported ADRs and TRQ was categorized as certain, probable, possible, unlikely, conditional/unclassified, or unassessable/unclassifiable. Adverse events were graded as mild, moderate, and severe (Edwards and Aronson, 2000). A serious adverse event (SAE) was defined as any untoward medical occurrence that resulted in death, required hospital admission, prolonged an existing hospital stay, or was life threatening (Edwards and Aronson, 2000). A new ADR was described as either an unlabeled ADR or an ADR where severity is insufficiently described on the current drug label, as appropriate. Anaphylaxis was determined based on the criteria recommended by the National Institute of Allergy and Infectious Diseases, the Food Allergy and Anaphylaxis Network, and the European Academy of Allergy and Clinical Immunology (Muraro et al., 2014; Sampson et al., 2016). The incidence of TRQ-related ADRs was the primary outcome measure. The incidence of AEs, outcomes of risk factors for TRQ-related ADRs were secondary outcomes. Indications for TRQ use and off-label prescribing were also described.



Statistics Analysis

PASS 11.0.7 was used to calculate the sample size. Based on an incidence of ADRs (0.14%) in the phase I to IV trials (Shanghai Kaibao Pharmaceutical Co., LTD, unpublished; Shen et al, 2007), and an expected 20% loss-to-follow-up, we estimated that 30,400 patients would be needed to observe an ADR incidence of less than 0.1% with a probability of 95%. Categorical variables were described using frequency counts and percentages, and continuous variables were described using medians with interquartile range (IQR). Multivariable non-conditional logistic regression model was then used to estimate the association between potential risk factors and occurrence of ADRs related to TRQ by calculating odds ratios (OR) with 95% confidence intervals (CIs). All p values were two-sided. SAS version 9.2 was used for all statistical analyses.




Results


Baseline Characteristics

Of the 30,322 consecutive patients administrated TRQ between January 2014 and May 2015, 22,062 (72.8%) were from general hospitals and 3,475 (11.5%) were from TCM hospitals. Baseline characteristics of the study population are shown in Table 1 and Supplementary Figure B. There were 11,621 (38.33%) females and the median age was 57 years (IQR 26, 72); 41% of patients were aged at least 60 years. A total of 2,326 (7.7%) patients had a history of food or drug allergy or other allergic disease. The median length of hospital stay was 11 days. TRQ-related costs accounted for 5.1% of the total medical costs with most covered by health insurance.


Table 1 | Baseline characteristics of the study population. Data are n (%) unless otherwise stated.



Overall, TRQ was administered for 32,883 different indications (a patient could have more than one different indication recorded). Infections and respiratory diseases were the most common accounting for 72.4% of indications, with acute upper respiratory tract pneumonia, COPD, bronchitis (acute or chronic), and hand, foot, and mouth disease being the most frequent indications. Most prescriptions for TRQ were made in accordance with the product label, including dosage (maximal dose being 20 ml for children, and 40 ml for adults), preparation concentration (≤10%), diluents (5% glucose or 0.9% normal saline), intravenous infusion mode of administration, and infusion rate (30–60 drops/min). However, a total of 20,058 (66.1%) patients were administered TRQ as off-label use (see Supplementary Table C). Of these, 1,851 (6.1%) patients were prescribed TRQ for pre-surgical infection prophylaxis, and 1,165 patients (3.8%) were aged ≤24 months, i.e., contraindicated. There were 459 patients (1.5%) with other contraindications as stated on the product label: hepatic failure (n = 138, 0.5%), renal failure (n = 292, 1.0%), both hepatic and renal failure (n = 17, 0.06%), and severe pulmonary heart disease with heart failure (n = 12, 0.04%). Also, 11,807 (38.9%) patients were administered TRQ with a preparation concentration of >10%, 2,058 (6.8%) patients were prescribed diluents beyond 5% glucose or 0.9% normal saline, and six patients (0.02%) were administered TRQ by aerosol inhalation. There were 30,055 (71.9%) patients who received TRQ concomitantly with other treatments such as systemic antibiotics, blood substitutes and perfusion solutions, and cough and cold preparations (see Supplementary Table D). A total of 173 (0.6%) patients were administered TRQ with other drugs within a same bottle/bag, which is another prohibition of use on the product label. In nine (0.03%) of these patients, the chemical reaction from co-administration was visually evident, showing up as cloudy white precipitate when TRQ was combined with doxofylline injection (three patients), levofloxacin lactate injection (three patients), moxifloxacin hydrochloride injection (two patients), or ornidazole and sodium chloride injection (one patient).



Incidence and Casualty Assessment of Adverse Events and Adverse Drug Reactions

A total of 434/30,322 patients (1.4%) experienced an AE, of whom 263 experienced a SAE. As shown in Table 2, according to the WHO-UMC causality criteria, 81 patients (0.3%) were classified to have a TRQ-related ADR (one was deemed as certain, 35 probable and 45 possible). The most common TRQ-related ADRs were rash (40.7%), chest discomfort (7.4%), and nausea (6.2%). Only one patient experienced a serious TRQ-ADR—a 65 years old female who presented with anaphylactic reaction with the involvement of laryngeal edema 13 min after the administration of TRQ alone, and who recovered following treatment with promethazine and dexamethasone. All other TRQ-related ADRs were either mild (n = 59, 72.8%) or moderate (n = 21 patients, 25.9%). Twelve new symptoms (“new ADRs”) occurred among 22 patients, with chest discomfort accounting for just over a quarter (26.1%). There was little evidence of a difference in the incidence of ADRs between the patients in the prospective cohort (n = 76, 0.3%) and those in the retrospective cohort (n = 5, 0.2%, p = 0.37) or between patients in western medicine hospitals (n = 76, 0.3%) and those in TCM hospitals (n = 5, 0.1%, p = 0.14).


Table 2 | Casualty assessment of adverse events. Data are n (%).





Characteristics of Adverse Drug Reactions

The frequency of TRQ-related ADRs according to the time of onset is shown in Table 3. The time interval between TRQ administration and ADR onset ranged between 5 min and 10 days. Among patients experiencing a TRQ-related ADR, the majority (n = 59, 72.8%) occurred within the first 2 h of drug administration. All patients who experienced an ADR saw their condition either improved (n = 45, 55.56%) or completely resolved (n = 36, 44.44%) after taking management measures (n = 79, 97.5%) or within time (n = 2, 2.5%). Management measures included TRQ withdrawal (n = 39, 48.1%), reintroducing of essential medicines (n = 22, 27.2%), both of these (n = 17, 21.0%), reduction in drip speed (n = 1, 1.2%). Recovery time varied from less than an hour (n = 27, 33.3%) to more than 24 h (n = 34, 42.0%).


Table 3 | Frequency of Tanreqing injection-related adverse drug reactions according to the time of onset. Data are n (‰).



The characteristics of ADRs among patients in the retrospective cohort were similar to those in the prospective cohort. Five ADRs occurred in five patients in the retrospective cohort: skin and subcutaneous tissue disorders such as rash (n = 2, 0.07%), pruritus (n = 1, 0.04%), urticaria (n = 1, 0.04%), and palpitations (n = 1, 0.04%). There was one patient in the retrospective cohort whose ADR (rash) that occurred in the first 2 h after TRQ administration, while three cases occurred between 2 and 24 h after TRQ administration. Only one ADR (pruritus) occurred 10 days after TRQ administration. All five patients in the retrospective cohort who experienced an ADR improved after TRQ withdrawal.



Risk Factors for Tanreqing Injection-Related Adverse Drug Reactions

As shown in Figure 2, factors associated with an increased risk of TRQ related ADRs were having history of food allergy (OR 4.50, 95% CI: 1.35–15.00), drug allergy (OR 2.77, 95% CI: 1.56–4.94), and an infusion speed of >60 drops/min [vs. 30–60 drops/min; OR 2.10, 95% CI (1.27– 3.50)].




Figure 2 | Factors associated with the incidence of adverse drug reactions (ADRs)a. (A) The odds ratio (OR) for demographic characters (age, sex, food/drug allergy, allergic disease history, habit of smoking/drinking) and clinical characteristics characters (infusion speed, concentration, dose, combined drugs) were compared with patients aged <2 years, female, no food/drug allergy history, no allergic disease history, no habit of smoking/drinking, standard treatment (infusion speed 30~60 drops/min, concentration < 10%, dose < 20 ml) and combined drugs < 5. (B) Considering most ADRs occurred in the first 2 h after administration and almost half of them withdrawal Tanreqing injection, we dropped therapy duration as risk factor in logistic regression model.






Discussion

Our study is the first large-scale population-based study to evaluate the safety of TRQ among patients in real-world clinical practice in China, providing valuable information for patients, physicians, and drug safety regulators. We found that the incidence of AEs and ADRs following TRQ was low at 1.4 and 0.3%, respectively, with most non-serious in severity and with the majority occurring within a couple of hours of drug administration. This suggests that TRQ is well-tolerated. However, we also found that two-thirds of patients administered TRQ received it not according to label, with nearly 6% of off-label use being in infants aged less than 24 months (1,165 in 20,058 patients). Other off-label use related to non-approved indications, dosage, preparation concentration, diluents, mode of administration way, or infusion rate. Off-label use has been reported in a previous literature review of small studies of TRQ use (Wang et al, 2019), including to children people with a history of drug allergy, and with an infusion speed of >60 drops/min also reported. As suspected, we found that a history of allergy, be it food or drug allergy, was found to be the strongest predictor of TRQ-ADRs in line with the caution on the product label for use in these patients. Fast infusion speed of >60 drops/min was also identified as a predictor or TRQ-related ADR, and the incidence of TRQ-ADRs among children reported in our previous literature (Li, X. X. et al., 2017) was higher incidence than in the general population (0.4 vs. 0.3%).

In our study, the most common TRQ-related ADRs related to the skin and appendages, and the majority ADRs occurred within the first 2 h of TRQ administration, being similar to the results reported in previous studies (Shen et al., 2007; Li et al, 2010; Zhong et al., 2010; Xie et al., 2014; Wang et al., 2016; Wang et al, 2019). However, it is important to note that the incidences of TRQ-related AEs and ADRs seen in our study are higher than those seen in TRQ clinical trials (0.3% vs. 0.1~0.14%) (Shen et al., 2007; Li et al, 2010; Zhong et al., 2010; Xie et al., 2014; Wang et al., 2016), highlighting the importance of post-marketing surveillance. Our study included a broad range of patients, including those with a history of allergy, infants, and the elderly who were excluded from the TRQ clinical trials (Shanghai Kaibao Pharmaceutical Co., LTD, unpublished; Shen et al., 2007). Although only one patient in our study suffered anaphylaxis, this suggests that prescribers should be aware that this severe adverse reaction is possible, and a management practices should be in place in case of this outcome.

Our study has several strengths. In addition to the large sample size, the broad study population was drawn from a large number of hospitals, including those of different specialties and with a wide geographical spread across China. Our results will therefore be more generalizable to the individuals prescribed TRQ in the general population of China than those from small single-centered studies. Investigators used multiple data source/lines of investigation to identify AEs, which were reviewed and interpreted by the ADRIC based on patients’ complete patient medical records. Another strength of our study is the involvement of pharmacists as principle investigators at the study sites, which has been a feature of few other TCM post-marketing studies (Yan et al., 2017). Pharmacists are able to employ their expertise around prescribing issues and pharmacovigilance, and may have access to hospital pharmacy data unlike some other qualified health professionals.

Limitations of study should also be acknowledged. Firstly, our study population included patients in a retrospective cohort for whom some prospectively collected safety data, for example, patient self-reported AEs, could not be obtained. This may have lead to information bias and the possibility of underestimating AE incidence, although we found no evidence of a difference in the incidence of ADRs among patients in the retrospective and prospective cohorts. Secondly, our study included inpatient and emergency patients treated with TRQ and not individuals who were treated outside of this setting. A recent study reported that over 50% of outpatients were prescribed with an injection-administered medication, other than oral medications, in rural township health centers in China (Jiang et al., 2012). There may therefore have been some selection bias toward a study population slightly less healthy than the true population prescribed TRQ, and this might lead to an overestimation of the true incidence of TRQ-related ADRs. Conversely, and thirdly, follow-up in our study was limited to 7 days and therefore later-onset AEs/ADRs will not have been documented, leading to an underestimation of AE/ADR incidence. Fourthly, AE data from laboratory investigations in our study were based on those included in the TRQ phase III and IV clinical trials (Shanghai Kaibao Pharmaceutical Co., LTD, unpublished; Shen et al., 2007), but focused on those from routine blood, hepatic and renal function tests, hepatic and results from other clinical inspection were not investigated. This too may have led to an underestimation of AE/ADR incidence. Lastly, we were unable to report on the specific type of allergic AEs/ADRs TRQ based on the recorded data.

In conclusion, our results suggest that the incidence AEs and ADRs among patients treated with TRQ in clinical practice in China is higher than that seen previously in TRQ clinical trials and that off-label use is highly prevalent. Further data from other well-designed population-based studies in China are warranted to compare with findings from our study, and to help guide physicians and regulators as to whether a review of the current recommendations for TRQ is necessary. Efforts should be made to help TRQ prescribers adhere to the prescribing recommendations on the drug label in order to minimize avoidable patient harm.
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Angong Niuhuang Pill (ANP) is a well-known patented Chinese medicine which is used for hundreds of years for treating the central nervous system diseases. Atherosclerosis is a poly-aetiological chronic inflammatory vascular disease. Preventing inflammation is fundamental for treating atherosclerosis in early stages. In this study, we investigated the protective effects and possible mechanisms of ANP action on a high-fat diet induced early and mid-term atherosclerosis ApoE-/- mice. The effects of ANP were compared with accepted drug simvastatin. Twelve male C57BL/6J mice were used as the control group, and 60 male ApoE-/- mice were randomly divided into five groups: Model group, Simvastatin group, Low-, Medium-, and High-dose ANP group these groups received, respectively, saline, simvastatin (3.0mg/kg), low-dose ANP (0.25 g/kg), medium-dose ANP (0.50 g/kg), and high-dose ANP (1.0 g/kg), once every other day for 10 weeks. After administration, serum biochemical indices were detected by the automatic biochemical analyzer, the concentrations of IL-6 and IL-10 in the serum were assayed by ELISA, expression levels of IL-1β, TNF-α, MMP-2, MMP-9, CCL2, and its receptor CCR2 in the full-length aorta, and expression levels of transcription factors Foxp3, RORγt in the spleen were assayed via western blotting and RT-qPCR. Flow cytometry was used to analyze Th17 cells and Treg cells. Pathological and histological analysis was completed on aortic root. ANP decreased LDL/HDL ratio, concentrations of IL-6 while increased IL-10 in serum. Moreover, ANP down-regulated the expression levels of IL-1β, TNF-α, MMP-2, MMP-9, CCL2, and CCR2 receptor in the full-length aorta. In addition, ANP decreased Th17 cells and expression levels of transcription factor RORγt, increased Treg cells and expression levels of transcription factor Foxp3. ANP decreased content of collagen fibers and infiltration of inflammatory cells in the aortic root. In conclusion, we demonstrated that ANP has anti-atherosclerosis effects on a high-fat diet induced ApoE-/- mice early and mid-term AS model via regulating Th17/Treg balance, inhibiting chronic inflammation, reducing plaque collagen fibers, and reducing inflammatory cells infiltration, to exert its multi-channel multi-target anti-early and mid-term AS effects.




Keywords: Angong Niuhuang Pill, early and mid-term atherosclerosis, ApoE-/- mice, Th17/Treg balance, inflammation, plaque stability



Introduction

Cardiovascular diseases (CVD) and related chronic diseases are the number one cause of death. About 80% of CVD-related deaths occur in low-income and middle-income countries (Feigin et al., 2015). According to China Cardiovascular Disease Report 2017, the number of patients with CVD reached 290 million, and CVD deaths account for more than 40% of deaths. Since 2004, the average growth rate of CVD cost in China was much higher than the growth rate of GDP (Chen et al., 2018). The burden of China’s CVD is increasing; it has become a major public health problem. It is well accepted that aterosclerosis (AS) is the primary cause of CVDs. Therefore, the search for effective therapy is of fundamental importance.

Pathogenesis of AS includes lipid infiltration, damage response, mononuclear macrophage invasion, and inflammation response. At present, it is generally accepted that AS is a chronic inflammatory disease (Ross, 1999), which involves cellular immune response, particularly of Th17 cells and CD4+CD25+ regulatory T (Treg) cells (Xie et al., 2010; Wu et al., 2017). Treg and Th17 cells have recently been described as two distinct subsets distinct from Th1 and Th2 cells, while Th17/Treg balance is different from balance of Th1/Th2 (Frostegard et al., 1999; Cheng et al., 2008). Treg cells expressing the forkhead/winged helix transcription factor (Foxp3) and Th17 cells expressing retinoic acid-related orphan receptorγt (RORγt) are two important immune cells for controlling anti-atherogenic cytokines such as interleukin (IL)-10, transforming growth factor (TGF)-β1, and pro-atherogenic cytokines such as IL-6, IL-17 (Shimon et al., 2006; Bettelli et al., 2007). Above cytokines play important roles in maintaining the number and function of Treg cells and Th17 cells and participate in the pathogenesis of human AS. In previous study (Chai et al., 2019), we reported that the Th17/Treg imbalance existed in the ApoE-/- mice AS model, which was induced by consecutive 8 weeks high-fat diet. Therefore, the Th17/Treg balance is critical for prevention of AS and autoimmune response.

Chronic inflammation represents the most basic pathogenetic factor of AS (Ross, 1999), Cytokines orchestrate the complex inflammatory response within the atherosclerotic plaque throughout the entire AS evolution (Tousoulis et al., 2016). At the early and middle stages of AS, endothelial dysfunction, secretion of chemokines and cytokines such as CCL2, IL-1β, TNF-α expression of intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), accumulation of immune cells such as T lymphocytes, dendritic cells, macrophages to the AS plaques, and migration and proliferation of vascular smooth muscle cells (VSMCs) to these plaques further aggravate inflammatory response (Ramji and Davies, 2015). Furthermore, activation of matrix metalloproteinases (MMPs) instigates expansion and instability of atherosclerotic plaques (Ramji and Davies, 2015; Tousoulis et al., 2016). The expanding plaque once ruptured may cause arterial thrombosis, stenosis or blockage of the lumen, affecting the arterial supply of blood to organs and tissues, eventually leading to cerebral infarction, acute coronary syndrome, myocardial infarction, and peripheral vascular disease (Weber and Noels, 2011). In the previous study (Chai et al., 2019), we found that ApoE-/- mice induced by 8 weeks high-fat diet demonstrate severe inflammatory response in the full-length aorta. Therefore, inhibiting this inflammatory response, reducing migration and adhesion of inflammatory cells, together with maintaining plaque stability are essential for the treatment of early and mid-stage AS.

Angong Niuhuang Pill (ANP) is a well-known patented Chinese medicine, used to treat stroke, encephalitis, and meningitis. Its main components include Bovis Calculus, Powerdered Buffalo Horn Extract, Artificial Moschus, Cinnabaris, Coptis chinensis Franch., Hyriopsis cumingii(Lea), Scutellaria baicalensis Georgi, Realgar, Gardenia jasminoides J.Ellis, Curcuma aromatica Salisb., and Borneolum Syntheticum (Editorial Committee of Pharmacopoeia of Ministry of Health PR China, 2015). The chemical structure of the known component in artificial Moschus were shown in Supplementary Material (Table 1). Pharmacological effects of ANP include: hepatoprotection, anti-inflammation, anti-viral action, antipyresis, and anticonvulsive effects. Our previous study also found that ANP has anti-atherosclerosis and cardio-protective effect on high-fat diet combined with vitamin D3 induced AS rats (Fu et al., 2017). In the present study, we combine the studies of Th17/Treg balance and inflammatory pathways to attempt to investigate the possible mechanisms of ANP relevant for treating the early and middle AS in the ApoE-/- mice induced by 10-week high-fat diet (Nakashima et al., 1994; Gupta et al., 1997; Meir and Leitersdorf, 2004).



Materials and Methods


Preparation of ANP

ANP was provided by Guangzhou Baiyunshan Zhongyi pharmaceutical co., Ltd (Guangzhou, China). It contains the following components: Bovis Calculus 100 g, Powerdered Buffalo Horn Extract 200 g, Artificial Moschus 25 g, Hyriopsis cumingii (Lea) 50 g, Cinnabaris 100g, Realgar 100 g, Coptis chinensis Franch. 100 g, Scutellaria baicalensis Georgi 100 g, Gardenia jasminoides J. Ellis 100 g, Curcuma aromatica Salisb. 100 g, Borneolum Syntheticum 25 g (Editorial Committee of Pharmacopoeia of Ministry of Health PR China, 2015).

Cinnabaris, Hyriopsis cumi-ngii (Lea) and Realgar were grounded or pulverized to the very fine powders (200 mesh). Coptis chinensis Franch., Scutellaria baicalensis Georgi, Gardenia jasminoides J. Ellis, and Curcuma aromatica Salisb. were pulverized to a fine powder (100 mesh). Bovis Calculus, Powerdered Buffalo Horn Extract, Artificial Moschus, and Powerdered Buffalo Horn Extract were triturated with the above powders, sifted and well mixed. Refined honey was mixed to make 600 big honeyed pills, or alternately coated with a gold film (Editorial Committee of Pharmacopoeia of Ministry of Health PR China, 2015). HLPC was used to verify the formulation to guarantee the quality of the ANP, fingerprint of ANP please see the Supplementary Figure S1. The UPLC Fingerprint of 24 ANP Batches was shown in Supplementary Figure S3. 



Reagents

Main reagents used in the study were as follows: 1) ANP (Guangzhou Baiyunshan Zhongyi Pharmaceutical Co, Ltd, Lot: WA0076); 2) Simvastatin (Shangdong Xinqi Pharmaceutical Co., Ltd, Lot: 20170101); 3) High fat feed composed of 3% cholesterol, 0.5% sodium cholate, 0.2% propylthiouracil, 5% sugar, 10% lard, and 81.3% basic feed (Medical Science Experimental Animal Center, Guangdong, China, Lot: 201814); 4) Kits for IL-6, IL-10 (Wuhan Huamei Biological Co, Ltd, Lot: U23013173, U24018179), kit for reverse transcription, fluorescent dyes of SYBR (TAKARA, Lot: AI12361A, AK9304), kit for Masson staining (Sinopharm Chemical Reagent Co, Ltd, Lot: G1006), kit for BCA (Shanghai Beyotime biotechnology, Lot: 051018180514), and kit for ECL plus (Applygen, Lot: P1010); 5) Anti-αSMA, anti-CD11c, anti-CD68, fluorescent secondary antibody with FITC marker, and fluorescent secondary antibody with CY3 marker (Servicebio, Lot: GB130441, GB11058, GB11067, GB223011, GB21303); 6) β-actin, anti-MCP-1 (CST, Lot: 15,2), anti-CCR2, anti-Foxp3, anti-IL-1β, anti-TNF-α (Abcam, Lot: GR286626-10, GR239541-14, GR309542-2, GR235155-19), anti-RORγ (Santa, Lot: F3017), anti-MMP-2, and anti-MMP-9 (Wanleibio, Lot: WL03334, WL02141); 7) Horseradish peroxidase-conjugated goat anti-rabbit secondary antibody, horseradish peroxidase-conjugated goat anti-mouse secondary antibody (Shanghai Beyotime biotechnology, Lot: 040818180510, 040818184521); 8) PE anti-mouse CD25, APC anti-mouse CD127, PE/Cy7 anti-mouse CD4, Alexa Fluor® 488 anti-mouse IL-17A, APC Rat IgG2a κ Isotype Ctrl, PE Rat IgG2b κ Isotype Ctrl, Alexa Fluor® 488 Rat IgG1 κ Isotype Ctrl, PE/Cy7 Rat IgG2a κ Isotype Ctrl, Cell Activation Cocktail with Brefeldin A, 10×RBC Lysis Buffer, Fixation Buffer, 10×Intracellular Staining Permeabilization Wash Buffer (Biolegad, Lot: B247733, B232775, B249463, B259048, B238057, B255375, B236504, B236195, B248910, B250015, B252968, B252856).



Animals

Twelve 4-week old Specific Pathogen Free (SPF) male C57BL/6J mice (weight:18 ± 2.0g) and sixty 4-week old SPF male ApoE-/- mice (weight:18 ± 2.0g), were provided by the department of Laboratory Animal Science of the department of medicine, Peking University [Certificate No. SCXK (jing) 2011-0012]. Mice were housed in the Jinan University Medical School Laboratory Animal Management Center [Certificate No. SCXK (Guangdong) 2012-0117] and were maintained at 24°C and 65% humidity. Mice were maintained on a 12-h light/dark cycle, C57BL/6J mice were given free access to standard laboratory mouse chow and tap water, ApoE-/- mice were given free access to high fat feed and tap water. The experiments were approved by the Laboratory Animal Ethics Committee of Jinan University (No. 201812374), and were performed according to the instructions of the National Institute of Health (OLAW/NIH Revised 2015) (Office of Laboratory Animal Welfare/National Institutes of Health, 2015).



Model Establishment

After ten days of adaptive feeding, 60 SPF male ApoE-/- mice were randomly divided into five groups, i) model group, ii) simvastatin group (3.0 mg/kg), iii–v) low-, ledium-, and high-dose ANP groups (0.25 g/kg, 0.50 g/kg, 1.0g/kg, respectively) and given free access to high fat feed and tap water for 10 weeks. Each group contained twelve mice. Twelve SPF male C57BL/6J mice were used as controls and were given free access to standard laboratory mouse chow and tap water for 10 weeks. On the first day of high-fat diet administration, all experimental drug treatments (simvastatin and ANP) were administered intragastrically once every other day for 10 weeks. Drug dosages were titrated according to animal weight. Saline was given intragastrically in control group and model group. All drug treatments were prepared immediately before administration as a suspension by dissolving an appropriate amount of the drug in distilled water.



