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Editorial on the Research Topic
 Frailty and Herbal Medicines- From Molecular Mechanisms to Clinical Efficacy



In East Asia, natural foods have been used as medicine and have played important roles in human health for centuries, based on the concept of “Eating healthy prevents and cures the disease” in Traditional Chinese medicine. Herbal medicines consist of various natural components obtained from the leaves, roots, and seeds of plants, combined with products from animal, fungal, and mineral origin. The use of herbal medicine has been recently gaining global interest (1). The World Health Organization (WHO) has proposed several guidelines for the use of herbal medicine (2–9), and the Traditional Medicine Strategy 2014–2023 is being undertaken (10). The WHO encourages the integration of traditional medicine into the next edition of the International Statistical Classification of Diseases and Related Health Problems (International Statistical Classification of Diseases and Related Health Problems-11, ICD-11) (11). However, herbal medicines are not fully accepted in clinical practice, and more evidence is required regarding the appropriate and safe usage of herbal medicines to be accepted as mainstream medicines. Traditional Chinese medicine has been part of human history for several thousands of years. The earliest extant medical book is called Huangdi Neijing (Canon of Internal Medicine, 770 BC~221 BC), while the earliest pharmacy monograph is known to be the Sheng Nong Bencao Jing (Sheng Nong Materia Medica, AD25~AD220) (12). Kampo medicine originates from Traditional Chinese medicine, while it was developed in Japan (13).

Herbal medicines in both Traditional Chinese medicine and Kampo medicine have been reported to have significantly beneficial effects, including fatigue- and pain-relief, reduction of infection in the respiratory tract, reduction of diarrhea, nausea, and vomiting, protection of the liver, as well as amelioration of the symptoms of cachexia. Recently, the number of clinical studies associated with frailty has increased; however, effective treatments have been only sporadically reported. Conversely, treatments using herbal medicines for frailty have been extensively published in Japanese journals, although such knowledge has not yet become global.

Frailty is characterized by unintentional weight loss, exhaustion, muscle weakness, slow walking speed, and low physical activity in elderly people, and is associated with an increased vulnerability to stressors and impairment of cognitive and emotional functions. Furthermore, various chronic diseases such as cancer, diabetes, respiratory disease, and psychosomatic disease worsen with the progress of frailty. These disorders associated with frailty have a significant rate of success when they are treated with Kampo medicine (Takayama et al.).

Kampo medicine is composed of various herbal products and is effective against a wide range of diseases. In Japan herbal medicine is prescribed following the theory of Kampo medicine, which is completely different from that of Western medicine. These differences of theory, therefore, make the performance of clinical studies in Western countries difficult. Researchers, who perform experiments using Kampo medicine, should continue providing evidence that Kampo medicine is effective against frailty and aging in order to spread the knowledge and facilitateits worldwide approval.

This Research Topic titled “Frailty and Herbal Medicines—From Molecular Mechanisms to Clinical Efficacy” was planned to provide scientific evidence focused on the mechanisms of herbal medicines in basic experiments. In this Research Topic, 30 articles are presented: 17 basic research studies; three clinical research studies, seven reviews; and three other articles (Tables 1–4). Various herbal medicines have been suggested as useful therapeutic options for frailty and frailty-associated symptoms. In the Kampo theory doctors and pharmacists analyze the syndromes and signs as well as the patient's history, and then the appropriate herbal medicine is selected. These syndromes are called “Sho” in the Kampo theory, which is categorized as three different indicators: Qi (well-being, energy, illness, and vigor), Blood, and Water (14). The arising abnormalities of Qi, Blood, and Water are considered the causes of diseases. The source of Qi is called “Jin.” The loss of Jin, “Jinkyo,” induces a deficiency of psychological and physical energy, which influences growth and reproductive functions in human beings. Jinkyo causes various symptoms such as loss of hair, gray hair, weariness, lumbago, osteoporosis, incontinence, cold legs, itching, and difficulty in hearing. These are all considered to be causes of frailty and aging in the Kampo theory. Hozai is an herbal medicine used to improve the loss of Qi and Blood. Ninjin'yoeito (NYT) is a Hozai formulation in Kampo medicine. NYT is composed of 12 crude drugs (Rehmannia root, Japanese angelica root, Atractylodes rhizome, Poria sclerotium, ginseng, cinnamon bark, polygala root, peony root, citrus unshiu peel, astragalus root, Glycyrrhiza, and Schisandra fruit). NYT has been proven effective against weakness, general malaise, fatigue, anorexia, night sweats, coldness, and anemia (ICD-10). These symptoms fall into categories such as the loss of Qi and Blood. NYT has been reported to include various active components, which have been reviewed by Uto et al. in this Research Topic. The efficacy and safety of NYT are also summarized in this topic. Similarly, the effects of many herbal medicines and their components except for Hozai are reported. Endogenous stem cells such as bone marrow, adipose cells, and umbilical cord-derived mesenchymal stem cells have multifactorial functions and secrete various factors. These characteristics may be similar to those of herbal medicines containing various active ingredients. The potential of mesenchymal stem cells for the therapy of frailty is described in this topic. A combination of stem cell therapy and herbal medicine may work well for the treatment of frailty.


Table 1. Herbal medicines in basic studies of present Research Topics.
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Table 2. Herbal medicines in clinical studies of present Research Topics.
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Table 3. Reviews of present Research Topics.
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Table 4. Other in present Research Topics.
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We hope that this Research Topic on the potential of herbal medicines will be informative. We believe that herbal medicines can become a mainstream treatment for frailty within a considerable period.
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While anticancer properties of Simarouba glauca (SG, commonly known as Paradise tree) are well documented in ancient literature, the underlying mechanisms leading to cancer cell death begin to emerge very recently. The leaves of SG have been used as potential source of anticancer agents in traditional medicine. Recently attempts have been made to isolate anticancer agents from the leaves of SG using solvent extraction, which identified quassinoids as the molecules with tumoricidal activity. However, it is not known whether the anti-cancer potential of SG leaves is just because of quassinoids alone or any other phytochemicals also contribute for the potency of SG leaf extracts. Therefore, SG leaves were first extracted with hexane, chloroform, ethyl acetate, 70% ethanol, water and anti-cancer potential (for inhibiting colorectal cancer (CRC) cells HCT-116 and HCT-15 proliferation) determined using Sulforhodamine-B (SRB) assay. The chloroform fraction with maximal anticancer activity was further fractionated by activity-guided isolation procedure and structure of the most potent compound determined using spectral analysis. Analysis of the structural characterization data showed the presence of tricaproin (TCN). TCN inhibited CRC cells growth in a time- and dose dependent manner but not the normal cell line BEAS-2B. Mechanistically, TCN reduced oncogenic Class-I Histone deacetylases (HDACs) activity, followed by inducing apoptosis in cells. In conclusion, the anti-cancer potential of SG is in part due to the presence of TCN in the leaves.

Keywords: Simarouba glauca, laxmitaru, anti-cancer activity, tricaproin, sodium butyrate, histone deacetylases, apoptosis


INTRODUCTION

Simarouba glauca DC (S. glauca, S.G), commonly known as laxmitaru and paradise tree, belongs to Simaroubaceae family (Govindaraju et al., 2009, NGPS). Parts of S. glauca plant have been used extensively in traditional medicine to treat cancers (Patil and Gaikwad, 2011). For example, decoction prepared using SG leaves has been reported to be effective in treating various cancers (Rangarajan, 2003; Narendran, 2013). Supporting these traditional uses, preliminary studies by National Cancer Institute, United States demonstrated that alcoholic extracts of SG inhibited the growth of cancer cells even at a dose of 25 μg/ml.1 Very recently, a study by Puranik et al. (2017) showed the anti-bladder cancer activity of ethanol extract using T-24 cell line. Similarly, a separate study isolating anticancer constituents using bio activity-guided fractionation of chloroform extract of S. glauca twigs reported the presence of six canthin-6-one type alkaloid derivatives – (1) canthin-6-one; (2) 2-methoxycanthin-6-one; (3) 9-methoxycanthin-6-one; (4) 2-hydroxycanthin-6-one; (5) 4,5-dimethoxycanthin-6-one; and (6) 4,5-dihydroxycanthin-6-one; a limonoid, melianodiol, an acyclic squalene-type triterpenoid, 14-deacetyleurylene, two coumarins – scopoletin and fraxidin, and two triglycerides – triolein and trilinolein. Further testing found that among these molecules, only canthin-6-one, 2-hydroxycanthin-6-one, limonoid and melianodiol could inhibit the growth of human cancer cell lines (Rivero-Cruz et al., 2005). Another study isolated scopoletin, canthin-6-one, canthine-6-one dimethoxy derivatives from wood extract and showed their potential to inhibit human breast cancer cell lines MCF-7 and SK-BR-3 at 2.0 μg/ml and 5.5 μg/ml respectively (Reynertson et al., 2011). In summary, all these studies conclude that the extracts of SG contain potential anticancer agents.

Histone deacetylases (HDACs) are key enzymes involved in chromatin re-modeling and oncogenic behavior of cells (Glozak and Seto, 2007). Deregulated HDACs promote cancer cell proliferation, prevent apoptosis and increase cell migration through the modulation of histone acetylation (Marks et al., 2000). Since histone acetylation helps in the packaging of DNA, removal of acetyl groups by HDACs is likely to increase chromatin tightening, which ultimately culminate in the down-regulation of tumor suppressor genes such as p53, Bax, Bad, p21 etc. (Mariadason, 2008). Therefore strategies that inhibit oncogenic HDACs have potential to become clinically viable drugs for treating cancers wherein HDAC plays an important role in the tumor development (Mottamal et al., 2015). For instance, US FDA approved the use of suberanilohydroxamic acid (SAHA) for treating cutaneous T-cell lymphoma in the year 2006 (Mottamal et al., 2015). Likewise, Belinostat and Panobinstat were also approved by US FDA for the treatment of peripheral T-cell lymphoma and multiple myeloma (Mottamal et al., 2015). Recently, studies from our laboratory have demonstrated the potential of HDAC inhibiting benzoic acid and cinnamic acid derivatives for treating carcinomas of colon and rectum (Anantharaju et al., 2016, 2017a,b). Although many studies have demonstrated the clinical utility of HDAC inhibitors, success of these agents as monotherapies is still a major concern (Kuendgen et al., 2006; Thurn et al., 2011). Hence, search for more potent HDAC inhibitors that work alone still continues. In this regard a separate study synthesized and tested the ability of a selenium containing HDAC inhibitor, known as SelSA (Gowda et al., 2012). SelSA showed much better HDAC inhibition compared to parent compound SAHA (Gowda et al., 2012). However, further development of this compound was not considered due to its toxicity in mice at higher doses (Gowda et al., 2012).

Short and medium-chain fatty acids, and lipids extracted from various plants are the major sources of potential anticancer agents (Hamburger et al., 1987; Selvaraj, 2017). Mechanistically, fatty acids and lipids inhibit HDACs thereby retard cancer cell growth (Waldecker et al., 2008). For example, sodium butyrate helps in the treatment of cancers by inhibiting class-I HDACs thereby sensitizing cancer cells to chemotherapeutic agents as well as radiation treatment (Sealy and Chalkley, 1978; Davie, 2003; Rada-Iglesias et al., 2007). Likewise, medium chain triglycerides and fatty acids are also known to inhibit oncogenic HDACs leading to apoptosis in cancer cells (Kuefer et al., 2004). Therefore, triglycerides containing short and medium chain (4–8 carbons) fatty acids are better anti-cancer agents (Fauser et al., 2013; Narayanan et al., 2015). Hence, SG leaves were extracted with solvents of low- and medium polarity, and anti-cancer potential tested for inhibiting colorectal carcinoma (CRC) cell lines expressing elevated HDAC activity. The chloroform extract, which exhibited potent anti-cancer activity, was further fractionated and a triaceyl glyceride containing hexanoic acid (Caproic acid) purified. The purified compound identified as “Tricaproin” (TCN) using GC-MS, FT-IR, 1H and 13C NMR. The pure TCN inhibited HDAC and cancer cell growth in a dose dependent manner. Mechanistically, HDAC inhibiting TCN induced apoptosis followed by cell growth arrest. In conclusion, results of this study demonstrate the purification of HDAC inhibiting TCN from SG leaves and showed that TCN induces CRC cells growth arrest. Additional studies are currently underway to determine the safety and efficacy of TCN in animals.



MATERIALS AND METHODS

Materials

Colorectal carcinoma cell lines HCT-116 and HCT-15 were procured from NCCS, Pune, Maharashtra, India. Human lung epithelial cell BEAS-2B was kindly provided by Dr. Rajeshkumar Thimmulappa, Associate Professor of Biochemistry, JSS Medical College. Cell culture reagents and disposables were from Life Technologies, Carlsbad, CA, United States and Tarson’s India Limited, Kolkata, India, respectively. BSA was from Hi-Media, Mumbai, Maharashtra, India. Hexanoic acid and Sulforhodamine-B were from Sigma Chemical Company, St. Louis, MO, United States. Analytical grade n-Hexane, Chloroform, Ethyl acetate, Ethanol, Silica gel 60-120 and ALUGRAM-Xtra aluminum plate SIL G/UV 254 were from Loba Chemie, Mumbai, Maharashtra, India. Pierce BCA protein estimation kit [cat#: 23227] was from Thermo Fischer Scientific, Waltham, MA, United States. Lactate dehydrogenase activity assay kit [cat#: K730–500] was from BioVision, Milpitas, CA, United States. Histone deacetylase fluorometric (HDAC) kit [cat#:10011563] from Cayman, Ann Arbor, MI, United States. Acridine orange, ethidium bromide, sodium butyrate were from Sisco Research Laboratories Pvt., Ltd., Mumbai, Maharashtra, India. Accelrys Discovery Studio 4.1 software is from Biovia, San Diego, CA, United States (Available at JSS College of Pharmacy, Udhagamandalam, Tamil Nadu, India).

Methods

Preparation and Extraction of S. glauca Leaves

Fresh leaves from healthy, uninfected Simarouba glauca plant were collected from Palakkad district, Kerala, India. Plant taxonomist, Dr. N. Sasidharan, an Emeritus scientist from Kerala Forest Research Institute, Peechi, Thrissur, Kerala, India, has identified the plant. Leaves from taxonomically identified plants were processed as follows: (a) washing of leaves with tap water to remove dust and adherent materials; (b) rinsing with distilled water followed by drying under shade; (c) pulverization of completely dried leaves in to a fine powder using a sterile electric blender.

Sequential extraction of SG leaf powder

Hundred gram dried leaf powder was extracted successively in Soxhlet apparatus, using 500 ml Hexane (SGH), Chloroform (SGC), Ethyl acetate (SGEA), 70% aqueous Ethanol (SGE). Maceration was carried out for aqueous extraction (SGW). The solvent from each fraction was removed by evaporation at reduced pressure for 24 h; and the residue was frozen at -80°C for 48 h before lyophilization. Stock solution of each lyophilized sample was prepared by reconstituting 50mg material in 1.0 ml of 100% dimethyl sulfoxide (DMSO). The stock solutions were stored at 4°C until use.

Screening of Extracts for Anti-cancer Activity Using Colorectal Carcinoma Cell Lines HCT-116 and HCT-15

The anti-cancer activity of the crude samples was measured according to Madhunapantula et al. (2008). First, 5 × 103 cells, representing carcinomas of colon and rectum (HCT-116, HCT-15, in 100 μl DMEM) supplemented with 10% FBS, 5% penstrep, 5% glutamax were seeded in a 96-well plate. The cells were grown in a CO2 incubator maintained at 37°C, 5% CO2 and 95% relative humidity. After about 48 h, at which point all the wells were 60–70% confluent, the cells were exposed to increasing concentration of samples (dissolved in DMSO and diluted in DMEM-10% FBS medium) for 24, 48, and 72 h. Viability of cells was measured using sulforhodamine-B assay and the percentage growth inhibition calculated by comparing with vehicle DMSO treated cells.

Measurement of Cell Viability Using Sulforhodamine-B Assay (SRB Assay)

Viability of cells was measured using SRB assay as described by Skehan et al. (1990). Experimentally, cells were fixed in 1/4th volume of cold 50% (w/v) TCA for 1 h at 4°C. The media was removed and the wells washed with water (200 μl × 4 times) to remove TCA and serum proteins. The plates were dried, incubated with 100 μl 0.4% SRB for 20 min to stain the cellular proteins. Next, the wells were washed quickly with 1% acetic acid (200 μl × 4 times) to remove unbound SRB. The bound SRB was solubilized in 10.0 mM Tris base solution (100 μl/well) and the absorbance measured at 490 nm in a microplate reader.

Isolation of Tricaproin From the Most Potent Chloroform Extract

Preparation of fatty acid methyl esters (FAME)

Chloroform extract (3.5 g) was subjected to Silica Gel (60–120 mesh) column chromatography using chloroform as an eluant. Based on the TLC analysis, the chloroform fractions were pooled and evaporated to obtain a dried mass of 3.1 g. This dried mixture was refluxed using a mixture of methanol and acetyl chloride (95:5, 100 ml) for 4 h, to prepare FAME, and partitioned thrice using 450 ml of n-hexane containing 0.01% butylated hydroxytoluene (BHT) (A), 400 ml of ethyl acetate (B) and 300 ml of water (C). The pooled fractions were distilled under vacuum to obtain 0.9 g (A), 0.7 g (B) and 1.2 g (C) of dried material respectively from n-hexane (A), ethyl acetate (B) and water (C) solvents.

Enrichment of FAME using urea crystallization method

The obtained FAME was subjected to urea complexation to separate the saturated fatty acids from the polyunsaturated fatty acids as described by Jubie et al. (2015) with slight modification. In short, the obtained FAME (0.9 g, 0.7 g, 1.2 g) was treated with methanol (9.0 ml) and hot solution of urea (3.0 g at 60°C) and the mixture was heated (60°C for 30.0 min) to get a clear solution. It was then cooled at room temperature and stored at 0°C overnight. The material was further filtered to separate the crystals settled at the bottom. The filtrates were subjected to vacuum distillation, which yielded powdered samples designated as Fraction #1 (0.32 g), Fraction #2 (0.15 g), and Fraction #3 (0.62 g) respectively from fractions A, B, and C. The pale crystals obtained (2.0 g) were further refluxed with water (20 ml) using rota vapor at 50°C under pressure. The aqueous layer thus formed was partitioned with n-hexane (1:2). The collected n-hexane layer was subjected to vacuum distillation, which yielded: Fraction #4 (0.49 g) and Fraction #5 (0.51 g) from A and B, respectively. Fraction C produced a turbid aqueous layer, separation of which (same as above) yielded a 0.48 g oily product (Fraction #6).

Characterization and structural elucidation of Tricaproin (TCN)

Fraction #6, containing more pure tricaproin (as evidenced by gas chromatography-mass spectrometry (GC-MS), was selected for structural elucidation. The infra red (IR) spectra were recorded by fixed cell method with Schimadzu 8400S Fourier transformed infra red (FT-IR) spectrophotometer with a range of 4000–400cm-1. The 1H (1–11 ppm) and 13C nuclear magnetic resonance (NMR) (10 – 220 ppm) spectra were recorded using Bruker Avance-II with CDCl3 as solvent. GC-MS analysis was carried out using Thermo trace 1300 Gas chromatogram coupled with Thermo TSQ 8000 mass spectra using XCalibur 2.0SP1 with Foundation 2.0SP1 software. The injector temperature was 250°C and the column pressure was 100 kPa. Helium was used as the carrier gas (1.0 ml/min) and the injection volume was 1.0 μL. The temperature was set at 60°C for 2.0 min and increased to 280°C (10°C/min). Mass spectrometry conditions were as follows: ion source temperature – 230°C; electron energy – 70 eV; interface temperature – 250°C; quadrupole temperature – 150°C; mass scan range – 50–500 amu; detector – MS TSQ 8000.

Anti-cancer Activity and Selectivity of Tricaproin

The ability of tricaproin and hexanoic acid to inhibit carcinoma cells representing colon and rectum (HCT-116 and HCT-15) and non-cancerous human bronchial epithelium cell line (BEAS-2B) was carried out as detailed before. The cells were exposed to increasing concentration (7.8–1000 μM) of TCN and HA (dissolved in DMSO and diluted in DMEM-10% FBS medium) for 24, 48, and 72 h, and IC50 values calculated using GraphPad Prism software (2009) (Prism).

Comparative Assessment of the Binding Potential of Tricaproin to Sodium Butyrate Binding Site of HDACs Using Discovery Studio 4.1

Selection of HDAC structure from Protein Data Bank

The X-ray crystallographic structures of human HDAC1 with dimeric ELM2-SANT domain of MTA 1 from the NuRd complex (PDB ID-4BKX) having 482 aminoacids, HDAC2 consisting 367 aminoacids bound with N-(2-aminophenyl) benzamide (PDB ID-3MAX), HDAC3 complexed with a co-repressor inositol tetraphosphate with 376 aminoacid residues (PDB ID-4A69), HDAC 8 complexed with an inhibitor complex and having 388 aminoacids (PDB ID-2V5X), and HDAC4 complexed with hydroxamic acid inhibitor benzamide having 488 amino acids (PDB ID-2VQV) were retrieved from Protein data bank. The PDB files were cleaned and the hetero-atoms (HETATM) of the receptors were removed manually (Anantharaju et al., 2017a).

Generation of ligand data set

The structures of ligands-Tricaproin, Hexanoic acid, Sodium butyrate were obtained from PubChem compound database2. “Prepare ligand” module available in Discovery studio 4.1 was used for preparation of the ligands for removing duplicates, enumerating isomers and tautomers, and generating 3D conformations.

Active site analysis of HDACs structure

Possible binding sites of HDACs were identified by first defining the receptor molecule using binding site tools of Discovery Studio. Active sites were selected according to PDB site records. Total active sites were evaluated for their binding to ligands, which include the control sodium butyrate, with lowest C-Dock energies and selected the best active site for the further evaluation to identify the potent HDAC inhibitor (Anantharaju et al., 2017a).

Molecular docking using Discovery Studio 4.1

The docking of ligands in the receptor-binding site was performed using C-docker module available in Discovery studio 4.1. C-docker docks ligands using the validated CDOCKER algorithm, a grid based molecular docking method that uses CHARMm with CDOCKER. Briefly, initial ligand conformations were sampled using high temperature molecular dynamics, which include dynamics steps (1000) and dynamic target temperature (1000) and allowed to flex during the refinement. Next, the conformations were translated into binding site and candidate poses created using random rigid-body rotations. This was subjected for simulated annealing including heating steps (2000), heating target temperature (700), cooling steps (5000) and cooling target temperature (300). A final minimization with full potential is then used to refine the ligand poses. The binding mode for all ligands to human HDACs was investigated by CDOCKER protocol (Wu et al., 2003). Different poses of protein-ligand complex were obtained after docking process with their specific CDOCKER energy and CDOCKER interaction scores displayed in output file.

Assessment of HDAC Inhibitory Potential of Tricaproin

Histone deacetylase (HDAC) inhibitory potential of Tricaproin and Hexanoic acid was determined using the HDAC1 nuclear extract supplied in the kit (Ex vivo analysis; Histone deacetylase fluorometric (HDAC) assay kit (10011563) from Cayman, USA) as well as the nuclear extract collected from the CRC cells; HCT-116 and HCT-15 upon treatment with Tricaproin and Hexanoic acid (In vitro analysis). Details of the procedure can be obtained from the following link: https://www.caymanchem.com/pdfs/10011563.pdf.

Isolation of cellular nuclei and collection of nuclear extract

Isolation of nuclear fraction was performed as described in the kit3. In brief, 1 × 106 cells from control untreated, vehicle DMSO (1%) treated and Tricaproin and Hexanoic acid exposed flasks were collected by trypsinization, and centrifuged at 3000 rpm for 5.0 min. The pelleted cells were washed twice with PBS, and resuspended in 1.0 ml cold lysis buffer containing 10 mM Tris-HCl (pH 7.5), 10 mM NaCl, 15 mM MgCl2, 250 mM Sucrose, 0.5% NP-40 and 0.1 mM EGTA. After vortexing for 10.0 s the cell suspension was incubated on ice for 15.0 min, centrifuged at 900 rpm for 10.0 min at 4°C with 4.0 ml of cold sucrose cushion. The pellet collected was washed using cold 10.0 mM Tris HCl (pH 7.5) and 10.0 mM NaCl, centrifuged at 900 rpm at 4°C for 10.0 min to obtain a fraction rich in nuclei.

Extraction of nuclear fraction

The fraction rich in nuclei was resuspended in 100.0 μl nuclear extraction buffer made up of 50 mM HEPES-KOH (pH 7.5), 420 mM NaCl, 0.5 mM Na2EDTA, 0.1 mM EGTA, 10% Glycerol, and sonicated for 30.0 s. The mixture was incubated on ice for 30.0 min and centrifuged at 7000 rpm for 10 min. The supernatant containing crude nuclear extract was used for determination of HDAC activity. The protein content in the nuclear extract was estimated using BCA kit (Thermo Fischer, Waltham, MA, United States) as described below and extracts stored at -80°C until further use.

Estimation of total protein using BCA method

Total protein content in the nuclear extracts was determined using Pierce BCA kit from Thermo Fischer Scientific (Brown et al., 1989). A calibration graph was prepared by incubating increasing concentration of 25, 125, 250, 500, 750, 1000 and 1500 μg/ml bovine serum albumin (BSA, 10.0 μl) with 200 μl BCA reaction mixture containing of 50 parts of reagent A (made up of 0.8% sodium bicarbonate, 4% bicinchoninic acid and 0.16% sodium tartrate in 0.1 M sodium hydroxide) and 1 part of reagent B (made up of 4% cupric sulfate) at 37°C for 30.0 min, followed by measuring the absorbance at 562 nm using a multimode plate reader (PerkinElmer, Germany). Similarly suitably diluted test samples were also processed and concentration determined using the calibration curve.

HDAC inhibitory potential assessment using an ex vivo method

HDAC1 crude nuclear extract provided in the HDAC kit was used for determining the HDAC inhibitory potential of Tricaproin and Hexanoic acid. Experimentally, nuclear extracts containing 10 μg of protein is made up to 55 μl with assay buffer followed by addition of 5.0 μl fluoro-substrate to get 60 μl reaction volume. The reaction mixture was incubated for 30.0 min at 37°C. Appropriate experimental controls that include (a) no enzyme control with all components except the nuclear lysates; (b) a developer control consisting of fluorodeacetylated substrate instead of fluoro-substrate; (c) an inhibitor control with 5.0 μM of Tricostatin-A and 6, 12, 24 mM (HCT-116) and 20, 40, and 80 mM (HCT-15) sodium butyrate (a known HDAC Inhibitor); (d) TCN and CA of 75 μM (HCT-116) and 250 μM (HCT-15) and (e) a solvent control was also processed similarly. The fluorescence was read in a kinetic mode after incubating for 15.0 min at room temperature with 15.0 μl of developer. The measurements were carried out at an excitation of 350 nm and emission of 450 nm.

HDAC inhibitory potential assessment using in vitro method

In vitro assessment of HDAC inhibitory potential was performed as described by Senawong et al. (2013) and Anantharaju et al. (2017a). In brief, 1 × 106 HCT-116 and HCT-15 cells were seeded in 10.0 ml of DMEM supplemented with 10% FBS in a 100 mm Petri plate. The exponentially growing HCT-116 and HCT-15 cells were treated with 7.8, 15.6, 31.2, 62.5, 125, and 250 μM TCN respectively for 48 h. Tricostatin A (5.0 μM), Sodium butyrate (6, 12, 24 mM for HCT-116) (20, 40, and 80 mM for HCT-15) were used as controls. The cells were trypsinized, and 10.0 μg of nuclear lysate was used for the determination of HDAC enzyme activity as detailed before.

Estimation of Intracellular Reactive Oxygen Species (ROS) in Colon Cancer Cells Treated With Tricaproin

Determination of ROS levels was performed according to Shailasree et al. (2015) with minor modifications (Shailasree et al., 2015; Anantharaju et al., 2017a). 0.5 × 104 HCT-116 and HCT-15 cells/well were seeded in a 96 well plate and allowed to grow in a carbon dioxide incubator maintained at 5% CO2 and 37°C for 48 h. Then the exponentially proliferating cells were treated with 37.5, 75, 150 μM (for HCT-116) and 125, 250, 500 μM (for HCT-15) of TCN for 24 and 48 h. Traces of media in the cells were removed by washing with PBS. Then the cells were incubated with 10 μM of 2′, 7′-dichlorodihydrofluorescein diacetate (H2DCFDA, prepared in PBS) for 30.0 min and fluorescence intensity measured using a multimode plate reader operating at an excitation of 435 nm and emission of 520 nm.

Detection of Apoptosis by Acridine Orange and Ethidium Bromide Staining

Apoptosis detection by double staining using acridine orange and ethidium bromide was performed as detailed (Shailasree et al., 2015; Anantharaju et al., 2017a). Experimentally, 0.3 × 106 HCT-116 and HCT-15 cells were seeded in 6-well plates and exposed to increasing concentrations of TCN (37.5, 75, 150 μM) and Sodium butyrate (12 mM) on HCT-116 for about 48 h. The cells were trypsinized and mixed thoroughly to obtain a single cell suspension. The trypsin was neutralized by the addition of complete medium, and 20.0 μl cell suspension incubated with a mixture containing10.0 μl of 100.0 μg/ml each of ethidium bromide and acridine orange for 5.0 min. The cells were imaged using the fluorescence microscope using TRITC and FITC filters and later merged to obtain a combined image, which exhibited green and orange cells.

Confirmation of Apoptosis by Measuring Caspase-3 Activity

Activation of caspase-3 and 7 is the functional end point of apoptotic cascade and is an indicator of apoptosis induction in mammalian cells (Okada et al., 2016). The caspase-3/7 fluorescence assay kit was used to measure the caspase activity4. Experimentally, first, 1 × 104 HCT-116 and HCT-15 cells were treated with increasing concentrations of TCN at 37.5, 75, 150 μM (for HCT-116) and 125, 250, 500 μM (for HCT-15) for 48 h. Cells exposed to Sodium butyrate at 6, 12, 24 mM and 20, 40, 80 mM for HCT-116 and HCT-15 respectively served as positive control. The cells treated with 1% DMSO served as vehicle control. The plate was centrifuged at 560 rpm for 5.0 min. After aspirating the culture medium 200 μl of assay buffer was added and centrifuged at 560 rpm for 5.0 min. Hundred microliter of lysis buffer was then added and incubated on an orbital shaker at room temperature for 30.0 min followed by centrifugation at 560 rpm for 10.0 min. Ninety microliter of the supernatant from each well was then transferred to the corresponding well in a 96 well plate (black) and 10 μl of assay buffer was added. Hundred microliter of active caspase-3 positive control (1:500 in assay buffer) was added to the corresponding well. Further, the plate was incubated at 37°C for 30.0 min after adding 50 μl of substrate [combine100 μl of N-Ac-DEVD-N′-MC-R110, 400 μl DTT (1 M) assay reagent, 9.5 ml assay buffer] solution. The fluorescence intensity was measured using a multimode plate reader operating at an excitation of 485 nm and emission of 535 nm.

Statistical Analysis

All experiments were conducted in multiple replicates and the results were expressed as mean +SEM. The results were subjected to one way ANOVA, followed by Tukey’s post hoc test to analyze difference between experimental and control samples. A “P” value of < 0.05 was considered significant. All the graphs were generated using GraphPad Prism-5 software.



RESULTS

Fractionation of SG Leaves, Using Solvents, Yielded Extracts Containing Anti-cancer Agents With Good Therapeutic Index

To isolate the anti-cancer agents from Simarouba glauca, the leaves were successively extracted with n-hexane (SGH), chloroform (SGC), ethyl acetate (SGEA), hydroalcohol (70% ethanol; SGE) water (SGW) and anti-cancer potential in terms of CRC cells growth inhibition determined using SRB assay (Figures 1A,B and Table 1). Analysis of the data showed a dose- and time- dependent increase in the potency of each extract (Figures 1A,B, Table 2, and Supplementary Figures 1A–D). For instance, at 72 h of treatment of HCT-116 cells, the chloroform extract exhibited the most potent anti-cancer activity with an IC50 of ∼18.0 μg/ml compared to ethyl acetate (IC50 ∼45 μg/ml), hydroalcohol (IC50 ∼80 μg/ml) and water (IC50 ∼100.0 μg/ml) (Supplementary Figure 1B). However, the extract prepared using hexane had only minimal effect at all concentrations tested (Figure 1A). For example, at 500 μg/ml concentration, only about 25% growth inhibition was observed at 24 h treatment (Figure 1A). Extending the treatment time for 48 and 72 h improved the efficacy marginally (Table 2 and Supplementary Figures 1A,B). Similar trend was observed upon treatment of HCT-15 cells with crude extracts (Figure 1B and Table 2). The IC50 values were found to be in the order of SGC (∼18 μg/ml), SGEA (∼43 μg/ml), SGE (∼80 μg/ml), SGW (∼115 μg/ml) (Table 2 and Supplementary Figures 1C,D).
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FIGURE 1. Chloroform extract of SG (SGC), compared to other extracts, more effectively inhibit the viability of colorectal carcinoma cell lines: To screen and identify the most potent extract which can inhibit the growth of colorectal cancer cell lines, first, SG leaves were sequentially extracted with solvents of increasing polarity and tested for efficacy on HCT-116 (A) and HCT-15 (B) cell lines. Analysis of the data showed a significant growth reduction with increasing concentration of the extracts at 24 h of treatment. Among the extracts tested, chloroform extract showed much better cell proliferation inhibition indicating the presence of compounds that can inhibit the growth of colorectal carcinoma cells. The screening experiments were carried out thrice with at least 4 replicate wells in each experiment. The values represented are Mean ± SEM.



TABLE 1. Percentage yield of crude extracts of Simarouba glauca leaves.
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TABLE 2. IC50 value (μg/ml) of crude extracts of Simarouba glauca leaves on HCT-116 and HCT-15 colorectal carcinoma cells.
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Since chloroform extract showed better potency compared to other extracts, next, the selectivity was determined by comparing the percentage growth inhibition of normal bronchial epithelial cell line BEAS-2B with CRC cell line HCT-116 at 125 μg/ml, 250 μg/ml and 500 μg/ml concentrations treated for 24, 48, and 72 h. The chloroform extract showed much better selectivity to HCT-116 cell line compared to BEAS-2B cells (Figure 2). The selectivity is much better at lower concentrations compared to higher concentration (Figure 2). For example, at 24 h treatment with 125 μg/ml chloroform extract, only 0.38% growth inhibition was observed in BEAS-2B cells compared to 75% in case of HCT-116. However at 500 μg/ml concentration the % inhibition of BEAS-2B and HCT116 cells increased to ∼2% and ∼95% respectively (Figure 2). The selectivity of extract toward cancer cells decreased as the incubation time increases from 24 to 72 h, which is primarily due to increased growth retardation of even normal cells (Figure 2).
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FIGURE 2. Chloroform extract is selective to colorectal carcinoma cell line HCT-116 compared to normal lung epithelial cell line BEAS-2B. To determine the therapeutic index of chloroform extract, normal lung epithelial cell line BEAS-2B and colorectal carcinoma cell line HCT-116 were treated with increasing concentration of the extract for 24, 48, and 72 h. The number of viable cells determined using SRB and percentage inhibition calculated. Analysis of the data showed a significant difference in the efficacy of chloroform extract with HCT-116 cells more responsive to treatment compared to BEAS-2B, indicating the selectivity of chloroform fraction. The data shown is the Mean ± SEM of three independent experiments with 4 replicate wells in each experiment.



Purification and Characterization of Anti-cancer Agent Tricaproin From Chloroform Extract

Results of anti-cancer agent screening and selectivity data suggested the presence of potent anticancer agents with good safety profile in chloroform extract. Hence, the chloroform extract was further fractionated using silica gel column chromatography followed by preparation of fatty acid methyl esters as detailed in materials and methods (Supplementary Figure 2). This fractionation procedure yielded 6 fractions (Supplementary Table 1 and Supplementary Figure 3). Analysis of all these fractions by GC-MS (Electron ionization-Time of Flight (EI-TOF) showed that Fraction-6 with a yield of 0.24 g is pure compared to Fractions-1 to -5 (Figure 3A and Supplementary Tables 2–5). The fragment ions obtained (%intensity) are – 271 (20), 215 (5), 171 (5), 159 (10), 99 (100), 71 (50). Comparison of these fragment-ions with the mass spectral database suggested the presence of tricaproin (C21H38O6) with a calculated molecular mass 386.529 g/mol. Next, Fraction-6 was subjected for further structural characterization using FT-IR (fixed cell method), 1H NMR and 13C NMR (Figures 3B–D). Analysis using FT-IR showed characteristic wavelength frequencies representing C-H stretching (2927 cm-1), C-H bending (1465 cm-1), C = O stretching (1674 cm-1), C-O stretching (1155 and 1051 cm-1) (Figure 3B). Analysis using 400 MHz 1H NMR yielded additional structural details confirming the presence of - CH(COO)3 (δ 5.5 s, 1H), -CH2COO (δ 2.5–2.25 m, 6H), (CH2)3 (δ 1.70–1.60 m, 6H), -(CH2-CH2)3 (1.50–1.20 m, 12H) (Figure 3C). Subsequent analysis using 13C NMR (in CDCl3-d6) yielded the following structural details: (a) presence of >C = O ester (173.91, 173.31, 172.85 δ ppm); (b) >C-O, -C-O- bonds 68.28, 65.00, 62.10 (δ ppm); (c) -C-C = O ester (34.14, 34.09, 34.04 δ ppm); (d) -CH2 (33.99, 33.91, 31.23, 31.20, 31.16, 24.53, 24.50, 24.37, 22.24 δ ppm), and (e) -CH3 (13.82 δ ppm) (Figure 3D). Taken together, these structural details confirmed the presence of a tricaproin in the pure fraction, which showed good anticancer activity (Figure 3E).
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FIGURE 3. Elucidation of the structure of purified compound: The pure compound obtained by the fractionation of chloroform extract was subjected for structural characterization using (A) GC-MS; (B) FT-IR; (C) 1H-NMR; and (D) 13C-NMR. Analysis of the data showed the presence of tricaproin (E). Tricaproin is a triglyceride made up of 3 hexanoic (caproic) acid residues ester linked to the hydroxylic groups of glycerol.