Sample Collection

After administration, serum was collected for biochemical analysis. The aortic root was separated for immunofluorescence staining and Masson staining. The full-length aorta was separated for Real-time quantitative polymerase chain reaction (RT-qPCR) and Western Blotting analysis. The liver, kidney, spleen, and thymus were separated for organ coefficient or organ index. Primary splenocytes were separated for flow cytometric analysis from the spleen.



Serum Biochemical Analysis

The cholesterol (CHOL), triglyceride (TG), low-density lipoprotein (LDL-C), and high-density lipoprotein (HDL-C) were measured using automatic biochemical analyzer. All protocols were followed in accordance to the manufacturer recommendations.



Organ Coefficient and Index Analysis

Liver coefficient, kidney coefficient, thymus index, and spleen index were calculated according to corresponded calculation formula separately. The formula of liver and kidney coefficient: weight of liver and kidney (mg)/weight of animal (g). The formula of thymus and spleen index: weight of thymus and spleen (mg)/weight of animal (g)*10.



Flow Cytometric Analysis of Th17 and Treg Cells

The ratio of Th17 to Treg cells in splenocyte suspensions was analyzed by flow cytometry. The splenocyte suspensions were stimulated with 10 μl of Cell Activation Cocktail (with Brefeldin A) and mixed. After incubation at 37°C for 6 h, the sample was centrifuged, and the precipitate was suspended in 1 ml RBC. The suspensions were then centrifuged and the precipitate re-suspended in PBS twice. After antibody labeling of surface proteins, the sample was incubated in the dark for 20 min followed by centrifugation (1,500 rpm). The cells in the precipitate were then fixed with fixation buffer, followed by incubation in the dark for 20 min. The sample was again centrifuged and suspended in 1 mL Permeabilization Wash Buffer. The cells were then washed twice and labeled with an immunofluorescent antibody. After incubation in the dark for 20 min, the sample was washed using 1 ml Permeabilization Wash Buffer twice and suspended in PBS prior to flow cytometric detection.



Masson Staining

Masson staining was used to detect collagen fibers in the plaque of aortic root. According to kit for Masson staining manufacturer instructions, the aortic root fixed in 4% paraformaldehyde were dehydrated in alcohol, paraffin-embedded, sectioned and subjected to Masson staining. The stained sections were observed under the light microscope. Masson staining of the whole aorta was measured by Image Pro Plus 6.0. The area proportion of collagen fiber was calculated as the ratio of stained area to area of interest calculated by Image Pro Plus 6.0.



Immunofluorescence Staining

Immunofluorescence staining was used to detect inflammatory cells infiltration such as macrophages, DCs, and VSMCs in the plaque of aortic root. Anti-CD68, anti-CD11c, and anti-αSMA were respectively used as special marker in macrophages, DCs, and VSMCs. Frozen slices of aortic root were blocked in blocking buffer for 60 min, aspirated blocking solution, applied diluted primary antibody, incubated overnight at 4°C, rinsed three times in PBS for 5 min each, and then incubated specimen in fluorochrome-conjugated secondary antibody diluted in antibody dilution buffer for 1–2 h at room temperature in the dark, rinsed in PBS, thereafter, coverslips stained with DAPI. The stained sections were observed under fluorescence microscope, and Image J was used to semi-quantitatively analyze positive cells.



Cytokines Detection by ELISA

The serum concentrations of IL-6 and IL-10 were measured using the IL-6 and IL-10 ELISA kits. In line with the manufacturer’s instructions, standard, or sample (100 µl) was added to each well and incubated for 2 h at 37°C. Then, the medium in each well was discarded, and biotin antibody (100 µl) was added to each well, followed by incubation for 1 h at 37°C. The medium in each well was aspirated and the wells were washed three times. Thereafter, HRP-avidin (100 µl) was added to each well and incubated for 1 h at 37°C. The medium in each well was aspirated and the wells were washed five times, followed by addition of tetramethylbenzidine substrate (90 μl) and incubation for 20 min at 37°C in the dark. Finally, the stop solution (50 ul) was added to each well, and the absorbance of the wells was read at 450 nm within 5 min.



Real-Time Quantitative Polymerase Chain Reaction

The mRNA levels of Foxp3, RORγt in the spleen, as well as CCR2, CCL2, IL-1β, TNF-α, MMP-2, and MMP-9 in the full-length aorta, were analyzed by RT-qPCR. Total RNA was extracted with Trizol reagent according to the manufacturer instructions from full-length aorta and spleen. The concentration and purity of RNA was analyzed using a micro-detector. Reverse transcription kit was used for reverse transcription reaction to synthesize cDNA, RT-qPCR was performed to determine mRNA levels of inflammatory mediators with the SYBR Green real-time PCR master mix kit. Each sample was analyzed in triplicate, normalized to GAPDH. All the PCR primers used are listed in Table 1. RT-qPCR conditions were 95°C for 30 sec followed by 40 cycles of 95°C for 5 sec, 55°C for 30 sec, and 72°C for 60 sec.


Table 1 | Primers used for RT-qPCR.





Western Blotting Analysis

Protein levels of Foxp3, RORγt in the spleen, as well as CCR2, CCL2, IL-1β, TNF -α, MMP-9, and MMP-2 in the full-length aorta were detected by western blotting analysis. Total proteins were extracted from full-length aorta and spleen. The concentrations of protein were determined by BCA protein assay. Each sample containing 30 µg protein was separated, respectively, on 8%, 10%, and 15% SDS-PAGE gel electrophoresis and then transferred onto a polyvinylidene difluoride membrane. Thereafter, membranes were incubated in a 5% (weight in volume) milk solution for 2 h and then incubated at 4°C overnight with one of the following primary antibodies: β-actin, IL-1β, TNF-α, CCL2, CCR2, Foxp3, RORγt, MMP-2 (1:1000 dilution each), and MMP-9 (1:500). After primary antibody incubation, membranes were washed and incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:5000, 374°C, 2h) or horseradish peroxidase-conjugated goat anti-mouse secondary antibody (1:2000, 374°C, 2h). The blots were visualized using enhanced chemiluminescence reagent, and UVP BioSpectrum Imaging System was used to expose immune-positive bands. The bands were semi-quantitatively analyzed with Image J, and the results are expressed as ratios of IL-1β, TNF-α, CCL2, CCR2, Foxp3, RORγt, MMP-2, MMP-9 to β-actin densitometry readings.



Statistical Analysis

All data were performed as mean ± standard error of the mean (mean±SEM) and were analyzed by One-way ANOVA with Dunnett T3 test in SPSS Statistics 18.0. p < 0.05 were considered as statistically significant.




Results


Body Weight, Liver and Kidney Coefficients

The body weight of ApoE-/- mice and C57BL/6J mice over a 10-week period was shown in Figure 1A and Table 2. The body weight of model group was higher than control group, and the body weight of model group was significantly increased at 3rd, 5th, and 10th week (p < 0.05 or p < 0.01) compared to the control group. The body weight of ANP groups and simvastatin group was lower than model group, and a significant difference was noted at 5th, 9th, and 10th week (p < 0.05 or p < 0.01), compared to the control group. Liver coefficient was significantly increased (p < 0.05) while kidney coefficient was significantly decreased (p < 0.01) in the model group. In medium- and high-dose ANP groups liver coefficient was significantly decreased (p < 0.01). Kidney coefficient was not altered in all ANP groups. These results were shown inFigure 1B–C.




Figure 1 | The body weight, liver coefficient and kidney coefficient of ApoE-/- mice and C57BL/6J mice. (A) Average body weight curve. (B) Kidney coefficient. (C) Liver coefficient. Compared with control group, #p < 0.05, ##p < 0.01; Compared with model group, *p < 0.05, **p < 0.01 (Mean ± SEM, liver and kidney coefficient n = 6). ANP, Angong Niuhuang Pill.




Table 2 | Body weight of C57BL/6 mice and ApoE-/-mice in 10 weeks.





Effect of ANP on Serum CHOL, TG, LDL-C, HDL-C, and LDL-C/HDL-C Ratio

LDL-C/HDL-C ratio and concentrations of CHOL, TG, LDL-C, HDL-C in model group were higher than in control group (p < 0.05 or 0.01). It should be noted that all ANP administrated groups showed no difference in serum CHOL, TG, LDL-C, HDL-C. However, when compared with model group, high-dose ANP significantly decreased LDL-C/HDL-C ratio (p < 0.05). These results were shown in Figures 2A–E.




Figure 2 | Effect of ANP on concentrations of serum CHOL, TG, HDL-C, LDL-C and LDL-C/HDL-C ratio. (A) Serum concentrations of CHOL, (B), Serum concentrations of TG, (C) Serum concentrations of HDL-C, (D) Serum concentrations of LDL-C, (E) Ratio of LDL-C/HDL-C. Compared with control group, #p < 0.05, ##p < 0.01; Compared with model group, *p < 0.05 (Mean ± SEM, n = 6). ANP, Angong Niuhuang Pill; CHOL, cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein; HDL-C, high-density lipoprotein.





Effect of ANP on Serum Concentrations of IL-6 and IL-10

Serum concentrations of IL-6 and IL-10 were shown in Figures 3A, B. When compared with control group, concentrations of pro-inflammation IL-6 were significantly increased (p < 0.05), and concentrations of anti-inflammation IL-10 were significantly decreased (p < 0.01). These data indicate indicated that ApoE-/- mice of model group had a chronic inflammation at the early and mid-term AS. When compared with model group, medium-dose ANP significantly decreased concentrations of serum IL-6 (p < 0.01), and all ANP administrated groups significantly increased concentrations of serum IL-10.




Figure 3 | Effect of ANP on serum concentrations of pro-inflammation IL-6 and anti-inflammation IL-10. (A) Serum concentrations of IL-10, (B) Serum concentrations of IL-6. Compared with control group, #p < 0.05, ##p < 0.01; Compared with model group, **p < 0.01 (Mean ± SEM, n = 6). ANP, Angong Niuhuang Pill.





Effect of ANP on Th17/Treg Balance in the Spleen

According to results of thymus index and spleen index (Figures 4A, B), there was an upward trend in the ANP groups, and low-dose ANP significantly increased spleen index (p < 0.05). It suggests that ANP may affect the immune regulation of the spleen. In order to verify above results, splenocytes were used to analyze Th17/Treg balance in the spleen by flow cytometric analysis. In the model group, Th17/CD4+T cells ratio, and Th17/Treg ratio were significantly increased, however, Treg/CD4+T cells ratio was significantly decreased (p < 0.05 or 0.01). After ANP administration, when compared with model group, it was shown that medium-dose ANP significantly decreased Th17/CD4+T cells ratio (p < 0.01), while low-dose and high-dose ANP significantly increased Treg/CD4+T cells ratio (p < 0.01). It was also shown that all ANP administrated groups could decrease Th17/Treg ratio (Figures 4C–G).




Figure 4 | Effect of ANP on Th17/Treg balance in the spleen. (A) Thymus index, (B) Spleen index, (C) Analysis of Th17 cells, (D) Analysis of Treg cells, (E) Th17/CD4+ T cells, (F) Treg/CD4+ T cells, (G) Th17/Treg cells. a1 and a2: Control group, b1 and b2: Model group, c1 and c2: Low-dose ANP group, d1 and d2: Medium-dose ANP group, e1 and e2: High-dose ANP group, f1 and f2: Simvastatin group. Compared with control group, #p < 0.05, ##p < 0.01; Compared with model group, **p < 0.01 (Mean ± SEM, n = 6). ANP, Angong Niuhuang Pill.





Effect of ANP on Expression of RORγt and Foxp3 in the Spleen

RORγt and Foxp3 are transcription factors for Th17 cells which regulate Th17/Treg balance. To evaluate effect of ANP on Th17/Treg balance, expression levels of RORγt, and Foxp3 were detected in the spleen. In the model group, mRNA and protein expression levels of RORγt was significantly up-regulated (p < 0.05 or 0.01), and Foxp3 was significantly down-regulated (p < 0.05 or 0.01). After ANP administration, when compared with model group, it was shown that low-dose and high-dose ANP significantly down-regulated protein expression of RORγt (p < 0.05). Moreover, low- and medium-dose ANP significantly up-regulated protein expression of Foxp3 (p < 0.05 or 0.01). Similarly, in all ANP groups mRNA expression levels of RORγt were down-regulated, while mRNA for Foxp3 was up-regulated (p < 0.05 or 0.01; Figures 5A–E).




Figure 5 | Effect of ANP on expression of RORγt and Foxp3 in the spleen. (A) mRNA expression levels of RORγt, (B) mRNA expression levels of Foxp3, (C) Western blotting analysis of RORγt and Foxp3. The original blot image of Foxp3 was shown in Supplementary Figure S4(a). (D) Semi-quantitative analysis of RORγt protein, (E) Semi-quantitative analysis of Foxp3 protein. Compared with control group, #p < 0.05, ##p < 0.01; Compared with model group, *p < 0.05, **p < 0.01 (Mean ± SEM, RT-qPCR experiment n = 6; Western blotting experiment n = 3). ANP, Angong Niuhuang Pill.





Effect of ANP on Expression of Cytokines and Chemokines in the Aorta

Cytokines and chemokines play important roles in early and mid-term of AS and have a profound influence on the pathogenesis of AS. When compared to the control group, mRNA and protein expression levels of IL-1β, TNF-α, CCL2, CCR2 in the model group were significantly up-regulated (p < 0.05 or 0.01 or 0.001). In the medium-dose ANP mRNA and protein expression levels of IL-1β were significantly down-regulated (p < 0.05), while in low- and medium-dose ANP mRNA and protein expression levels of TNF-α, CCL2, and CCR2 were also significantly down-regulated (p < 0.05 or 0.01). At the mRNA level, the anti-inflammatory effect of the ANP was better than the positive drug simvastatin. It is worth noting that low- and medium-dose ANP had better anti-inflammatory effect, but there was no significantly difference in the high-dose ANP group. These results were shown in Figures 6A–D and Figures 7A–E.




Figure 6 | Effect of ANP on mRNA expression levels of IL-1β, TNF-α, CCL2, and CCR2 in the aorta. (A) mRNA expression levels of IL-1β, (B) mRNA expression levels of TNF-α, (C) mRNA expression levels of CCL2, (D) mRNA expression levels of CCR2. Compared with control group, #p < 0.05, ##p < 0.01, ###p < 0.001; Compared with model group, *p < 0.05. (Mean ± SEM, n = 6). ANP, Angong Niuhuang Pill.






Figure 7 | Effect of ANP on protein expression of IL-1β, TNF-α, CCL2 and CCR2 in the aorta. (A) Western blotting analysis of IL-1β, TNF-α, CCL2, and CCR2. (B) Semi-quantitative analysis of IL-1β protein. The original blot images of  IL-1β, TNF-α were shown in Supplementary Figure S4(b) and Figure S4(c). (C) Semi-quantitative analysis of TNF-α protein, (D) Semi-quantitative analysis of CCL2 protein, (E) Semi-quantitative analysis of CCR2 protein. Compared with control group, ##p < 0.01, ###p < 0.001; Compared with model group, *p < 0.05, **p < 0.01, ***p < 0.001 (Mean ± SEM, n = 3). ANP, Angong Niuhuang Pill.





Effect of ANP on Expression of MMP-2 and MMP-9 in the Aorta

MMPs are a group of proteases that degrade extracellular matrix, and they are mainly secreted by macrophages and VSMCs in atherosclerotic plaques. Overexpression of MMPs promotes the degradation of collagen and elastic fibers in plaque, destroying the stability of arterial plaque, which facilitate induction of cardiovascular risk events. As shown in Figures 8 A–E, both mRNA and protein expression levels of MMP-2 and MMP-9 in the model group were significantly up-regulated (p < 0.01 or 0.001). Administration of ANP significantly down-regulated mRNA and protein expression levels of MMP-2 and MMP-9 (p < 0.05 or 0.01).




Figure 8 | Effect of ANP on mRNA and protein expression of MMP-2 and MMP-9 in the aorta. (A) mRNA expression levels of MMP-2, (B) mRNA expression levels of MMP-9, (C) Western blotting analysis of MMP-2 and MMP-9, (D) Semi-quantitative analysis of MMP-2 protein, (E) Semi-quantitative analysis of MMP-9 protein. Compared with control group, ##p < 0.01, ###p < 0.001; Compared with model group, *p < 0.05, **p < 0.01, ***p < 0.001 (Mean ± SEM, RT-qPCR experiment n = 6; Western blotting experiment n = 3). ANP, Angong Niuhuang Pill.





Effect of ANP on Collagen Fibers in the Aortic Root

Masson staining was performed in the aortic root. The area of fibrosis which was stained blue covered a much larger area in the model group than in the control group (p < 0.01). Conversely, the area of collagen fiber in the medium-dose ANP were significantly lower than the model group (p < 0.05). These results were shown in Figures 9A, B.




Figure 9 | Effect of ANP on collagen fibers in the aortic root. (A) Masson staining was performed in the aortic root, A and a: Control group, B and b: Model group, C and c: Low-dose ANP group, D and d: Medium-dose ANP group, E and e: High-dose ANP group, F and f: Simvastatin group. Picture A B C D E F ×40, Picture a b c d e f ×400. (B) Semi-quantitative analysis of collagen fibers. Compared with control group, ##p < 0.01; compared with model group, *p < 0.05, **p < 0.01 (Mean ± SEM, n = 6). ANP, Angong Niuhuang Pill.





Effect of ANP on Inflammatory Cells Infiltration in the Aortic Root

Immunofluorescence staining was performed in the aortic root. In the model group, the positive area of macrophages which were stained red was higher than in the control group (p < 0.01), and the positive area of VSMCs and dendritic cells, which was respectively stained green and red also was higher than that in the model group (p < 0.001). In low, or medium or high-dose ANP groups, the positive area of these inflammatory cells was significantly lower than in the model group (p < 0.01 or 0.001). These results were shown in Figures 10A, B and Figures 11A–C.




Figure 10 | Effect of ANP on macrophages infiltration in the aortic root. (A) Immunofluorescence staining of macrophages, white arrow represents the positive area of macrophages. A1: Control group, B1: Model group, C1: Low-dose ANP group, D1: Medium-dose ANP group, E1: High-dose ANP group, F1: Simvastatin (Picture A1 B1 C1 D1 E1 F1×400). (B) Semi-quantitative analysis of macrophages, positive area of CD68 for macrophages. Compared with control group, ##p < 0.01; compared with model group, *p < 0.05 (Mean ± SEM, n = 3). ANP, Angong Niuhuang Pill.






Figure 11 | Effect of ANP on VSMCs and dendritic cells infiltration in the aortic root. (A) Immunofluorescence staining of VSMCs and dendritic cells, white arrow represents the positive area of dendritic cells, and blue arrow represents the positive area of VSMCs. A2: Control group, B2: Model group, C2: Low-dose ANP group, D2: Medium-dose ANP group, E2: High-dose ANP group, F2: Simvastatin (Picture A2 B2 C2 D2 E2 F2×400), (B) Semi-quantitative analysis of dendritic cells, positive area of CD11c for dendritic cells, (C) Semi-quantitative analysis of VSMCs, positive area of α-SMA for VSMCs. Compared with control group, ##p < 0.01, ###p < 0.001; compared with model group, *p < 0.05, **p < 0.01 (Mean±SEM, n = 3). ANP, Angong Niuhuang Pill.






Discussion

We found that treatment with ANP corrected the immune imbalance of Th17/Treg cells in the early AS ApoE-/- mice model by regulating RORγt and Foxp3 expression; ANP suppressed the release of pro-inflammatory mediators, promoted the release of anti-inflammatory factors, down-regulated the expression of chemokines and their receptors promoting thus an anti- inflammatory effects in the early AS. Furthermore, ANP down-regulated expression of MMP-2, MMP-9, reduce collagen fibers and decreased infiltration of macrophages, dendritic cells, and vascular smooth muscle cells into plaques thus facilitating stability of the latter.

In this study, ANP was a kind of tawny powder, and distilled water was used as the solution medium. Due to the relatively complex composition of ANP, ANP was tawny suspension after dissolution. In order to maintain the stability of drug suspension, the ANP suspension was prepared before administration. In our next study, we will focus on the metabolic components of ANP in mice and the pharmacodynamic substance basis of ANP, and analyze the prescription.

It has been argued that increase in combined ratios (LDL-C/HDL-C) relates to the severity and prevalence of coronary artery disease (Enomoto et al., 2011; Acay et al., 2014). We demonstrated that LDL-C/HDL-C ratio in the high-dose ANP group (1.0 g/kg) was significantly lower than those in the model group. However, low-dose and medium-dose ANP groups did not show a decrease in LDL-C/HDL-C ratio, which indicates that only a high-dose ANP has a weak lipid-lowering effect.

The high-fat diet is a potential risk factor for the liver and kidney. Treatment with ANP significantly reduced the liver coefficient but did not improve the kidney coefficient; thus pointing on a certain hepatoprotective effect of ANP. This agreed with previous findings showing that ANP has a preventive and therapeutic effect on liver damage caused by bacterial toxins (He et al., 1992). The apparent changes of spleen index and thymus index suggest that ANP may have a regulatory effect on the immune system. The Th17/Treg is a pair of new balance which differs from Th1/Th2 balance in the immune system and plays an important role in the development of AS and plague rupture (Cheng et al., 2008; Xie et al., 2010). Many studies have confirmed that regulating Th17/Treg balance is a critical intervention target during development process of AS (Xie et al., 2010; Konstantinos et al., 2014; Tian et al., 2017; Wang et al., 2017). Treatment with ANP corrected the Th17/Treg cellular balance, with high doses of ANP having more pronounced immunomodulatory effect. The Th17/Treg balance is regulated by RORγt and Foxp3 respective transcription factors (Xie et al., 2010). We found that ANP significantly down-regulated expression of RORγt, while significantly up-regulating expression of Foxp3; indicating the underlying mechanisms.

Chronic inflammation is the key factor in AS pathogenesis, while inhibiting inflammatory response controls AS evolution (Tousoulis et al., 2016; Chistiakov et al., 2018). Inflammatory cells involved in the AS process can express different inflammatory factors, such as IL-1β, TNF-α, and IL-6, which are mainly secreted by macrophages, lymphocytes, and VSMCs (Tedgui and Mallat, 2006). Expression of IL-1β and TNF-α is regulated by the p38 MAPK/NF-κB pathway (Chan et al., 2000). Increased expression of IL-1β and TNF-α promotes overexpression of downstream ICAM-1 and VCAM-1, to further promote migration and adhesion of VSMCs and endothelial cells (Mackesy and Goalstone, 2014). Expression of IL-6 is regulated by IL-6 receptor and signal transducing protein gp130 (Ait-Oufella et al., 2011); IL-6 being a pro-atherogenic cytokine exacerbates the progression of atherosclerosis in ApoE-/- mice. Clinical studies revealed that high levels of serum IL-6 represent a risk factor for coronary artery disease (Biasucci, 1999). The anti-atherogenic cytokine IL-10 is secreted by Treg cells; IL-10 not only down-regulates expression of TNF-α, but also reduces expression of ICAM-1 in endothelial cells (Lisinski and Furie, 2002; Rajasingh et al., 2006). Treatment with ANP significantly reduced serum IL-6 and increased serum IL-10, although the dose-dependence was not obvious. Expression of TNF-α was significantly down-regulated in low-dose and medium-dose ANP groups, and expression of IL-1β was significantly down-regulated in low-dose ANP group. Thus ANP (especially at low and medium doses) exhibits anti-inflammatory capabilities.

Atherosclerotic plaque, the morphological substrate of AS, is induced by multiple factors, including accumulation of VSMCs, macrophages and T lymphocytes (Andrés et al., 2012; Moore et al., 2013); the proliferation of VSMCs and connective tissue matrix such as collagen fibers and elastic fibers; deposition of cholesterol crystals and free cholesterol. All these factors contribute to formation of fragile arterial plaques (Watson et al., 2018). Maintaining stability of plaques and arresting expansion of vulnerable plaques are in the focus of current treatment for AS which has already formed. It was reported that CCL2, CCR2, MMP-2, and MMP-9 are involved in impairing stability of arterial plaques, reduction in expression of plaques stability (Ishibashi et al., 2004; Krohn et al., 2007; Zhao, 2010; Cipriani et al., 2013). We found that ANP significantly down-regulated expression of CCL2, CCR2, MMP-2, and MMP-9. Masson staining showed that medium-dose ANP decreased plaques area in the aortic root when compared to the model group, similarly reduced was the content of collagen fibers. Treatment with ANP also reduced infiltration of macrophages, vascular smooth muscle cells and dendritic cells into the aortic root as evidenced by immunocytochemical analysis. These results indicate that ANP may improve the stability of arterial plaques and prevent their expansion, suppressing infiltration of inflammatory cells, and decreasing expression of CCL2, CCR2, MMP-2, and MMP-9. All these findings suggest that, ANP may exert an anti-atherosclerotic effect at the early and mid-term of AS.



Conclusion

In conclusion, ANP protects early and mid-term atherosclerotic ApoE-/- mice by regulating Th17/Treg balance, inhibiting chronic inflammation, reducing plaque collagen fibers, and reducing inflammatory cells infiltration. Moreover, ANP has anti-inflammatory effects in small doses, and ANP has immunoregulation effects on high doses. Possible mechanisms are shown in Figure 12.