Tricaproin and Hexanoic Acid (Caproic Acid) Inhibit Colorectal Carcinoma Cells Growth in Vitro

Tricaproin is a molecule produced by the condensation of each of the hydroxylic groups of glycerol with hexanoic acid (also known as caproic acid) (Figure 3E). In order to determine and further confirm functionally that the Fraction-6 contain tricaproin, the cytotoxic potency of the commercially available tricaproin (procured from Sigma, St. Louis, MO, United States) was compared with the purified Fraction-6 on HCT-116 cells (Figures 4A,B). Analysis of the data showed similar growth inhibitory properties when tested on HCT-116 (Figures 4A,B). TCN was also tested on HCT-15 cell line, which yielded a dose and time dependent response (Figure 4C). Next, to check whether the monomeric hexanoic acid and glycerol exhibit anti-cancer activity, HCT-116 and HCT-15 cells were treated with increasing concentration of hexanoic acid and glycerol and viability determined using SRB at 24, 48, and 72 h (Supplementary Figures 4A–D). The data showed a significant growth reduction, which is similar to parent tricaproin, only with hexanoic acid treatment (Supplementary Figures 4A,B) but not with glycerol exposure (Supplementary Figures 4C,D). Therefore, the active molecule in tricaproin is hexanoic acid but not glycerol.
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FIGURE 4. Comparative assessment of commercially available tricaproin with that of the tricaproin purified from SG leaf. In order to determine whether the TCN purified from SG leaves has similar cytotoxic properties compared to commercially available TCN, colorectal carcinoma cells HCT-116 (A,B) and HCT-15 (C) were treated with increasing concentrations of TCN isolated (A: HCT-116 cell line and C: HCT-15 cell line) as well as TCN obtained from commercial sources for 24, 48, and 72 h. Percentage growth inhibition was calculated and the data compared between the two TCN molecules. Analysis of the data showed no much difference between the TCN isolated from SG leaves and the TCN obtained from commercial vendors. The data represented is the Mean ± SEM of three independent experiments.



Selectivity of the TCN was tested against normal bronchial epithelial cell line BEAS-2B and CRC cell line HCT-116 at 250, 500, and 1000 μM concentrations treated for 24, 48, and 72 h. The compound exhibited more selectivity toward HCT-116 cell line compared to BEAS-2B cells (Supplementary Figure 5). For example, at 48 h treatment with 125 μg/ml TCN, only 1.4% growth inhibition was seen in BEAS-2B cells compared to 64% in case of HCT-116 cells (Supplementary Figure 5). Supporting the TCN cytotoxicity on cancer cell lines, analysis of lactate dehydrogenase released in to the cell culture media, an indicator of cell death, also showed that compound treatment induced death in colorectal cancer cells (Supplementary Figure 6).

Tricaproin and Hexanoic Acid Inhibit HDAC Activity More Potently Than Sodium Butyrate

Sodium butyrate (SB) is a known inhibitor of HDAC. Structurally, SB is shorter by two -CH2 groups to hexanoic acid (Supplementary Figure 7). Since SB is known to inhibit HDAC activity, we have hypothesized that the hexanoic acid and tricaproin might also inhibit HDAC activity. To test this hypothesis, tricaproin, hexanoic acid and SB were first docked in to the sodium butyrate binding site of Class-I (HDACs -1, -2, -3, and -8) and Class-II HDAC (i.e., HDAC-4) and the binding energies compared (Table 3 and Figures 5A,B). Analysis of the data showed a significant strong binding of TCN especially on HDAC 3 (Figure 5B), as evidenced by higher negative C-Docker energy as well as C-Docker interaction strength, compared to SB or Hexanoic acid to all HDACs evaluated (Table 3). The order of binding of TCN to Class-I HDACs is HDAC-3 > HDAC-2 > HDAC-1 > HDAC-8. Class-II HDAC, i.e., HDAC-4 showed the lowest C-Docker energy (Table 3). Therefore, in silico analysis showed better binding of TCN to Class-I HDACs compared to Class-II HDAC.

TABLE 3. Comparison of HDAC binding energies and key amino acid residues involved in the interactions of Tricaproin, Hexanoic acid, and Sodium butyrate.
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FIGURE 5. Molecular docking studies demonstrating the ability of TCN to bind to Class-I HDACs: Since sodium butyrate is a known inhibitor of HDAC proteins, we have tested the ability of TCN to bind to sodium butyrate binding site of HDAC using Discovery software. As shown TCN binds to Class I HDACs 1, 2, 8 and Class II HDAC-4 (A). Further analysis showed that TCN exhibited much better binding to HDAC-3 (B). However, hexanoic acid and sodium butyrate exhibited poor binding to HDAC3 (B) indicating the selectivity of TCN toward HDAC3.



Since the in silico data showed better binding of TCN to Class-I HDACs, next, the ability of TCN to inhibit HDAC activity was determined by exposing HCT-116 and HCT-15 cells, which are known to contain elevated HDACs, to increasing concentrations of TCN for 48 h. Nuclear extract from the cells not exposed to (untreated), or exposed to TCN or control TSA was isolated and HDAC activity measured as detailed in methods section (Senawong et al., 2013). A significant dose dependent decrease in HDAC activity was observed upon treatment of HCT-116 and HCT-15 cells (Figure 6). At 125.0 μM concentration, about 93 and 76% inhibition was observed, respectively, for HDACs isolated from HCT-116 and HCT-15 cell lines, confirming the in silico observations (Figure 6A). However, interestingly, when the TCN, HA and positive control TSA were incubated with nuclear extract collected from HCT-116 and HCT-15 cell lines, the percentage inhibition was significantly low (86% vs. 28% at 250 μM on HCT-15 cells, Figure 6B) compared to the in vitro experiments wherein cells were first exposed to the compounds, followed by assessing the HDAC activity in the nuclear extract (Figure 6A). To further test this interesting observation, HDAC1 (supplied as a control in HDAC kit) was incubated with 250 μM TCN, 250 μM Hexanoic acid and 5.0 μM TSA and percentage inhibition compared to control vehicle exposed HDAC1 calculated. A non-significant 12 and 8% inhibition was observed, respectively with TCN and HA treatments (Supplementary Figure 8A). Even the positive controls TSA and SB exhibited similar reduction in percentage HDAC activity inhibition when tested using isolated nuclear extract or commercial HDAC1 (Supplementary Figures 8A–C)
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FIGURE 6. TCN inhibited HDAC activity in vitro: Based on the in silico data, it is predicted that TCN binds to Class-I HDACs with more selectivity to HDAC3, which is likely the factor responsible for HDAC activity inhibition and cell growth retardation. To test whether this hypothesis, colorectal carcinoma cells were incubated with increasing concentration of TCN and nuclear and cytosolic fractions collected. HDAC activity compared to vehicle treated cells was assessed using a kit. Analysis of the data showed that TCN, indeed, inhibited HDAC activity in vitro when tested against HCT-116 and HCT-15 cells (A). To further test the efficacy ex vivo, the nuclear extracts were isolated from HCT-116 and HCT-15 cells and treated with TCN at 75 and 250 μM concentration and percentage inhibition of HDAC activity calculated. HA and TSA were used as controls (B). HDAC inhibition experiments were performed thrice with 3 replicates in each experiment and values expressed in Mean ± SEM.



Tricaproin Induced Reactive Oxygen Species in Colorectal Carcinoma Cells

HDAC is a known regulator of antioxidant enzymes super oxide dismutase (SOD), peroxidase and catalase in cells (Espinosa-Diez et al., 2015). Hence, accumulation of reactive oxygen species (ROS) is a characteristic features of HDAC inhibitors (Rosato et al., 2008). Furthermore, prior studies have demonstrated that HDAC inhibitors such as SAHA, SelSA, SB, benzoic acid and cinnamic acid derivatives induce cancer cells death by increasing the levels of ROS (Ruefli et al., 2001; Sanmartín et al., 2012; Anantharaju et al., 2017a; Salimi et al., 2017). Since, tricaproin also exhibited HDAC inhibitory activity, it is predicted that induction of CRC cells death due to tricaproin treatment might be due to elevated ROS levels. Therefore, to test this hypothesis, HCT-116 and HCT-15 cells were treated with increasing concentration of TCN and levels of ROS estimated as detailed in methods. As predicted, treatment of HCT-116 and HCT-15 cells with increasing concentrations of TCN significantly increased the reactive oxygen species at 24 and 48 h (Figures 7A,B). An about twofold increase in ROS was observed at 150.0 μM concentration in HCT-116 cell line at 48 h of treatment (Figure 7A). Similarly an about 1.6-fold increase in ROS was observed upon treatment of HCT-15 cells with 500.0 μM tricaproin (Figure 7B). The increase in ROS correlated directly with decrease in cell viability (Numbers on top of each bar).
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FIGURE 7. HDAC inhibitor TCN enhances cellular ROS: HDAC inhibitors are known for their ability to induce cellular ROS. Hence, the ability of TCN to induce cellular ROS was measured using H2DCFDA procedure as detailed in materials and methods. As predicted, TCN induced cellular ROS thereby decreased the number of viable cells, especially at 48 h treatment on HCT-116 (A) and HCT-15 (B) cells. These experiments were carried out at least 3 times to check the reproducibility and the results expressed as Mean ± SEM.



Tricaproin Induced Apoptosis in Colorectal Carcinoma Cells

Increased ROS in a cell induces apoptosis thereby promote cell death (Simon et al., 2000). In order to determine whether TCN-treatment induced ROS also triggered apoptosis in HCT-116 and HCT-15 cells, the cells were stained with acridine orange and ethidium bromide, and the levels of caspase-3 (a marker for apoptosis) measured as detailed in materials and methods.

First, TCN treated and untreated HCT-116 cells (48 h) were stained with ethidium bromide and acridine orange to evaluate apoptosis. Theoretically, the cells undergoing apoptosis exhibit condensed chromatin and show orange-red color compared with the live cells that appear green when observed under fluorescence microscope. Analysis of photomicrographs showed significantly high orange and red stained cells when treated with TCN (Figure 8A). However, no such stained cells were observed in untreated or vehicle 1% DMSO treated cells (Figure 8B). The number of orange stained cells increased with increasing TCN concentration.
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FIGURE 8. TCN triggered apoptosis in HCT-116 cells: Acridine orange and ethidium bromide staining procedure helps to differentiate proliferating and apoptotic cells using a fluorescent microscope at a magnification of 20X. Since TCN inhibited cancer cells growth, now, the mechanistic basis for cell growth inhibition was assessed. As shown, treatment of colon cancer cells HCT-116 with TCN induced apoptosis as evidenced by the presence of condensed chromatin (orange stained cells) (A). Untreated and vehicle treated cells exhibited no signs of apoptosis as there were no orange stained cells in these fields. The weak HDAC inhibitor sodium butyrate also induced apoptosis, but at 12 mM concentration (B).



Induction of caspase-3/7 mediated apoptosis is a characteristic feature of HDAC inhibitors (Jasek et al., 2012; Okada et al., 2016). Therefore, the levels of caspase-3/7 were estimated using a fluorimetric Caspase-3/7 assay kit as detailed in materials and methods. A dose dependent increase in caspase-3 activity was observed upon exposing HCT-116 and HCT-15 cells to TCN as well as control compounds SB and hexanoic acid (Figures 9A,B). The efficacy of TCN and hexanoic acid for inducing caspase-3 activity is much higher compared to SB in both the cell lines (Figure 9). For example, at 0.038 mM concentration an about 1.6 and 1.5 fold increase in caspase-3 activity compared to control DMSO treated cells was observed respectively with TCN and hexanoic acid treatment. However, even at 6.0 mM concentration of SB, only 1.2 fold increases in caspase-3 activity was observed. Similar trend was observed even in HCT-15 cell line (Figures 9A,B)
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FIGURE 9. TCN induced cell death is mediated by the induction of caspase-3 activity in vitro: Induction of caspases is one of the mechanisms often reported for anti-cancer agents. Therefore, to check whether TCN also triggers caspase-3 activity, HCT-116 (A) and HCT-15 (B) cells were treated with increasing concentrations of TCN for 48 h and cell lysates collected as detailed in materials and methods. The data showed induction of caspase-3 activity with increasing TCN concentration in both cell lines. The component hexanoic acid also induced apoptosis in these cell lines in a dose dependent fashion indicating that the effect could be due to short chain fatty acid hexanoic acid. Pure caspase-3, supplied in the kit, was used as positive control in this study. These experiments were carried out 3-times with 4 replicates in each experiment. The data represented is the Mean ± SEM.





DISCUSSION

Evidences from traditional medicine reports and recent success with naturally occurring anti-cancer agents stimulated the scientific community to screen and identify potential phytochemicals for treating cancers (Shoeb, 2006). In addition, the advantages with natural products such as low-toxicity and easy availability also provided additional strength to anti-cancer agents screening research (Cragg and Newman, 2005; Shah et al., 2013). Simarouba glauca, a Simaroubaceae family plant, is a rich source of bitter substances with potential anti-cancer properties (Patil and Gaikwad, 2011). To date, not much is known about their anti-cancer potential. Moreover, it is also not known whether any other type of compounds (other than bitter substances) do present in SG leaf extracts (Puranik et al., 2017). Therefore, in this study, leaves of Simarouba glauca were extracted with solvents of increasing polarity and anti-cancer activity screen performed, which identified chloroform extract as a better source for compounds with potent anti-cancer activity (Rivero-Cruz et al., 2005; Puranik et al., 2017). Chloroform alone or in association with methanol (2:1) has been widely used to extract short chain fatty acids and triglyceride esters (King and Min, 1998). The chloroform extracted compound was identified as tricaproin (TCN) by structural analysis using GC-MS, FT-IR and 1H and 13C NMR (NIST, da Rocha et al., 2007, SDBS). TCN is an ester made up of three hexanoic acids ester linked to glycerol (da Rocha et al., 2007). Once enter in to cell, the tricaproin undergo hydrolysis to produce hexanoic acid and glycerol. Since short chain fatty acids such as butyrate (a weak inhibitor of HDAC) are known to inhibit HDAC, the ability of tricaproin and hexanoic acid were tested for their potency to reduce HDAC activity (Kuefer et al., 2004; Nande and Claudio, 2014). As predicted, TCN and hexanoic acid inhibited the HDAC activity and reduced cancer cell proliferation rates significantly compared to sodium butyrate. Further analysis showed that the glycerol moiety of tricaproin is not effective in reducing cell proliferation and HDAC activity, hence, the active component causing HDAC inhibition and cell death is hexanoic acid. Since, TCN is made up of 3 molecules of hexanoic acid, TCN is a preferred choice for delivering the active molecules compared to hexanoic acid as such.

Inhibition of HDAC is one of the viable strategies for inhibiting cancer cells growth (Glozak and Seto, 2007). Several in vitro and in vivo studies as well as clinical trials using HDAC inhibitors have demonstrated the potential use of these pharmacological agents for cancer therapy (Mottamal et al., 2015). Moreover, class-I HDACs have been shown to be over expressed in several carcinomas including colorectal cancers (Mariadason, 2008). Elevated HDACs promote cell proliferation, inhibit apoptosis and induce drug resistance in cancers (Glozak and Seto, 2007). Targeted inhibition of HDAC using naturally occurring pharmacological agents such as benzoic acid and cinnamic acid derivatives, and synthetic SelSA were demonstrated to retard CRC cells in vitro and in animals (Ruefli et al., 2001; Sanmartín et al., 2012; Gowda et al., 2012; Anantharaju et al., 2017a; Salimi et al., 2017). Whereas some of these inhibitors found successful in clinical trials for inhibiting AML and CML, other compounds have not shown promising results either due to poor efficacy or due to systemic toxicity (Mottamal et al., 2015). Therefore, several research groups continued their efforts to screen and identify HDAC inhibitors from natural sources (Anantharaju et al., 2017a). Tricaproin is one such naturally occurring inhibitor of HDAC. Mechanistically, tricaproin inhibited class-I HDACs, thereby increased the levels of apoptosis mediated by caspase-3. However, it is currently unknown whether any other proteins do have a role in the apoptosis induction. Several reports have shown the upregulation of p53, Bax and Bad upon HDAC inhibition (Richon et al., 2000; Sawa et al., 2001). Therefore, in the subsequent studies the effect of inhibiting HDAC using TCN will be evaluated further to assess the expression of tumor suppressor as well as oncogenic molecules. In addition, the future studies should focus on testing the efficacy of TCN for inhibiting tumor growth as well as metastasis in experimental animal models.



CONCLUSION

Results of our study report the purification and characterization of a Class-I HDAC inhibitor, tricaproin, from Simarouba glauca. Unlike sodium butyrate, a weak inhibitor of HDAC, TCN inhibited HDAC activity with more potency, hence, could be considered for further development.

Although the study showed thorough characterization of TCN, and initial testing of purified TCN in cell based assays, currently the study suffers from lack of in depth mechanistic based experiments. In summary, this is the first report demonstrating the purification and characterization of a lipid based HDAC inhibitor from Simarouba glauca
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Triptolide (TP), the main bioactive component of Tripterygium wilfordii Hook F, can cause severe hepatotoxicity. Isoliquiritigenin (ISL) has been reported to be able to protect against TP-induced liver injury, but the mechanisms are not fully elucidated. This study aims to explore the role of nuclear transcription factor E2-related factor 2 (Nrf2) and hepatic transporters in TP-induced hepatotoxicity and the reversal protective effect of ISL. TP treatment caused both cytotoxicity in L02 hepatocytes and acute liver injury in mice. Particularly, TP led to the disorder of bile acid (BA) profiles in mice livers. Combined treatment of TP with ISL effectively alleviated TP-induced hepatotoxicity. Furthermore, ISL pretreatment enhanced Nrf2 expressions and nuclear accumulations and its downstream NAD(P)H: quinine oxidoreductase 1 (NQO1) expression. Expressions of hepatic P-gp, MRP2, MRP4, bile salt export pump, and OATP2 were also induced. In addition, in vitro transport assays identified that neither was TP exported by MRP2, OATP1B1, or OATP1B3, nor did TP influence the transport activities of P-gp or MRP2. All these results indicate that ISL may reduce the hepatic oxidative stress and hepatic accumulations of both endogenous BAs and exogenous TP as well as its metabolites by enhancing the expressions of Nrf2, NQO1, and hepatic influx and efflux transporters. Effects of TP on hepatic transporters are mainly at the transcriptional levels, and changes of hepatic BA profiles are very important in the mechanisms of TP-induced hepatotoxicity.
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INTRODUCTION

Triptolide, the main bioactive component of the traditional Chinese herb TwHF, possesses various pharmacological properties (Wang et al., 2004; Liu, 2011; Li X. et al., 2014). However, the clinical application of TP is limited due to its toxicities, especially its high incidence of hepatotoxicity and serious consequences.