Figure 12 | Possible mechanism pathway of ANP. Previous research findings found that ANP could down-regulated mRNA expression levels of IFN-γ, CCL5 and CCR5, these results were shown in Supplementary Material (Figure S2). ANP, Angong Niuhuang Pill.
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Ferulic acid protects against cardiac injury by scavenging free radicals. However, the role of mitophagy in ferulic acid-induced cardioprotection remains obscure. In the present study, H9c2 cells were exposed to hypoxia/reoxygenation and ferulic acid treatment during hypoxia. We illustrated the impact of ferulic acid on oxidative damage in H9c2 cells. Our results showed that ferulic acid significantly attenuated apoptosis induced by hypoxia/reoxygenation injury and reduced mitochondrial dysfunction, evidenced by a decline in the overproduction of reactive oxygen species and ATP depletion and recovery of the membrane potential. We also found that mitophagy, a selective form of autophagy, was excessively activated in H9c2 cells subjected to hypoxia/reoxygenation. Ferulic acid reduced the binding of mitochondria to lysosomes, down-regulated the PINK1/Parkin pathway, and was accompanied by increased p62 and decreased LC3-II/LC3-I levels. Ferulic acid also antagonistically reduced the activation of mitophagy by rapamycin. These findings suggest that ferulic acid may protect H9c2 cells against ischemia/reperfusion injury by suppressing PINK1/Parkin-dependent mitophagy. Accordingly, our findings may provide a potential target and powerful reference for ferulic acid in clinical prevention and treatment of hypoxia/reoxygenation injury.
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Introduction

Myocardial ischemia/reperfusion (I/R) injury is a complex process that causes damage to proteins, DNA, and plasma membranes, thereby promoting cell death and diminished cardiac output (Hausenloy and Yellon, 2013; Go et al., 2014). Mitochondrial dysfunction is a basic pathophysiological factor of I/R injury (Walters et al., 2012). Damaged mitochondria produce less ATP, generate greater amounts of reactive oxygen species (ROS), and activate mitochondria‐dependent apoptosis (Ong and Gustafsson, 2012; Chen and Zweier, 2014). Cardiomyocytes, which depend heavily on energy generation by mitochondria, are more sensitive to mitochondrial dysfunction (Kasahara and Scorrano, 2014). Thus, preserving healthy mitochondria is imperative to cell survival in cardiomyocytes.

Autophagy is activated by energy consumption, oxidative stress, total protein, and damaged organelles (Tannous et al., 2008; Kim et al., 2013). It is a developmentally preserved process through which cytoplasmic components and organelles are digested and reused in lysosomes (Kroemer et al., 2010). Despite numerous evaluations illustrating the benefits of autophagy, excessive autophagy can induce cell death in myocardial I/R injury (Hamacher-Brady et al., 2006; Matsui et al., 2007). Mitochondrial autophagy (referred to as mitophagy), a selective form of autophagy, degrades dysfunctional mitochondria and regulates the mitochondrial population (Ashrafi and Schwarz, 2013; Hammerling and Gustafsson, 2014). Hypoxemia, starvation, and ROS can trigger mitophagy, which is associated with several forms of neurodegeneration and cardiovascular diseases (Youle and Narendra, 2011; Dorn and Kitsis, 2015). Recent studies suggest that PINK1 (phosphatase and tensin homolog-induced putative kinase 1) and the Parkin pathway play central roles in regulating mitophagy and mitochondrial quality control (Springer and Kahle, 2011). Furthermore, PINK1/Parkin-mediated mitophagy reportedly prevents cellular damage (Huang et al., 2011). Accordingly, mitophagy may have restorative potential for mitochondria-associated conditions such as I/R injury.

Ferulic acid (4-hydroxy-3-methoxy cinnamic acid, FA) is a kind of phenolic acid widely distributed in various plants (Pan et al., 2016). It is also an active ingredient of traditional Chinese medicines such as Angelica sinensis (Oliv.) Diels, Ligusticum chuanxiong Hort. and Cimicifuga foetida L. It has various biological activities, such as the scavenging of free radicals, anti-oxidation, anti-platelet aggregation, neuroprotection, and enhancement of immune function (Barone et al., 2009; Mancuso and Santangelo, 2014). Current research about the antioxidant mechanisms of FA have been focused on the scavenging of free radicals and inhibition of myocardial apoptosis (Alam et al., 2013). The potential role of FA in mitophagy has not yet been reported.

Therefore, we investigated the defensive impact of FA in cardiomyocytes against hypoxia/reoxygenation (H/R)‐induced mitophagy, with a focus on the PINK1/Parkin pathway.



Material and methods


Cell Culture and Treatment

Hypoxia/reoxygenation experiments were performed based on a previous method (Tang et al., 2013; Zhang et al., 2018). The H9c2 cells were cultured in Dulbecco′s Modified Eagle′s medium (DMEM) (Hyclone, China) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco, USA) and 1% penicillin/streptomycin (Sigma, St. Louis, MO) at 37°C in a culture box, with an atmosphere of 95% air and 5% CO2. Then, the cells were placed in a pre-mixed gas (94% N2, 5% CO2, 1% O2) culture box and cultured in deoxygenated DMEM without glucose and FBS for 2 hours. After 2 h, normal DMEM with 10% FBS serum was given, and cells were transferred to an atmosphere incubator for 2 h. The control group cells were cultured with normal DMEM. During hypoxia stimulation, cells were treated for 2 h with ferulic acid (FA, Beijing Laiyao Biotechnology Co., Ltd, China), with or without rapamycin (autophagy activator, Rapa, 100 nM, Beijing Laiyao Biotechnology Co., Ltd, China) (Hausenloy and Yellon, 2013; Sun et al., 2018).



Cell Viability Assay

After the hypoxia/reoxygenation stimulation, H9c2 cells were treated with the CCK-8 assay (10 µL/well, Dojindo, Kumamoto, Japan) for an additional 2 h. The absorbance was recorded at 450 nm using a microplate absorbance reader (BioTek, USA).



TUNEL Staining

After the indicated treatments, cells were fixed with 4% paraformaldehyde solution for 25 min at room temperature, and then washed with phosphate-buffered saline (PBS, Gibco, USA). The cells were then permeabilized with 0.2% Triton X-100 for 5 min. After washing with PBS, apoptosis was detected using a terminal deoxynucleotidyl transferase-mediated-dUTP nick end-labeling (TUNEL) kit (Roche, Indianapolis, IN, USA) according to the supplier′s instructions. DAPI counterstaining was performed to stain the nuclei. Cells were observed and photographed using a fluorescence microscope (Olympus, Tokyo, Japan). Quantitative analysis was presented as average counts of TUNEL-positive cells per field counted in five random fields with 350-400 total cells in each field and three independent experiments for each group.



ADP/ATP Ratio Measurements

The ATP/ADP level in cells was measured using a bioluminescent detection kit (ADP/ATP Ratio Assay Kit, Abcam) according to the manufacturer′s instructions. After the indicated treatments, the bioluminescent intensities were measured on a multi-mode microplate reader (Synergy H1 Hybrid, BioTek).



Mitochondrial Membrane Potentials Assay

The mitochondrial membrane potential was assessed using 5,5′,6,6′ -tetrachloro-1,1′,3,3′ -tetraethyl-benzimidazolecarbocyanide iodine (JC-1, Sigma, St. Louis, MO, USA). The H9c2 cells were incubated with JC-1 staining solution (10 µg/mL) for 20 min at 37°C in the dark and rinsed twice with PBS. The JC-1 fluorescence was measured by a fluorescence microplate reader at an excitation of 485 nm and emission of 535 nm (monomer form of JC-1, green), and excitation of 550 nm and emission of 600 nm (aggregate form of JC-1, red). The ratio of green and red fluorescence intensities reflected the changes in mitochondrial membrane potential.



Determination of ROS

After the indicated treatments, cells were collected, washed once with 1× wash buffer and stained with 20 µM 2′,7′-dichlorofluorescin diacetate (DCFDA) (Abcam, Cambridge, UK) for 30 min in the dark at 37°C, and then analyzed by flow cytometry (FACS Calibur, Becton Dickinson Company, USA) at 485 nm excitation and 535 nm emission.



Detection of Mitophagy

Mitophagy was determined by the detection of lysosomes. The H9c2 cells were seeded at a density of 1 × 105 in 35-mm glass bottom Petri dishes. The cells were then incubated for 24 h. After the respective treatments, cells were harvested and washed twice. LysoTracker Red (Thermo Fisher Scientific, MA, USA) was then added to the growth medium to achieve a final concentration of 50 nM, and the cells were further incubated for 20 min. MitoTracker Green (Thermo Fisher Scientific, MA, USA) was added to achieve a final concentration of 50 nM, and the cells were again incubated for 15 min. Co-loaded cells were then washed and loaded with phenol red-free DMEM and immediately analyzed by confocal microscopy (Olympus FV1200, Tokyo, Japan). The green fluorescence of MitoTracker Green (excitation of 490 nm and emission of 516 nm) and the red fluorescence of LysoTracker Red (excitation of 647 nm and emission of 668 nm) were measured immediately. At least 50 cells from three independent experiments for each group were included; the counts were averaged.



Immunofluorescence Analysis

The H9c2 cells were cultured on a glass-bottom dish. After the respective treatments, cells were fixed with 100% methanol for 5 min at room temperature and then were blocked in 1% bovine serum albumin (BSA)/10% normal goat serum/0.3 M glycine in 0.1% PBS-Tween for 1 h at room temperature. The cells were then incubated with rabbit anti-PINK1 (1 µg/mL) and mouse anti-HSP60 (1 µg/mL) overnight at 4°C. The secondary antibodies, Alexa Fluor® 594 goat anti-rabbit IgG (1:200) and Alexa Fluor® 488 goat anti-mouse IgG (1:1000) were then added, and the cells were incubated for 1 h at 37°C. Furthermore, 4′,6-diamidino-2-phenylindole (DAPI) counterstaining wasperformed to stain the nuclei. Co-loaded cell images were obtained using a confocal laser microscope system (FV1000, Olympus, Tokyo, Japan).

Similarly, after the respective treatments, cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. The cells were then incubated with rabbit anti-Parkin (1:100) and mouse anti-HSP60 (1 µg/mL) overnight at 4°C. The secondary antibodies, Alexa Fluor® 488 goat anti-rabbit IgG (1:200) and goat anti-mouse IgG (1:1000), were added and the cells were further incubated for 1 h at 37°C. Counterstaining using DAPI was performed, and images were obtained as described above. All antibodies were purchased from Abcam.



Western Blot Analysis

Proteins were separated using 10% SDS-PAGE gel wells and electrotransferred onto polyvinylidene difluoride (PVDF) membranes. The TBST buffer was added and 5% BSA was used to block nonspecific sites for 60 min. After blocking, blots were probed overnight at 4°C with primary antibodies against SQSTM1/p62 (1:1000, CST, USA); LC3B (1:1000, ABclonal, USA); PINK1 (1:2000, Abcam, USA); Parkin (1:1000, Abcam, USA); Caspase3 (1:1000, Abcam, USA); and β-actin (1:2000, Abcam, China), followed by horseradish peroxidase-conjugated secondary antibody for 90 min at 37°C. The proteins were then visualized by chemiluminescence and exposure to X-ray film (Bio-Rad).



Statistical Analysis

Data management and analysis were performed using the GraphPad Prism software (San Diego, CA). All data were reported as mean ± SEM. Each experiment was repeated three times. Univariate analysis of variance (ANOVA) was used for multiple comparisons. The Student′s t-test was conducted to analyze intergroup comparisons. P < 0.05 were reported as statistically significant.




Results


FA Attenuates H/R Injury in H9c2 Cells

The H9c2 cells were subjected to 2 h of hypoxia, followed by 2 h of reoxygenation. The CCK8 assay indicated that H/R treatment significantly reduces myocardial cell viability (P < 0.01, versus the control). FA (25~400 µM) displayed dose-dependent toxicity to H9C2 cells (Figure S1), yet the lower concentrations of FA (6.25~200 µM) reduced the damage caused by H/R injury. H9c2 cells were hypoxia for 2 h under different concentrations of FA (6.25, 12.5, 25, 50, 100, and 200 µM). The results showed that FA treatment attenuated the reduction in cell viability caused by H/R injury and reached the highest effective concentration at 12.5 µM (P < 0.05, versus H/R) (Figure 1A). Therefore, 12.5 µM FA was administered in the following tests.




Figure 1 | Ferulic acid (FA) attenuated hypoxia/reoxygenation (H/R) injury in H9c2 Cells. (A) 12.5 μM FA increased cell viability. (B, C) FA inhibited the apoptosis levels tested by the TUNEL assay. (D, E) FA increased the level of cleaved caspase 3. Data were expressed as mean ± SEM (n = 6). **P < 0.01 versus control group; #P < 0.05 and ##P < 0.01 versus H/R groups.



Cardiomyocytes are sensitive to ischemia/reperfusion injury and undergo apoptosis due to an insufficient oxygen supply. We conducted the TUNEL assay to analyze the effect of FA on apoptosis during H/R treatment. Compared to the control group, the cells subjected to H/R injury showed a significant increase in apoptotic rate; however, this increase was attenuated by FA (Figures 1B–C). To further confirm the results, we used western blot analysis to detect the expression of cleaved caspase3, a key downstream effector protein of apoptosis. The expression of cleaved caspase3 in H9c2 cells was increased during H/R injury, and FA effectively reduced this expression (Figures 1D–E). The entire image of capase3 and cleaved caspase3 was shown in Figure S2. These data indicated that FA treatment could significantly increase cell viability and reduce apoptosis to attenuate H/R injury in H9c2 cells.



FA Protected Mitochondrial Function Against H/R Injury

Mitochondria are critical organelles associated with ATP production for cellular metabolism. Therefore, the level of ADP/ATP conversion is one marker of mitochondrial energy metabolism. The ADP/ATP ratio of cardiomyocytes was detected using an ATP bioluminescent kit. Our results showed that H/R injury led to a significant decline in the level of ATP production and FA treatment fully restored energy production in the H9c2 cells (Figure 2A).




Figure 2 | Ferulic acid (FA) alleviated mitochondrial dysfunction following hypoxia/reoxygenation (H/R). (A) ADP/ATP ratio. (B) JC-1 staining. The ratio of Red/Green fluorescence reflected change in the mitochondrial membrane potential. (C, D) Cells were analyzed by flow cytometry after being stained with DCFDA to detect ROS. Data were expressed as mean ± SEM (n = 3). *P < 0.05 and **P < 0.01 versus the control group. #P < 0.05 and ##P < 0.01 versus the H/R group.



Mitochondrial function was also assessed by examining changes in the membrane potential. When the mitochondrial membrane potential is normal in H9c2 cells, JC-1 enters the mitochondria through the polarity of the mitochondrial membrane and forms a polymer that emits red fluorescence due to an increase in concentration. However, in damaged cells, the mitochondrial transmembrane is depolarized, and JC-1 is released from the mitochondria, thereby reducing its concentration, and is reversed to a monomeric form that emits green fluorescence. The relative proportion of commonly used green-red fluorescence is a measure of the ratio of changes in the mitochondrial membrane potential. Our results showed that mitochondrial depolarization was aggravated in H/R injury. Nevertheless, FA relieved the decline in membrane potential, which appeared as a significant increase in the Red/Green ratio compared to that in H/R group (Figure 2B).

Significant ROS production results in mitochondrial dysfunction. As shown in Figures 2C, D, ROS levels were significantly elevated following H/R injury, and treatment with FA significantly reduced ROS generation compared with the untreated cells. Overall, these data indicate that FA treatment could alleviate mitochondrial dysfunction following H/R.



FA Inhibits Mitophagy in H/R Injury

Excessive autophagy induces cell death in myocardial I/R injury (Hamacher-Brady et al., 2006; Matsui et al., 2007). As FA protected mitochondrial function and attenuated H/R injury, we hypothesized that FA may confer mitochondrial protection by inhibiting mitophagy. Thus, rapamycin (Rapa, an autophagy activator) was co-administered with FA at the onset of hypoxia. We used MitoTracker Green and LysoTracker Red co-staining in H9c2 cells and then performed confocal microscopy analysis of co-localization of the mitochondria and lysosomes. Our results showed that H/R injury significantly activated mitophagy, and FA treatment effectively inhibited excessive mitophagy, as indicated by the fluorescence intensity of the red LysoTracker. Furthermore, rapamycin significantly promoted the increased number of lysosomes after H/R, and FA alleviated this increase (Figure 3).




Figure 3 | Ferulic acid (FA) inhibited mitophagy. (A) Mitophagy was detected by using MitoTracker Green and LysoTracker Red staining. (B) Quantitative analysis of lysosome fluorescence intensity. At least 50 cells from three independent experiments for each group were included; the counts were averaged. Scale bar: 100 µm. Data were expressed as the mean ± SEM (n = 3). **P < 0.01 versus the control group. #P < 0.05 and ##P < 0.01 versus the hypoxia/reoxygenation (H/R) group. &&P < 0.01 versus the rapamycin group.





FA Inhibits Mitophagy that was Dependent on PINK1/Parkin Signaling

Increasing evidence suggests that the PINK1/Parkin pathway is one of the most important ways by which mitophagy can be mediated (Mokranjac and Neupert, 2007; Matsuda et al., 2010; Moyzis et al., 2015). Therefore, we further investigated whether the inhibition of excessive mitophagy by FA is mediated through the PINK1/Parkin pathway. Autophagy is occurring accompanied with LC3-II (autophagosome membrane type) conversion from LC3-I (cytosolic LC3) and p62 degradation (Tanida et al., 2008). Western blotting analysis showed that compared with control cells, the H/R injury group showed a notable increase in the expression levels of PINK1 and Parkin, which occurred concurrently with the change in the levels of autophagy markers (increases in LC3-II/LC3-I and decline in p62 levels). The FA treatment significantly suppressed the activation of mitophagy in H9c2 cells, as evidenced by the decline in the expression levels of PINK1 and Parkin, with the reduction of LC3-II/LC3-I and accumulation of p62. Likewise, FA antagonistically reduced the activation of rapamycin (Figures 4C–G). In addition, co-immunofluorescence staining also demonstrated that the PINK1 and Parkin levels in H9c2 cells were markedly increased after H/R injury but were diminished by FA treatment. Thus, FA partially blocked the activation effects of rapamycin (Figures 4A, B).




Figure 4 | Ferulic acid (FA) inhibited mitophagy that was dependent on PINK1/Parkin. (A, B) Co-immunofluorescence staining for PINK1/Parkin and HSP60-labeled mitochondria. Scale bar = 50 µm. (C–G) Expressions of mitophagy markers, including PINK1, Parkin, LC3, and P62. Data were expressed as the mean ± SEM (n = 3). *P < 0.05 and **P < 0.01 versus the control group. #P < 0.05 versus the H/R group. &P < 0.05 and &&P < 0.01 versus the rapamycin group.






Discussion

To our knowledge, this study is the first to establish that FA exerts protective effects against H/R-induced injury in H9c2 cells by suppressing mitophagy. Moreover, FA may offer protection by alleviating H/R-induced apoptosis via the down-regulation of PINK1/Parkin-dependent mitophagy and reduction of mitochondrial dysfunction. Overall, our findings showed the pivotal protective effects of FA in H9c2 cells subjected to H/R injury, which were achieved by regulating mitophagy.

Mitochondria perform a double role in the life and death of cardiomyocytes (Bourke et al., 2013). Normal mitochondria produce large quantities of ATP, which drives virtually all biological processes; however, damaged mitochondria produce pathological ROS. Excessive ROS generation attacks the bilayer lipid membrane of cells and subcellular organelles, decreases the mitochondrial membrane potential, and causes mitochondrial dysfunction (Cribbs and Strack, 2007; Detmer and Chan, 2007). Therefore, reducing the number of damaged mitochondria and ensuring mitochondrial quality is an important strategy against cell damage.

Autophagy is the only mechanism by which entire organelles are engulfed and recycled through the lysosomal pathway (Liu et al., 2013). Mitophagy refers to a specific autophagic phenomenon, in which cells are selectively cleared of damaged mitochondria through autophagy (Yang and Klionsky, 2010; Fimia et al., 2013). In general, normal mitophagy enables cells to degrade and remove damaged or dysfunctional mitochondria to maintain a balance of intracellular mitochondrial mass and quantity, and protect cell function (Hamacher-Brady et al., 2007; Kubli et al., 2013). Reducing mitophagy can reportedly lead to inflammation and cell death, which can lead to degenerative diseases (de Vries and Przedborski, 2013). In contrast, studies have shown that excessive mitophagy promotes the loss of cardiomyocytes (Lu et al., 2009; Ji et al., 2016). Recent reports showed that under acute mitochondrial stress, the cell triggers program that result in the elimination of the defective mitochondria, first by promoting mitophagy, then by ensuring that the capacity for autophagosome degradation is increased by building more lysosomes (Deus et al., 2020). Our results suggested that H/R stimulation leads to defective mitophagy concurrently with cell injury and death, evidenced as reduced cell viability, increased expression of cleaved caspase 3, and apoptosis. Moreover, the binding of mitochondria and lysosomes was increased. These results showed that mitophagy was activated in H9c2 cells subjected to H/R. Thus, it was conceivable that inhibiting mitophagy might be beneficial to cardiomyocytes and represent a vital target for I/R injury.

Many studies have shown that FA can improve the clinical symptoms of patients with coronary heart disease and angina. It can also eliminate free radicals and reduce cardiomyocyte apoptosis (Alam et al., 2013). Moreover, new evidence shows that FA can alleviate cardiac injury caused by ischemia/reperfusion. Nevertheless, the exact mechanism of the protective effects of FA on H/R-induced myocardial injury is unclear. The present study demonstrated that FA can reserve mitochondrial function by decreasing ROS overproduction and ATP depletion and recovering the membrane potential. In addition, FA relieved the mitochondrial-based cell injury by inhibiting apoptosis. Moreover, FA administration during hypoxia reduced the binding of mitochondria and lysosomes in H/R cells and inhibited the process of mitophagy, which was activated by the autophagy activator, rapamycin. These findings suggested that mitophagy is an autophagy-related process.

Currently, PINK1/Parkin-directed mitophagy provided a mechanistic link between mitochondrial damage and autophagic clearance (Geisler et al., 2010). We further explored the signaling pathway mediated by FA in H9c2 cells. Upon mitochondrial damage, PINK1 aggregates abundantly on the outer membrane of the mitochondria and recruits Parkin from the cytoplasm to the mitochondria. Once recruited, Parkin ubiquitinates various substrates to induce and promote the autophagic removal of damaged mitochondria (Geisler et al., 2010). Studies have shown that the PINK1/Parkin pathway may be excessively activated in response to I/R injury to induce myocardial cell death (Wang et al., 2012; Ji et al., 2016). Consistent with these findings, we observed that in cultured H9c2 cells, H/R induced significant mitophagy, which was associated with activation of the PINK1/Parkin-mediated mitophagy signaling pathway. Furthermore, FA down-regulated the PINK1/Parkin pathway and suppressed subsequent mitophagy by reducing LC3-II/LC3-I levels and depleting P62 and antagonistically reducing the activation of mitophagy by rapamycin.



Conclusion

Generally, our findings offered compelling evidence that FA inhibited excessive mitophagy via the PINK1/Parkin pathway, thereby restoring mitochondrial function to counteract H/R-induced apoptosis and increase cardiomyocyte survival. This study might facilitate the development of a new application for FA in the prevention and treatment of ischemic heart disease.
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Ischemic heart disease (IHD), caused predominantly by atherosclerosis, is a leading cause of global mortality. Our previous studies showed that Shenlian extract (SL) could prevent the formation of atherosclerosis and enhance the stability of atherosclerotic plaques. To further investigate the protective effects of SL on myocardial ischemic injury and its possible mechanisms, anesthetized dogs, ex vivo rat hearts, and H9c2 cardiomyocytes were used as models. The results showed that SL had a significant protective effect on the anesthetized dog ligating coronary artery model, reduced the degree of myocardial ischemia (Σ-ST), and reduced the scope of myocardial ischemia (N-ST). Meanwhile, SL alleviated ischemic reperfusion damage in ex vivo rat hearts with improved LVEDP and ± dp/dtmax values of the left ventricle. SL reduced the pathological changes of LDH, IL-1β, MDA, and NO contents, all of which are related to the expression of NF-κB. Further analysis by Bio-Plex array and signal pathway blocker revealed that the phosphorylation of IκB was a key factor for SL to inhibit myocardial ischemic injury, and the regulation of SL on IκB was primarily related to degradation of the IκB protein. These results provided dependable evidence that SL could protect against myocardial ischemic injury through the NF-κB signaling pathway.




Keywords: Shenlian extract (SL), ischemic heart disease (IHD), myocardial ischemic injury, NF-κB signaling pathway, inflammation



Introduction

Cardiovascular disease (CVD) remains the leading cause of global mortality. Ischemic heart disease (IHD), is the second leading cause of death for the Chinese population (Zhao et al., 2019), is one of the main clinical manifestations of CVD (Herrington et al., 2016). It has been reported that mortality caused by IHD is common in Eastern Europe and Asia (Moran et al., 2014; Akbalaeva et al., 2017). Myocardial ischemic disease has risen to a top cause of morbidity and mortality worldwide (Zhao et al., 2019). The development of atherosclerosis in the coronary artery is the underlying pathological mechanism of myocardial ischemia and myocardial infarction (Foks and Bot, 2017). In the most serious situations, an advanced atherosclerotic plaque can rupture or erode, leading to the formation of an occluding thrombus and the subsequent incidence of an acute cardiovascular event. Simultaneously, inflammation, which is an emerging risk factor, leads to the accumulation of lipids and inflammatory cells in the vascular wall (Bertrand and Tardif, 2017). Many experimental and clinical studies support interleukin-1 beta (IL-1β) secretion, which targets vascular cells, as a promising research target to find new anti-atherosclerotic agents that better target inflammation (Hansson, 2017; Libby, 2017). Interventions targeting reductions in inflammation to prevent plaque instability are therefore required. Along with contemporary interventions and pharmacologic agents, traditional Chinese medicine (TCM) has been extensively prescribed in clinics in China and some Asian countries (Wang et al., 2017). TCM has attracted increasing attention around the world, because the treatment consists of significant bioactivity by multiple components (Xu et al., 2015; Zhang et al., 2015).