With regard to the mechanisms of TP-induced hepatotoxicity, previous studies have indicated that oxidative stress damage induced by TP is important (Wang J. et al., 2013), which is shown by increased ROS levels and decreased content of GSH in the liver (Li J. et al., 2014; Li X. et al., 2014). Besides, since TP-induced hepatotoxicity is quantitatively correlated with the hepatic exposure to the parent drug, changes in pharmacokinetic profiles of TP may also influence its hepatotoxicity (Kong et al., 2015), and CYP3A-mediated metabolism of TP is a detoxification pathway (Xue et al., 2011). More recently, TP administration was found to increase the total bile acid (TBA) accumulation in rat livers (Jiang et al., 2016; Yang et al., 2017), and activation of the BA receptor (FXR) ameliorates the TP-induced liver injuries (Jin et al., 2015). Combined with the cholestatic symptoms of TP administration observed in clinics (Xue et al., 2009), we speculate that besides the hepatic accumulation of TP, mechanisms involved in the change of endogenous BA profiles may as well contribute to TP-induced hepatotoxicity.

Hepatic influx and efflux transporters localized to the canalicular or basolateral membrane of hepatocytes are responsible for the movement of endogenous and exogenous compounds (e.g., BAs, drugs, and metabolites) across the cellular membranes, thus playing a critical role in determining the drug toxicity and efficacy (Klaassen and Aleksunes, 2010; Corsini and Bortolini, 2013). Changes in either expressions or activities of transporters contribute to the variability in drug hepatic exposure as well as the hepatic endogenous chemical accumulation and BA-dependent or -independent bile flows (Hillgren et al., 2013; Pfeifer et al., 2014). Since TP is predominantly metabolized in the liver and mainly secreted in the bile (Liu et al., 2014), hepatic transporters play an important role in modulating TP-induced hepatotoxicity and may serve as the treatment target. It has been proved that TP is the substrate of P-gp (ABCB1, MDR1) rather than a BCRP (ABCG2) (Zhuang et al., 2013). Inhibition of the expression and function of P-gp augments the TP-induced liver injuries (Kong et al., 2015). However, apart from P-gp, whether other hepatic transporters participate in TP transport and further hepatotoxicity has not been investigated, such as the efflux transporters MRPs (ABCCs) and the influx transporters OATPs, both of which have wide substrate specificity and are identified to be very important in clinical practice (Hillgren et al., 2013). On the other hand, whether TP causes disorders of hepatic BA profiles by modulating the BA transporter expressions or activities has not been made clear.

Nuclear receptors are transcription factors involved in the maintenance of BA homeostasis and drug disposition by regulating phase I and phase II metabolism as well as phase 0 and phase III transports (Zollner et al., 2010). Among them, Nrf2 is the primary player in the cell defense system and may activate the expressions of antioxidant enzymes, detoxification enzymes, and transporters such as MRPs and BSEP (ABCB11) (Klaassen and Reisman, 2010), promoting the antioxidation, detoxification, and elimination of harmful xenobiotics and BA homeostasis, thus protecting against the DILI (Weerachayaphorn et al., 2012; Kamisako et al., 2014; Zhang et al., 2017). Activation of Nrf2 can protect against TP-induced hepatotoxicity by combating the oxidative stress (Li J. et al., 2014), indicating that activation of Nrf2 and its downstream protective genes may be effective in preventing TP-induced liver injuries.

Licorice (Glycyrrhiza uralensis) is usually used as a unique “guide drug” in China to improve the efficacy and reduce the toxicity of other ingredients (Wang X. et al., 2013). Its main bioactive compounds have been used in combination with TwHF/TP to reduce the hepatotoxicity in clinical practice (Li X. et al., 2014). Our previous studies have demonstrated that ISL is the most potent Nrf2 inducer among the four compounds derived from licorice and can activate Nrf2 downstream cytoprotective enzymes and transporters (Gong et al., 2015). We also show that ISL may protect against TP-induced oxidative stress in HepG2 cells and mouse livers via Nrf2 activation (Cao et al., 2016a,b). Based on our previous studies, the present study aims to further explore the role of Nrf2 and hepatic transporters in TP-induced hepatotoxicity and the protective effects of ISL by interfering with the endogenous system (BA transport) or directly altering the transport of xenobiotic toxins from the liver.



MATERIALS AND METHODS

Chemicals and Reagents

Isoliquiritigenin (purity > 99%) and TP (purity ≥ 98%) were purchased from On-Road Biotechnology Co., Ltd. (Changsha, China); tBHQ, DMSO, MTT, E217βG, GA, KCZ, BMR, and TBM were purchased from Sigma-Aldrich (St. Louis, MO, United States). TP, ISL, and tBHQ were dissolved in DMSO and stored at -20°C before use. The concentration of DMSO in the experiments never exceeded 0.1% (v/v). tBHQ, an Nrf2 inducer, was used as the positive control. CPA was obtained from the National Institute for Food and Drug Control (Beijing, China). NMQ was obtained from GemoMembrane (Yokohama, Japan). Nrf2-siRNA, negative control siRNA, and transfection reagents were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, United States). Human MDR1 and human MRP2 vesicle products and VT assay reagent kits were from GemoMembrane (Yokohama, Japan). BAs were as follows: CA, DCA, CDCA, UDCA, HDCA, TCDCA, and TUDCA were from On-Road Biotechnology Co., Ltd. (Changsha, China); LCA, TCA, TDCA, TLCA, THDCA, GCA, GDCA, GLCA, GCDCA, and GUDCA were from Sigma-Aldrich (St. Louis, MO, United States). The antibodies included anti-Nrf2 (sc-722, Santa Cruz), anti-NQO1 (ab28947, Abcam), anti-P-gp (ab170904, Abcam), anti-MRP2 (ab203397, Abcam), anti-MRP4 (#12705, Cell Signaling Technology), anti-GAPDH (#MAB374, Merck Millipore), and anti-Lamin B2 (#12255, Cell Signaling Technology). All other reagents were of analytical reagent grade.

Cell Culture

Human normal L02 hepatocytes obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) were cultured in DMEM (Gibco, Grand Island, NY, United States) supplemented with 10% (v/v) FBS (BI, Israel) in a humidified incubator at 37°C with 5% CO2. The cells were treated with 50 nM TP for 24 h with or without 12 h ISL pretreatment. In all experiments, the cells were plated at an appropriate density according to the experimental design and grown for 24 h before the treatment.

For the cellular uptake assays, HEK293 cells stably expressing OATP1B1 (HEK293-OATP1B1), OATP1B3 (HEK293-OATP1B3), or respective vector control cells (HEK293-MOCK) were obtained from GemoMembrane (Yokohama, Japan) and cultured in DMEM (Gibco, Grand Island, NY, United States) supplemented with 10% (v/v) FBS (Gibco, Grand Island, NY, United States) and 1% antibiotics (100 μg/mL streptomycin/100 U/mL penicillin mix) (Gibco, Grand Island, NY, United States) in a humidified incubator at 37°C with 5% CO2.

Cell Viability Assay

The cell viability was determined by MTT assay according to our previous studies (Cao et al., 2016a). L02 cells (2.5 × 104 cells/well) were seeded in 24-well plates and treated with TP, ISL, or ISL + TP. Percent viability was defined as the relative absorbance of the treated cells versus the control cells. Morphological changes were detected with a light microscope (Nikon TS100, 10× magnification).

Nrf2-siRNA Transient Transfection

L02 cells were transiently transfected with a mixture of transfection reagents and Nrf2-siRNA or negative control siRNA according to the manufacturer instructions. The cells were further treated as designed for cell viability assay 48 h after the transfection.

Animal Treatments and Hepatotoxicity Assessments

All animal experiments were conducted according to the Regulations of Experimental Animal Administration issued by the State Committee of Science and Technology of China, with the approval of the Ethics Committee in the Experimental Animal Center of Hunan SJA Laboratory Animal Co. Ltd. (Changsha, China). All procedures were performed under urethane anesthesia, and all efforts were made to minimize the suffering.

Healthy male ICR mice, weighing 18–22 g, were provided by Hunan SJA Laboratory Animal Co. Ltd. (Changsha, China). The mice were kept at 22–25°C and humidity 50 ± 10% with a 12 h light-dark cycle and had free access to food and water. Thirty mice were randomly assigned to five groups (six in each group) and were respectively given the following treatments: (1) vehicle control, (2) TP (1.0 mg/kg), (3) ISL (25 mg/kg) + TP (1.0 mg/kg), (4) ISL (50 mg/kg) + TP (1.0 mg/kg), and (5) ISL (50 mg/kg). TP was injected intraperitoneally (i.p.), while ISL via oral gavage. The dosage of TP and ISL was decided based on our previous studies (Gong et al., 2015; Cao et al., 2016b). The mice received either 0.5% (w/v) CMC-Na or ISL once daily for 7 days consecutively. One hour after the final treatment, the mice were treated with TP (1.0 mg⋅kg-1, i.p.) or corresponding vehicles. Six hours after the TP administration, the mice were given either 0.5% (w/v) CMC-Na or ISL again. In all treatment groups, the mice were anesthetized 24 h after the TP injection. Blood samples were collected, and the liver of each mouse was collected and weighed. The degree of liver injury was assessed by H&E staining and serum biochemical parameters, including ALT, AST, ALP, and LDH and analyzed on an automatic clinical analyzer (7600, HITACHI Ltd., Tokyo, Japan).

Quantitative Real-Time PCR

Total RNA was extracted with trizol reagent (Invitrogen Life Technologies, Carlsbad, CA, United States) according to the manufacturer’s instruction before being converted to cDNA with the PrimeScriptTM RT reagent Kit with gDNA Eraser (Takara, Japan). The cDNAs were analyzed with ABI Prism 7900HT (Applied Biosystems, United States) using an SYBR Premix Ex Taq (Takara, Japan). Each sample was run in duplicate and the results were normalized to the level of GAPDH mRNA. The primers were as follows: human MRP2 forward 5′-TGAGCAAGTTTGAAACGCACAT-3′ and reverse 5′-AGCTCTTCTCCTGCCGTCTCT-3′, mouse Bsep forward 5′-ACTCAGTGATTCTTCGCAGTGT-3′ and reverse 5′-CAAAGAAGCCAACTCGAGCG-3′, mouse Oatp2 forward 5′-TGATCGGACCAATCCTTGGC-3′ and reverse 5′-TCACAATGAAGCCGAGCCAC-3′, and the human and mouse GAPDH primers (Millipore, United States).

Western Blot

The samples were lyzed with RIPA buffer (CW biotech, Beijing, China). Nuclear and cytoplasmic proteins were prepared with NE-PER nuclear and cytoplasmic extraction reagents (Pierce Biotechnology, Rockford, IL, United States) according to the manufacturer’s instruction. The same amounts of protein were loaded and separated by 10% SDS-PAGE electrophoresis and transferred to PVDF membranes. After being blocked in 5% nonfat milk in 0.05% Tween-20/tris-buffered saline for 1 h at room temperature, the membranes were incubated overnight at 4°C with relevant primary antibodies. The immunoblots were then incubated with species-specific secondary antibodies at room temperature. The membranes were developed with an ECL kit (Advansta, United States) according to manufacturer’s protocol.

Vesicular Transport (VT) Assay

The VT assay was conducted as described in the VT Kit protocol (GenoMembrane, Yokohama, Japan). To determine whether TP inhibited the transport activities of P-gp and MRP2, human P-gp vesicles or human MRP2 vesicles were incubated with the test solution containing TP (0.01, 0.1, 1, 10, and 100 μM), the relative positive control, and the relative substrate with ATP or AMP at 37°C for 10 min. KCZ and BMR were used as positive inhibitors of P-gp and MRP2, respectively. NMQ, the substrate of P-gp, was analyzed by fluorescence measurement at λex 355 nm and λem 460 nm (Molecular Devices i3-R, CA, United States). E217βG, the substrate of MRP2, was analyzed with LC-MS/MS. To determine whether TP was a substrate of MRP2, human MRP2 vesicles were incubated with the test solution containing TP (0.01, 0.1, 1, 10, and 100 μM) or E217βG serving as the positive control, with ATP or AMP at 37°C for 10 min. The vesicular accumulation of TP or E217βG was measured by LC-MS/MS.

Cellular Uptake Assay

To determine whether TP was a substrate of OATP1B1 or OATP1B3, HEK293-OATP1B1, HEK293-OATP1B3, and HEK293-MOCK cells were incubated with the test solution containing TP (0, 1, 10, and 100 μM) or E217βG in the uptake buffer at 37°C for 10 min. Then the cells were washed three times with ice-cold uptake buffer and lyzed with the TBM solution to be used as the IS in the following analysis. The intracellular accumulation of TP or E217βG was measured by LC-MS/MS, and the protein concentration of each sample was determined by bicinchoninic acid assay (Pierce BCA protein assay kit, Thermo Scientific, Rockford, IL, United States).

LC-MS/MS for BAs, TP, and E217βG

Sample Preparation

To analyze 16 BAs in the mouse liver, 0.1 g liver tissue was weighed and added to 800 μL 75% acetonitrile. After the homogenation, 100 μL homogenate was added into 300 μL IS solution. The mixture was vortexed for 3 min before centrifugation at 15000 rpm at 4°C for 10 min. Then the supernatant was collected and injected to the LC-MS/MS system.

To analyze TP or E217βG in the vesicles, 50 μL 80% methanol was added to each well to dissolve the vesicles after washing and filtering. The obtained solution was centrifuged at 2000 rpm at 4°C for 2 min. These operations were repeated once. Then precooled methanol containing the relative IS was added to the supernatant. After centrifugation at 12000 rpm at 4°C for 5 min, the supernatant was collected and injected to the LC-MS/MS system.

To analyze TP in the HEK293 cells, precooled methanol containing the relative IS was added to the digested cells. After centrifugation at 12000 rpm at 4°C for 5 min, the supernatant was collected and injected to the LC-MS/MS system.

Instrumentation

An LC-20A HPLC system (SHIMADZU, Kyoto, Japan) coupled with a 4000 triple-quadrupole mass spectrometer (AB SCIEX, Framingham, MA, United States) was used to quantify BAs, TP, and E217βG, respectively (Deng et al., 2015). For 16 BAs’ analysis, the separation was performed on an XtimateTM C18 column (2.1 mm × 150 mm, 3 μm, Welch, United States) analytical column connected with a top C18 column (Guard cartridge System, United States). The column temperature was 40°C. CPA (20 μg/mL) and GA (250 ng/mL) mixture solution was used as the IS. The gradient system consisted of solvent A (0.005% formic acid containing 7 mmol/L ammonium acetate) and solvent B (methanol) at a flow rate of 0.25 mL/min, and the gradient program was as follows: 60% B (0–2.0 min), 95% B (13.0–17.3 min), and 60% B (17.4–27.3 min). The mass spectrometer was used in MRM function in the ESI-negative mode. Other MS parameters were as follows: CUR 30.0 psi; medium CAD; ionspray voltage 5500.0 V; and ion source temperature 550.0°C.

For TP analysis, a Phenomenex Synergi Hydro RP column (2.0 mm × 30 mm, 4 μm, Phenomenex, United States) at 40°C was used for chromatographic separation. TBM was used as the IS. The gradient system consisted of solvent A (0.1% formic acid) and solvent B (methanol containing 0.1% formic acid) at 0.5 mL/min, and the gradient program was as follows: 30% B (0 min), 85% B (0.5–1.0 min), and 30% B (1.01–2.0 min). The mass spectrometer was used in MRM function in the ESI-positive mode. Other MS parameters were as follows: CUR 20.0 psi; CAD 6 psi; ionspray voltage 5000.0 V; and ion source temperature 500.0°C.

For E217βG analysis, a Diamonsil C18 (2) column (4.6 mm × 50 mm, 5 μm, Diamonsil, United States) at 40°C was used for the chromatographic separation. TBM was used as the IS. The gradient system consisted of solvent A (0.05% ammonia) and solvent B (acetonitrile) at 0.85 mL/min, and the gradient program was as follows: 5% B (0 min), 70% B (2.0–2.5 min), and 5% B (2.51–3.3 min). The mass spectrometer was used in MRM function in the ESI-negative mode. Other MS parameters were as follows: CUR 20.0 psi; CAD 6 psi; ionspray voltage -4500.0 V; and ion source temperature 500.0°C.

Statistical Analysis

The transport activity was expressed as pmol/min/mg protein. The ATP-dependent uptake of probe compound was calculated by subtracting the measured value of uptake in the absence of ATP from the value of uptake in the presence of ATP. The ATP-dependent transport of probe compound was set as 100%. To determine the effect of the test compounds, we calculated the ratio of the ATP-dependent uptake of probe compound in the absence and presence of the test compound resulting in normalized ATP-dependent transport (%). The UR in the VT assay was calculated by the transport activity in the presence of ATP dividing that in the presence of AMP, and that in the cellular uptake assay was calculated by the transport activity in OATP-expressing cells dividing that in the control cells. If the UR ≥ 2, the test drug is considered as a substrate of the transporter.

All experiments were conducted in duplicate. The data were presented as the means ± standard error (SE) or the means ± standard derivation (SD). Statistical analyses were performed with SPSS 20.0 for Windows (SPSS Inc., Chicago, IL, United States) or GraphPad Prism 5.0 software (GraphPad Software Inc., United States). One-way ANOVA followed by Dunnett’s t-test assessed the statistical significance of the difference between the mean values. A P ≤ 0.05 was considered significantly different.



RESULTS

ISL Protected L02 Hepatocytes Against TP-Induced Cell Death

Triptolide treatment alone for 24 h impaired the cell viability in a dose-dependent manner (Figure 1A). TP 50 nM was used in subsequent experiments, which was close to the IC50. ISL treatment alone showed no obvious cytotoxicity at 0–15 μM, but a time- and dose-dependent decrease of cell viability at 15–50 μM (Figure 1B). ISL pretreatment significantly attenuated the TP-induced reduction in cell viability at 2.5–10 μM. The protective effect was dose-dependent between 2.5 and 7.5 μM, and reached the maximum at 7.5 μM of ISL treatment (Figure 1C). Besides, TP treatment alone caused the cell detachment and distortion, while ISL pretreatment partially prevented cells from such changes (Figure 1D).
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FIGURE 1. Effects of triptolide (TP), isoliquiritigenin (ISL), or ISL + TP on the viability and morphological changes of L02 cells. (A) L02 cells were treated with TP at various concentrations for 24 h. (B) L02 cells were treated with ISL at various concentrations for 6, 12, and 24 h. (C) L02 cells were pretreated with indicated ISL concentrations for 12 h followed by TP (50 nM, 24 h) treatment. (D) L02 cells were pretreated with 7.5 μM ISL for 12 h followed by TP (50 nM, 24 h) treatment. Cell morphological changes were detected by a light microscope (10 × magnification). The cell viability was determined by MTT assay. Data were presented as means ± standard error (SE) (n = 3); ∗∗∗P < 0.001 vs. the control group, #P < 0.05 vs. the TP group, and ###P < 0.001 vs. the TP group.



Role of Nrf2 in ISL Protection Against TP-Induced Hepatotoxicity in L02 Cells

After confirming the effect of TP and ISL as well as the concentration and time of drug use, we further explored the mechanisms behind it. As shown in Figures 2A–D, protein levels of the total Nrf2, cytoplasmic Nrf2, and NQO1 decreased after the TP treatment, while the nuclear Nrf2 expression was induced. Compared with the TP-injured group, the total and nuclear Nrf2 and NQO1 protein levels were significantly increased after ISL (7.5 μM) or tBHQ (15 μM) pretreatment.
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FIGURE 2. Role of nuclear transcription factor E2-related factor 2 (Nrf2) in TP-induced cell death and ISL-induced protective effects. Effects of TP, ISL, or ISL + TP on the protein levels of (A) total, (B) cytoplasmic, and (C) nuclear Nrf2 and (D) NAD(P)H: quinine oxidoreductase 1 (NQO1) in L02 cells. Cells were treated with 50 nM TP with or without 2.5, 5, and 7.5 μM ISL pretreatment. The tBHQ (15 μM) was used as an Nrf2 inducer. Cell lysates were analyzed by Western blot. Role of Nrf2 in the protection against TP-induced cytotoxicity in L02 cells. Cells were transiently transfected with Nrf2-siRNA or Control-siRNA before TP, ISL, or ISL + TP treatment. (E) RT-PCR analysis of Nrf2 mRNA levels 48 h after the transfection. (F) Western blot analysis of nuclear Nrf2 protein levels 72 h after the transfection. (G) Cell viability determined by MTT assay. Data were presented as means ±SE (n = 3); ∗∗P < 0.01 vs. the control group,∗∗∗P < 0.001 vs. the control group, #P < 0.05 vs. the TP group, ##P < 0.01 vs. the TP group, and ###P < 0.001 vs. the TP group.



To further determine whether the ISL protection against TP-induced L02 injuries was Nrf2-dependent, Nrf2-siRNA was transfected into L02 cells. Nrf2-siRNA transfection led to a significant knockdown of Nrf2 at both mRNA and protein levels, while negative control siRNA had no effect on Nrf2 expressions (Figures 2E,F). Nrf2 knockdown significantly reduced the cell viabilities, and ISL treatment did not significantly protect Nrf2-siRNA transfected cells from TP-induced injuries (Figure 2G).

Effect of TP and ISL Treatment on Expressions of MRP2, MRP4, and P-gp in L02 Cells

We detected the changes in the expression levels of Nrf2-regulated and -nonregulated transporters after the TP and ISL treatment. MRP2 mRNA levels of TP-injured groups significantly decreased, and decrease in MRP4 protein levels was insignificant, while ISL pretreatment increased MRP2 mRNA levels in a concentration-dependent manner (Figures 3A,B). ISL pretreatment significantly increased MRP4 protein levels at 7.5 μM, but tBHQ had no induction effect on MRP4. TP treatment induced P-gp expressions in L02 cells, and ISL pretreatment intensified this induction (Figure 3C).


[image: image]

FIGURE 3. ISL pretreatment induced expressions of (A) MRP2, (B) MRP4, and (C) P-gp to protect against TP-induced cytotoxicity. L02 cells were treated with 50 nM TP with or without 2.5, 5, and 7.5 μM ISL pretreatment. The tert-butylhydroquinone (15 μM) was used as an Nrf2 inducer. RT-PCR was used to analyze mRNAs and proteins by Western blot. Data were presented as means ±SE (n = 3);∗∗∗P < 0.001 vs. the control group, ##P < 0.01 vs. the TP group, and ###P < 0.001 vs. the TP group.



Protective Effect of ISL on TP-Induced Liver Injury in Mice

The results of in vitro studies were validated in vivo. The liver indexes, histopathology, and serum biochemical indices were analyzed to determine the degree of liver injury. The liver index significantly increased in the TP-injured group, while ISL combined treatment decreased the liver index though the result was not statistically significant (Table 1).

TABLE 1. Effects of triptolide (TP), isoliquiritigenin (ISL), or ISL + TP on the liver indexes [means ± standard deviation (SD), n = 5–6].
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In the TP-injured group, the serum activities of ALT, AST, and LDH significantly increased, and combined ISL treatment significantly reduced the serum ALT and AST activities (Table 2).

TABLE 2. Blood chemistry of male ICR mice administered TP, ISL, or both (mean ± SD, n = 5–6).
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Histopathological analysis showed that the liver sections of the TP group showed a derangement of the hepatic cord and large areas of hydropic degeneration, compared with those of the control group. Nucleolysis and further hepatic parenchymal necrosis and some inflammatory cells infiltration were also seen in the TP group, but not in the positive control group. The severity of histopathological lesion was significantly decreased in the ISL + TP treatment group, showing less hepatocyte degeneration, and the hydropic degeneration was mostly near the central vein (Figure 4).
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FIGURE 4. Photomicrographs (× 200) of hematoxylin & eosin-stained liver sections obtained from the (A) control, (B) TP (1.0 mg/kg), (C) ISL (25 mg/kg) + TP (1.0 mg/kg), (D) ISL (50 mg/kg) + TP (1.0 mg/kg), and (E) ISL (50 mg/kg) groups. Green arrows indicate hepatocellular hydropic degeneration, black arrows indicate necrosis, and red arrows indicate inflammatory cell infiltration.



Role of Nrf2 in ISL Protection Against TP-Induced Hepatotoxicity in Mice

The total, cytoplasmic, and nuclear Nrf2 expressions were also detected in the mouse livers. As shown in Figure 5, TP administration reduced the total and nuclear levels of Nrf2, while combined ISL treatment induced the expressions of total, cytoplasmic, and nuclear Nrf2 as well as its downstream Nqo1.
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FIGURE 5. Effects of TP, ISL, or ISL + TP on protein levels of (A) total, (B) cytoplasmic, and (C) nuclear Nrf2 and (D) Nqo1 in mouse livers. Cell lysates were analyzed by Western blot. Data were presented as means ±SE (n = 5); ∗∗P < 0.01 vs. the control group,∗∗∗P < 0.001 vs. the control group, #P < 0.05 vs. the TP group, and ##P < 0.01 vs. the TP group.



Effect of TP and ISL Administration on the Expression of Hepatic Transporters in Mice

Protein levels of Mrp2 decreased in the TP-injured group, and combined ISL treatment caused a dramatic increase in the Mrp2 expression (Figure 6A). Combined ISL treatment also dose-dependently increased the protein levels of Mrp4 and P-gp (Figures 6B,C).
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FIGURE 6. Effects of TP, ISL, or ISL + TP on the protein levels of (A) MRP2, (B) MRP4, and (C) P-gp and the mRNA levels of (D) Bsep and (E) Oatp2 in mouse livers. Cell lysates were analyzed by Western blot and mRNAs by RT-PCR. Data were presented as means ±SE (n = 5); ∗P < 0.05 vs. the control group,∗∗∗P < 0.001 vs. the control group, #P < 0.05 vs. the TP group, and ###P < 0.001 vs. the TP group.



Significant decrease in the mRNA levels of Bsep and Oatp2 was found in the TP-injured group, and combined ISL treatment resulted in an increase in the expressions of Bsep and Oatp2 (Figures 6D,E).

Changes of Hepatic Bile Acid Profiles in Mouse Livers

To further validate the role of transporters, the hepatic concentrations of 16 BAs were analyzed. Concentrations of LCA, GDCA, GCDCA, and GUDCA were under the lower limit of detections. TP administration dramatically increased the hepatic concentrations of CA, HDCA, TCA, and THDCA, compared with the control group, while the hepatic CA and THDCA, accumulation significantly reduced in ISL combined treatment (Figure 7). Besides, ISL combined treatment increased the concentrations of CDCA and UDCA in the mouse livers compared with those of the TP-treatment group.
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FIGURE 7. Effects of TP, ISL, or ISL + TP on the hepatic bile acid (BA) profiles. Significant changes of hepatic concentration after TP or ISL administration were found in (A) CA, (B) CDCA, (C) UDCA, (D) HDCA, (E) TCA, (F) THDCA and (G) GCA. Concentrations of 16 BAs in mouse livers were quantified by liquid chromatography-tandem mass spectrometry. Data were presented as means ± SE (n = 4–6); ∗P < 0.05 vs. the control group, ∗∗P < 0.01 vs. the control group, ∗∗∗P < 0.001 vs. the control group, #P < 0.05 vs. the TP group, ##P < 0.01 vs. the TP group, and ###P < 0.001 vs. the TP group.



TP Did Not Inhibit the Transport Activities of P-gp and MRP2

After determining changes in the transporter expressions, we further investigated whether TP inhibited the activity of human P-gp or MRP2. The UR of the substrate in the VT systems was 3.31 and 59.53 for P-gp and MRP2 vesicles, both greater than 2, indicating that the VT systems were running well. The relative transport of NMQ in the positive control group was 11.05% ± 2.53% for P-gp and 12.80% ± 0.81% for MRP2 vesicles. The relative transport of the substrates was not influenced by TP co-incubation, indicating that TP had no effect on the P-gp or MRP2 mediate transport in the vesicles (Figures 8A,B).


[image: image]

FIGURE 8. In vitro transport assay to determine the interaction between TP and hepatic transporters. (A,B) Effects of TP on P-gp and MRP2-mediated transports in the vesicular transport (VT) assay. TP was incubated with relative membrane vesicles and substrates at 37°C for 10 min. N-methyl quinidine was used as the positive control. The ATP-dependent transport in the absence of TP was set as 100%. (C–E) Uptake of TP by MRP2 in the VT assay as well as OATP1B1 and OATP1B3 in human embryonic kidney 293 cells. Membrane vesicles or cells were incubated with TP at 37°C for 10 min. E217βG was used as the positive control. Uptake ratio (UR) in the MRP2 vesicles was calculated by the transport activity in the presence of ATP dividing that in the presence of AMP. UR in the OATP-expressing cells was calculated by the transport activity in OATP-expressing cells dividing that in the control cells. Data were presented as means ±SE (n = 3).



TP Was Not Transported by MRP2, OATP1B1, or OATP1B3

The UR of E217βG, a substrate of MRP2, OATP1B1, and OATP1B3 which served as the positive control, was more than 2. TP concentrations in the vesicles or cells were under the lower limit of quantification when the incubation TP concentration was 0.1, 1, and 10 μM, respectively. The UR of 100 μM TP was less than 2 in the MRP2, OATP1B1, and OATP1B3 transport systems, indicating that TP was not a substrate of MRP2, OATP1B1, or OATP1B3 (Figures 8C–E).



DISCUSSION

Since TP-induced liver injury is always acute clinically (Xu et al., 2013), in this study, we established acute hepatotoxicity models by single-dose TP treatment in both L02 cells and ICR mice. Our data showed that TP treatment induced hepatic damage both in vitro and in vivo, indicating successful modeling and relieving effect of ISL combined treatment, which is consistent with our previous studies (Cao et al., 2016a,b). The present study for the first time used human normal L02 hepatocytes rather than hepatoma cells or rodent hepatocytes, which is as close to clinical practice as possible, since there are differences in physiological conditions as well as distributions and expression levels of transporters between human normal hepatocytes and hepatoma cells or rodent hepatocytes (Nicolaou et al., 2012; Le Vee et al., 2013).

As is known to all, antioxidants may react with MTT reagents and interfere with the results. However, in the present study, the ISL solution was removed and the cells were washed with PBS twice before adding MTT to each well. To determine the protective effect of ISL on TP-induced cell death, the cells were preincubated with ISL, then ISL was removed and TP was added. Hence, ISL had no direct contact with MTT during the whole study, so it did not influence the results of the MTT assay.

Alanine aminotransferase is mainly distributed in the liver, whose increase is a sensitive marker of acute liver injury. AST is mainly distributed in the heart and followed by the liver. Obviously bigger increase in the AST than in the ALT is observed in the following conditions:

(1) When cardiomyocyte injuries appear, such as TP-induced cardiotoxicity (Yang et al., 2016).

(2) When prejaundill occurs. Clinical symptoms of TP-induced liver injuries include jaundice (Xue et al., 2009), and Zhang et al. (2018) found that tripterygium wilfordii significantly increased the total bilirubin in rat serum, which may be related to the changes in transporter expressions.

(3) When the mitochondria are injured, a large amount of AST may leak into the serum, so the big increase in the AST may be a sign of serious liver injury.

In addition, the serum level of LDH is a sign of cell necrosis or apoptosis, during which LDH may leak out from the cells since the membrane is broken (Zhou and Ho, 2014). The serum activities of LDH were not reduced after the combined ISL treatment compared with those of the TP-injured group, and it was not obviously increased, suggesting the cytotoxic effect of ISL. However, LDH is widely distributed in all organs, so increase in the serum LDH levels does not necessarily mean ISL induced liver injuries; it is possible that ISL may have side effect on other organs. Unfortunately, there are very few toxicological evaluations reported on ISL. Mahalingam et al. (2016) proved that ISL inhibited the growth of antral follicle and sex steroid synthesis in adult mouse ovaries. Several studies investigated the anticancer effect of ISL and showed that ISL could kill cancer cells by inducing the apoptotic pathways or disturbance of redox status (Sun et al., 2013; Zhou and Ho, 2014). It was reported that the decreased ROS caused by ISL might lead to redox imbalance and reductive stress. To adapt to this state, Nrf2 could be significantly decreased. Thus, ISL may induce the oxidative stress by disturbing the redox status (Sun et al., 2013). That may be the reason why low-dose ISL did not induce nuclear Nrf2 in L02 cells and why the serum levels of LDH was not reduced compared with those of the TP-injured group with ISL combined treatment. Further studies are needed to verify the target-organ toxicity or side effects (Peng et al., 2015). Anyway, the hepatoprotective effect of ISL is definite and outstanding (Kuang et al., 2017), and the levels of ALT and AST, the two sensitive markers of acute liver injuries, are significantly reversed by ISL combined treatment, implying the hepatoprotective effect of ISL.

We try to explain the mechanisms behind it. Our previous studies have explored the total Nrf2 expression levels in HepG2 cells and mouse livers after TP and ISL treatment (Cao et al., 2016a,b), while as a nuclear transcription factor, Nrf2 was translocated into the nucleus to activate the target protective gene transcription (Suzuki et al., 2013). The present study determined the total, cytoplasmic, and nuclear Nrf2 protein levels as well as its downstream antioxidant NQO1, which is regarded as a prototypical Nrf2-target gene whose induction implies the activation of a host of other Nrf2-regulated cytoprotective genes (Yates et al., 2007). Our results showed that compared with the TP-injured group, ISL pretreatment significantly enhanced the total and nuclear Nrf2 as well as NQO1 expressions in vitro and in vivo, indicating that Nrf2 is more stabilized with ISL combined treatment, accumulated into the nucleus, and has activated its target protective genes. The increased expression of cytoplasmic Nrf2 is not statistically significant. Since Nrf2 is translocated into the nucleus and plays a protective role, the increased nuclear translocation of Nrf2 may lead to a relative decrease in the cytoplasmic Nrf2 expression level. When Nrf2 was knocked down by siRNA, TP-induced cytotoxicity in the L02 cells was enhanced, and the protective effect of ISL was diminished, further proving the role of Nrf2 in TP-induced hepatotoxicity and the protective effect of ISL. However, the Nrf2 influence was relatively low. Figure 2G shows that in the control group, ISL pretreatment improved the cell viability by 8.8% compared with that of the TP-injured group, while the cell viability in the Nrf2-siRNA group improved by 2.8%. Although ISL pretreatment still had some recovering effect on the cell viabilities after Nrf2-siRNA transfections, this protection diminished a lot. The remaining protective effect may be due to other nuclear factors and non-Nrf2-regulated transporters. Our present study also investigated the role of P-gp and OATPs in the protective effect of ISL on TP-induced hepatotoxicity. P-gp exports TP from the hepatocytes, and OATPs import BAs into the hepatocytes. Alterations of these two transporter expressions by ISL lead to low concentrations of TP and BAs in the liver, which is also an efficient way to alleviate TP-induced hepatotoxicity. Besides, increased nuclear Nrf2 level in the TP-injured group in vitro is an adaptive activation to alleviate or delay the TP-induced injury, since it was unable to completely eliminate the toxicity which was related to the time or dosage of TP treatment (Li J. et al., 2014; Xi et al., 2017; Zhou et al., 2017).