Shenlian extract (SL) is a combination of Salvia miltiorrhiza Bunge and Andrographis paniculata extract. Based on the clinical experience of TCM, SL can prevent and treat atherosclerosis and cardiovascular diseases (Zhou et al., 2013; Guo et al., 2016). The mechanism of action of S. miltiorrhiza Bunge includes promoting the circulation of blood, removing blood stasis, improving blood rheology by inhibiting platelet aggregation, and changing erythrocyte deformability or reducing plasma viscosity (Tang et al., 2002; Li et al., 2004). Via these mechanisms, it is shown to inhibit myocardial apoptosis after myocardial ischemic reperfusion injury in rats (Song et al., 2013). Furthermore, modern pharmacological studies have shown that S. miltiorrhiza Bunge also affects myocardial remodelling to improve myocardial infarction disease (Wang et al., 2018). The other ingredient, A. paniculata, has an anti-inflammation and detoxification effect (Pang et al., 2016; Zou et al., 2016), improving the hemodynamic and ventricular function against ischemic reperfusion injury (Ojha et al., 2012) and protecting endothelial cells (You et al., 2011).

Previous studies have demonstrated that SL has a protective effect on atherosclerosis plaque formation, significantly reducing the plaque area of atherosclerosis, reducing the severity of the pathological condition (Li et al., 2011), lowering the blood lipid levels by improving lipid metabolism, and reducing the infiltration and deposition of lipids in the blood vessel wall (Guo et al., 2016). Furthermore, SL has a protective effect by inhibiting the infiltration and adhesion of local inflammatory cells, improving the local blood flow of vessels, and inhibiting the cytoskeletal rearrangement after injury of vascular endothelium. Moreover, SL stabilized atherosclerosis plaques. Through an ApoE–/– mouse model with vulnerable plaques, which were induced by combined multi-factor induction, SL was reported to reduce the levels of macrophagocytes and lipids in plaque, decrease the expression levels of MMP-2 and MMP-9 in plaques, and up-regulate the contents of collagen fibers and expression of plaques (Guo et al., 2016). In addition, SL decreased the proliferation and degranulation of mast cells in extravascular mucosa induced by neuropeptide P, and reduced the inflammatory response and intraplaque hemorrhage of the plaque (Li Y. J. et al., 2016).

We propose that SL could synthetically affect the formation process of atherosclerosis through various pathways mainly inflammation responses. A primary goal of this report is to further explore the protective effect of SL on myocardial ischemic injury and its possible mechanism based on NF-κB signaling pathway.



Materials and Methods


Materials and Reagents

Nitro blue tetrazolium chloride (N-BT) was purchased from the medicine supply station of the Academy of Military Medical Sciences (China). Lactate dehydrogenase (LDH), malondialdehyde (MDA), nitric oxide (NO), nitric oxide synthase (NOS), IL-1β, PI3K, and nuclear factor kB (NF-kB) kits were purchased from Nanjing Jiancheng Bioengineering Institute (China). High glucose Dulbecco's modified Eagle's medium (DMEM-H) and fetal bovine serum (FBS) were purchased from Gibco. MicroRotofor™ cell lysis kit and Bio-Plex Pro™ cell signaling MAPK panel were purchased from Bio-Rad (USA). Proteasome inhibitor, MG132, and IKK (inhibitor of nuclear factor kappa-B kinase, IκB) inhibitor, parthenolide, were purchased from Sigma.



Plant Materials

SL consisted of S. miltiorrhiza Bunge extract and A. paniculata extract at a ratio of 15:9. S. miltiorrhiza Bunge and A. paniculata originated from the Linyi, Shandong province and Guangxi province (China). The taxonomic authenticity was identified by Prof. Xirong He of the Institute of Chinese Materia Medica of the China Academy of Chinese Medical Sciences (Beijing, China). S. miltiorrhiza Bunge was identified as the dry rhizome of S. miltiorrhiza Bge., and A. paniculata was identified as the herba of A. paniculata (Burm F.) Nees. The S. miltiorrhiza Bunge extract included two types of components. One component was extracted with ethanol under percolation and then concentrated under reduced pressure, and the other component was prepared by dilute ethanol soaking and purified by microporous resins SP825. The A. paniculata extract was prepared by dilute ethanol soaking, and purified by macroporous resins SP825. The extract of SL primarily contained tanshinone IIA (3%), salvianolic acid B (38%) and andrographolide (20%). The extraction rate of the water-soluble partial extract of S. miltiorrhiza Bunge was 2.27%, and that of the fat-soluble partial extract was 1.31%. The extraction rate of the partial extract of A. paniculata was 2.11%. (Guo et al., 2016).



High Performance Liquid Chromatography (HPLC) Analysis of SL

SL extract was detected using Waters HPLC. The conditions of the HPLC are shown in Table 1, and the HPLC chromatogram of SL can be found in the Supplementary Material.


Table 1 | High performance liquid chromatography (HPLC) conditions of Shenlian extract (SL).





Experimental Animals and Grouping

Healthy Beagle dogs (11.2 ± 2.5 kg), both male and female, were obtained from Beijing Shahe Tongli Experimental Animal Farm. The animal studies were approved in accordance with the recommendations in the Guidance for the Care and Use of Laboratory Animals issued by the Ministry of Science and Technology of China and the Use Committee of Institute of Basic Theory for Chinese Medicine, China Academy of Chinese Medicine Science. These dogs were randomly assigned into four groups (six dogs in each group): myocardial ischemia model group (MI, operated with ligating left anterior descending), positive control diltiazem treatment group (treated with at 5 mg/kg diltiazem), low dosage SL treatment group (66 mg/kg), and high dosage SL treatment group (132 mg/kg).

The adult male Wistar rats (250-300g) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. The animal studies were also performed in accordance with the Guidance for the Care and Use of Laboratory Animals issued by the Ministry of Science and Technology of China and the Use Committee of Institute of Basic Theory for Chinese Medicine, China Academy of Chinese Medicine Science. The rats were randomly assigned into the following five experimental groups (eight rats in each group): vehicle control group (control, operated with continuous perfusion); ischemia reperfusion control group (I/R, operated with at ischemia and reperfusion), positive control verapamil treatment group (150 ng/kg), low dosage SL treatment group (224 mg/kg), and high dosage SL treatment group (448 mg/kg).

All experimental procedures and animal management were approved and performed by Institute of Chinese Materia China Academy of Chinese Medical Science. All animals were maintained under controlled conditions of temperature (24 ± 2°C) and humidity (55 ± 5%), a 12-hour light/dark cycle, and allowed free access to food and water.



Procedure of Myocardial Ischemic Model

Dogs were maintained with free access to regular diet and distilled water for one week before surgery. The model of myocardial ischemia in anesthetized dogs was established as previously described (Berger et al., 1976; Fu et al., 2013). Briefly, Beagle dogs were anesthetized with 1% pentobarbital sodium 30 mg/kg by intravenous injection. After endotracheal intubation, the chest of the dog was opened by left thoracotomy to expose the heart, and the left anterior descending (LAD) coronary artery was ligated. Finally, 15 min after ligation, drugs were given by duodenal injection. Inclusion criteria for the study were that the ST segment increased more than 2 mV. After ligation, the multi-point epicardial electrode (30 landmarks) was sutured on the ventricular surface, and the epicardial electrocardiogram (EECG) was connected by the multi-channel physiological instrument (BIOPAC, USA). Myocardial ischemia degree (total mV of ST-segment elevation, Σ-ST) and the myocardial ischemia scope (total number of ST-segment elevation points, N-ST) were counted.



Measurement of Myocardial Infarction Area in Dogs by N-BT Staining

To detect myocardial infarction size, which is closely related to the left ventricular ejection fraction and cardiac function, N-BT staining was used. The N-BT non-stained area represents the infarcted area, and the N-BT stained area represents the non-infarcted area. The heart was removed and divided into five pieces. Next, the heart was cut parallel to the coronary sulcus and placed into the N-BT staining solution for 15 min at room temperature after EECG testing last 180 min. The medical image analysis system (HPIAS-1000, Beijing, China) was used to measure the infarcted area (N-BT non-stained area) and non-infarcted area (N-BT stained area) on each side. The percentage of infarcted area of the ventricle and total heart was calculated.



Procedure of Langendorff-Perfused Rat Hearts Model

Rats were anesthetized with 0.2% heparin sodium (1 mL, i.p.) and 20% urethane (0.5 mL/100g, i.p.) after 10 min. The hearts were quickly removed, and the aorta was cannulated and retrogradely perfused at constantly pressure (70–80 mmHg) on a Langendorff apparatus (LE3/42502002, Panlab, Spain) with a nutrient rich oxygenated KH (Krebs-Henseleit) solution maintained at 37 ± 1°C with a physiological pH of 7.4 (Ytrehus, 2000; Bell et al., 2011). A self-made latex balloon was inserted in the left ventricle of the heart, and a pressure transducer was placed on the other side of the balloon (DA100C, BIOPAC, USA). The experimental procedure of perfused the heart is summarized in Figure 1. The following parameters of myocardial function were measured during equilibration time and at 5, 10, 15, 20, 25, and 30 min during reperfusion by the MP150 multi-channel physiological instrument (BIOPAC, USA): the pressure curve of the left ventricle, the left ventricular systolic pressure (LVSP), the left ventricular end diastolic pressure (LVEDP), and the left ventricular internal pressure maximal rise and maximum decline rate (± dp/dtmax).




Figure 1 | Experimental protocol of ischemia–reperfusion via Langendorff.





Determination Biochemical Parameters of Myocardium Tissue of Rats

The myocardium tissue obtained from the re-perfused hearts were used for evaluating the concentration of LDH, MDA, NO, and NOS, which are routine indicators commonly used for diagnosing myocardial inflammation and acute myocardial infarction. After reperfusion for 30 min, the heart was immediately removed and contained approximately 0.4 g of apical tissue. Then, 10% (w/v) of fresh myocardial homogenate was prepared and centrifuged at 3,000 rpm for 15 min. The supernatant was collected to assay the levels of biochemical parameters using chemical colorimetry of kits, and specific operations was strictly followed by the manufacturer’s instructions.



Measurement of Inflammatory Parameters by ELISA

The PI3K pathway plays an important role in regulating a variety of cellular functions including survival, transcription and protein synthesis. NF-κB is activated downstream of PI3K.The supernatant of fresh myocardial homogenate was acquired to measure the concentrations of IL-1β, PI3K and NF-κB by commercial enzyme linked immunosorbent assay (ELISA) kits, and the detection operations were performed according to the manufacturer’s instructions.



H9c2 Cell Culture

H9c2 rat embryonic cardiomyocytes (from National Infrastructure of Cell Line Resource) were cultured in DMEM-H supplemented with 10% FBS. All cells were cultivated at 37°C in a humidified incubator maintained at 5% CO2. Cells grown to sub-confluence were used to complete all the based cell experiments.



Measurement of H2O2-Induced Oxidative Cell Damage in H9c2 Cells

SL was mixed with the DMEM-H medium to make a stock solution with a concentration of 1 mg/mL. The dimethyl sulfoxide (DMSO) concentration in the stock solution was 0.1% v/v, and then the solution was stored in –20°C. The cells were treated with SL at a final concentration of 10, 25, or 50 μg/mL, diluted with with DMEM-H medium. The SL treatment groups were pre-treated with the corresponding drugs for 24 h before H2O2 induction, and the cells were exposed to H2O2 (500 μM) for 6 h to induce cells damage. The cells were divided into five groups: a untreated control group (untreated); a H2O2-induced group (500 μM H2O2 for 6 h); a 50 μg/mL SL treatment group (SL 50 μg/mL treatment for 24 h, then 500 μM H2O2 for 6 h); a 25 μg/mL SL treated group (SL 25 μg/mL treatment for 24 h, then 500 μM H2O2 for 6 h); a 10 μg/mL SL treated group (SL 10 μg/mL treatment for 24 h, then 500 μM H2O2 for 6 h). H9c2 cells seeded at 5 × 104 cells in 24 wells in DMEM-H and 10% FBS. The cells were cultured overnight, and then treated with SL extracts for 24 h and H2O2 (500 μM) for 6 h. The supernatant of the cell culture was collected. The concentrations of LDH and NO were determined by chemical colorimetry kits, and the concentrations of IL-1β was determined by ELISA. The instructions from the kit were strictly followed.



Bio-Plex Array Analysis in H9c2 Cells

H9c2 cells were lysed by MicroRotofor™ Cell Lysis Kit, and centrifuged at 15,000×g for 10 min at 4°C. The supernatant was collected, and its protein concentration was detected by the Bradford method. Following the kit’s instruction, the Bio-Plex Pro™ Cell Signaling MAPK Panel was used to detect the following phosphorylated analytes from cell lysates: p-IκB-α, p-ERK1/2, p-p38 MAPK, p-Stat3, p-c-JUN, p-IGF-IR, p-MEK, p-Akt. The Bio-Plex cytokine assay buffer was used, the Bio-Plex array reader collects the data that were analyzed by the Bio-Plex® 200 Systems (Bio-Rad, USA).



Immunofluorescence Analysis in H9c2 Cells

In the SL treatment groups, the proteasome inhibitor, MG132 (5 μM), and IKK inhibitor, parthenolide (10 μM), were incubated in culture cells for 12 h before drug treatment to explore whether degradation or phosphorylation, respectively, modulated the IκB protein (Bergmann et al., 2001; Planavila et al., 2005). The function pathway was examined by comparing the expression of filamentous actin (F-actin) in the groups of H9c2 cells. Staining with fluorescently labeled phalloidin clearly showed the distribution of microfilaments in the cells (Lukinavičius et al., 2014). The expression of F-actin in the cells were observed by Laser Scanning Confocal Microscope (Olympus, Janpan) immediately after labelling, with excitation wavelength of 488 nm and emission wavelength of 530 nm, per instructions. The supernatant of cells was collected to detect the levels of NO by chemical colorimetry and IL-1β by ELISA to confirm the oxidative stress and inflammation levels in injured cells, respectively.



Statistical Analysis

All experimental data were analyzed by GraphPad Prism 5.0 and plotted as the mean ± standard error of the mean (SEM). Results were performed through one-way analysis of variance (ANOVA) and Dunnett's Multiple Comparison test to determine statistical significance; P-values less than 0.05 were defined as statistically significance.




Results


SL Reduced the Degree and Scope of Myocardial Ischemia on Anesthetized Dogs

An EECG was performed to determine the real-time effect of SL on myocardial ischemic dog hearts. After ligation of LAD in the MI group, the ischemia degree (Σ-ST) increased markedly and continued to increase during the entire process (Figure 2A). Compared to the MI group, the Σ-ST significantly decreased after 66 mg/kg of SL (P < 0.05). At 180 min after administration, the ischemia degree of dogs treated with 66 mg/kg and 132 mg/kg of SL was reduced by 89% and 80%, respectively. Similarly, the ischemia scope (N-ST) significantly decreased after the administration with 66 mg/kg of SL at 15 and 30 min (P < 0.05, Figure 2B).




Figure 2 | Effects of Shenlian extract (SL) on myocardial ischemia in anesthetized dogs. (A) Effects of SL on the degree (Σ-ST) of myocardial ischemia indicated by epicardial electrocardiogram (EECG). (B) Effects of SL on the scope (N-ST) of myocardial ischemia as indicated by EECG. (C) Effects of SL on the area of myocardial infarction, represented by N-BT staining of the myocardial infarct. (D) Effects of SL on the infarction area, quantification of infarction area. Results represent mean ± SEM, n = 6. Statistical analysis was performed by one-way ANOVA, followed by Dunnett's Multiple Comparison test. *P < 0.05, *** P < 0.001 versus myocardial ischemia (MI) group.





SL Reduced the Area of Myocardial Ischemia on Anesthetized Dogs

The myocardial infarction size was estimated by quantitative histological N-BT staining. Visually, the infarction size of the SL treatment groups was smaller than that of the MI group (Figure 2C). Compared to the MI group, the percentage of ventricular infract size in the SL 132mg/kg group was 11.4 ± 5.1%, which was significantly reduced (P < 0.05, Figure 2D), and that in the SL 66mg/kg group was significantly reduced to 12.0 ± 9.1% (P < 0.05). In contrast, the whole heart infarct size was 3.8 ± 1.8% in the SL 132mg/kg group and 3.5 ± 2.7% in the SL 66mg/kg group. Overall, these data suggest that SL treatment attenuated myocardial injury in anesthetized dogs.



SL Alleviated Myocardial Ischemia–Reperfusion Injury in Isolated Rat Hearts

A self-made latex balloon connected to a pressure transducer was inserted into the left ventricle. The left ventricular pressure curve was recorded to evaluate heart function in the dogs. During the process of ischemia–reperfusion injury, KH solution was injected into the balloon to make the LVEDP between 0-10 mmHg. The normal value of the LVSP was 50-60 mmHg when the heart was perfused and balanced for 15 min, but LVSP had no significant change of the SL treatment groups compared with the I/R group (Figure 3A). After 30 min of ischemia, 448 mg/kg of SL induced a significant increase in LVEDP compared with the I/R group (P < 0.05, Figure 3B). The myocardial diastolic function was reflected by ± dp/dtmax during the isovolumic contraction phase. The data suggest that there was a significant decreased in both in + dp/dtmax and – dp/dtmax in the SL 224 mg/kg group compared with the I/R group (P < 0.05, Figures 3C, D).




Figure 3 | Effects of Shenlian extract (SL) on left ventricular function in isolated rat hearts. (A) Changes in the left ventricular systolic pressure (LVSP) by myocardial ischemia and reperfusion by MP150 detection. (B) Changes in left ventricular end diastolic pressure (LVEDP) by myocardial ischemia and reperfusion by MP150 detection. (C) Changes in + dp/dtmax by myocardial ischemia and reperfusion calculated by left ventricular pressure curves. (D) Changes in -dp/dtmax by myocardial ischemia and reperfusion calculated by left ventricular pressure curves. Results represent mean ± SEM, n = 8. Statistical analysis was performed by one-way ANOVA, followed by Dunnett's Multiple Comparison test. * P < 0.05, *** P < 0.001 versus the ischemia reperfusion (I/R) group.





SL Protected the Myocardium From Ischemia–Reperfusion Injury by Elevating The Concentration of NF-κB in Isolated Rat Heart

After ischemia and 30 min of reperfusion, myocardial homogenate was made from the heart to detect the biochemical parameters. The levels of LDH, IL-1β and NO were markedly increased (P < 0.001, Figures 4A, C, D), indicating obvious myocardial injury after the myocardial ischemia–reperfusion. After SL administration, LDH, IL-1β and NO were markedly decreased compared with the I/R group (P < 0.001). No differences in MDA concentration between the groups (Figure 4B). Collectively, the above-mentioned results suggest that SL treatment protected the isolated heart.




Figure 4 | Effects of Shenlian extract (SL) on biochemical parameters in isolated rat hearts. (A) Effect of SL on lactate dehydrogenase (LDH) contents in isolated rat hearts. (B) Effect of SL on malondialdehyde (MDA) contents in isolated rat hearts. (C) Effect of SL on interleukin (IL)-1β contents in isolated rat hearts. (D) Effect of SL on nitric oxide (NO) contents in isolated rat hearts. (E) Effect of SL on nitric oxide synthase e(NOS) contents in isolated rat hearts. (F) Effect of SL on iNOS contents in isolated rat hearts. (G) Effect of SL on NF-κB contents in isolated rat hearts. (H) Effect of SL on PI3K contents in isolated rat hearts. Results represent mean ± SEM, n = 8. Statistical analysis was performed by one-way ANOVA, followed by Dunnett's Multiple Comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001 versus the ischemia reperfusion (I/R) group.



NO regulates blood pressure and maintains blood flow distribution in tissues and organs through vasodilatation. Additionally, NO directly participates in the inflammatory response, and inhibits platelet aggregation and adherence of neutrophils. Some studies have found that the metabolites of NO have strong cytotoxicity and damage cells (Yamaoka et al., 2002). Our results displayed a marked decrease in NO (P < 0.001) compared with I/R after SL treatment (Figure 4D), evidencing effective control of the typical inflammatory response. Endothelial nitric oxide synthase (eNOS), as an isozyme of NOS, is one of key factors that regulates vascular function. Through production of. NO causes angiectasis and superoxide, which causes vasoconstriction (Lisakovska et al., 2017). Simultaneously, inducible NO synthase (iNOS), another isozyme of NO, is the primary rate-limiting enzyme of the inflammatory response. iNOS and eNOS were significantly decreased in the SL groups compared with the I/R group (P < 0.05, Figures 4E, F), indicating that SL protected the heart by regulated vascular function.

The PI3K/Akt signaling pathway regulates cardiac function through endothelial cells migration, angiogenesis, ventricular remodeling, and other mechanisms. Akt is phosphorylated after abnormal activation of PI3K pathway, which in turn activates the expression of NF-κB. As NF-κB is a key factor in regulation of the inflammatory signaling networks, the activation of NF-κB not only up-regulates the expression of many pro-inflammatory genes encoding inflammatory mediators and cytokines, including IL-1β, IL-1, and TNF-α, but also activates related enzymes, such as iNOS and vascular cells adhesion molecules, regulating the production of NO, and amplifying the cascade of the inflammatory responses. Our study showed that NF-κB expression was significantly decreased (P < 0.05) in the SL 448 mg/kg group compared with the I/R group (Figure 4G), but there was no change in the concentration of PI3K between groups (Figure 4H). Collectively, SL had a protective effect against NF-κB, similar to the effect against IL-1β. Therefore, SL likely protected against ischemia–reperfusion injury through NF-κB pathway.



SL Protected H9c2 Cells From H2O2-Induced Damage

Based on the results in anesthetized dogs and isolated rat hearts, H9c2 cells induced by H2O2 were used to identify key targets responsible for the effect of SL. After H2O2-induction, LDH concentration increased significantly compared with the untreated group (P < 0.001, Figure 5A). After SL treatment, LDH significantly decreased in the SL 50 μg/mL (P < 0.001) and 25 μg/mL (P < 0.01) groups compared with the H2O2 group. Similar to the LDH contents, NO and IL-1β expression decreased significantly in the SL 50 μg/mL (P < 0.001) and 25 μg/mL (P < 0.01) groups compared with the H2O2 group (Figures 5B, C). These results revealed that SL could reduce the concentration of cellular damaged indicators, and effectively protect the cells from injury and inflammatory response.




Figure 5 | Effect of Shenlian extract (SL) on H2O2-induced damage in H9c2 cells. (A) Effect of SL on lactate dehydrogenase (LDH) contents in H9c2 cells by H2O2-induction for 6 h. (B) Effect of SL on nitric oxide (NO) contents in H9c2 cells by H2O2-induction for 6 h. (C) Effect of SL on interleukin (IL)-1β contents in H9c2 cells by H2O2-induction for 6 h. (D) Effect of SL on p-IκB in H9c2 cells by H2O2-inductionfor 6 h by Bio-Plex array analysis. (E) Effect of SL on p-MEK1 in H9c2 cells by H2O2-induction for 6 h by Bio-Plex array analysis. (F) Effect of SL on p-Stat3 in H9c2 cells by H2O2-induced for 6 h by Bio-Plex array analysis. Results represent mean ± SEM of three independent experiments. Statistical analysis was performed by one-way ANOVA, followed by Dunnett's Multiple Comparison test. **P < 0.01, ***P < 0.001 the H2O2-induced (H2O2) group.





NF-κB Was One of the Important Pathways for the Protective Effect of SL Against Myocardial Ischemic Injury

The phosphorylation levels of eight related signal transduction proteins were detected to explore the mechanism of SL treatment. The phosphorylation levels of IκB-α in H2O2 group were significantly increased compared with the untreated group, and 25 μg/mL of SL could reduce the expression of p-IκB-α compared with the H2O2 group (P < 0.01, Figure 5D). However, there were no significant changes in p-ERK1/2, p-p38 MAPK, p-c-JUN, p-IGF-IR, and p-Akt expression. And the expression of p-Stat3 (P < 0.001) and p-MEK (P < 0.01) were significantly decreased after 25 μg/mL of SL compared with H2O2 group (Figures 5E, F).

SL can reduce the expression of p-IκB-α in H2O2-induced cells via IKK kinase activity or protein degradation. Based on the SL-inhibited phosphorylation of IκB, further studies using the proteasome inhibitor, MG132, and IKK inhibitor, parthenolide, were conducted to observe the protective effect of SL in H2O2 stimulated H9c2 cells. The results suggest that 5 μM of MG132 partially reversed the inhibitory effect of SL on the expression of F-actin in H2O2-induced cells (Figure 6A), and increased NO and IL-1β in the cell supernatant. At a dose of 10 μM of MG132, SL completely reversed the effect of H2O2 induction, and significantly increased NO and IL-1β contents compared with 25 μg/mL of SL (P < 0.05, Figures 6B, C). In contrast, 5 μM and 10 μM of parthenolide had no significant effect on SL. These data suggest that the regulation of NF-κB by SL primarily affects the degradation of IκB by proteasome, leading to the inhibition of the nuclear translocation of NF-κB, which affects the activation of NF-κB pathway. This is independent of IKK kinase.