Considering that Nrf2 is the primary player in the inducible cell defense system, much interest is shown in identifying and developing Nrf2 activators for therapeutic use (Suzuki et al., 2013). Some of the most promising Nrf2 inducers include SFN, oltipraz, BHA, natural triterpenoid oleanolic acid, and synthetic triterpenoids (CDDO, CDDO-Me, and CDDO-Im), all of which have been shown to be able to protect the liver in different models of oxidative and electrophilic stress by activating the Nrf2 expressions (Klaassen and Reisman, 2010). As a flavonoid contains multiple phenolic hydroxyl groups, ISL also shows great antioxidant effect (Chin et al., 2007). Our previous studies show that ISL is the most potent ARE-luciferase inducer among the four main components of licorice, and it may increase the Nrf2 protein level and nuclear accumulation. Park et al. (2016) have also proved that ISL can function as a hepatic protectant by inducing the antioxidant genes through extracellular signal-regulated kinase-mediated Nrf2 pathway both in vitro and in vivo. Therefore, ISL may be a novel Nrf2-activating drug with hepatoprotective effect, but the molecular mechanisms through which ISL counteracts with Nrf2 need further clarification. In the present study, induction of nuclear Nrf2 by ISL does not imply oxidative stress; in contrast, it implies antioxidant effects on TP-induced hepatotoxicity. Moreover, the reduction of ROS and induction of GSH in our preliminary study also proved its protective effect (Cao et al., 2016a). Clearly, duration of exposure and dose selection are critical parameters to assess safe levels of TP and ISL. Further studies are needed to conduct an ISL risk assessment by evaluating three main data sets: animal toxicology data, human intervention studies, and published case reports and publicly available adverse event reports, to get the optimal exposure time and dose and to prevent the adverse effect of ISL (Yates et al., 2017). As a key regulator of detoxification and BA metabolism, Nrf2 induces a series of hepatic efflux transporters that aid in the elimination of potentially harmful endo- and xenobiotics (Klaassen and Reisman, 2010; Zhang et al., 2017). Since TP-induced hepatotxicity is correlated with its hepatic exposure and BA accumulation which may lead to cholestatic symptoms (Kong et al., 2015; Jiang et al., 2016; Yang et al., 2017), and licorice and its main constitutes have been proved to induce the expressions of an array of Nrf2 downstream transporters and inhibit chelostasis (Wang X. et al., 2013; Gong et al., 2015), we measured changes in the expression of hepatic transporters after TP and ISL treatment. TP treatment reduced the expressions of MRP2 in vitro and in vivo, while ISL combined treatment reversed this effect. MRP2 is an Nrf2 downstream transporter that locates in the canalicular membrane and exports many substrates including multiple drugs and its phase II conjugates as well as BAs (Csanaky et al., 2009; Klaassen and Reisman, 2010). It plays a major role in the formation of BA-independent bile flow, which is important for excretion of endobiotic and xenobiotic toxins (Klaassen and Aleksunes, 2010; Nicolaou et al., 2012). Hence, alterations in the expression of MRP2 may get involved in TP-induced hepatotoxicity and ISL-induced protective effect, resulting in changes in the hepatic accumulation of potential toxins. Compared with the TP-injured group, ISL combined treatment also increased the protein level of MRP4, a transporter that exports BAs and drugs/metabolites across the hepatic basolateral membranes, resulting in a further elimination of toxins from the liver (Hillgren et al., 2013). In addition, decrease in MRP4 expression level in L02 cells in the TP-injured group was not statistically significant, which might be the result of a compensatory role of MRP4 when MRP2 was impaired (Hillgren et al., 2013). Notably, pretreatment with tBHQ, an Nrf2 inducer, did not increase the MRP4 protein level in vitro, which may be attributed to the fact that besides Nrf2, many other nuclear factors are also involved in the regulation of MRP4 expressions, especially the CAR as a key regulator (Zollner et al., 2010). Considering that the Nrf2-regulated Bsep mediates the rate-limiting step of BA transport across hepatocytes (Nicolaou et al., 2012; Hillgren et al., 2013), we also measured the expression of Bsep in vivo. TP administration reduced the Bsep mRNA levels, implying a disruption of BA homeostasis, while combined ISL treatment improved the Bsep mRNA levels and led to a protective effect. In addition, since TP is a substrate of P-gp (Zhuang et al., 2013), the protein level of P-gp has also been measured, showing that ISL combined treatment induced P-gp expressions, which may help eliminate TP from the liver into the bile. Apart from the hepatic efflux transporters, we also detected the mRNA level of mouse Oatp2, a hepatic influx transporter with a broad substrate specificity, involved in the enterohepatic recycling of BAs (Obaidat et al., 2012). We found that TP administration reduced Oatp2 expression while ISL combined treatment induced it, suggesting a role of Oatp2 in TP-induced hepatotoxicity and the protective effect of ISL.

Given the alterations in the expressions of hepatic transporters and the reported results that TP administration increased TBA accumulation in rat livers (Jiang et al., 2016; Yang et al., 2017), we further validated whether changes in the expressions of transporters have any effect on hepatic BA accumulation by analyzing the profile of individual BAs in mouse livers with our previously established LC-MS/MS method. The results showed that TP induced 4 out of the 16 BAs, which may result in a cholestatic phenotype, while ISL combined treatment decreased the hepatic accumulation of CA and THDCA, which relieved TP-induced BA disorder. What is more, ISL combined treatment increased the hepatic concentration of CDCA and UDCA. Increase in UDCA might be cytoprotective by lowering the intracellular TCDCA, which is thought to be cytotoxic due to its hydrophilic nature (Guo et al., 2016). It has been reported that CDCA and UDCA can alleviate 17α-ethinylestradiol-induced cholestasis in rats, and UDCA can stimulate biliary secretion, upregulate the expression of Bsep and Mrp2, and stabilize Bsep protein in the apical membrane (Li et al., 2016). Hence, the increase in CDCA and UDCA levels induced by ISL may also have a protective effect on the TP-induced liver injury. The proposed mechanism is shown in Figure 9.


[image: image]

FIGURE 9. The proposed mechanism of TP-induced hepatotoxicity and ISL combined treatment protecting against TP-induced liver injury. ARE, antioxidant responsive element; BA, bile acid; BSEP, bile salt export pump; conj, conjugated; GSH, reduced glutathione; ISL, isoliquiritigenin; MRP, multidrug resistance protein; NQO1, NAD(P)H: quinine oxidoreductase 1; Nrf2, nuclear transcription factor E2-related factor 2; OATP, organic anion transporting polypeptide; P-gp, P-glycoprotein; sMaf, small Maf proteins; TP, triptolide.



Above we have validated that TP and ISL treatment changed the expression of hepatic transporters. Since changes in transporter activities may also contribute to various drug and BA exposure and response, we tried to determine whether TP inhibited the activities of human P-gp and MRP2, or whether TP interacted with them. The reason for choosing these two transporters is that P-gp exports TP, and MRP2 has a wide range of substrates and its expression is inhibited by TP, so inhibition of P-gp and MRP2 transport may lead to the accumulation of TP or other substrates and finally result in hepatotoxicity. The VT assay utilizing inverted membrane vesicles enables direct interaction of a transporter with the compounds added to the reaction buffer. Therefore, it is a high-throughput in vitro method to identify the substrates, inhibitors, or modulators of transporters (Kidron et al., 2012), and can also avoid the compensatory effects between transporters. Our results showed that TP was not an inhibitor of P-gp or MRP2, suggesting that the effect of TP on transporters is at transcription levels, which is usually more powerful than that at functional levels (Kong et al., 2015).

Furthermore, we explored whether TP could be transported by several hepatic transporters and contribute to the hepatic TP accumulation. We found that TP was not a substrate of MRP2, OATP1B1, or OATP1B3, suggesting that these transporters mainly contributed to the hepatic accumulation of BAs but not TP. Besides, phase II metabolites of TP rather than the parent drug may be transported by MRP2, which may also contribute to the TP-induced hepatotoxicity.



CONCLUSION

Nrf2 and hepatic influx and efflux transporters play important roles in TP-induced hepatotoxicity and ISL-induced protective effect by modulating the hepatic BA profiles as well as the accumulation of TP and its metabolites. We also confirm that TP is not the substrate of MRP2, OATP1B1, or OATP1B3, nor does it inhibit the transport activity of MRP2 or P-gp, thus shedding new lights on TP-related drug–drug interactions as well as the mechanisms of TP-induced hepatotoxicity.
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ALP, alkaline phosphatase; ALT, alanine aminotransferase; ANOVA, analysis of variance; ARE, antioxidant responsive element; AST, aspartate aminotransferase; BA, bile acid; BCRP, breast cancer resistance protein; BMR, benzbromarone; BSEP, bile salt export pump; CA, cholic acid; CAD, collision gas; CAR, constitutive androstane receptor; CDCA, chenodeoxycholic acid; CPA, cyproterone acetate; CUR, curtain gas; CYP3A, cytochrome P450 3A; DCA, deoxycholic acid; DILI, drug-induced liver injury; DMEM, Dulbecco Modified Eagle Medium; DMSO, dimethyl sulfoxide; E217βG, estradiol-17-β-D-glucuronide; ECL, electrochemiluminescence; ESI, electrospray ionization; FBS, fetal bovine serum; FXR, farnesoid X receptor; GA, glycyrrhetinic acid; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; GDCA, glycodeoxycholic acid; GLCA, glycolithocholic acid; GSH, reduced glutathione; GUDCA, glycoursodeoxycholic acid; H&E, hematoxylin & eosin; HDCA, hyodeoxycholic acid; HEK293, human embryonic kidney 293; IC50, half maximal inhibitory concentration; IS, internal standard; ISL, isoliquiritigenin; KCZ, ketoconazole; LC-MS/MS, liquid chromatography-tandem mass spectrometry; LCA, lithocholic acid; LDH, lactate dehydrogenase; MRM, multiple reaction monitoring; MRP, multidrug resistance protein; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; NA, not applicable; NMQ, N-methyl quinidine; NQO1, NAD(P)H: quinine oxidoreductase 1; Nrf2, nuclear transcription factor E2-related factor 2; OATP, organic anion transporting polypeptide; P-gp, P-glycoprotein; SD, standard deviation; tBHQ, tert-butylhydroquinone; TBM, tolbutamide; TCA, taurocholic acid; TCDCA, taurochemodeoxycholic acid; TDCA, taurodeoxycholic acid; THDCA, taurohyodeoxycholic acid; TLCA, taurolithocholic acid; TP, triptolide; TUDCA, tauroursodeoxycholic acid; TwHF, Tripterygium wilfordii Hook F; UDCA, ursodeoxycholic acid; UR, uptake ratio; VT, vesicular transport.



REFERENCES

Cao, L., Li, H., Yan, M., Li, Z., Gong, H., Jiang, P., et al. (2016a). The protective effects of isoliquiritigenin and glycyrrhetinic acid against triptolide-induced oxidative stress in HepG2 cells involve Nrf2 activation. Evid. Based Complement. Alternat. Med. 2016:8912184. doi: 10.1155/2016/8912184

Cao, L., Yan, M., Ma, Y., Zhang, B., Fang, P., Xiang, D., et al. (2016b). Isoliquiritigenin protects against triptolide-induced hepatotoxicity in mice through Nrf2 activation. Pharmazie 71, 394–397. doi: 10.1691/ph.2016.6535

Chin, Y. W., Jung, H. A., Liu, Y., Su, B. N., Castoro, J. A., Keller, W. J., et al. (2007). Anti-oxidant constituents of the roots and stolons of licorice (Glycyrrhiza glabra). J. Agric. Food Chem. 55, 4691–4697. doi: 10.1021/jf0703553

Corsini, A., and Bortolini, M. (2013). Drug-induced liver injury: the role of drug metabolism and transport. J. Clin. Pharmacol. 53, 463–474. doi: 10.1002/jcph.23

Csanaky, I. L., Aleksunes, L. M., Tanaka, Y., and Klaassen, C. D. (2009). Role of hepatic transporters in prevention of bile acid toxicity after partial hepatectomy in mice. Am. J. Physiol. Gastrointest. Liver Physiol. 297, G419–G433. doi: 10.1152/ajpgi.90728.2008

Deng, Y., Zhang, B., Yan, M., Gong, H., Liu, S., Fang, P., et al. (2015). Determination of 16 bile acids in Nrf2 wild-type and knockout mice liver by using LC-MS/MS method. Chin. Hosp. Pharm. J. 35, 283–288.

Gong, H., Zhang, B., Yan, M., Fang, P., Li, H., Hu, C., et al. (2015). A protective mechanism of licorice (Glycyrrhiza uralensis): isoliquiritigenin stimulates detoxification system via Nrf2 activation. J. Ethnopharmacol. 162, 134–139. doi: 10.1016/j.jep.2014.12.043

Guo, Y., Zhang, Y., Huang, W., Selwyn, F. P., and Klaassen, C. D. (2016). Dose-response effect of berberine on bile acid profile and gut microbiota in mice. BMC Complement. Altern. Med. 16:394. doi: 10.1186/s12906-016-1367-7

Hillgren, K. M., Keppler, D., Zur, A. A., Giacomini, K. M., Stieger, B., Cass, C. E., et al. (2013). Emerging transporters of clinical importance: an update from the international transporter consortium. Clin. Pharmacol. Ther. 94, 52–63. doi: 10.1038/clpt.2013.74

Jiang, Z., Huang, X., Huang, S., Guo, H., Wang, L., Li, X., et al. (2016). Sex-related differences of lipid metabolism induced by triptolide: the possible role of the LXRα/SREBP-1 signaling pathway. Front. Pharmacol. 7:87. doi: 10.3389/fphar.2016.00087

Jin, J., Sun, X., Zhao, Z., Wang, W., Qiu, Y., Fu, X., et al. (2015). Activation of the farnesoid X receptor attenuates triptolide-induced liver toxicity. Phytomedicine 22, 894–901. doi: 10.1016/j.phymed.2015.06.007

Kamisako, T., Tanaka, Y., Kishino, Y., Ikeda, T., Yamamoto, K., Masuda, S., et al. (2014). Role of Nrf2 in the alteration of cholesterol and bile acid metabolism-related gene expression by dietary cholesterol in high fat-fed mice. J. Clin. Biochem. Nutr. 54, 90–94. doi: 10.3164/jcbn.13-92

Kidron, H., Wissel, G., Manevski, N., Häkli, M., Ketola, R. A., Finel, M., et al. (2012). Impact of probe compound in MRP2 vesicular transport assays. Eur. J. Pharm. Sci. 46, 100–105. doi: 10.1016/j.ejps.2012.02.016

Klaassen, C. D., and Aleksunes, L. M. (2010). Xenobiotic, bile acid, and cholesterol transporters: function and regulation. J. Pharmacol. Exp. Ther. 62, 1–96. doi: 10.1124/pr.109.002014

Klaassen, C. D., and Reisman, S. A. (2010). Nrf2 the rescue: effects of the antioxidative/electrophilic response on the liver. Toxicol. Appl. Pharmacol. 244, 57–65. doi: 10.1016/j.taap.2010.01.013

Kong, L., Zhuang, X., Yang, H., Yuan, M., Xu, L., and Li, H. (2015). Inhibition of P-glycoprotein gene expression and function enhances triptolide-induced hepatotoxicity in mice. Sci. Rep. 5:11747. doi: 10.1038/srep11747

Kuang, Y., Lin, Y., Li, K., Song, W., Ji, S., Qiao, X., et al. (2017). Screening of hepatoprotective compounds from licorice against carbon tetrachloride and acetaminophen induced HepG2 cells injury. Phytomedicine 34, 59–66. doi: 10.1016/j.phymed.2017.08.005

Le Vee, M., Jouan, E., Stieger, B., and Fardel, O. (2013). Differential regulation of drug transporter expression by all-trans retinoic acid in hepatoma HepaRG cells and human hepatocytes. Eur. J. Pharm. Sci. 48, 767–774. doi: 10.1016/j.ejps.2013.01.005

Li, J., Shen, F., Guan, C., Wang, W., and Sun, X. (2014). Activation of Nrf2 protects against triptolide-induced hepatotoxicity. PLoS One 9:e100685. doi: 10.1371/journal.pone.0100685

Li, X., Jiang, Z., and Zhang, L. (2014). Triptolide: progress on research in pharmacodynamics and toxicology. J. Ethnopharmacol. 155, 67–79. doi: 10.1016/j.jep.2014.06.006

Li, X., Yuan, Z., Liu, R., Hassan, H. M., Yang, H., Sun, R., et al. (2016). UDCA and CDCA alleviate 17α-ethinylestradiol-induced cholestasis through PKA-AMPK pathways in rats. Toxicol. Appl. Pharmacol. 311, 12–25. doi: 10.1016/j.taap.2016.10.011

Liu, J., Zhou, X., Chen, X. Y., and Zhong, D. F. (2014). Excretion of [3H]triptolide and its metabolites in rats after oral administration. Acta Pharmacol. Sin. 35, 549–554. doi: 10.1038/aps.2013.192

Liu, Q. (2011). Triptolide and its expanding multiple pharmacological functions. Int. Immunopharmacol. 11, 377–383. doi: 10.1016/j.intimp.2011.01.012

Mahalingam, S., Gao, L. Y., Eisner, J., Helferich, W., and Flaws, J. A. (2016). Effects of isoliquiritigenin on ovarian antral follicle growth and steroidogenesis. Reprod. Toxicol. 66, 107–114. doi: 10.1016/j.reprotox.2016.10.004

Nicolaou, M., Andress, E. J., Zolnerciks, J. K., Dixon, P. H., Williamson, C., and Linton, K. J. (2012). Canalicular ABC transporters and liver disease. J. Pathol. 226, 300–315. doi: 10.1002/path.3019

Obaidat, A., Roth, M., and Hagenbuch, B. (2012). The expression and function of organic anion transporting polypeptides in normal tissues and in cancer. Annu. Rev. Pharmacol. Toxicol. 52, 135–151. doi: 10.1146/annurev-pharmtox-010510-100556

Park, S. M., Lee, J. R., Ku, S. K., Cho, I. J., Byun, S. H., Kim, S. C., et al. (2016). Isoliquiritigenin in licorice functions as a hepatic protectant by induction of antioxidant genes through extracellular signal-regulated kinase-mediated NF-E2-related factor-2 signaling pathway. Eur. J. Nutr. 55, 2431–2444. doi: 10.1007/s00394-015-1051-6

Peng, F., Du, Q. H., Peng, C., Wang, N., Tang, H. L., Xie, X. M., et al. (2015). A review: the pharmacology of isoliquiritigenin. Phytother. Res. 29, 969–977. doi: 10.1002/ptr.5348

Pfeifer, N. D., Hardwick, R. N., and Brouwer, K. L. R. (2014). Role of hepatic efflux transporters in regulating systemic and hepatocyte exposure to xenobiotics. Annu. Rev. Pharmacol. Toxicol. 54, 509–535. doi: 10.1146/annurev-pharmtox-011613-140021

Sun, C., Zhang, H., Ma, X. F., Zhou, X., Gan, L., Liu, Y. Y., et al. (2013). Isoliquiritigenin enhances radiosensitivity of HepG2 cells via disturbance of redox status. Cell Biochem. Biophys. 65, 433–444. doi: 10.1007/s12013-012-9447-x

Suzuki, T., Motohashi, H., and Yamamoto, M. (2013). Toward clinical application of the Keap1–Nrf2 pathway. Trends Pharmacol. Sci. 34, 340–346. doi: 10.1016/j.tips.2013.04.005

Wang, B., Ma, L., Tao, X., and Lipsky, P. E. (2004). Triptolide, an active component of the Chinese herbal remedy Tripterygium wilfordii Hook F, inhibits production of nitric oxide by decreasing inducible nitric oxide synthase gene transcription. Arthritis Rheum. 50, 2995–3003. doi: 10.1002/art.20459

Wang, J., Jiang, Z., Ji, J., Wang, X., Wang, T., Zhang, Y., et al. (2013). Gene expression profiling and pathway analysis of hepatotoxicity induced by triptolide in Wistar rats. Food Chem. Toxicol. 58, 495–505. doi: 10.1016/j.fct.2013.04.039

Wang, X., Zhang, H., Chen, L., Shan, L., Fan, G., and Gao, X. (2013). Liquorice, a unique “guide drug” of traditional Chinese medicine: a review of its role in drug interactions. J. Ethnopharmacol. 150, 781–790. doi: 10.1016/j.jep.2013.09.055

Weerachayaphorn, J., Mennone, A., Soroka, C. J., Harry, K., Hagey, L. R., Kensler, T. W., et al. (2012). Nuclear factor-E2-related factor 2 is a major determinant of bile acid homeostasis in the liver and intestine. Am. J. Physiol. Gastrointest. Liver Physiol. 302, G925–G936. doi: 10.1152/ajpgi.00263.2011

Xi, C., Peng, S., Wu, Z., Zhou, Q., and Zhou, J. (2017). Toxicity of triptolide and the molecular mechanisms involved. Biomed. Pharmacother. 90, 531–541. doi: 10.1016/j.biopha.2017.04.003

Xu, L., Qiu, Y., Xu, H., Ao, W., Lam, W., and Yang, X. (2013). Acute and subacute toxicity studies on triptolide and triptolide-loaded polymeric micelles following intravenous administration in rodents. Food Chem. Toxicol. 57, 371–379. doi: 10.1016/j.fct.2013.03.044

Xue, J., Jia, X. B., Tan, X. B., and Hao, K. (2009). Study on hepatotoxicity induced by Tripterygium wilfordii and its thoughts of assessment based on ADME/Tox. Chin. Tradit. Herb. Drugs 40, 655–658.

Xue, X., Gong, L., Qi, X., Wu, Y., Xing, G., Yao, J., et al. (2011). Knockout of hepatic P450 reductase aggravates triptolide-induced toxicity. Toxicol. Lett. 205, 47–54. doi: 10.1016/j.toxlet.2011.05.003

Yang, J., Sun, L., Wang, L., Hassan, H. M., Wang, X., Hylemon, P. B., et al. (2017). Activation of Sirt1/FXR signaling pathway attenuates triptolide-induced hepatotoxicity in rats. Front. Pharmacol. 8:260. doi: 10.3389/fphar.2017.00260

Yang, Y. Q., Wang, W. W., Xiong, Z. W., Kong, J. M., Qiu, Y. W., Shen, F. H., et al. (2016). Activation of SIRT3 attenuates triptolide-induced toxicity through closing mitochondrial permeability transition pore in cardiomyocytes. Toxicol. In Vitro 34, 128–137. doi: 10.1016/j.tiv.2016.03.020

Yates, A. A., Erdman, J. W., Shao, A., Dolan, L. C., and Griffiths, J. C. (2017). Bioactive nutrients - Time for tolerable upper intake levels to address safety. Regul. Toxicol. Pharmacol. 84, 94–101. doi: 10.1016/j.yrtph.2017.01.002

Yates, M. S., Tauchi, M., Katsuoka, F., Flanders, K. C., Liby, K. T., Honda, T., et al. (2007). Pharmacodynamic characterization of chemopreventive triterpenoids as exceptionally potent inducers of Nrf2-regulated genes. Mol. Cancer Ther. 6, 154–162. doi: 10.1158/1535-7163.MCT-06-0516

Zhang, Q. C., Li, Y. Q., Liu, M. Z., Duan, J., Zhou, X. P., and Zhu, H. X. (2018). Compatibility with Panax notoginseng and Rehmannia glutinosa alleviates the hepatotoxicity and nephrotoxicity of Tripterygium wilfordii via modulating the pharmacokinetics of triptolide. Int. J. Mol. Sci. 19:E305. doi: 10.3390/ijms19010305

Zhang, W., Chen, L., Feng, H., Wang, W., Cai, Y., Qi, F., et al. (2017). Rifampicin-induced injury in HepG2 cells is alleviated by TUDCA via increasing bile acid transporters expression and enhancing the Nrf2-mediated adaptive response. Free Radic. Biol. Med. 112, 24–35. doi: 10.1016/j.freeradbiomed.2017.07.003

Zhou, L., Zhou, C., Liang, X., Feng, Z., Liu, Z., Wang, H., et al. (2017). Self-protection against triptolide-induced toxicity in human hepatic cells via Nrf2-ARE-NQO1 pathway. Chin. J. Integr. Med. 23, 929–936. doi: 10.1007/s11655-017-2546-6

Zhou, Y. L., and Ho, W. S. (2014). Combination of liquiritin, isoliquiritin and isoliquirigenin induce apoptotic cell death through upregulating p53 and p21 in the A549 non-small cell lung cancer cells. Oncol. Rep. 31, 298–304. doi: 10.3892/or.2013.2849

Zhuang, X. M., Shen, G. L., Xiao, W. B., Tan, Y., Lu, C., and Li, H. (2013). Assessment of the roles of P-glycoprotein and cytochrome P450 in triptolide-induced liver toxicity in sandwich-cultured rat hepatocyte model. Drug Metab. Dispos. 41, 2158–2165. doi: 10.1124/dmd.113.054056

Zollner, G., Wagner, M., and Trauner, M. (2010). Nuclear receptors as drug targets in cholestasis and drug-induced hepatotoxicity. Pharmacol. Ther. 126, 228–243. doi: 10.1016/j.pharmthera.2010.03.005

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

Copyright © 2018 Hou, Chen, Fang, Cai, Tang, Peng, Deng, Cao, Li, Zhang and Yan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 04 April 2018
doi: 10.3389/fphar.2018.00235






[image: image]

Semen Cassiae Extract Improves Glucose Metabolism by Promoting GlUT4 Translocation in the Skeletal Muscle of Diabetic Rats
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Diabetes mellitus is a clinical syndrome characterised by hyperglycaemia; its complications lead to disability and even death. Semen Cassiae is a traditional Chinese medicine, which has anti-hypertensive, anti-hyperlipidaemia, anti-oxidation, and anti-ageing properties. Our study was designed to evaluate the action of total anthraquinones of Semen Cassiae extract (SCE) on the improvement of glucose metabolism in diabetic rats and to elucidate the underlying mechanism. First, we evaluated the effect of SCE on normal rats. Next, we observed the effect of SCE using a rat model of diabetes, which was established by feeding rats with high-energy diet for 4 weeks and a single intraperitoneal injection of streptozotocin (STZ; 30 mg/kg) 3 weeks after starting the high-energy diet. Rats in different SCE groups (administered 54, 108, and 324 mg/kg/day of SCE) and metformin group (162 mg/kg/day, positive control drug) were treated with the corresponding drugs 1 week before starting high-energy diet and treatment continued for 5 weeks; meanwhile, rats in the control group were administered the same volume of sodium carboxymethyl cellulose solution (vehicle solution). One week after STZ injection, fasting blood glucose (FBG), oral glucose tolerance (OGT), fasting serum insulin (FSI) and serum lipids were quantified. Finally, the expression of proteins in the phosphatidylinositol-3-kinase (PI3K)–Akt–AS160–glucose transporter isoform 4 (GLUT4) signalling pathway was detected by western blotting. The data indicated that the levels of FBG and serum lipids were significantly lowered, and OGT and FSI were markedly increased in diabetic rats treated with SCE (108 mg/kg/day); however, SCE did not cause hypoglycaemia in normal rats. The molecular mechanisms were explored in the skeletal muscle. SCE markedly restored the decreased translocation of GLUT4 in diabetic rats. Moreover, the protein expressions of phosphorylated-AS160 (Thr642), phosphorylated-Akt (Ser473) and PI3K were significantly increased after SCE treatment in the skeletal muscle. These results indicate that SCE exerts an anti-hyperglycaemic effect by promoting GLUT4 translocation through the activation of the PI3K–Akt–AS160 signalling pathway. Our findings suggest that treatment with SCE, containing anthraquinones, could be an effective approach to enhance diabetes therapy.

Keywords: diabetes, Semen Cassiae, anthraquinones, anti-hyperglycaemia, PI3K–Akt–AS160–GLUT4 pathway


INTRODUCTION

Diabetes mellitus has become a global public health problem. In 2015, the total number of adults worldwide suffering from DM was 415 million and every 6 s a person died from DM (5 million deaths); this includes 109.6 million people in the People’s Republic of China (ranking first in the number of diabetes patients). By 2040, 642 million adults will have diabetes and the number in China will be 150 million (International Diabetes Federation, 2015). A persistently high level of BG can lead to serious complications, including damage to the hearts, blood vessels, kidneys, eyes, and nerves. DM and its complications impose an enormous burden on medical costs. This is an urgent problem for medical scientists all over the world, including China. In recent years, many clinical trials have confirmed that the positive interventions during the early period of DM to improve glucose tolerance and FBG could effectively postpone and reduce the development from prediabetes into type 2 DM (Knowler et al., 2002; DeFronzo and Abdul-Ghani, 2011; Perreault et al., 2012).

Traditional Chinese medicine is a treasure of China and an important part of traditional medicine in the world. It has a history of more than 5,000 years. DM was first recorded in Huang Di Nei Jing, the earliest traditional Chinese medicine records during the Warring States period to the Western Han Dynasty at more than 2,000 years ago; it was recorded as the symptom of polyuria, polydipsia, polyphagia, and weight loss and defined as “Xiao Ke Zheng” for the first time in China (Zhang, 2007; Sun, 2011). Herbs used in traditional Chinese medicine and their extracts have been reported to effectively prevent and treat DM (Liu et al., 2013, 2016; Lan and Zhu, 2015; Zhang Y. et al., 2016). Their anti-diabetic effects are multi-dimensional (Xiong et al., 1997; Li and Liu, 2010; Li et al., 2012). The combination of traditional Chinese medicine and western medicine in treating DM began in 1990s (Vray and Attali, 1995) and has become significantly popular in China (Huyen et al., 2012; Lian et al., 2015; Hu and Meng, 2017).

Semen Cassiae, called Jue Ming Zi in China, is the seed of Cassia obtusifolia L. or Cassia tora L. of the Leguminosae family initially recorded in Shennong Bencao Jing (Huang, 1982; Chinese Pharmocopoeia Committee, 2009). It is locally used as a variety of roasted tea. Semen Cassiae is currently used for its anti-pyretic, eyesight-improving, bowel-relaxing, anti-hypertensive, and anti-hyperlipidaemic effects (Li et al., 2003; Cheng et al., 2005; Zhang et al., 2006; Wang, 2010). It has been reported that Semen Cassiae contains anthraquinones, as the main active components, naphtopyrones, glycosides, amino acids, trace elements, polysaccharides, and other ingredients (Chunjuan et al., 2015). Fu et al. (2014) and Kim et al. (2014) found that the anthraquinones of Semen Cassiae could improve diabetic nephropathy and myocardial ischaemia and reperfusion injury in rats with DM induced by high-fat diet combined with STZ. Nevertheless, the preventive effect and underlying mechanism of SCE on DM have not yet been investigated.

The current study aimed to evaluate whether the alcohol extract (total anthraquinones) from Semen Cassiae has an anti-hyperglycaemic effect in rats with DM and to explore the possible underlying mechanisms.



MATERIALS AND METHODS

Plant Material

For extract preparation, parched Semen Cassiae was purchased from Beijing Tongrentang (Tongrentang, Beijing, China) and authenticated by a pharmacognosy expert, Prof. Guoyu Li at Harbin University of Commerce. The plant materials of Semen Cassiae we used in this study were the seed of C. obtusifolia L. of the Leguminosae family. A voucher specimen (article number: 20160119) was deposited at the College of Pharmacy, Harbin Medical University, China.

Extraction of Total Anthraquinones From Semen Cassiae

Dry Semen Cassiae (2 kg) was soaked in 50% ethanol (Lin, 2001; Liu W.M. et al., 2009; Lu and Yuan, 2010) for 12 h at a 1:7 ratio. Then it was extracted twice under heating reflux for 2 h each time. The extract was filtered and concentrated by using a rotavapor (R-300, BUCHI, Switzerland), and then lyophilised. The powder of SCE was sealed and stored in a dark at room temperature.

Determination of Total Anthraquinones Content

Preparation of the Sample Solution

Semen Cassiae extract powder (0.5 g) was hydrolysed with 10% HCl (30 mL) for 20 min under ultrasonication (KQ-100VDE, Kun Shan Ultrasonic Instruments, Co., Ltd., China), and then mixed with chloroform (30 mL). The mixture was refluxed under heating for 1 h and extracted by chloroform until the chloroform layer became colourless. The combined chloroform extract was concentrated by decompression. Then, the extract was dissolved in 1% Mg(CH3COO)2 solution (50 mL), and 1 mL of the solution was diluted 100 times for detection by UV-VIS spectrophotometry (UV2550, Daojin, Japan) (Kang et al., 2011; Wang, 2013).

Preparation of Analytical Standards

Emodin was used as the calibration sample (Xi’an Nat Bio-technique, Co., Ltd., Xi’an, China). After accurately weighing and dissolving 1.3 mg of emodin in 1% Mg(CH3COO)2 solution, the volume was made up to 10 mL to obtain the stock solution. With 1% Mg(CH3COO)2 solution as control, the absorbance of the stock solution was scanned in the range of 400–800 nm, and the results showed that emodin maximally absorbed at 513 nm. Accurately measured 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4 mL of this stock solution was added into 1% Mg(CH3COO)2 solution and the volumes were made up to 10 mL to obtain standard samples. The absorbance of different concentrations of emodin was measured at 513 nm and the standard curve was plotted. The content of total anthraquinones in SCE was calculated by interpolating with the standard curve.

Diabetes Mellitus Animal Model

Animals

Male Sprague-Dawley rats (180 ± 20 g body weight) of SPF grade were purchased from Liaoning Longevity Biotechnology, Co., Ltd. (Liaoning, China). The rats were housed at controlled temperature (23 ± 2°C) and relative humidity (50–60%) and a 12 h light/dark cycle. All experimental procedures were approved by the ethics committee of the Second Affiliated Hospital of Harbin Medical University (approbation number: KY2016-226).

Dosage Design of SCE

The adult dose of Semen Cassiae recommended by the pharmacopoeia of the People’s Republic of China is 9–15 g per day (Chinese Pharmocopoeia Committee, 2009), and we chose a dosage of 11 g/day Semen Cassiae for the study.

As described in Section “Total Anthraquinone Content in SCE,” the content of total anthraquinones in Semen Cassiae was 6.8%. Considering the average human body weight as 70 kg, the dosage of SCE (total anthraquinones) for humans is: 11 g (weight of the original medicine of Semen Cassiae) × 6.8% (total anthraquinones content in SCE)/70 kg (average human body weight)/day = 10.69 mg/kg/day. According to the evaluation of the auxiliary hypoglycaemic function of registered health foods recommended by the China National Food and Drug Administration (China Healthy Food and Cosmetic Product Department, China State Food and Drug Administration Bureau, 2012), three doses of SCE should be tested as follows:

(1) low-dose SCE: five folds of the SCE dose for humans = 5 × 10.69 mg/kg/day (the dose of SCE for humans) = 53.45 mg/kg/day ≈ 54 mg/kg/day;

(2) middle-dose SCE: 10 folds of the SCE dose for humans = 10 × 10.69 mg/kg/day (the dose of SCE for humans) ≈ 108 mg/kg/day;

(3) high-dose SCE: 30 folds of the SCE dose for humans = 30 × 10.69 mg/kg/day (the dose of SCE for humans) ≈ 324 mg/kg/day.

Diabetic Rat Model

The diabetic rat model was established using a high-energy diet for 4 weeks and combined with low-dose STZ (30 mg/kg, Sigma, United States). The high-energy diet (Beijing Hua Fukang Biotechnology, Co., Ltd., Beijing, China) included lard (10.0%), sucrose (15.0%), egg yolk powder (15.0%), casein (5.0%), cholesterol (1.2%), sodium cholate (0.2%), calcium bicarbonate (0.6%), mineral meal (0.4%), and normal diet (52.6%).

Experimental Designing and Sampling

To evaluate the hypoglycaemic effect of SCE on normal rats, FBG of 20 male healthy Sprague-Dawley rats was quantified by a glucometer (ACCU-CHEK® Active, Roche, Ireland), and then the rats were randomly divided into a control group and an SCE treatment group according to FBG with 10 rats in each group. Rats in the SCE treatment group were administered SCE at a dose of 324 mg/kg/day (SCE was dissolved in 0.5% sodium carboxymethyl cellulose solution), and the same volume (10 mL/kg) of 0.5% sodium carboxymethyl cellulose solution was administered to rats in the control group by gavage once a day for 30 days. Then, FBG levels were measured in blood samples obtained from the tip of the tail after fasting the rats for 12 h with free access to water.

To evaluate the hypoglycaemic effect of SCE on diabetic rats, FBG and BG levels after 0.5, 1 and 2 h of the administration of 2 g/kg glucose (Tianjin Xinzheng, Co., Ltd., Tianjin, China) of 80 male healthy Sprague-Dawley rats were determined after fasting for 12 h. Based on FBG and BG levels 0.5 h after glucose administration, the rats were divided into the following six groups: control group (control, n = 10), DM group (n = 14), metformin (Alphapharm, Pty, Ltd., Australia) group (MET, 162 mg/kg/day, n = 14), SCE-L group (54 mg/kg/day, n = 14), SCE-M group (108 mg/kg/day, n = 14), and SCE-H group (324 mg/kg/day, n = 14). Rats were fed the normal diet (Beijing Keao Xieli Feed, Co., Ltd., Beijing, China) for the first week of the experiment. From the second week onwards, high-energy diet was provided to rats in the DM, SCE and MET treatment groups for 4 weeks; rats in the control group were fed the normal diet. At 3 weeks, rats in all groups, except the control group, were administered STZ as a single intraperitoneal injection at a dose of 30 mg/kg. During the experimental period, SCE and MET were administered daily to the respective treatment groups by gavage. The control and DM groups were administered the same volume of vehicle solution.

Fasting Blood Glucose, Fasting Serum Insulin, Oral Glucose Tolerance, Area Under Curve of Glucose, and Serum Lipid Determination

One day before the experiment was completed, all rats were fasted for 12 h, and the blood samples were withdrawn from the tip of the tail to test the level of FBG. Further, rats of the treatment groups were treated with SCE or metformin, and rats in the control and DM groups were administered the same volume of vehicle solution. After 15 min, 2 g/kg of glucose was administered to the rats, and the level of BG was measured at 0.5, 1, and 2 h after glucose administration. The AUC of glucose was calculated using the following formula:

[image: image]

At the end of the experiment, the blood samples were withdrawn from the abdominal aorta after fasting for 12 h and serum samples were separated to test FSI using a rat insulin ELISA Kit (Cusabio Biotech, Co., Wuhan, China); serum levels of TC, TG, LDL-C and HDL-C were also measured by using corresponding commercially available assay kits (Sichuan Mike Biological Polytron Technologies, Inc., Chengdu, China).

Western Blot Analysis

About 30 mg of skeletal muscle isolated from each rat was homogenised in a lysis buffer (P00138, Beyotime, Jiangsu, China) containing 1% protease inhibitor (P1005, Beyotime) and 10% phosphatase inhibitor (4906845001, Roche, United States) solution (for phosphorylated proteins) to obtain total proteins. The Membrane and Cytosol Protein Extraction Kit (P0033, Beyotime) was used to obtain membrane proteins from about 40 mg of skeletal muscle from each rat. Western blot analyses were performed using a standard blotting protocol, as described previously (Zhang Y. et al., 2016). Protein concentration was determined using the BCA protein assay kit (P0010S, Beyotime) by spectrophotometry (BioTek, United States). Total proteins (80 μg) and membrane proteins (100 μg) were separated by 10 or 8% SDS-PAGE and 8% Bis–Tris gel electrophoresis (Solarbio, China), respectively, and transferred onto nitrocellulose membranes (Invitrogen, United States). After blocking with 5% free-fat milk (BD Biosciences, United States) for 2 h at room temperature, membranes were incubated with the primary antibodies against AS160 (2670S, 1:1000, Cell Signaling Technology, Boston, MA, United States), phosphorylated-AS160 (Thr642, 4288S, 1:1000, Cell Signaling Technology), glucose transporter isoform 4 (GLUT4) (ab654, 1:1000, Abcam, Cambridge, United Kingdom), Akt (ab8805, 1:1000, Abcam), phosphorylated-Akt (Ser473, 4051S, 1:1000, Cell Signaling Technology), phosphatidylinositol-3-kinase (PI3K; 3821S, 1:1000, Cell Signaling Technology) and GAPDH (TA-08, 1:2000, ZSGB-BIO, Beijing, China) with gentle agitation at 4°C overnight and then incubated with secondary antibodies (1:10000, LICOR, United States) for 1 h at room temperature. Protein levels were quantified using the Odyssey software (LICOR) by densitometry. To normalise the data, expression levels of target proteins are presented as fold changes relative to GAPDH.