Figure 6 | Shenlian extract (SL) affects the degradation of IκB by the proteasome in the NF-κB pathway. (A) The expression of F-actin after the proteasome inhibitor, MG132 (5μM, 10μM), and IKK inhibitor, parthenolide (5μM, 10μM), were added to cultivate cells for 12 h before drug treatment. Staining with fluorescently labeled phalloidin, which is displayed in green, clearly shows the distribution of F-actin in the cells. Representative image chosen by 5 visual fields and photos by Laser Scanning Confocal Microscope. (B) Effect of SL on nitric oxide (NO) in by H2O2-induced cells with the added proteasome inhibitor and IKK inhibitor in H9c2 cells for 6 h. (C) Effect of SL on interleukin (IL)-1β contents in H2O2-induced H9c2 cells for 6 h with the added proteasome inhibitor 2 and IKK inhibitor. (B, C) represent the mean ± SEM of three independent experiments. Statistical analysis was performed by one-way ANOVA, followed by Dunnett's Multiple Comparison test. * P < 0.05 versus the SL 25 μg/mL group.






Discussion

Previous studies have shown that SL inhibits and stabilizes atherosclerosis plaques through inflammatory reactions and plaque destabilization, which inhibits the expression of the inflammatory mediators, IL-10 and MCP-1, further increasing the expression of the metabolite of inflammatory dispersalin, LXA4 (Li et al., 2011). Furthermore, Guo Y (Guo et al., 2016) concluded that SL inhibits the formation of atherosclerotic plaques in the carotid artery and reduces the degree of lesions in ApoE–/– mice. SL regulates lipid metabolism by reducing the inflammatory biomarkers such as TC, TG and LDL. Meanwhile, by established an EC-SMC-MC co-culture system, the study showed that tanshinone IIA, an active ingredient of SL, exhibited significant efficacy against atherosclerosis and inhibited the inflammatory MMP-2 and NF-κB pathway (Li et al., 2015). SL plays a role in protecting against atherosclerosis by intervening against plaque formation and plaque instability.

This is the first report on the direct protection of SL against myocardial ischemic injury. This protective effect was observed, and its mechanism was preliminarily explored. In the animal models, SL treatment in anesthetized dogs and Langendorff-perfused rats had a significant protective effect on myocardial ischemia injury. Detection of markers of inflammation in isolated hearts highlights that SL protects against myocardial injury induced by ischemia via the NF-κB pathway. This result was further verified in H2O2-induced cells, which indicated that degradation of IκB was a core target for SL.

We successfully established a LAD coronary artery ligation model on anesthetized dogs, and data were gathered from an EECG to calculate the degree and scope of the ST segment. The ST segment increased a degree in the MI group and reduced in the N-ST scope. The myocardial tissue was collected to detect the myocardial infarction size by N-BT staining. The myocardial infarction size was significantly decreased after SL treatment with a 10% decreasing amplitude. As a whole, SL had a protective effect on the ischemic heart and could reduce myocardial infarct size.

In another experiment, the Langendorff-perfused rat heart model was established, and we found that SL also had a same effect on isolated rat hearts by monitoring the parameters of the left ventricular function. As indicators of reflecting and evaluating left ventricular systolic and diastolic function, LVEDP and ± dp/dtmax, respectively, improved the heart function of the SL treatment after perfusion, which verified the protective effect of SL. In general, SL improved myocardial contractility to ensure well supplied blood to the heart.

Previous pathological studies have shown that IHD and acute myocardial infarction, as main clinical manifestations, have increasingly become a major cause of death (Zhao et al., 2019). IHD and acute myocardial infarctions are associated with atherosclerosis (Esper and Nordaby, 2019), a chronic inflammatory disease that is characterized by the development of cholesterol-rich arterial plaques (Stary et al., 1994) due to several factors, such as hyperlipidaemia, inflammation, oxidative stress, and immune cell infiltration (Viola and Soehnlein, 2015; Libby et al., 2016). Ischemia and necrotic cardiomyocytes would trigger early inflammation through IL-1β signaling and the NF-κB pathway (Latet et al., 2015; Sager et al., 2017; Michels et al., 2019). In the present study, inflammation markers were detected by related kits in isolated hearts, and the results indicated that SL could interfere with myocardial injury under ischemia–reperfusion conditions. SL inhibited the increase in LDH and IL-1β, which may be related to the inflammatory response and lipid peroxidation. Additionally, when cells are stimulated by inflammatory factors, they can produce a large amount of NO. NO is a free radical that can react with a superoxide anion to form a highly oxidized peroxynitrite anion (ONOO-), which causes lipid peroxidation and directly damages endothelial cells (Szabó et al., 1996). NO can also increase the expression of adhesion molecules and inflammation factors (Bonafede and Manucha, 2018). In addition, excessive peroxynitrite further leads to increased levels of nitrative tyrosine and decreased biological activity of NO, further causing DNA damage (Nowak et al., 2017). Our study showed that SL had a protective effect against increasing NO levels in myocardial ischemia injury, and had a significant improvement in nitrogen oxidative stress. Similarly, SL treatment groups had significantly decreased levels of eNOS and iNOS compared with the I/R group.

NF-κB is a key factor in the regulation of the inflammatory signaling networks, and the PI3K/Akt signaling pathway may activate NF-κB. For these reasons, our study detected the expression of related inflammatory factors on the PI3K pathway. NF-κB and IL-1β contents were significantly decreased in the SL treatment groups; however, there was no change in PI3K levels. These findings suggested that SL may protect against myocardial ischemia injury by affecting the NF-κB pathway, further regulating the level of the inflammatory response.

Large amounts of ROS, which is one of the main factors of myocardial cells death, can be produced during myocardial ischemia and reperfusion. H2O2 can simulate the pathological process to establish an ideal model for I/R in vitro. Our study used optimized H9c2 cell and stimulated oxidative stress by treating with H2O2. This H2O2-induced injury model has been shown in previous studies (Li Y. et al., 2016). H2O2, a source of ROS, can directly oxidize lipids and proteins on cell membranes. H2O2 can generate more active free radicals such as ·OH through reacting with iron ions, then induced cell apoptosis or necrosis. After H2O2-induction, the present study found that LDH, NO, and IL-1β contents had a significant decreased in the SL groups compared with the H2O2-induced group, which is consistent with the results found in the isolated heart. On this basis, Bio-Plex array analysis was used to further investigate the phosphorylation of related signal molecules and the intervention of SL, which explored eight phosphorylated signaling molecule: p-IκB, p-ERK1/2, p-p38 MAPK, p-Stat3, p-c-JUN, p-IGF-IR, p-MEK, and p-Akt. Twenty-five micrograms per millilitre of SL reduced p-IκB compared with the H2O2 group, which indicated that p-IκB was a core point for SL to inhibit myocardial ischemic injury.

Our study used the proteasome inhibitor, MG132, and the IKK kinase inhibitor, parthenolide, to observe NF-κB activation pathway. The results showed that MG132 at 5 μM partially reversed the inhibitory effect of SL on the expression of F-actin in H2O2-induced cells. The effect on NO and IL-1β also decreased; however, parthenolide had no significant effect on the SL-induced response. The results indicated that SL play its role may be mainly related to mechanism modulating degradation of IκB, and affected the activation of NF-κB pathway indirectly.



Conclusion

In conclusion, SL had a protective effect on myocardial ischemic injury. This conclusion was supported in three ways. First, SL effectively protected the degree and scope of myocardial ischemia and significantly decreased the area of myocardial infarction. SL maintained decent blood supply to the heart by improving myocardial contractility. Second, SL regulated the immune system by effectively reducing IL-1β, NO, iNOS, and eNOS contents. This result suggests modulation of the NF-κB pathway. Finally, SL primarily affected the degradation of IκB by proteasome, as shown through an inhibition study, in an IKK-independent manner. This reduction in IκB degradation caused by SL prevented the nuclear translocation of NF-κB, which affected the activation of the NF-κB pathway. As shown in the myocardial ischemia models of our study, the intervention of inflammatory response may be the core mechanism by which SL played its therapeutic effect. The present results showed that SL could protect against the common pathological cycle between the different stages of atherosclerosis and inflammation. These studies may provide new ideas and tools for intervention of myocardial ischemia cardiovascular disease, and be helpful in the prevention and treatment of cardiovascular diseases in the future.
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Objective: Dazhu hongjingtian [DZHJT, Rhodiola wallichiana var. cholaensis (Praeger) S.H. Fu] preparation as an add-on therapy has been applied to the treatment of angina pectoris. We aimed to evaluate the efficacy and safety of DZHJT as adjuvant therapy for the treatment of unstable angina pectoris (UAP).

Methods: An extensive literature search was conducted on PubMed, Emase, Cochrane Library, Wanfang, CNKI, and VIP databases from inception to January 2019. Randomized controlled trials (RCTs) comparing DZHJT in combination with Western medicine with Western medicine alone were included. Two authors independently performed the literature search, data extraction and risk of bias assessment of included studies, and conducted the statistical analysis.

Results: A total of 18 RCTs involving 1,679 patients were included in the meta-analysis. Adjuvant treatment with DZHJT significantly decreased ≥80% reduction in the frequency of angina attacks [risk ratio (RR) 1.57; 95% CI 1.36–1.81], weekly frequency of angina attacks [mean difference (MD) −1.03 times; 95% confidence interval (CI) −1.51 to −0.55], marked improved abnormal electrocardiogram (RR 1.46; 95% CI 1.23–1.74). In addition, DZHJT significantly reduced the whole-blood viscosity (MD −0.70 mPa.s; 95% CI −0.84 to −0.55), plasma viscosity (MD −0.28 mPa.s; 95% CI −0.38 to −0.19), serum level of fibrinogen (MD −0.67 g/L; 95% CI −0.79 to −0.54), thromboxanes B2 (MD −14.01 ng/L; 95% CI −20.86 to −7.15), and C-reactive protein (MD −1.48 mg/L; 95% CI −2.72 to −0.25). No significant differences in headache/dizziness (RR 0.72; 95% CI 0.31–1.67) were observed between two groups.

Conclusion: Adjuvant treatment with DZHJT has an add-on effect in reducing angina pectoris attacks in patients with UAP. The beneficial effect may be correlated with regulating whole-blood viscosity, plasma viscosity, fibrinogen, thromboxanes B2, and CRP level. However, future well-designed prospective, randomized, double-blind placebo-controlled trials with large sample sizes are required to evaluate the evidence.

Keywords: Dazhu hongjingtian, Rhodiola wallichiana, unstable angina pectoris, angina attacks, blood rheology, meta-analysis


INTRODUCTION

Angina pectoris is a symptomatic condition characterized by chest pain attacks. It is clinically classified into stable angina pectoris (SAP) and unstable angina pectoris (UAP). UAP is a type of acute coronary syndrome characterized by an attack at rest and severe, prolonged, and frequent or newly developed angina pectoris (Basra et al., 2016). The population weighted prevalence of UAP is 5.7% in men and 6.7% in women (Hemingway et al., 2008). UAP is associated with higher risk of acute myocardial infarction and sudden death. The current therapeutic strategy of angina pectoris mainly includes anti-ischemia, anti-thrombosis, and anti-platelet or revascularization procedures (Parikh and Kadowitz, 2014; Silva et al., 2015).

Dazhu hongjingtian (DZHJT)/Rhodiola wallichiana var. cholaensis [Praeger] S.H. Fu (R. wallichiana var.) has been frequently introduced to patients with angina pectoris in China (Fan et al., 2005). R. wallichiana var. is used for preparing DZHJT injection/capsule preparation, extracted from the root and rhizome. These preparations (detailed information of DZHJT is provided in Supplemental Text S1) have been approved by the Food and Drug Administration of China. Cardiovascular effects of DZHJT have been described in the dilation of cardiac vessels and reduction of myocardial oxygen consumption (Zhang et al., 2005). In addition, DZHJT also has anti-inflammatory activity (Choe et al., 2012), anti-diabetic effect (Gao et al., 2009), and sedative–hypnotic property (Li et al., 2007). Clinically, DZHJT is mainly used to treat angina pectoris (Jiang and Pan, 2012). A previous well-designed meta-analysis (Chu et al., 2014) has demonstrated the beneficial effects of DZHJT in SAP patients. Several clinical studies (Yu et al., 2011; Chen, 2013; Zhang, 2013; Cao et al., 2014; Jia and Wang, 2014; Li and Zhao, 2014; Shen et al., 2014) have investigated the add-on effects of the DZHJT in patients with UAP, but the findings were limited by small sample sizes and varying study quality. Therefore, we conducted this meta-analysis of randomized controlled trials (RCT) to assess the efficacy and safety of DZHJT as adjuvant therapy for patients with UAP.



MATERIALS AND METHODS


Literature Search

We conducted this meta-analysis following the checklists of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Guidelines (Liberati et al., 2009). This meta-analysis was registered in the PROSPERO international database of prospectively registered systematic reviews (PROSPERO CRD42018111885). Two authors systematically searched PubMed, Embase, Cochrane Library, China Science and Technology Journal Database (VIP), China National Knowledge Infrastructure (CNKI), and Wanfang Database and from inception to January 2019. The searching items for English medical literature were “unstable angina pectoris” OR “angina” OR “acute coronary syndrome” AND “rhodiola” OR “hong jing tian” OR “hongjingtian” AND “randomized controlled trial” OR “randomized” OR “randomized.” Chinese searching terms included “bù wěn dìng xíng xin jiǎo tòng” OR “unstable angina pectoris” AND “hóng jing tiān” OR “rhodiola” AND “suí ji” AND “duìzhào.” A manual search was performed using the reference lists of relevant articles.



Study Selection

Inclusion criteria were as follows: (1) study design was RCT; (2) patients diagnosed with UAP according to the guideline of the American College of Cardiology Foundation/American Heart Association (ACCF/AHA) (Braunwald et al., 2000), World Health Organization (Organization, 1979), European Society of Cardiology (ESC) (Fox et al., 2006) or Chinese Society of Cardiology (CSC) (Cardiology, 2000); (3) DZHJT in combination with conventional Western medicine vs. Western medicine alone; and (4) primary outcomes were ≥80% reduction in frequency of angina attacks weekly and marked improvement of abnormal electrocardiogram (restore normal or nearly normal defined by at least 0.05 mv restoration at ST segment). The secondary outcomes were the whole-blood viscosity, plasma viscosity, fibrinogen, thromboxanes B2, or C-reactive protein (CRP) and adverse events. Articles were excluded when: (1) diagnostic criteria for UAP were not specified; (2) patients have SAP; (3) combined application of DZHJT with other Chinese herbs as intervention.



Data Extraction and Quality Assessment

For the included trials, two authors independently extracted the data and assessed the methodological quality. Any disagreements in this process were resolved by discussion. The extracted data included the last name of the first author, year of publication, sample size, patients' age, diagnostic criteria, interventions (dose of DZHJT and course of treatment), outcome measures, and methodological information. We evaluated the methodological quality of the included trials according to the Cochrane risk of bias tool, which included selection bias, performance bias, detection bias, attrition bias, reporting bias, and other sources of bias. Each trial was categorized by “high,” “unclear,” or “low” risk of bias.



Statistical Analysis

The RevMan 5.2 software was used for the meta-analysis. We summarized as the risk ratio (RR) with 95% confidence intervals (CI) for dichotomous outcomes or mean difference (MD) with 95% CI for continuous outcomes. The Cochrane Q statistic and I2 index were applied to the analysis of heterogeneity across the studies. A random effect meta-analysis was conducted when the p-value of Cochrane Q statistic test is <0.10 and I2 >50%. Otherwise, we pooled the data by using a fixed-effect model. We used a funnel plot to examine the possible publication bias when the number of trials was sufficient. Leave-one-out sensitivity analysis was conducted to test the stability of the pooling results.




RESULTS


Search Results and Study Characteristics

In brief, our initial literature search yielded 615 potentially relevant articles. After screening the titles and abstracts, we retrieved 54 full-text articles for detailed evaluation. We further removed 36 articles on the basis of our predefined inclusion criteria. Thus, 18 articles (Yu et al., 2011; Chen, 2013; Zhang, 2013; Cao et al., 2014; Jia and Wang, 2014; Li and Zhao, 2014; Shen et al., 2014; Liu and Jiang, 2015; Wang et al., 2015; Weng et al., 2015; Zhai et al., 2015; Qin and Gao, 2016; Zhang and Lu, 2016; Du, 2017; Li, 2017; Li and Cheng, 2018; Wang and Yang, 2018; Zhang et al., 2018) were finally included in the meta-analysis (Figure 1).


[image: Figure 1]
FIGURE 1. Flow chart of studies selection process.


The main characteristics of the included trials are summarized in Table 1. A total of 1,679 patients with UAP were identified with eligible trials. All of the selected trials were published in Chinese medical databases from 2011 to 2019. Two trials (Shen et al., 2014; Liu and Jiang, 2015) used DZHJT capsule as intervention, and the others used DZHJT injection. The duration of intervention ranged from 10 days to 8 weeks. Main conventional Western medicines referred to treatment included aspirin, nitrates, β-blockers, calcium channel blockers, angiotensin converting enzyme inhibitors, angiotensin receptor blockers, low molecular weight heparin, and lipid-lowering agents. All of the 18 trials indicated randomization, but only 4 trials (Chen, 2013; Liu and Jiang, 2015; Zhai et al., 2015; Zhang and Lu, 2016) described the detailed method of randomization. None of the trials reported the allocation concealment, dropout or withdrawal. Figure S1 shows the detailed methodological quality of the included trials.


Table 1. Baseline characteristics of the included trials.
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Frequency of Angina Attacks

A total of 13 trials (Yu et al., 2011; Chen, 2013; Zhang, 2013; Cao et al., 2014; Jia and Wang, 2014; Liu and Jiang, 2015; Wang et al., 2015; Zhai et al., 2015; Zhang and Lu, 2016; Du, 2017; Li, 2017; Li and Cheng, 2018; Wang and Yang, 2018) selected ≥80% reduction in frequency of angina attacks as an outcome. As shown in Figure 2A, a fixed-effect model was applied because no heterogeneity was observed across trials (I2 = 0%, p = 0.63). Meta-analysis showed that adjuvant treatment with DZHJT significantly reduced the ≥80% reduction in frequency of angina attacks (RR 1.57; 95% CI 1.36–1.81). When we removed one trial (Yu et al., 2011) enrolling patients with age of more than 80 years, the pooled RR of ≥80% reduction in frequency of angina attacks was 1.52 (95% CI 1.31–1.76) in a fixed-effect model. Visual inspection of the funnel plot showed no evidence of publication bias (Figure S2). Five trials (Chen, 2013; Shen et al., 2014; Weng et al., 2015; Zhang and Lu, 2016; Li, 2017) reported the weekly frequency of angina attacks as an outcome measure. As shown in Figure 2B, a random effect model meta-analysis showed that adjuvant treatment with DZHJT was associated with a reduced weekly frequency of angina attacks [MD −1.03 times; 95% confidence interval (CI) −1.51 to −0.88; I2 = 84%, p < 0.001].


[image: Figure 2]
FIGURE 2. Forest plots showing comparison of ≥80% reduction in frequency of angina attacks (A) and weekly frequency of angina attacks (B) in patients with or without DZHJT treatment.




Abnormal Electrocardiogram

Nine trials (Chen, 2013; Zhang, 2013; Jia and Wang, 2014; Li and Zhao, 2014; Shen et al., 2014; Wang et al., 2015; Weng et al., 2015; Li, 2017; Wang and Yang, 2018) reported marked improvement of abnormal electrocardiogram as an outcome. As shown in Figure 3, a fixed-effect model meta-analysis indicated that adjuvant treatment with DZHJT was associated with marked improvement of abnormal electrocardiogram (RR 1.46; 95% CI 1.23–1.74; I2 = 0%, p = 0.93). No evidence of publication bias was observed based on the visual inspection of the funnel plot (Figure S3).


[image: Figure 3]
FIGURE 3. Forest plots showing comparison of marked improvement of abnormal electrocardiogram in patients with or without DZHJT treatment.




Serum Fibrinogen, Whole-Blood Viscosity, and Plasma Viscosity

As shown in Figure 4A, a fixed-effect model meta-analysis of five trials (Zhang, 2013; Li and Zhao, 2014; Liu and Jiang, 2015; Zhang and Lu, 2016; Zhang et al., 2018) indicated that adjuvant treatment with DZHJT significantly reduced serum fibrinogen level (MD −0.67 g/L; 95% CI −0.79 to−0.54; I2 = 26%, p = 0.25). As shown in Figures 4B,C, a random effect model meta-analysis showed that whole-blood viscosity (MD −0.78 mPa.s; 95% CI −1.14 to −0.41; I2 = 76%, p = 0.006); four trials (Zhang, 2013; Li and Zhao, 2014; Liu and Jiang, 2015; Zhang et al., 2018) and plasma viscosity (MD −0.28 mPa.s; 95% CI −0.38 to −0.19; I2 = 80%, p = 0.002); four trials (Zhang, 2013; Li and Zhao, 2014; Shen et al., 2014; Weng et al., 2015) were significantly reduced in the DZHJT combined with Western medicine group.


[image: Figure 4]
FIGURE 4. Forest plots showing comparison of the serum fibrinogen (A), whole-blood viscosity (B), and plasma viscosity (C) in patients with or without DZHJT treatment.




Serum Thromboxanes B2 and CRP Level

As shown in Figure 5A, a random effect model meta-analysis of three trials showed that DZHJT in combination with conventional Western medicine significantly decreased serum thromboxanes B2 level (MD −14.01 ng/L; 95% CI −20.86 to −7.15; I2 = 74%, p = 0.02); 3 trials (Shen et al., 2014; Li, 2017; Li and Cheng, 2018) compared with Western medicine alone. Moreover, Figure 5B shows that adjuvant treatment with DZHJT also significantly reduced serum CRP level (MD −1.48 mg/L; 95% CI −2.72 to −0.25; I2 = 94%, p < 0.001); three trials (Wang et al., 2015; Weng et al., 2015; Li, 2017) in a random effect model.


[image: Figure 5]
FIGURE 5. Forest plots showing comparison of the serum thromboxanes B2 (A) and C-reactive protein (B) level in patients with or without DZHJT treatment.




Adverse Events

Five trials (Yu et al., 2011; Weng et al., 2015; Zhai et al., 2015; Qin and Gao, 2016; Zhang et al., 2018) described the adverse events. The common adverse events were headache and dizziness. No severe adverse events were reported. The incidences of headache and dizziness was 3.75 and 5.06%, respectively. As shown in Figure 6, no significant differences were found in headache and dizziness (RR 0.72; 95% CI 0.31–1.67; I2 = 0%, p = 0.60) between two groups. When we excluded one trial (Yu et al., 2011) enrolling patients with age of more than 80 years old, the pooled RR of headache and dizziness was 0.56 (95% CI 0.19–1.63) in a fixed-effect model.


[image: Figure 6]
FIGURE 6. Forest plots showing comparison of incidence of headache/dizziness in patients with or without DZHJT treatment.





DISCUSSION

The main findings of this meta-analysis suggested that adjuvant treatment with DZHJT significantly reduced the frequency of angina attacks and restored the abnormal electrocardiogram. Moreover, whole-blood viscosity, plasma viscosity, fibrinogen, thromboxanes B2, and CRP levels were significantly lower after DZHJT in combination with Western medicine treatment compared with conventional Western medicine alone.

Haemostatic parameters mainly include fibrinogen level, whole-blood viscosity, plasma viscosity, and hematocrit. These haemostatic parameters are elevated in patients with UAP (Neumann et al., 1991). Whole-blood viscosity represents the frictional resistance of blood flow on the intimal wall of blood vessels. Fibrinogen plays a major determinant in platelet aggregation and blood viscosity, whereas increased whole-blood viscosity may lead to high shear forces at the vascular endothelium, contributing to plaque instability (Cowan et al., 2012). Elevated haemorheological parameters correlate with the increased risk of cardiovascular events (Di Minno and Mancini, 1990; Lowe et al., 1997; Marton et al., 2003). DZHJT has the action of removing stasis and stopping bleeding. Therefore, it can reduce the high blood viscosity associated with blood stagnation. Our meta-analysis indicated that adjuvant treatment with DZHJT significantly decreased the whole-blood viscosity, plasma viscosity, fibrinogen, and thromboxanes B2 level. DZHJT significantly reduced serum CRP level. In summary, the beneficial effect of DZHJT in patients with UAP may correlate with the capability to normalize blood rheology and reduce the inflammatory reaction. However, whether DZHJT can decrease the development of coronary artery disease requires further investigation.

Most of the included trials did not select adverse events as outcome measures. None of the included trials reported severe adverse events. Headache and dizziness were the most frequently reported adverse events among these included trials. Headache may be more closely correlated with the use of nitrates (Thadani and Rodgers, 2006). Nevertheless, our pooled results revealed no significant differences in headache and dizziness between two groups. The possible adverse events associated with DZHJT use require further monitoring.

Several limitations in this meta-analysis must be noted. Firstly, the overall methodological quality of the included trials was suboptimal. All the included trials were generally of small sample size and none of the trials mentioned the sample size calculation, allocation concealment, and withdrawal/dropout or adopted the blinded, placebo controlled designs. Secondly, Traditional Chinese Medicine (TCM) is a holistic system of medicine. However, most of the included trials did not consider syndrome differentiation in patient selection. TCM syndrome differentiation must be incorporated into the diagnostic process and DZHJT is suitable for blood stagnation syndrome. Thirdly, generalizing the current findings to patients with SAP must be with caution. Finally, the included trials did not report the long-term follow-up results, and whether adjuvant treatment with DZHJT can reduce the risk of future cardiovascular events is unknown.



CONCLUSIONS

This meta-analysis suggests that adjuvant treatment with DZHJT has an add-on effect in reducing the frequency of angina pectoris attacks among patients with UAP. The beneficial effect of DZHJT may be correlated with its function to regulate whole-blood viscosity, plasma viscosity, fibrinogen, thromboxanes B2 and CRP level. However, based on the existing evidence, no conclusion about the therapeutic benefits, limitations of use and potential risks can be drawn. Future well-designed prospective, randomized, double-blind placebo-controlled trials with large sample sizes are required to evaluate the evidence.
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Berberine, a quinoline alkaloid, can be used in combination with statins to enhance hypolipidemic effects and reduce the dose and side effects of statins. The hypolipidemic effects of statins in the liver are mainly regulated by organic anion transporting polypeptides (OATPs), and the expression of OATPs is regulated by nuclear receptors. Berberine has been reported to affect nuclear receptors. However, whether berberine affects the uptake of statins by regulating nuclear receptor-mediated expression of OATPs remains to be determined. The aim of this study was to investigate the effects of berberine on the expression of OATP1B1 in HepG2 and explore the underlying mechanism. In HepG2 cells, 10–50 μM berberine significantly increased the uptake of rosuvastatin by inducing the expression of OATP1B1 mRNA and protein. Dual-Luciferase reporter assay showed that luciferase activity of hFXR and hLXRα activated OATP1B1 promoter was increased by 2.5–50 μM berberine in a concentration-dependent manner, with half-maximal effective concentration (EC50) of 12.19 ± 0.86 and 32.15 ± 2.32 μM, respectively. In addition, after silencing FXR or LXRα by small interfering RNA (siRNA), berberine-induced OATP1B1 expression was significantly attenuated. Western blot analysis of FXR and LXRα protein levels in the cytoplasm and nucleus of HepG2 cells after treatment with berberine showed that berberine induced nuclear translocation and activation of FXR and LXRα. In conclusion, berberine-induced nuclear translocation of FXR and LXRα could activate OATP1B1 promoter, resulting in enhanced expression of OATP1B1 and increased uptake of rosuvastatin.
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Introduction

Statins have been widely used as lipid-lowering drugs because they are inhibitors for hydroxyl methylglutaryl coenzyme A (HMG-CoA) reductase. The combination therapy of statins with bile acid sequestrants, niacin, or ezetimibine have significantly improved efficacy in the treatment of hyperlipidemia (Knapp et al., 2001; Wolfe et al., 2001; Robinson and Davidson, 2006; Huijgen et al., 2010). However, combination therapy have the possibility to increase adverse effects such as muscle toxicity and myopathy, which may be associated with drug interactions mediated by organic anion transporting polypeptide (OATP) transporters (Staffa et al., 2002; Shitara and Sugiyama, 2006; Kitamura et al., 2008; Kunze et al., 2014).

Pregnane X receptor (PXR), constitutive androgen receptor (CAR), farnesoid X receptor (FXR), and liver X receptor α (LXRα) are members of constitutive and ligand-activated nuclear receptor superfamily and play a crucial role in regulating target genes involved in drug metabolism and transport (Urquhart et al., 2007; Staudinger et al., 2013). FXR and LXRα have been characterized as transcriptional factors which regulate the expression of OATP1B1 (Meyer Zu Schwabedissen et al., 2010). Rifampicin significantly increases the expression of OATP1B1 protein and mRNA in hepatocytes by activating PXR (Jigorel et al., 2006).

Berberine is a compound isolated from traditional Chinese medicines and exerts a variety of pharmacological effects such as anti-diabetes, immunoregulation, anti-hypertension, anti-arrhythmia, and lipid-lowering (Lau et al., 2001; Kong et al., 2004; Kong et al., 2009; Gu et al., 2015; Montes et al., 2019; Neag et al., 2018; Belwal et al., 2020;). In addition, berberine regulates metabolic enzymes and transporters to affect the absorption, distribution and metabolism of endogenous and exogenous substances in vivo. Berberine increased the blood concentration of cyclosporine A in renal transplanted patients by inhibiting CYP3A4 (Wu et al., 2005). Moreover, berberine can regulate the absorption and metabolism of dextromethorphan, losartan, and midazolam in healthy human by suppressing the activity of CYP2D6, 2C9, and 3A4 (Guo et al., 2012). Berberine-activated LXRα increased the expression of ABCA1 transporter and reduced the accumulation of low-density lipoprotein cholesterol (LDL-c) in macrophages to prevent the formation of foam cells (Lee et al., 2010). Berberine-disrupted STAT5 signaling promoted Ntcp/NTCP expression, resulting in enhanced bile acid uptake (Bu et al., 2017). In addition, berberine-activated RXRα/FXR and RXRα/LXR heterodimers enhanced luciferase activity of FXRE and LXRE (Ruan et al., 2017). Recently, combination of statins and berberine has been clinically used to treat hyperlipidemia. Kong et al. demonstrated that combined use of simvastatin and berberine significantly reduced LDL-c levels in rats and hyperlipidemia patients and adverse effects compared to monotherapy (Kong et al., 2008). The combination of berberine and simvastatin remarkably attenuated adverse effects such as rhabdomyolysis and improved the efficacy and safety of treatment (Bei-Bei et al., 2009; Li et al., 2019). Therefore, we speculated that berberine could induce the expression of OATP1B1 transporter through nuclear receptors and boosts the uptake of statins by hepatocytes, thereby improving the lipid-lowering efficacy in combination treatment. Notably, rosuvastatin is not metabolized by CYP450 but is transported by OATP (White, 2002). Therefore, in this study we used rosuvastatin to avoid the interference by CYP450 and used HepG2 cell as the model to investigate the effects of berberine on the expression of OATP1B1 and explore the underlying mechanisms.



Materials and Methods


Chemicals

Berberine (purity 98.0%), atorvastatin [internal standard (IS) for rosuvastatin, purity 95.3%], and rosuvastatin (purity 97.6%) were obtained from the National Institutes for Food and Drug Control Products (Beijing, China). GW4064 (purity 99.80%) and GW3965 (purity 99.09%) were purchased from SelleckChem (Houston, TX, USA). Rifampicin (RIF, purity 97.0%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). CITCO (purity 98.0%) was purchased from APExBIO (Beijing, China). FXR, LXRα, OATP1B1, and GAPDH oligonucleotide primers were synthesized by Sangon Biotech Co., Ltd (Shanghai, China). The Dual-Luciferase reporter assay system was purchased from Promega (Madison, WI, USA). Lipofectamine 3000 were purchased from Thermo Fisher Scientific (New York, USA). Rabbit polyclonal antibodies to OATP1B1 (catalog: DF4534), LXRα (catalog: DF6864) and GAPDH (catalog: AF0911) were purchased from Affinity Biosciences (Cincinnati, OH, USA). Rabbit polyclonal antibody to FXR (catalog: ab235094) was purchased from Abcam (Abcam, Cambridge, MA). HANK’s balanced salt mixture (supplemented with Mg2+ and Ca2+) and 1 mol/L HEPES were supplied by Solarbio (Beijing, China). All other chemicals were of analytical grade and were commercially available. Berberine, GW3964 and GW4064 were all dissolved in dimethylsulfoxide (DMSO) to prepare stock solutions of 10 mM. The working solutions were obtained by diluting the stock solutions with DMEM medium and final concentrations of DMSO were no more than 0.1%.



Plasmids and Small Interfering RNAs

The pTracer-hFXR, pTracer-hLXRα, and empty pTracer-CMV2 vector were purchased from Maijie Biotech (NanTong, China). The pGL3-OATP1B1 reporter plasmid containing LXRα response element(−128 to +53 bp) and FXR response element (−3040 to −4070 bp) fragment of the SLCO1B1 5′-UTR was constructed by Maijie Biotech (NanTong, China). (Meyer Zu Schwabedissen et al., 2010) The small interfering rnas (siRNAs) against hFXR (5′-GAGGAUGCCUCA-GGAAAUA-3′) and hLXRα (5′-AACTCAATGATGCTGAGTT-3′) and negative control scramble siRNA were purchased from Maijie Biotech (NanTong, China).



Cell Culture

The human liver carcinoma cell line HepG2 was provided by Novo Biotechnology (Shanghai, China) and cultured in Dulbecco’s modified Eagle medium (DMEM, Solarbio Co., Ltd, Beijing, China) supplemented with 10% fetal bovine serum (FBS, Biological Industries, Israel) as described previously (Zhong et al., 2018). Cells were cultured to 70%–80% confluency and then treated with the chemicals for 24 h, and cells treated with 0.1% DMSO (generally considered noncytotoxic) were used as the blank control.



Real-Time PCR

Total RNA was isolated from HepG2 cells using EasySpin cell RNA extraction kit (Aidlab Biotechnologies Co., Ltd, Beijing, China) following the manufacturer’s instruction. RNA (1.5 μg) was first reverse-transcribed into cDNA using Transcriptor First-strand cDNA Synthesis Kit (TransGen Biotech. Beijing, China), and real-time PCR was performed using Premix Ex Taq™ Probe qPCR (TaKaRa Biotech, Kyoto, Japan) following the manufacturer’s instructions. The following primers were used: OATP1B1, 5′- ACCTGCTAGA CAGGGTGAGAT-3′ (forward) and 5′- ACCTGCTAGACAGGG-TGAGAT-3′ (reverse); FXR, 5′- TCAGCCAAC ATTCCCATC-3′ (forward) and 5′- CCTGTGACAAAGAAGCCG-3′ (reverse); LXRα, 5′-CCACTGCCCCATGGACA-CCT-3′ (forward) and 5′- TGTTCCTCCTCT TGCCGCTTC-3′ (reverse); GAPDH, 5′- CAGGGCTGCTTTTAACTCTGGT-3′ (forward) and 5′- GATTTTGGAGGGA-TCTCGCT-3′ (reverse). The data were calculated according to the comparative △△CT method and presented as relative fold of the control.



Western Blot Analysis

Cells were lysed with RIPA buffer (Applygen Gene Technology Co., Ltd. Beijing, China), and the nuclear and cytoplasmic proteins were separated and extracted using a nuclear and cytoplasmic extraction kit (Boster, Wuhan, China) according to the manufacturer’s instructions. Protein concentrations were quantified with BCA protein assay kit (Vazyme Biotech, Nanjing, China). Proteins (20 μg/sample) were separated using 10% SDS–PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes. Subsequently, the membranes were blocked for 2 h with 5% skim milk and then incubated overnight at 4°C with primary antibodies. The membranes were washed in TBS and then incubated with horseradish peroxidase-conjugated anti-rabbit or anti-rat IgG antibody (Santa Cruz, CA, USA) for 1 h at room temperature. GAPDH and Lamin B1 were used as loading controls. The bands were detected using a Bio-Rad ChemiDoc XRS imaging system (Bio-Rad Laboratories).



Rosuvastatin Uptake Assay

Rosuvastatin uptake assay in HepG 2 cells was performed as previously described (Li et al., 2012). Briefly, the cells were seeded at 2 × 105/well into 24-well plates and cultured for 24 h, and then treated with a medium containing berberine or a blank control (0.1% DMSO) at 37°C for 24 h. In the uptake experiments, cells were washed three times with HBS–HEPES (99:1) uptake buffer at 37°C, and then the cells were incubated for 10 min in uptake buffer containing 20 μM rosuvastatin. After the incubation, the buffer was quickly aspirated, the cells were washed three times with ice-cold HBSS–HEPES buffer, and repeatedly thawed three times at −80°C and room temperature. Finally, 100 μl cell lysate was spiked with 20 μl IS (10 ng/ml atorvastatin), and 200 μl methanol was added. The mixture was then vortexed for 1 min and centrifuged at 10,000g for 10 min, with an aliquot (10 µl) automatically injected into the LC-MS/MS system for analysis, and protein content was determined by BCA method. Three independent experiments were performed in triplicates.



Quantification of Rosuvastatin by LC-MS/MS

The concentration of rosuvastatin in cells was determined by LC-MS/MS system consisted of Shimadzu LC-20AB pumps (Shimadzu Corporation, Kyoto, Japan) and an AB SCIEX API 4000 mass spectrometer (Applied Biosystems/SCIEX, Foster, CA, USA). Data acquisition was performed using Analyst 1.6.1 software (AB SCIEX). Chromatographic separation was achieved on a Luna C18 column (50 × 2.0 mm i.d., 5 µm; Phenomenex Technologies). The mobile phase consisted of 10-mM ammonium formate (A) and acetonitrile (B) using a gradient elution of 40-90% B at 0.0–1.0 min, 90%–90% B at 1.0–2.5 min, and 40%–40% B at 2.51–3.5 min. The flow rate was 0.4 ml/min, the operating temperature was 25°C.

Samples were ionized utilizing an electrospray-ionization probe in the positive-ion mode, and quantification was performed using the multiple-reaction monitoring (MRM) method, with the precursor-to-product transition being m/z 482.3→258.2 for rosuvastatin and m/z 559.2→440.0 for atorvastatin (IS). Nitrogen was used as the curtain and auxiliary gas, and air was used as the nebulizer gas under the following conditions: curtain gas, 40 psi; ion-spray voltage, 5500 V; nebulizer gas, 50 psi; auxiliary gas, 50 psi; and turbo temperature, 500°C. The collision energy (CE) was 45 V for rosuvastatin and 28V for atorvastatin, and the declustering potential (DP) was 118 V for rosuvastatin and 100 V for atorvastatin.



Dual Luciferase Assay

pTracer-hFXR, pTracer-hLXRα, and empty pTracer-CMV2 vector were purchased from Maijie Biotech (NanTong, China). The pGL3-OATP1B1 vector was prepared as described (Meyer Zu Schwabedissen et al., 2010) containing LXRα response element (−128 to +53 bp) and FXR response element (−3,040 to −4,070 bp) fragment of the SLCO1B1 5′-UTR, and empty plasmid pGL3-Basic, internal reference Renilla luciferase plasmid pRL-TK were purchased from Maijie Biotech. Corresponding plasmids were transfected into HepG2 cells with Lipofectamine 3000 transfection reagent following the manufacturer’s instructions. Finally, the cells were harvested and cell lysates were assayed for firefly activities normalized against the activities of co-transfected renilla luciferase using a dual-luciferase kit (Promega).



RNA Interference

The siRNA against hFXR or hLXRα and negative control scramble siRNA were purchased from Maijie Biotech (NanTong, China). siFXR (5′-GAGGAUGCCUCA-GGAAAUA-3′) or siLXRα (5′-AACTCAATGATGCTGAGTT-3′) was transfected into HepG2 cells at the final concentration of 50 nmol/L. The knockdown efficiency was detected by Western blot analysis.



Statistical Analysis

The data from three independent experiment were presented as mean ± standard deviation (mean ± SD), and one-way ANOVA was used to determine the differences among the groups using GraphPad Prism 5.0. p < 0.05 indicated that the differences were significant.




Results


Effect of Berberine on OATP1B1 Expression in HepG2 Cells

To investigate the effects of berberine on the expression of OATP1B1, HepG2 cells were treated with a series of concentrations of berberine (5, 10, 25, and 50 μM) for 24 h, or treated with 25 μM berberine for a series of time (6, 12, 24, and 48 h). Real-time PCR showed that berberine significantly upregulated OATP1B1 mRNA levels in a concentration and time- dependent manner (Figures 1A, B). Western blot analysis showed that 10–50 μM berberine enhanced the expression of OATP1B1 protein in a concentration-dependent manner after 24-h treatment (Figures 1C, D).




Figure 1 | Effects of berberine on OATP1B1 expression in HepG2 cells. (A, B). OATP1B1 mRNA expression was analyzed by real-time PCR in HepG2 cells after treatment with increasing concentrations of berberine (5, 10, 25, and 50 μM) for 24 h or treatment with 25 μM berberine at a series of time points (6, 12, 24, and 48 h). (C, D) OATP1B1 protein levels were determined by Western blotting in HepG2 cells after treatment with increasing concentrations of berberine (5, 10, 25, and 50 μM) for 24 h or treatment with 25 μM berberine at a series of time points (6, 12, 24, and 48 h). Data are represent as mean ± SD from triplicate independent experiments after being normalized to GAPDH, and 0.1% dimethylsulfoxide (DMSO) were used as the negative control. ***P < 0.001 compared to the control.





Berberine Increased Rosuvastatin Uptake in HepG 2 Cells

To investigate the effects of berberine on OATP1B1 transport function, the time- and concentration-dependent uptake assays were conducted, and uptake kinetic parameters were examined in a series concentration or time point (data not shown). The HPLC-MS-MS method for the determination of rosuvastatin was validated with selectivity, precision, accuracy, extract recovery, and matrix effect (Supplementary Figure 1). The uptake of rosuvastatin was linear with time over the first 10 min, and the Km (Michaelis constant) was determined to be 21.50 ± 1.77 μM, thus we performed the specific rosuvastatin uptake test under the condition of 20 μM and 10 min. After treatment with increasing concentrations (2, 5, 10, 25, and 50 μM) of berberine for 24 h, the uptake of rosuvastatin was increased 1.24-fold (5 μM berberine-treated), 1.42-fold (10 μM berberine-treated), 1.78-fold (25 μM berberine-treated), and 1.93-fold (50 μM berberine-treated) compared to control, respectively (Figure 2A). The half-maximal effective concentration (EC50) value was measured to be 19.01 ± 1.21 μM (Figure 2B).




Figure 2 | Berberine enhanced rosuvastatin uptake in HepG2 cells. (A, B) Rosuvastatin uptake assay was conducted in HepG2 cells treated with increasing concentrations (2, 5, 10, 25, and 50 μM) of berberine for 24 h. The concentrations of rosuvastatin were determined by HPLC-MS/MS. DMSO (0.1%) was used as the negative control. Data are expressed as mean ± SD of triplicate independent experiments,*P < 0.05, ***P < 0.001 compared to the control.





Berberine Enhanced FXR and LXRα Mediated Activation of OATP1B1 Promoter

HepG2 cells were treated with 10 μM of nuclear receptor ligands including rifampicin (PXR ligand), CITCO (CAR ligand), GW4064 (FXR ligand), or GW3965 (LXRα ligand) for 24 h. PCR and Western blot analysis showed that only GW3965 (a specific LXRα agonist) and GW4064 (a specific FXR agonist) markedly upregulated the expression of OATP1B1 mRNA and protein (Figures 3A, B).




Figure 3 | Effects of diverse nuclear receptors activators on OATP1B1 expression in HepG2 cells. HepG2 cells were treated with 10 μM GW3965, 10 μM rifampin, 10 μM GW4064, or 10 μM CITCO for 24 h, OATP1B1 expression was determined by real-time PCR (A) and Western blot analysis (B). DMSO (0.1%) was used as the negative control. Data are expressed as mean ± SD from triplicate independent experiments, ***P < 0.001 compared to the control.



Next we performed dual luciferase reporter assay to investigate the potency of berberine on activating transcriptional activity of LXRα and FXR on OATP1B1 promoter. As shown in Figure 4A, luciferase activity significantly increased after treatment with 25 μM berberine or/and 10 μM corresponding ligands. Meanwhile, the EC50 value was 12.19 ± 0.86 μM in HepG2-hFXR-OATP1B1-luc cells (Figure 4B), and the EC50 value was 32.15 ± 2.32 μM in HepG2-hLXRα-OATP1B1-luc cells (Figure 4C), while the EC50 in the two cell lines were 2.56 ± 0.21 and 2.37 ± 0.36 μM, respectively, after GW4064 and GW3965 treatment. These data suggest that berberine could improve hFXR or hLXRα-mediated activation of OATP1B1 luciferase activity in a concentration-dependent manner,




Figure 4 | Effect of berberine on OATP1B1 promoter in HepG2 cells transiently transfected with hFXR or hLXRα. HepG2 cells transiently co-transfected with pTracer-hFXR or pTracer-hLXRα and reporter vector pGL3-OATP1B1 were treated with berberine (25 μM), GW4064 (10 μM), or GW3965 (10 μM) (A), and increasing concentrations of berberine (2.5, 5, 10, 20, 30, 40, 50 μM), GW4064 (2.5, 5, 10, 20, 30, 40, 50 μM), or GW3964 (2.5, 5, 10, 20, 30, 40, 50 μM) (B, C). The fold induction of luciferase activity was determined using a Dual-Luciferase reporter assay system. DMSO (0.1%) was used as the negative control. Data are expressed as mean ± SD of triplicate independent experiments, ***P < 0.001 compared to the control.





Berberine Enhanced FXR and LXRα Induced Expression of OATP1B1 Protein and Transport Function

To further investigate the potency of LXRα and FXR activated by berberine on regulating OATP1B1 expression, HepG2 cell models with silenced or induced FXR and LXRα activities were constructed. First, Western blot analysis confirmed that transfection of siRNA-hFXR or siRNA-hLXRα into HepG2 cells significantly reduced FXR and LXRα protein levels compared to control group (Figures 5A, C). Subsequently, HepG2 cells were treated with berberine, GW4064, GW3965, or/and FXR/LXRα siRNAs. As shown in Figures 5B, D, the induction of OATP1B1 expression by GW4064 and GW3965 was significantly increased by berberine, while FXR or LXRα siRNA eliminated the upregulation of OATP1B1 by berberine. Furthermore, berberine, GW4064 and GW3965 significantly increased the uptake of rosuvastatin by OATP1B1, but knockdown of FXR or LXRα significantly reduced berberine stimulated rosuvastatin uptake by OATP1B1 (Figure 5E). These results indicate that FXR and LXRα participate in the upregulation of OATP1B1 expression by berberine.




Figure 5 | Silencing hFXR and hLXRα expression abolished berberine-induced OATP1B1 expression in HepG2 cells. HepG2 cells were transiently transfected with small interfering RNA (siRNA)-hFXR or siRNA-hLXRα, and 48 h later protein levels of FXR (A) and LXRα (C) were examined by Western blot. HepG2 cells were then treated with berberine (25 μM), GW4064, or GW3965 (10 μM) for 24 h, OATP1B1 protein levels were analyzed by Western blot (B, D). (E) Rosuvastatin uptake assay was conducted in HepG2 cells treated with berberine (25 μM), GW4064 or GW3965 (10 μM), or FXR siRNA or LXRα siRNA for 24 h. The concentrations of rosuvastatin were determined by HPLC-MS/MS. DMSO (0.1%) was used as negative control. Data are expressed as mean ± SD of triplicate independent experiments, **P < 0.01, ***P < 0.001 compared to the control. ##P < 0.01 and ###P < 0.001 compared to 25 μM BBR group.





Berberine Induced Nuclear Translocation of FXR and LXRα

Previous studies reported that nuclear receptors such as FXR and LXRα regulate the expression of target genes after ligand-induced nuclear translocation (Lee et al., 2010; Xu et al., 2016). Therefore, we investigated the effect of berberine on the expression and distribution of FXR and LXRα in HepG2 cells. PCR analysis showed that berberine significantly increased FXR mRNA expression in a concentration-dependent manner (Figure 6A). Consistently, Western blot analysis showed that berberine upregulated the expression of FXR protein in HepG2 cells, except that the induction of FXR protein by berberine was attenuated slightly at the highest dose of 50 μM (Figure 6B). However, berberine had no significantly effect on the expression of LXRα at both mRNA and protein levels (Figures 6D, E). Subsequently, cytoplasmic proteins and nuclear proteins were isolated and Western blot analysis showed that nuclear FXR and LXRα protein levels increased significantly after treatment with berberine for 24 h, while cytoplasmic FXR and LXRα protein levels decreased slightly (Figures 6C, F). These results indicate that berberine could promote nuclear translocation of FXR and LXRα.




Figure 6 | Effects of berberine on FXR and LXRα expression and distribution in HepG2 cells. HepG2 cells were treated with increasing concentrations of berberine (10, 25, and 50 μM) for 24 h. FXR (A) and LXRα (D) mRNA levels were measured by PCR; protein levels were measured by Western blot (B, E). The nuclear and cytoplasmic FXR (C) and LXRα (F) protein levels were quantified by Western blot. The determination of mRNA and protein were normalized to GAPDH, nuclear and cytoplasmic protein was normalized to Lamin B1 and GAPDH, respectively. DMSO (0.1%) was used as the negative control. Data are expressed as mean ± SD of triplicate independent experiments,*P < 0.05, **P < 0.01, ***P < 0.001 compared to the control.






Discussion

In this study, we provide the first evidence that berberine enhanced FXR and LXRα mediated upregulation of OATP1B1 expression, resulting in enhanced uptake of the substrate rosuvastatin in HepG2 cells, which may be responsible for improved lipid-lowering efficacy in combination with statins.

Berberine is a new type of hypolipidemic drug widely used with favorable clinical efficacy and safety (Kong et al., 2004; Kong et al., 2009). Studies have reported that the combination of berberine with simvastatin can significantly enhance the hypolipidemic efficacy in patients and rats with hyperlipidemia, reduce the dose of statins, and lower the risk of adverse reactions (Bei-Bei et al., 2009; Kong et al., 2009; Li et al., 2019). Notably, we found that rosuvastatin had rapid uptake in HepG2 cells, this may be explained by that rosuvastatin is mainly transported by OATP1B1 and OATP1B3, which are highly expressed in the liver (Hagenbuch and Meier, 2003) Furthermore, we showed that berberine upregulated the expression of OATP1B1 transporter at both mRNA and protein levels in HepG2 cells, which could promote rosuvastatin uptake in HepG2 cells.

FXR and LXRα are widely involved in the regulation of transporters expression in vivo. Ligand-activated FXR can upregulate BSEP transcription, inhibit NTCP transcription or induce PLTP and CYP7A1 expression to promote bile acid secretion, suppress uptake of bile acid in the liver or increase cholesterol metabolism (Mak et al., 2002). LXRα regulates the metabolism of bile acids and cholesterol in the liver by regulating target genes such as CYP7, ABC transporter ABCA1, and lipoprotein lipase (Peet et al., 1998; Schmitz and Langmann, 2001). It has been reported that nuclear receptors FXR and LXRα can act on OATP1B1 promoter to regulate the expression (Meyer Zu Schwabedissen et al., 2010). Our study demonstrated that berberine regulated the expression of OATP1B1 by activating FXR and LXRα. This finding was confirmed by Dual-Luciferase reporter assay. The results indicated that berberine had stronger induction on hFXR-mediated transcriptional activation of OATP1B1 than on hLXRα, but the effect was weaker than classical agonists GW4064 and GW3965. However, the combination of berberine and the corresponding agonists can further improve the expression of target proteins. Silencing FXR or LXRα by siRNA dramatically diminished the upregulation of OATP1B1expression by berberine. These results confirmed that FXR and LXRα mediate the effects of berberine on the upregulation of OATP1B1 expression.

However, the underlying mechanism by which berberine activates FXR and LXRα in HepG2 cells is unclear. LXRα and FXR have been identified as critical nuclear receptors which bind to the promoters of target genes to regulate transcriptional activity of downstream target genes after ligand-activated nuclear translocation (Meyer Zu Schwabedissen et al., 2010; Xu et al., 2016; Zhou et al., 2016). In this study we found that berberine promoted nuclear translocation and activation of FXR and LXRα, similar to other Chinese herbal medicines such as ginkgolide b (Zhou et al., 2016) and dihydroartemisinin (Xu et al., 2016). In addition, berberine significantly increased the expression of FXR protein and mRNA at 10 and 25 μM, but only moderately upregulated the expression of FXR protein at 50 μM, while the mRNA expression was still significantly upregulated, suggesting that FXR may be subjected to a series of post-transcriptional regulations, such as phosphorylation, acetylation, and glycosylation (Chang, 2009; Sugatani et al., 2014).

Although statins are known as HMG-CoA reductase inhibitors, previous study suggested that berberine inhibited HMG-CoA reductase activity via increased phosphorylation of HMG-CoA reductase, leading to reduced hepatic cholesterol level (Wu et al., 2011). In addition, recent reports showed that berberine could inhibit lipogenesis by targeting sterol regulatory element-binding protein (SREBP) related signaling (Yunxin et al., 2019; Zhu et al., 2019). Therefore, furthers studies are needed to demonstrate that berberine and statins in combination can inhibit SREBP signaling and HMG-Co reductase activity to achieve enhanced hypolipidemic effects.

In summary, our results suggest that berberine upregulates the expression of OATP1B1 in HepG2 cells by inducing nuclear translocation of FXR and LXRα, which then activate the expression of OATP1B1 and increase the uptake of rosuvastatin.
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Background

GuanXinNing tablet (GXNT), a traditional Chinese patent medicine, has been found to have remarkable antithrombotic effects and can effectively inhibit pro-thrombotic factors in previous studies. However, the mechanism of its antithrombotic effects remains little known.



Methods

In this study, we first determined and identified the sources of each main compound in GXNT using liquid chromatography-mass spectrometry (LC-MS). Through the approach of network pharmacology, we predicted the action targets of the active components, mapped the target genes related to thrombus, and obtained potential antithrombotic targets for active ingredients. We then performed gene ontology (GO) enrichment analyses and KEGG signaling pathway analyses for the action targets, and constructed networks of active component–target and active component–target–pathway for GXNT. Additionally, we evaluated the pharmacodynamic effects of GXNT on thrombus using the rat thrombus model induced by FeCl3, observed the effects of antiplatelet aggregation via platelet assay, and further verified the results predicted by network pharmacology via Western blot.



Results

In total, 14 active ingredients were identified in GXNT, and 83 action targets were predicted, 17 of which are antithrombotic targets that potentially participate in processes including response to oxidative stress and positive regulation of blood vessel endothelial cell migration. KEGG pathway analyses revealed that the predicted action targets were involved in multiple signal pathways, such as MAPK, IL-17, and platelet activation. Pharmacodynamics study found that GXNT could significantly reduce the thrombus length and weight, lower platelet aggregation function, and decrease the levels of Fbg and PAI-1. In addition, GXNT could significantly increase 6-keto-PGF1α content and regulate the ratio of TXB2/6-keto-PGF1α, while not having dramatic effects on TXB2. GXNT was also observed to visibly inhibit maximum platelet aggregation. Herein, we further studied the thrombus-related MAPKs signaling pathway and found that GXNT could significantly reduce the phosphorylation levels of p38MAPK, ERK, and JNK proteins in platelet.



Conclusions

This study revealed the pharmacodynamic material basis of GXNT and its potential multicomponent–multitarget–multipath pharmacological effects, confirmed the antithrombotic effects of GXNT, and showed that its mechanism may be related to inhibiting phosphorylation of p38, ERK, and JNK proteins in MAPKs signaling pathway, partially verifying the results from network pharmacology. The results from this study could provide a theoretical basis for the development and clinical application of GXNT.





Keywords: GuanXinNing tablet, network pharmacology, thrombus, Danshen, Chuanxiong, MAPKs signal pathway



Introduction

Thrombus is a common pathophysiological basis for various cardiovascular diseases in the clinic, such as acute myocardial infarction, stroke, and coronary heart disease (Sadowski et al., 2014; Wang, 2018). Traditional Chinese medicine (TCM) believes that cold coagulation and blood stasis plays an important role in thrombotic diseases (Gu, 2010). Warming collaterals and activating blood circulation therapy is a general principle for treating cold coagulation and blood stasis syndrome, according to the Yellow Emperor's Internal Classic. As a consequence, Chinese medicine with the function of activating blood circulation and removing blood stasis is often used to prevent and cure thromboembolic diseases.

GuanXinNing is a classical Chinese herbal formula preparation, which is composed of two well-established Chinese herbs that activate blood circulation and remove blood stasis: Salvia miltiorrhiza Bge. (Chinese name Danshen, DS) and Ligusticum chuanxiong Hort. (Chinese name Chuanxiong, CX). This preparation has the effect of activating blood circulation, removing blood stasis, dredging arteries, and nourishing the heart. To improve patient convenience and compliance, GuanXinNing tablet (GXNT) is a novel preparation developed from the widely used GuanXinNing injection with an improved extraction process. GXNT consists of extracts from Danshen and Chuanxiong at the ratio of 1:1 (Chen et al., 2005), and has already been approved for listing by the China Food and Drug Administration (CFDA approval no. Z20150028). Danshen, the dry roots of Salvia miltiorrhiza Bge., is beneficial to heart and liver with a bitter taste and a slightly cold property. Studies have demonstrated that Danshen has significant anti-arrhythmia effects via reducing myocardial infarct size, protecting myocardial injury (Chang et al., 2016), and improving myocardial ischemia (Zhang et al., 2013). The second Chinese herb component, Chuanxiong, is the dry rhizome of Ligusticum chuanxiong Hort. Chuanxiong is known to protect the liver, gallbladder, and pericardium with a mild property and an acrid taste, and has the effects of activating blood circulation, moving qi, dispelling wind, and relieving pain (Chen et al., 2018b). Modern pharmacological studies have shown that Chuanxiong has antioxidation, anti-inflammation, neuroprotection, and anti-bacteria activities (Chen et al., 2018b; Shan et al., 2018). Moreover, our previous studies have found that GXNT could reduce platelet aggregation, scavenge free radicals, ameliorate blood coagulation in rats with qi stagnation and blood stasis, protect the vascular endothelium (Chen et al., 2005), and have antithrombotic activities with multiple-target effects (Wang et al., 2016). Nevertheless, TCM is a complex chemical composition system of multiple components, with multiple targets, multiple links, and multiple effects. Therefore, a holistic view of “multiple components-multiple targets-multiple pathways” is needed to study the material basis and action mechanism of GXNT on thrombus.

Network pharmacology uses high-throughput omics data analysis, virtual computing, and network database retrieval to construct an interaction network of “compound-gene-disease” and to provide a holistic understanding of the relationship between drugs and targets. Integrating with systems biology, multi-directional pharmacology and bioinformatics, and network pharmacology offers new approaches and strategies for designing and developing new drugs (Hopkins, 2008; Li, 2013). In particular, it has unique advantages and potential in predicting and identifying the active ingredient clusters and action targets of Chinese medicines, and in discovering new indications through active molecule screening, target prediction, network construction, and analysis. The systemic and holistic traits of network pharmacology are in line with the complexity of TCM, making it widely adopted in studying the pharmacodynamic material basis and action mechanism of TCM preparations, such as XinShengHua granule (Pang et al., 2018), MaZiRen wan (Huang et al., 2018), YinHuangQingFei capsule (Yu et al., 2017), YangXinShi tablet (Chen et al., 2018a), etc.

In this study, we used network pharmacology to predict the targets of active ingredients in GXNT and investigate its action mechanism. Firstly, the main active components of GXNT were identified and screened based on liquid chromatography-mass spectrometry (LC-MS) combined with traditional Chinese medicine system pharmacology technology platform (TCMSP). Then, active ingredient targets were predicted using Swiss Target Prediction web server to construct the active ingredient-target, protein interaction, and component–target–pathway network for analyzing the pharmacodynamic basis and action mechanism of GXNT. Next, the common carotid artery thrombus model in rats induced by FeCl3 was adopted to further verify the antithrombotic effects of GXNT, followed by the antiplatelet study. Finally, we examined the protein expressions in the predicted thrombus-related signaling pathways via Western blot to verify the antithrombotic mechanism of GXNT. The results from this study provided a theoretical reference for the development and utilization of GXNT.



Materials and Methods


Materials and Regents

GXNT (GXN extract powder, raw drug dosage of 12.8 g/g), Danshen and Chuanxiong were all provided by Chiatai Qinchunbao Pharmaceutical co., LTD. (Hangzhou, China). The herbal medicines of Danshen and Chuanxiong in GXNT were collected from Linyi City (Shandong Province, China) and Dujiangyan City (Sichuan Province, China) respectively, and were authenticated correspondingly by Prof. Yuqing Ye (Chinese Medicine Resource Research and Development Center, Shanghai Institute of Traditional Chinese Medicine) and Prof. Guihua Jiang (School of Pharmacy, Chengdu Chinese Medical University). The voucher specimens were deposited in the Quality Department of Chiatai Qinchunbao Pharmaceutical co., LTD. Reference standards of tanshinol sodium (110855-200809, purity=100%), protocatechualdehyde (110810-201608, purity=99.3%), chlorogenic acid (110753-200413, purity=100%), caffeic acid (110885-200102, purity=100%), ferulic acid (110773-201012, purity=100%), rosmarinic acid (111871-201505, purity=98.5%), and salvianolic acid B (111562-201514, purity=93.7%) were all purchased from National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). LC-MS grade acetonitrile and formic acid with ≥98.0% of the purity were purchased from Merck (Darmstadt, Germany). Other reagents were all of analytical grade. Ultrapure water purified by Millipore Ultra-pure Water Purifier (Millipore, Milford, MA, USA) was used. Clopidogrel bisulfate was purchased from Sanofi-Aventis Pharmaceutical Co., Ltd. (Hangzhou, China). Fibrinogen (Fbg) kit was purchased from Dade Behring Marburg GmbH (Marburg, Germany). Plasminogen activator inhibitors (PAI-1), 6-keto-prostaglandin F1α (6-keto-PGF1α), and thromboxane B2 (TXB2) assay kits were all purchased from Nanjing Jiancheng Bioengineering Research Institute Co., Ltd. (Nanjing, China). Aspirin enteric-coated tablets were purchased from Bayer healthcare Co., Ltd. (Leverkusen, Germany). Adenosine diphosphate (ADP) and albumin from bovine serum (BSA) were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). KeyGEN total protein extraction kit, BCA protein assay kit and western stripping buffer were purchased from Beyotime Biosciences (Shanghai, China). Primary antibodies against Phospho-p44/42 MAPK (Erk1/2, #4370), Phospho-p38 MAPK (#4511), Phospho-SAPK/JNK (#9255), and GAPDH were all purchased from Cell Signaling Technology (Boston, MA, USA). All male Sprague-Dawley (Gfeller et al.) rats, weighing 300 to 350 g, were purchased from Shanghai SLAC Laboratory Animal Co., Ltd (Certification No: SCXK [Hu] 2012-002; Shanghai, China). Prior to the experiment, the animals were housed in individually ventilated cages (IVC) with two rats in each cage under a 12-h light/dark cycle, and were provided with food and water ad libitum. All experiments were carried out strictly according to the requirements of the Institutional Animal Care and Use Committee of Zhejiang Chinese Medical University, and was approved by the Laboratory Animal Research Center of Zhejiang Chinese Medical University (Certification No: SYXK [Zhe] 2013-184).



Preparation for the Control Sample

The appropriate amount of each standard sample was accurately weighed using 1/100,000 precision analytical balance (Sartorius Group, German), and was diluted with 50% methanol solution to a constant volume for preparing mother liquor. It was then diluted to a series of concentrations and filtered with a 0.45-μm needle filter, from which the filtrate was obtained finally.



Preparation for GXNT Testing Sample

We took a mixture of Danshen and Chuanxiong (10 kg each), added it with 160 L water, and boiled it for 2 h. Afterwards, the extracted solution was poured out, and the remaining residue was extracted twice, in which 120 L water was added each time and boiled for 1.5 h. The three extracts were merged to concentrate to 15 L at 60°C in a single-effect concentrator, and the solution after concentration was transferred to a rotary evaporator to concentrate to approximately 9 L at 60°C. About 35 L of 95% ethanol solution was added to the concentrated liquor, and was allowed to stand overnight. The supernatant was taken and concentrated to about 5 L at 60°C using a rotary evaporator. The concentrate was placed into a vacuum drying oven, dried thoroughly at 60°C, and powdered homogeneously with a powder machine to obtain solid powder of about 1.5 kg (raw dose of 12.85 g/g). Subsequently, 1.0 g of the powder was accurately weighed, brought to 20 mL with 50% methanol added, and sonicated for 10 min. It was then filtered through a 0.45-μm microporous filter column, from which an appropriate amount was injected into HPLC-MS instrument for analysis (Shimadzu LC-20A liquid chromatograph, Shimadzu, Japan; API 3200 LCMS/MS Mass Spectrometry System, American AB SCIEX, USA).



Preparation for Danshen Testing Sample

The preparation was performed in accordance with GXNT technology. We took 6 kg of Danshen and decocted it with water three times. In specific, 48 L was added and boiled for 2 h for the first time, and 36 L was added and boiled for 1.5 h for the second and third time. The three extracts were merged to concentrate to 3.2 L at 60°C in a single-effect concentrator. About 8.5 L of 95% ethanol solution was added into the concentrated liquor, and was allowed to stand overnight. The supernatant was taken and concentrated to about 1 L at 60°C using a rotary evaporator. The concentrate was placed into a vacuum drying oven, dried thoroughly at 60°C, and powdered evenly to obtain about 402 g of solid powder (raw dose of 15.0 g/g). Subsequently, 0.5 g of the powder was weighed accurately, brought to 20 mL with 50% methanol, and sonicated for 10 min. After that, it was filtered through a 0.45-μm microporous filter column, from which an appropriate amount was injected into HPLC-MS instrument for analysis.



Preparation for Chuanxiong Testing Sample

The preparation was conducted according to GXNT technology. We took 3.5 kg of Chuanxiong, and decocted it with water three times. In specific, 28 L was added and boiled for 2 h for the first time, and 21 L was added and boiled for 1.5 h for the second and third time. The three extracts were merged to concentrate to 2 L at 60°C in a single-effect concentrator. About 7.5 L of 95% ethanol solution was added into the concentrate, and was allowed to stand overnight. The supernatant was taken and concentrated to about 1 L at 60°C using a rotary evaporator. The concentrate was placed into a vacuum drying oven, dried thoroughly at 60°C, and powdered evenly to obtain about 538 g of solid powder (raw dose of 6.5 g/g). Subsequently, 1.0 g of powder was weighed accurately, brought to 20 mL with 50% methanol, and sonicated for 10 min. After that, it was filtered through a 0.45-μm microporous filter column, from which an appropriate amount was taken to inject into HPLC-MS instrument for analysis.



LC-MS Analysis

LC-MS analysis of samples was carried out on a Shimadzu LC-20A liquid chromatograph (Shimadzu, Japan). An Agilent ZORBAX SB-C18 column (250×4.6 mm i.d., 5 μm, Agilent, USA) was used for column separation. The column temperature was maintained at 40°C, and the flow rate was kept at 1 mL/min, with acetonitrile as the mobile phase A and 0.1% formic acid in water as the mobile phase B. The gradient running procedure was programmed as follows: 0~5 min, 40~40% A; 5~25 min, 40~69% A; 25~30 min, 69~100% A. The injection volume was 5 μl. In addition, the mass spectrometer was an API 3200 LCMS/MS system. The detection mode was Q1 scan profile mode. The total scan time was 5 s per cycle with 599 cycles, and data was collected in the positive mode. The capillary voltage was 4500 V, and the mass range was from m/z 100 to 1000. Curtain Gas, Atomized Gas (Gas1), and Auxiliary Gas (Gas2) were nitrogen, and the pressure was set to 15 psi, 30 and 30 psi, respectively. We used 4500 V for the spray voltage, 450°C for the atomization temperature, 10 V for the collision chamber inlet voltage, and 70 V for the de-clustered voltage (DP). All data collection and processing were performed using Analyst software (version 1.6). The chemical structures of main compounds identified in GXNT were drawn with ChemDraw from CambridgeSoft. The chemical drawing software is capable of performing accurate mass analyses for LC/MS (electrospray), such as adducts and protonated molecules.



Establishment of SMILES Format File for Active Ingredients in GXNT

The molecular structure of the active compound was mapped with ChemBio Draw Ultra 14.0 software, and was saved in the MDL sdf. format. All chemical structures were converted to Mol2 format using ChemBio 3D Ultra software in order to establish an active molecular library. The active molecular Mol2 file was converted to a SMILES file using Open Babel GUI software for subsequent analyses.



Prediction of Potential Targets for Active Ingredients in GXNT

Swiss Target Prediction (http://www.swisstargetprediction.ch/) is a web server to accurately predict the action targets of bioactive molecules based on the similarity of two dimension and three dimension of known ligands, providing valuable insights into the action mechanism of active molecules (Gfeller et al., 2014). The SMILE format files of active ingredients identified by LC-MS were uploaded to the Swiss Target Prediction server, and “Homo sapiens” was selected as the species. Then, the potential drug targets were searched using the active small molecules as probes. The target prediction results were sorted from high to low according to “Probability”, and the official names of drug targets were retrieved through the UniProtKB search function in the UniProt database (http://www.uniprot.org/).



Mapping of Thrombus-Related Targets

Reported genes, possibly related to thrombus, were searched by the keyword “thrombus” in CooLGeN (http://ci.smu.edu.cn/CooLGeN/) and in the GeneCards database. Comparing these with the targets obtained from Swiss Target Prediction server, we obtained the potential targets of the active ingredients in GXNT that are potentially involved in the antithrombotic mechanism.



Functional Enrichment Analysis of the Potential Action Targets

Bioscape Annotation Database Metascape (http://metascape.org) is a reliable, effective, and intuitive online bioinformatics annotation tool for understanding the biological functions of genes and protein lists on a large scale for biomedical researchers. Gene ontology (GO) enrichment and KEGG pathway annotation analyses of the basic ontology term were performed using Metascape for the potential targets of GuanXinNing, and “P < 0.05” was considered as the statistically significant screening condition.



Construction of Component–Target Network and Component–Target–Pathway Network

The action targets and related signaling pathways were predicted according to the active component candidates identified from GXNT, and were then imported into Cytoscape software for constructing compound-target networks, and compound-target-path networks to explore the overall pharmacological mechanisms of GXNT. The importance of every node in the network was determined by the degree of topological parameters. The degree of a node refers to the number of edges connected to that node, i.e. the higher the degree is, the more nodes it is directly connected to, and the more importance the node has in the network. Edges represent the interactions between the compounds and the targets in the network.



Thrombus Animal Experiment


Animal Administration and Modeling

After 3 to 5 days of adaptive breeding, 48 SD rats were randomly divided into six groups, namely, the control group, the model group, the GXNT low, medium, and high groups with doses of 75, 150, and 300 mg/kg, and the positive group (n = 8). Each GXNT group was given the corresponding dose of GXN extract powder solution by oral administration. The positive group was given 12.5 mg/kg of clopidogrel solution orally, and the control group and the model group were intragastrically administrated with 10 mL/kg of distilled water. After 1 h of administration, thrombus model operation induced by FeCl3 was conducted in SD rats. Briefly, rats were anesthetized by intraperitoneal injection of 3% sodium pentobarbital solution (0.15 mL/kg). The rats were fixed on a 37°C insulated operating platform with neck hair shaved and neck skin disinfected. Next, the right common carotid artery was carefully separated, and a plastic paper with a width of 1 cm was placed on the bottom of the right common carotid artery. Then, the 1 ×1 cm filter paper, added with 10 µl of 35% FeCl3, was wrapped around the common carotid artery rapidly for 15 min of external application. Afterwards, we removed the plastic paper and the filter paper, ligated both ends of the thrombus, and cut the embolus.



Measurement of Thrombus Length and Weight

Before SD rats were sacrificed, the emboli of the rats were quickly cut, and the redundant blood was absorbed by clean filter paper. The length of the thrombus was accurately measured using vernier caliper and recorded as Lright. The weight of the thrombus was also accurately weighed with an analytical balance and recorded as Mright. Then, a proper length of the left common carotid artery of SD rats was taken, with the blood in the vessels absorbed by filter paper. The length of the blood vessel was precisely measured by the vernier caliper and recorded as Lleft. The weight of the thrombus was weighed using an analytical balance and recorded as Mleft. The weight of the thrombus was calculated with the following formula:

	



Preparation of Platelet-Rich Plasma and Platelet-Poor Plasma

Blood of rats in each group was taken from the abdominal aorta, transfused into PE tubes containing 3.8% sodium citrate anticoagulant (9:1, v/v), and then repeatedly inverted several times to fully mix the blood and anticoagulant. Part of the anticoagulant blood in the PE tube was centrifuged at 3,500 rpm for 15 min, and plasma was taken and stored at −80°C for further usage. The rest of the anticoagulant blood was taken and centrifuged at 1000 rpm for 10 min at room temperature, and the supernatant, namely platelet-rich plasma (PRP), was obtained to detect platelet aggregation rates and protein expressions. The remaining part was further centrifuged at 3000 rpm for 10 min, and the resulting supernatant, namely platelet-poor plasma (PPP), was taken.



Determination of Fbg, PAI-1, 6-keto-PGF1α, and TXB2 in the Blood

Anti-coagulated plasma at −80°C was taken and thawed. Fbg was measured using CA500 automatic blood coagulation analyzer (Sysmex, Japan). The specific procedures were carried out in strict accordance with the commercially available kit. The PAI-1, 6- 6-keto-PGF1α, and TXB2 assay kits were used to detect the expression levels of PAI-1, 6-keto-PGF1α, and TXB2 in samples by the enzyme linked immunosorbent assay (ELISA) method under the guidance of corresponding kit instructions.



Platelet Aggregation Assay

According to optical principles, the platelet aggregation rate was measured using Chrono-log platelet aggregation instrument (CHRONO-LOG, USA). We took PRP and PPP into turbidity tubes, and placed them in preheating holes. Platelet aggregation assay was performed after incubation at 37°C for 5 min, and PPP was applied to zero setting during measurement. Then, ADP (10 μM) as the agonist was added to PRP with magnetic stirrer stirring, and the aggregation curve was traced. The inhibition rate of platelet aggregation was calculated by the following formula:

	



Determination of MAPKs Signaling Pathway-Related Protein Expressions in Platelets by Western Blot

Prepared PRP was taken, induced with ADP, incubated for 20 min at 37°C, and centrifuged at 3000 rpm for 5 min. The supernatant was discarded, and the precipitated fraction was used for the extraction of total platelet protein, which was carried out according to the instructions of the KeyGEN total protein extraction kit. Then, protein concentrations were quantified using the BCA protein assay kit. After protein samples were mixed with sample loading buffer (4:1, v/v), they were boiled for 5 min. Next, proteins (10 μg) were separated by SDS-PAGE electrophoresis, and transferred to PVDF membranes. The membranes were blocked with 3% albumin from bovine serum at room temperature and then incubated overnight with primary antibodies (p-P38, p-ERK1/2, and p-JNK of 1:1000 dilution; GAPDH of 1:200 dilution; all diluted with 3% BSA) at 4°C. After 48 h, the membranes were washed with TBST for 4 times, and were incubated with the secondary antibodies at 37°C for 2 h. Finally, the membranes were washed with TBST for four times and with TBS for 1 min, and were scanned in the odyssey infrared fluorescence scanner (Thermo company, USA). Afterwards, the membranes containing p-P38, p-ERK1/2, p-JNK proteins were washed with western stripping buffer to further detect P38, ERK1/2, and JNK proteins by the procedures as mentioned above.




Statistical Analysis

All data were statistically analyzed using SPSS 22.0 software, and expressed as mean ± standard error ( ± SEM). Statistical analysis was conducted via one-way analysis of variance (ANOVA) for comparison between groups and via L-S-D test for pairwise comparison. Drawings of statistical graph were done using GraphPad Prism 6.0 software. P < 0.05 indicates statistical significance.




Results


Optimization of Fingerprint of GXNT

Non-volatile phosphoric acid was used as the mobile phase additive in the fingerprint of GXNT, which was established by the institute previously (Lin et al., 2017). Since this condition is not suitable for LC-MS system, the analytical method needs to be properly optimized. When no additive was used (i.e. pure water was used as the water phase), the compound had a wider peak shape, poor symmetry, and a certain degree of tailing. After a certain amount of formic acid was added, the peak shape could be visibly improved, and the mass spectral response was also enhanced. Hence, 0.1% formic acid was used as the aqueous phase. The optimized analysis conditions were used to analyze the GXNT samples. The mass spectrum TIC map (in positive and negative modes) and the ultraviolet chromatogram at 280 nm are both shown in Figure 1. Since the mass spectrometry detector was a broad-spectrum detector, many compounds that were limited to ultraviolet response could be detected, and thus more complete material information could be obtained. It was observed that the main ion peaks of TIC images under the positive and negative modes of the mass spectrum were all reflected in the fingerprint, indicating that the currently established fingerprint map basically satisfied the principle of compound information maximization.




Figure 1 | Chromatograms of GXNT and mixed standard. (A) TIC diagram of GXNT mass spectrometry in the positive mode. (B) TIC diagram of GXNT mass spectrometry in the negative mode. (C) Chromatogram of GXNT at 280 nm. (D) Chromatogram of mixed standard at 280 nm. (1) Phenylalanine; (2) Tanshinol; (3) Senkyunolide B; (4) Protocatechualdehyde; (5) Chlorogenic acid; (6) Caffeic acid; (7) Ferulic acid; (8) Salvianolic acid D; (9) Senkyunolide I; (10) Rosemary acid; (11) Isosalvianolic acid A; (12) Salvianolic acid B; (13) Salvianolic acid A; (14) Isosalvianolic acid C.





Maps of GXNT and Single Chinese Herb

From the chromatographic comparative map at 280 nm (as shown in Figure 2), it could be seen that most compounds in GXNT were from Danshen, while a small amount came from Chuanxiong, since most components in Chuanxiong were volatile oils and the extraction rate of the water extraction process was lower. Among all the compounds, peaks 1 and 6 were the common peaks of the two drugs. Though the fingerprint had only one peak at 60 min, we can see from the mass spectrometry of Danshen (peak 10) and Chuanxiong (peak 9) separately that both compounds had peaks at the same retention time, meaning that the single peak consists of two superimposed peaks from Danshen and Chuanxiong and that these two compounds are not the same substance. This is difficult to see in the ultraviolet chromatogram alone. However, it could be effectively identified in the mass spectrum, and distinguished and quantified separately by extracting ion peaks.




Figure 2 | Comparison of chromatogram of each extract at 280 nm. (A) Ultraviolet chromatogram of GXNT. (B) Ultraviolet chromatogram of Danshen. (C) Ultraviolet chromatogram of Chuanxiong. (2) Tanshinol; (3) Senkyunolide B; (4) Protocatechualdehyde; (5) Chlorogenic acid; (6) Caffeic acid; (7) Ferulic acid; (8) Salvianolic acid D; (9) Senkyunolide I; (10) Rosemary acid; (11) Isosalvianolic acid A; (12) Salvianolic acid B; (13) Salvianolic acid A; (14) Isosalvianolic acid C.





Identification of Active Ingredients in GXNT

The mass spectrometry information of the materials obtained from the experiment was compared with the related literature reports. As a result, 14 compounds were identified in GXNT, of which 7 major compounds were verified by standard products. The specific identification results were summarized in Table 1, and the mass spectrum and the structure of each compound are shown in Figure 3. In specific, peak 1 was identified as phenylalanine, in which one molecule of NH3 and/or HCOOH was removed to form a responsive fragment ion in the mass spectrum (Ying et al., 2013b). Peak 2 was identified as tanshinol, which responded weakly in the positive mode, with one molecule of H2O as well as HCOOH removed to form the major fragment ion in the negative mode (Chen et al., 2011). Peak 3 only responded in the positive mode of mass spectrometry, mainly forming a dehydrated ion peak. Senkyunolide B and C, corresponding to molecular weights and compounds that could form dehydrated ion peaks in Chuanxiong, were mainly obtained via searching the literature. Given the polarity according to the peak time and the structure of the compound, it was preliminarily presumed to be senkyunolide B (Hu et al., 2012). Peak 4 was identified as protocatechuic aldehyde, which responded only in the negative mode, where one molecule of CO was removed to form the major fragment ion of m/z 109 (Chen et al., 2011). Peak 5 was identified as chlorogenic acid, which mainly formed [M+H-192]+ by removing one molecule of quinic acid in the positive mode and fragment ions of quinic acid (m/z 191) in the negative mode (Ying et al., 2013a). Peak 6 was identified as caffeic acid, where molecule of H2O was removed in the positive mode of mass spectrometry and one molecule of CO2 was removed in the negative mode, corresponding to the carboxyl group of structure (Chen et al., 2011). Peak 7 was identified as ferulic acid, which could remove one molecule of H2O, CO, and CH3OH to form corresponding fragment ions in the positive mode, remove CH3• in the methoxy group on the benzene ring to form radical ions of m/z 178 in the negative mode, and remove CO2 of carboxyl group on the side chain to form the fragment ion of m/z 134 (Hu et al., 2012). Peak 8 was identified as salvianolic acid D, of which the main fragment ions were formed by firstly removing one molecule of CO2 and then removing one molecule of tanshinol (198 of molecular weight) in the positive and negative modes of mass spectrometry (Chen et al., 2011). Peak 9 was identified as senkyunolide I, of which the dehydrated ion peak (m/z 207) was obtained by removing one hydroxyl group from cyclohexane in the positive mode and the corresponding fragment ions were obtained by further removing the second hydroxyl group on the ring or the ester bond in the lactone ring (Hu et al., 2012). Peak 10 was identified as rosmarinic acid, and its structure was formed by the condensation of one molecule of caffeic acid and one molecule of tanshinol. Therefore, it could remove one molecule of caffeoyl group (162 of molecular weight) or caffeic acid (180 of molecular weight), and a molecule of tanshinol (198 of molecular weight) to form each fragment ion in the mass spectrometry (Chen et al., 2011). Peaks 11, 12, 13, and 14 were identified as isosalvianolic acid A, salvianolic acid B, salvianolic acid A, and isosalvianolic acid C, respectively. These compounds were similarly cleaved in the mass spectrometry, with single or multiple molecules of tanshinol (198 of molecular weight) removed to form each of the major fragment ions (Chen et al., 2011).


Table 1 | Identification results of main compounds in GXNT.






Figure 3 | Mass spectrums and chemical structures of main compounds in GXNT.





Content Quantification of Seven Main Active Ingredients in GXNT

We took two samples each of GXNT, Danshen and Chuanxiong herbs in parallel, calculated the amounts of the seven compounds confirmed by reference standards using the corresponding standard curves listed in Table 2, and investigated the changes of the seven compounds in each single Chinese herb and the Chinese compound formula. The results are shown in Table 3 in detail. In each extract, the seven compounds accounted for about 6.5% of the total amount of extract from GXNT. The amount of salvianolic acid B was much higher in the extract of GXNT and Danshen than that in the extract of Chuanxiong. The current quality standard of GXNT uses salvianolic acid B and ferulic acid to control the quality of Danshen and Chuanxiong, respectively. However, our results indicated that ferulic acid only accounts for 0.316% of the Chuanxiong extract, which is not enough to reflect the quality of the whole Chuanxiong extract. Therefore, the quality control indexes for Chuanxiong need to be improved. In terms of raw drug content, the amount of each compound is similar in the medicinal materials compared to that in the compound formula, with some individual compounds having a slightly lower amount in the compound formula.


Table 2 | Standard curves of seven main compounds.




Table 3 | Determination results of seven main compounds.





Screening of Potential Antithrombotic Targets for Active Ingredients in GXNT

Table 4 shows that different active compounds in GXNT could act on the same target, and the same active compound could also act on different targets, reflecting multi-component and multi-target action mode of GXNT. In specific, 83 unique targets were predicted from the 14 identified components using the Swiss Target Prediction analysis platform. The targets were also mapped to 743 targets possibly related to the occurrence and development of thrombus in the CooLGeN database, and to 725 targets associated with the occurrence and development of thrombus in the GeneCards database. Among them, 23 targets were also found in the GeneCards database, and 25 targets were found in the CooLGeN database. The intersection of these targets resulted in a total of 17 potential antithrombotic targets of GXNT (shown in Figure 4), including MAPT, EGFR, KDR, MMP2, MMP9, MMP13, MMP1, MMP10, PTPN1, FYN, SRC, PRKCA, PTGS1, PTGS2, JUN, EDNRA, and ALOX12.


Table 4 | Potential targets from active ingredient candidates of GXNT.






Figure 4 | Screening of targets for the identified components of GXNT on thrombus. 83 Predicted targets (in the blue circle) were mapped to 743 thrombus-related targets in CooLGeN (in the green circle), and to 725 thrombus-related targets in the GeneCards database (in the yellow circle), respectively. Among them, 23 targets were found in the GeneCards database, and 25 targets were found in the CooLGeN database. The intersection of these targets resulted in a total of 17 potential antithrombotic targets of GXNT.





Functional Pathway Notes of Active Component Candidate Targets in GXNT

We performed GO enrichment analysis for the above mentioned 17 candidate targets of the active ingredients from GXNT via Metascape biomolecular function annotation system, which includes the analysis of biological process, molecular function and cellular components, and KEGG pathway annotation. And the top 10 terms with P < 0.05 are shown in Table 5. According to the screening results, the candidate targets for the active components in GXNT were involved in the biological process of response to oxidative stress, response to toxic substance, and response to inorganic substance. In terms of the molecular function, the targets were mainly related to metalloendopeptidase activity, endopeptidase activity, and protein domain specific binding. As for the cellular components, the extracellular matrix and membrane microdomain were the main components related to the targets. In addition, 34 pathways were revealed from the KEGG pathway enrichment analysis, including TNF signaling pathway, IL-17 signaling pathway, focal adhesion, MAPK signaling pathway, and platelet activation. These findings suggest that GXNT may play an antithrombotic role by regulating multi-dimensional signal cascades. In specific, MAPK signaling pathway is known to play an important role in the signal transduction in vivo and in maintaining the body's biological metabolic balance (Lien et al., 2017; Manne et al., 2018). Therefore, MAPK signaling pathway was selected in this study to further explore the molecular mechanism of GXNT.


Table 5 | Gene Ontology (GO) and pathway enrichment analysis for active component candidate targets of GXNT.





Construction of Component–Target Network

The active component–target network for GXNT on thrombus was constructed using Cytoscape 3.6.1 software. The results showed that a total of 98 nodes and 210 edges were in the identified GXNT component–target network. Network topology analysis showed that the degree and betweenness centrality of Isosalvianolic acid C were the highest (degree=15, betweenness centrality=0.24921196), whereas the degree and betweenness centrality of PTGS1, a target of Isosalvianolic acid C, also ranked among the top (degree=3, betweenness centrality =0.1234151), shown in Figure 5.




Figure 5 | Component–target network for the identified components of GXNT on thrombus. The component–target network was constructed by linking the 14 identified components and their potential targets. The green nodes represent the potential targets and the pink nodes represent the identified components. Edges represent the interactions between the compounds and the targets in the network.





Construction of Component–Target–Pathway Network

The Cytoscape software was used to construct the identified component–target–pathway network for GXNT on thrombus. As shown in Figure 6, the results showed that multiple targets were associated with multiple components, indicating that different components in GXNT had a synergistic effect in the process of exerting efficacy. The action targets of active ingredients in GXNT were distributed in different pathways and were coordinated with each other, suggesting that the action mechanism of GXNT may be related to the currently known effects of GXNT, such as anti-oxidative stress, anti-inflammation, vascular expansion, anti-platelet aggregation, and protection of vascular endothelium. The component–target–pathway network of GXNT revealed through multiple pathways that GXNT has the characteristic of multiple dimensions and functions for treating thrombotic cardiovascular disease.




Figure 6 | Component–target–pathway network for the identified components of GXNT on thrombus. The green nodes represent the identified components, the blue nodes represent pathways, and the yellow nodes represent targets. Edges represent the interactions between the compounds and the targets in the network.





Effects of GXNT on the Length and Weight of Thrombus

We observed changes of thrombus lengths and weights in each group of rats. As shown in Figures 7A and B, we observed obvious thrombus and significant weight increases in rats of the model group after induction by FeCl3. When compared to the model group, GXNT with incremental dosages (75, 150, and 300 mg/kg) could significantly reduce the length and weight of thrombus (P < 0.01). In particular, 300 mg/kg of GXNT was superior to clopidogrel in suppressing thrombus length. In addition, the weight of thrombus decreased significantly as the dosage of GXNT increased (P < 0.01).




Figure 7 | Effects of GXNT on the length and weight of thrombus. (A) The length and (B) the weight of thrombus were observed after GXNT administration (75, 150, and 300 mg/kg) for 1 h. Data were expressed as the mean ± SEM (± SEM, n=8). **P < 0.01 vs. model group.





Effects of GXNT on the Expressions of Fbg, PAI-1, 6-keto-PGF1α, and TXB2

Fbg is one of the indicators for anticoagulant system activity, and PAI-1, 6-keto-PGF1α, and TXB2 are the active markers in fibrinolytic system (Figures 8A–E). In Figures 8A, B, we can see that the Fbg and PAI-1 expression levels in the model group were significantly increased (P < 0.05; P < 0.01), compared with those in the control group. The expression levels of Fbg and PAI-1 were reduced in all GXNT groups and the positive group (12.5 mg/kg clopidogrel), compared with those in the model group (P < 0.01, P < 0.05; P < 0.01). As shown in Figure 8C, compared to the control group, the expression level of 6-keto-PGF1α in the model group was significantly decreased (P < 0.05), and there was no significant change in TXB2 expression (P > 0.05). Furthermore, the 150-mg/kg GXNT group markedly increased the level of 6-keto-PGF1α (P < 0.01) compared to that in the model group, and no significant change was observed in TXB2 expression (P > 0.05). Meanwhile, the 150- and 300-mg/kg GXNT group significantly decreased the ratio of TXB2/6-keto-PGF1α compared with that in the model group (P < 0.01, P < 0.01; Figure 8E).




Figure 8 | Effects of GXNT on Fbg, PAI-1, 6-keto-PGF1α, TXB2, and TXB2/6-keto-PGF1α. (A) Fbg was measured using automatic blood coagulation analyzer. Expression levels of (B) PAI-1, (C) 6-keto-PGF1α, and (D) TXB2 were detected by the enzyme linked immunosorbent assay (ELISA) method. (E) The ratio of TXB2/6-keto-PGF1α was then calculated. Data were expressed as the mean ± SEM (± SEM, n=8). #P < 0.05, ##P < 0.01 vs. normal group; *P < 0.05, **P < 0.01 vs. model group.





Effects of GXNT on Platelet Aggregation

The effect of GXNT on maximum platelet aggregation rate in rats is shown in Table 6. The results showed that GXNT could inhibit maximum platelet aggregation rate induced by ADP. Compared with the control group, maximum platelet aggregation rate significantly increased in the model group (P < 0.01). Compared with the model group, GXNT with different dosages could decrease maximum platelet aggregation rate to varying degrees. Among them, 150 and 300 mg/kg of GXNT could markedly reduce maximum platelet aggregation rate in rats (P < 0.01).


Table 6 | Effect of GXNT on maximum platelet aggregation rat.





Effects of GXNT on Proteins Related to MAPK Signaling Pathway in Platelet

We observed expression changes of p-P38, p-ERK1/2 and p-JNK proteins in the MAPK signaling pathways in each group. From Figures 9A–C, it could be seen that after platelet was induced by ADP, phosphorylation levels of P38, ERK1/2, and JNK proteins were significantly increased compared with those in the control group (P < 0.01; P < 0.05). Compared with the model group, 150 mg/kg GXNT significantly decreased the phosphorylation levels of P38 and ERK1/2 (P < 0.05), while 300 mg/kg GXNT significantly lowered the phosphorylation levels of P38, ERK1/2, and JNK (P < 0.01; P < 0.05).




Figure 9 | Effects of GXNT on the expressions of p-P38, p-ERK1/2, and p-JNK proteins in platelets. The expressions of (A) p-P38, (B) p-ERK1/2, and (C) p-JNK proteins in platelets were determined by western blotting analysis after GXNT administration (75, 150, and 300 mg/kg). Data were expressed as the mean ± SEM (± SEM, n=3). #P < 0.05, ##P < 0.01 vs. normal group; *P < 0.05, **P < 0.01 vs. model group.






Discussion

GXNT consists of extracts from two Chinese herbal medicines, Danshen and Chuanxiong, with the effect of promoting blood circulation and removing blood stasis. The two herbs are compatible with each other to make the blood and qi of human body run smoothly (Zhang, 2017). GXNT has excellent treatment effects on stable or unstable coronary heart diseases and angina pectoris of qi stagnation and blood stasis type triggered by thrombus in the clinic (Huo et al., 2016; Yang et al., 2017; Li et al., 2018). In this study, the pharmacological active substances of GXNT were analyzed, and the action mechanism of these active ingredients was predicted by the approach of network pharmacology, revealing that multiple pathways (such as MAPKs, VEGF, and TNF) are related to the antithrombotic mechanism. The experiments not only further confirmed the antithrombotic effect of GXNT, but also proved that the MAPKs pathway is an important action target. Thus, it showed that network pharmacology could provide high-value insights and reference information for studying the action mechanism of traditional Chinese medicines with complex components.

Thrombosis is an important pathophysiological process involved in various cardiovascular diseases (Otsuka et al., 2016; Ten et al., 2017), and its formation is a complicated process of multifactor participation and gradual development. Abnormal coagulation of blood occurs in the state of flow, due to activation of platelets and clotting factors (Xu et al., 2009). The conditions of thrombosis include vascular intimal injury, changes in blood state, and increased coagulation. Therefore, inhibiting platelet function and preventing blood coagulation can prevent thrombosis. Currently, antiplatelet and antithrombin drugs are often used clinically for treating thrombus, such as platelet cyclooxygenase inhibitor aspirin, platelet ring nucleotide inhibitor dipyridamole, ADP P2Y12 receptor antagonist clopidogrel, and GPIIb/IIIa receptor inhibitor abicximab. However, most of these drugs only have a single target, therefore often require a combination therapy with the risk of causing gastrointestinal hemorrhage (Rocca and Husted, 2016; Dregan et al., 2018). Hence, developing antithrombotic agents with multiple targets and a low risk of hemorrhage from medicinal herbs is of great significance. Our previous studies have shown that GXNT has anti-platelet aggregation and antithrombotic effects (Chen et al., 2005; Wang et al., 2016), which was again validated using the FeCl3-induced rat thrombus model in this experiment. Common carotid artery thrombus model in rats induced by FeCl3 is widely used in the preparation of arterial models and in the research of antithrombotic drugs (Kurz et al., 1990). The results of this experiment showed that the length and weight of thrombus were increased significantly after the formation of common carotid artery thrombus in rats. The administration of GXNT could significantly reduce the length and weight of thrombus. Furthermore, the antithrombotic effect was dose-dependent, indicating that GXNT is strongly resistant to FeCl3-induced thrombus. Fe3+ can damage vascular endothelial cells and cause platelet activation and aggregation, due to a joint action of the coagulation system and the hemolysis system. When endothelial cells are damaged, the internal and external coagulation systems are activated. Thrombin activates platelets and converts Fbg to fibrin, which in turn activates the coagulation response system. Thus, Fbg plays a major role in the blood coagulation process, while PAI plays a major role in regulating plasma fibrinolytic activities. In addition, TXA2 is a biologically active substance that strongly promotes vasoconstriction and platelet aggregation, whereas PGI2 can dilate blood vessels and increase platelet cAMP to inhibit platelet aggregation. The dynamic balance between TXA2 and PGI2, i.e. ratio of TXA2/PGI2, plays an important role in maintaining the function of platelet and vessels and the regulation of thrombosis. Because of the instability of TXA2 and PGI2, their stable metabolites (TXB2 and 6-keto-PGF1α) were used as detection indicators in this study (Xie et al., 2017; Cui et al., 2018). Our results showed that the level of Fbg was increased significantly in the thrombus model rats, whereas GXNT reduced the levels of Fbg and PAI, and regulated the balance of 6-keto-PGF1α and TXB2. The results demonstrated that GXNT could ameliorate the hypercoagulable state of the body blood, and maintain the balance of the body's coagulation system and anticoagulant system, thereby achieving an antithrombotic effect.

In this study, 14 potential active components were identified using LC-MS technology. In specific, 8 were from Danshen, 4 were from Chuanxiong, and 2 were common components in both. In general, most compounds had a certain response in both positive and negative modes, but the negative mode response was slightly higher than the positive mode response. This is mainly due to the fact that GXNT contains more salvianolic acids from Danshen, which is more prone to give protons in the negative mode to obtain higher ion response. Nevertheless, some of the compounds only responded in the positive mode, mainly due to the fact that the lactones from Chuanxiong could only bind to protons and are difficult to give protons. Among these components, salvianolic acid B, salvianolic acid A, ferulic acid, chlorogenic acid, caffeic acid, rosemary acid, tanshinol, and protocatechualdehyde have already shown antithrombotic effects to some extent in previous studies (Jiang et al., 2005; Moon et al., 2012; Chen et al., 2018b). The modern pharmacological research showed that tanshinol could dilate blood vessels, promote fibrinolysis, reduce blood viscosity, and promote local blood circulation, thereby exerting antithrombotic effects (Dang et al., 2015). Salvianolic acid could inhibit arterial thrombosis by restraining platelet adhesion, aggregation, and downstream Ca2+ and cAMP signaling pathways (Hong et al., 2016). In addition, the antithrombotic effect of chlorogenic acid may be closely related to the adenosine A2A receptor/adenylate cyclase/cAMP/PKA signaling pathway (Fuentes et al., 2014). Thus, it can be seen that the multi-level and multi-target effects were determined by multiple active ingredients of GXNT. We will confirm whether these active ingredients have synergistic effects in our future experimental studies.

To understand the antithrombotic mechanism of GXNT, we used network pharmacology for the analysis. It turned out that the 14 components in GXNT were closely related to 83 targets, of which 17 potential antithrombotic targets were obtained through functional enrichment analysis and are involved in pathways including MAPK signaling pathway, TNF signaling pathway, and VEGF signal transduction pathway. Based on this finding, MAPKs signaling pathway, which is known to be strongly linked to thrombotic diseases (Endale et al., 2012; Lien et al., 2017; Manne et al., 2018), was selected to verify the antithrombotic mechanism of GXNT. The MAPKs signaling pathway exists in most cells. Recent studies have shown that the MAPKs signaling pathway is an important platelet activation pathway that can be activated by collagen and thrombin to mediate platelet deformation, adhesion, and aggregation reaction, thereby participating in thrombus formation (Lien et al., 2017; Manne et al., 2018). The signaling pathway includes three subfamilies: extracellular signal regulated protein kinase (ERK), c-Juc amino-terminal kinase (JNK), and p38 protein kinase (p38 MAPK) (Lanna et al., 2017). The study by Yacoub (Yacoub et al., 2006) has shown that the activation of ERK and p38 MAPK plays an important role in the release of TXA2 mediated by PKC. After being stimulated from collagen and thrombin, the phosphorylation level of PKCδ was increased in platelets, leading to an activation of p38 MAPK and ERK as well as a release of TXA2. Simultaneously, the p38 MAPK signaling pathway is involved in the synthesis of platelet cells and backbone proteins. Activated p38 MAPK can induce regeneration and reorganization of actin and dynamic changes of platelet cytoskeleton via regulating the activity of heat shock protein (HSP27) and the level of downstream vasodilation-stimulated phosphoprotein (VASP), and can therefore cause platelet degeneration and promoting thrombosis (Mazharian et al., 2007). It has been found that JNK1 is involved in platelet aggregation and thrombosis. An in vitro study using rats with JNK1 deficiency (Adam et al., 2010) has shown an activation of integrin αIIbβ3 by PKC, a reduction of platelet aggregation, and an occurrence of platelet secretion disorder, indicating that JNK1 may play a key role in platelet biology and thrombosis. Moreover, some active components in GXNT such as caffeic acid (Lu et al., 2015), salvianolic acid B (Li et al., 2010), and ferulic acid (Hong et al., 2016) may be involved in the regulation of MAPKs signaling pathway. In our study, platelet aggregation was promoted by ADP as the inducer, and the phosphorylation levels of ERK, p38, and JNK proteins in MAPKs signal pathway of platelets were determined by Western Blot. The results showed that GXNT inhibited ADP-induced platelet aggregation. In addition, the phosphorylation levels of p38 MAPK, ERK, and JNK in rat platelets were all significantly increased compared to those in the control group, suggesting that ADP may affect platelet function by influencing the phosphorylation levels of p38 MAPK, ERK, and JNK proteins in the MAPKs signaling pathway. After the intervention with GXNT, the phosphorylation levels of p38 MAPK, ERK, and JNK proteins were all decreased, especially the phosphorylation level of p38 MAPK protein. Hence, GXNT had clear anti-platelet aggregation and antithrombotic effects, which may be achieved through reducing the phosphorylation levels of p38 MAPK, ERK, and JNK in MAPKs signaling pathway.



Conclusion

In conclusion, 14 active ingredients of GXNT were identified in this study, and the antithrombotic and antiplatelet aggregation effects of GXNT were further confirmed. Through the approach of network pharmacology, 34 signal pathways were predicted to be involved in thrombus (including MAPKs, VEGF, and TNF), and the role of MAPKs signal pathway in thrombotic diseases was verified. We further showed that the antithrombotic mechanism of GXNT may be associated with suppressing the phosphorylation of p38MAPK, ERK, and JNK in the MAPKs signaling pathway. The results from this study provided a reference for future studies on the action mechanism of GXNT for treating thrombotic diseases, as well as demonstrated that network pharmacology approaches can be used to predict the action mechanism of traditional Chinese medicine with complex components.
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DZHJT, Dazhu Hongjingian; Con, control; ACEls, angiotensin converting enzyme inhibitors; CCBS, calcium channel blockers; ARB, angiotensin receptor blockers; CBCMA, Cardiovascuar branch of Chinese Medical Association; ESC,
European Society of Cardlology; ACC/AHA, American College of Cardlology Foundation/American Heart Association; ESC, European Society of Cardiology; LMVWH, low molecular weight heparin.
® 280% recluction in frequency of angina attacks; @ weekly frequency of angina attacks; ® marked improvement of abnormal electrocarciogram; ® whole-blood viscosity; ® plasma viscosity; ® fibrinogen; @ Thromboxanes B2; ®
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