Statistical Analysis

Data are presented as the mean ± SD. One-way ANOVA was performed for multiple comparisons analysis and two-sided Student’s t-test was used to compare differences between two groups by GraphPad Prism 5.0. P < 0.05 was considered to indicate a statistical significance.



RESULTS

Total Anthraquinone Content in SCE

The standard curve was plotted with concentration as the abscissa and absorbance as the ordinate. The linear equation was Y = 21.324C + 0.024 (R2= 0.9992) with a relative standard deviation of 0.38%. The results showed that the emodin had a good linearity relationship with the absorbance in the range of 0.0052–0.0182 mg/mL. The weight of the extract obtained from 2 kg of Semen Cassiae after extraction with 50% ethanol was 334.4 g; the extraction efficiency was 16.72%. Total anthraquinones content in SCE was 6.8% (Table 1).

TABLE 1. Determination of total anthraquinone content in Semen Cassiae.
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Hypoglycaemic Effect of SCE

Fasting blood glucose levels in SCE-treated rats (5.3 ± 0.4 mmol/L) did not statistically differ from those in control rats (5.3 ± 0.6 mmol/L), indicating that SCE has no hypoglycaemic effect on normal rats (Table 2).

TABLE 2. Effect of SCE on fasting blood glucose in normal rats ([image: image] ± SD).

[image: image]

However, FBG levels in rats in the DM group were significantly higher than those in control rats (∗∗P < 0.01 vs. control group). The AUC of glucose in DM model rats was significantly higher than those in control rats (∗∗P < 0.01 vs. control group), indicating that OGT of DM model rats was obviously attenuated (Table 3). Meanwhile, FSI levels in DM model rats were lower than those in control rats (∗P < 0.05 vs. control group) and insulin resistance index (IRI) in DM model rats was higher than that in control rats (∗P < 0.05 vs. control group) (Table 4). The above results showed that the rat model of DM was established successfully.

TABLE 3. Effect of SCE on fasting blood glucose and glucose tolerance in diabetic rats ([image: image] ± SD, n = 8).
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TABLE 4. Effect of SCE on fasting serum insulin level and insulin resistance in diabetic rats ([image: image] ± SD, n = 8).
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As shown in Table 3, FBG levels in rats treated with SCE (108 mg/kg/day) were significantly lower than those in DM model rats (##P < 0.01 vs. DM group); moreover, the AUC of glucose was significantly lower in SCE-treated rats than in DM model rats (##P < 0.01 vs. DM group). Furthermore, as shown in Table 4, SCE treatment (108 mg/kg/day) significantly increased FSI levels (#P < 0.05 vs. DM group) and decreased IRI (#P < 0.05 vs. DM group). These data indicate that SCE (108 mg/kg/day) lowers FBG and IRI, thereby enhancing OGT and FSI.

Signalling Mechanisms Responsible for the Anti-diabetic Properties of SCE in Diabetic Rats

SCE Promotes Glucose Uptake by Transporting GLUT4 to the Sarcolemma in Skeletal Muscle

After determining the hypoglycaemic efficacy of SCE, we investigated the underlying mechanism. Skeletal muscle is the major site of glucose uptake in the body (Yang, 2014). On the one hand, the skeletal muscle can store glucose as glycogen, and on the other hand, it can oxidise glucose to produce energy after glucose transfer (by glucose transporters). The major glucose transporter that mediates this uptake is GLUT4 (gene name, SLC2A4) (Huang and Czech, 2007). Therefore, we examined whether SCE could influence GLUT4 membrane trafficking. Figures 1A,B indicates that the protein expression of membrane GLUT4 and cytoplasm GLUT4 in the skeletal muscle of DM model rat was significantly lower than that of control rats (membrane GLUT4: ∗∗∗P < 0.001 vs. control group; cytoplasm GLUT4: ∗∗P < 0.01 vs. control group). Membrane GLUT4 expression in rats treated with SCE (108 mg/kg/day) was higher than that in DM model rats (##P < 0.01 vs. DM group, Figure 1A); however, the difference in the level of cytoplasm GLUT4 was not statistically significant (Figure 1B). This indicates that SCE (108 mg/kg/day) could promote glucose uptake by transporting GLUT4 to the sarcolemma in skeletal muscle.
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FIGURE 1. Effect of SCE on GLUT4 expression in skeletal muscle of diabetic rats. Relative protein levels of glucose transporter isoform 4 (GLUT4) in the (A) plasma membrane and (B) cytoplasm measured by western blot analysis in the control, diabetes mellitus (DM) and middle-dose of SCE-M groups (n = 4). ∗∗P < 0.01, ∗∗∗P < 0.001 vs. control group and ###P < 0.001 vs. DM group; mean ± SD.



SCE Regulates the Transport of GLUT4 to the Sarcolemma by Activating the PI3K–Akt–AS160 Signalling Pathway

In the absence of insulin stimulation, GLUT4 is stored in GLUT4 storage vesicles (GSVs). Under insulin stimulation, insulin binds to its receptor and triggers a cascade of reactions, resulting in the movement of GSVs to the cell membrane, where vesicle membranes fuse with the cell membrane, and GLUT4 is transported to the cell membrane (Zorzano et al., 1996). AS160 (Akt substrate of 160 kDa) is a substrate protein of the protein kinase Akt. Under normal conditions, its Rab-GTPase-activating protein (Rab-GAP) domain adheres to the Rab protein present on GSVs. GTPase is active at this time, and it hydrolyses GTP to GDP. Rab combines to GDP and maintains an inactive status. This makes GSVs stay in the cytoplasm. When the Akt phosphorylation site in AS160 is phosphorylated by p-Akt, Rab-GTPase is inactivated, GTP is not hydrolysed to GDP, Rab combines to GTP and maintains an active status and GSVs move to the cell membrane and transport GLUT4 to the cell membrane (Sano et al., 2003). Therefore, Akt and its downstream AS160 play an important role in GLUT4 translocation.

To explore why SCE could promote GLUT4 translocation to the membrane of skeletal muscle, we determined whether SCE could influence both AS160 and Akt proteins. As shown in Figure 2, the protein expression of p-AS160 and t-AS160 (total AS160) was significantly lower in DM model rats than that in control rats (p-AS160: ∗∗P < 0.01; t-AS160: ∗P < 0.05 vs. control group). In contrast, levels of p-AS160 and t-AS160 expression in the SCE (108 mg/kg/day) treatment group were significantly higher than those in the DM group (##P < 0.01 vs. DM group). Similarly, the protein expression level of p-Akt and t-Akt in the DM group was significantly lower than that in the control group (∗P < 0.05 vs. control group, Figure 3), and levels of p-Akt and t-Akt expression were significantly higher in the SCE (108 mg/kg/day) treatment group than in the DM group (p-Akt: ##P < 0.01; t-Akt: #P < 0.05 vs. DM group, Figure 3).
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FIGURE 2. Effect of SCE on AS160 expression in skeletal muscle of diabetic rats. (A) Relative protein levels of the phosphorylated form of AS160 (phosphorylated at Thr642). (B) Total protein levels of AS160 in the control, DM and SCE-M groups (n = 4). ∗P < 0.05, ∗∗P < 0.01 vs. control group and ##P < 0.01 vs. DM group; mean ± SD.
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FIGURE 3. Western blot analysis of Akt protein levels. (A) Relative protein levels of the phosphorylated form of Akt (phosphorylated at Ser473). (B) Total protein levels of Akt in the control, DM and SCE-M groups (n = 4). ∗P < 0.05 vs. control group, #P < 0.05 and ##P < 0.01 vs. DM group; mean ± SD.



Phosphatidylinositol-3-kinase activates Akt through the actions of two intermediate protein kinases, phosphosinsositide-dependent kinase 1 and Rictor/mTOR (Vanhaesebroeck and Alessi, 2000; Sarbassov et al., 2005). Thus, we evaluated the action of SCE on PI3K expression in diabetic rats. The protein expression of PI3K (Figure 4), upstream of Akt, was decreased in the DM group (∗P < 0.05 vs. control group), but significantly increased in the SCE (108 mg/kg/day) treatment group (##P < 0.01 vs. DM group). These data indicate that SCE could promote GLUT4 translocation by activating the PI3K–Akt–AS160 signalling pathway.
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FIGURE 4. Western blot analysis of phosphatidylinositol-3-kinase (PI3K) protein levels. Relative protein levels of the PI3K in the control, DM and SCE-M groups (n = 4). ∗P < 0.05 vs. control group, #P < 0.05 and ##P < 0.01 vs. DM group; mean ± SD.



Hypolipidaemic Effect of SCE in Diabetic Rats

As shown in Table 5, levels of TC, TG, and LDL-C were all significantly higher and the level of HDL-C was significantly lower in the DM group than those in the control group (∗∗P < 0.01 vs. control group). These results indicate that diabetes-induced dysfunction in lipid metabolism was successfully induced in rats. Levels of TC and LDL-C were significantly lower and the level of HDL-C was higher in rats treated with SCE (108 mg/kg/day) than those in DM model rats (##P < 0.01 or #P < 0.05 vs. DM group). However, there was no difference in the level of TG between the DM and SCE treatment groups.

TABLE 5. Effect of SCE on blood lipid levels in diabetic rats ([image: image] ± SD, n = 8).
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DISCUSSION

In the present study, we found that SCE containing anthraquinones is effective in lowering BG in diabetic rats and promoting glucose uptake by inducing the translocation of GLUT4 in skeletal muscle through the activation of the PI3K–Akt–AS160 signalling pathway. This may be the possible mechanism for anti-hyperglycaemic effect of SCE (Figure 5).


[image: image]

FIGURE 5. Schematic diagram of the pathway activated by SCE in skeletal muscle that regulates GLUT4 translocation to the cell membrane. GLUT4, glucose transporter isoform 4; IR, insulin receptor; IRS, insulin receptor substrate; PI3K, phosphatidylinositol-3-kinase; PIP3, phosphatidylinositol (PI)-3, 4, 5-tiphosphate; PDK1, phosphosinsositide-dependent kinase 1; Akt, protein kinase Akt or protein kinase B (PKB); AS160, Akt substrate of 160 kDa; GSV, GLUT4 storage vesicle; SCE, Semen Cassiae extract.



Type 2 DM is a metabolic disease characterised by hyperglycaemia and reduced insulin secretion either because of pancreatic β cell dysfunction or decreased insulin sensitivity (Skelly, 2006). Up to 95% of all diagnosed cases of DM in adults are of type 2 DM. Therefore, it is important to find better strategies for the treatment and prevention of type 2 DM. To achieve this goal, an appropriate experimental model is considered as an important tool for understanding the pathogenesis of type 2 DM and the effects of therapeutic agents. High-energy diet combined with STZ induces type 2 DM in rats, which simulates the human pathogenesis, and is suitable for the testing of anti-diabetic compounds (Reed et al., 2000). Zhang M. et al. (2008) demonstrated that high-energy diet combined with multiple low doses of STZ (30 mg/kg) can be used to develop a stable animal model of type 2 DM. In this study, hyperglycaemia was induced by feeding the rats with high-energy diet for 4 weeks and a single low dose of STZ (30 mg/kg) injection at the end of the third week. Rats with the FBG ≥ 7.8 mmol/L or BG level ≥ 11. mmol/L after 2 h in the OGT test were considered diabetic (American Diabetes Association, 2012). As shown in Tables 3–5, levels of FBG, 2-h BG, AUC of glucose, IRI, TC, TG, and LDL-C in diabetic rats were significantly increased, and FSI and HDL-C were significantly decreased, indicating that DM model rats developed glycolipid metabolism disorder and insulin resistance. Thus, the model of type 2 DM in this study was established successfully.

Drugs used in traditional Chinese medicine have shown excellent efficacy and safety in the clinical treatment of DM (Zhang Y. et al., 2008; Kianbakht et al., 2013). Semen Cassiae, a well-known traditional Chinese medicine, has been used to treat for hyperlipidaemia, DM, acute liver injury, inflammation, photophobia, hypertension, headache, dizziness, and Alzheimer’s disease (Dong et al., 2017). Management methods for agents used as both food and Chinese herbal medicines were promulgated by the (Ministry of Commerce of the People’s Republic of China, 2014), and included 101 substances as both food and medicine, including Semen Cassiae (Ministry of Commerce of the People’s Republic of China, 2014). As food, Semen Cassiae is commonly drunk as a type of roasted tea infusion for improving health in human daily life. Therefore, SCE is generally used as medicine.

To ensure the quality of research on traditional Chinese medicine, Semen Cassiae used in this study was identified by a pharmacognosy expert and they were the seeds of C. obtusifolia L. of the Leguminosae family. A variety of ingredients have been isolated from Semen Cassiae, and anthraquinones are considered the primary active constituents (Yang et al., 2015). Numerous studies have confirmed that the effect of alcohol extraction process used in our study is obviously better than that of water extraction process in terms of total anthraquinone extraction efficiency (Liu W.M. et al., 2009; Lu and Yuan, 2010). UV–VIS spectrophotometry is a simple, sensitive and reproducible method to quantify the content of anthraquinones in SCE (Kang et al., 2011; Wang, 2013). Our experimental data also support this, and the content of total anthraquinones extracted from Semen Cassiae was 6.8% with the extraction rate as 16.72% (Table 1).

Because mechanisms of compounds in the treatment of DM are very complex, the study of single Chinese medicines has become a trend to study the target and mechanism of drug action (Zhang X.N. et al., 2016). The study of Semen Cassiae in the treatment of DM and its complications is still in its initial stage. Our data (Table 2) showed that the administration of SCE at 324 mg/kg/day for 30 days does not affect FBG level in normal rats. Most notably, we discovered that SCE effectively lowers BG and increases insulin sensitivity in diabetic rats. It decreased levels of FBG, 2-h BG, AUC of glucose, IRI, TC and LDL-C, and increased the levels of FSI and HDL-C (Tables 3–5).

Skeletal muscle is the major site of postprandial insulin-dependent glucose uptake (Yang, 2014). Insulin resistance in skeletal muscle occurs much earlier before the development of β cell dysfunction and overt hyperglycaemia (DeFronzo and Tripathy, 2009). Therefore, we explored the potential mechanisms for the observed effects of SCE in skeletal muscle.

Glucose transporters (GLUTs) play an important role in regulating BG levels. GLUT4 is the most important insulin-sensitive glucose transporter protein in skeletal muscle. It is mainly localised in intracellular GSVs, and is translocated to the plasma membrane due to various stimuli to promote postprandial glucose uptake into muscle cells (Yang, 2014; Ueda-Wakagi et al., 2015). In the present study, we found that the membrane and cytoplasm GLUT4 levels in DM model rats were significantly lower than that those in control rats, and SCE (108 mg/kg/day) treatment increased the levels of membrane-bound GLUT4. Therefore, our results reveal a potential mechanism for the efficacy of SCE (108 mg/kg/day) in enhancing glucose uptake by promoting GLUT4 translocation to the cell membrane in skeletal muscle cells.

In skeletal muscle, the translocation of GLUT4 and the promotion of glucose uptake are regulated by insulin (Ueda-Wakagi et al., 2015). In the insulin pathway, the binding of insulin activates the tyrosine kinase of its receptor, which phosphorylates insulin receptor substrate-1 and activates the p85 regulatory subunit of PI3K. Activated PI3K induces the phosphorylation of downstream Akt and AS160 to regulate GLUT4 translocation. In diabetic rats, the PI3K–Akt–AS160 signalling pathway was inhibited and SCE (108 mg/kg/day) restored the activation of this signalling pathway. Therefore, SCE (108 mg/kg/day) could lower BG by regulating the PI3K–Akt–AS160–GLUT4 axis.

Previous studies have revealed that ethanol and aqueous extracts of Semen Cassiae significantly decreased the serum levels of TC, TG, and LDL-C; however, the level of HDL-C is increased (Li et al., 2002; Patil et al., 2004; Zhang et al., 2006; Wang et al., 2014). Our results show that SCE (108 mg/kg/day) significantly reduces levels of TC and LDL-C, and increases levels of HDL-C, but the levels of TG did not change compared with those in DM model rats. Our results on TG-lowering effects of SCE are different from those reported previously probably because the hypolipidaemic effect of SCE in a hyperlipidaemia model is different from that in a DM model with glucose and lipid metabolism disorder or because it may take a longer time to lower TG levels (Kim et al., 2014).

For many years, metformin has been the gold standard in the treatment of type 2 DM; therefore, we chose metformin as the positive control drug. In this experiment, metformin clearly demonstrated its hypoglycaemic effect. As shown in Table 3, levels of FBG, BG at 0.5, 1 and 2 h, and AUC of glucose were significantly reduced in the MET group (##P < 0.01 vs. DM group). However, there was no difference between the MET group and the DM group in levels of FSI and lipids. It makes sense, because the BG-lowering mechanism of metformin is generally attributed to decreased hepatic gluconeogenesis, delayed intestinal glucose absorption and increased glucose utilisation by the intestine, particularly anaerobic glucose metabolism (Bailey et al., 2008). This is also the reason why metformin is typically taken before meals. Therefore, Semen Cassiae is superior to metformin in regulating the level of blood lipids in type 2 DM.

The present study verifies the pharmacological effects of SCE (108 mg/kg/day), especially its effects on promoting the translocation of GLUT4 and lowing BG by promoting GLUT4 translocation through the activation of the PI3K–Akt–AS160 signalling pathway in rats with DM induced by high-energy diet and low-dose STZ. Moreover, SCE (108 mg/kg/day) exerts an anti-hyperlipidaemic effect. These are beneficial to delay the progression from prediabetes to DM. Therefore, treatment with SCE could be an effective approach to prevent the development of DM and to assist the treatment of DM. Furthermore, the PI3K signalling pathway is also commonly activated in cancer. mTOR is a major node in the pathway; approximately 50% of solid tumours are associated with the activation of the PI3K–Akt–mTOR pathway (Liu P. et al., 2009). Khan et al. (2016) found that hyperglycaemia is common in patients treated with PI3K–Akt–mTOR inhibitors; the agents targeting this pathway are associated with hyperglycaemia due to their interaction with the insulin–glucose regulatory axis. Recently, it was reported that NLRC3 is an inhibitory sensor of the PI3K–mTOR pathway in cancer (Karki et al., 2016); however, the relationship between NLRC3 and PI3K–Akt–AS160–GLUT4, NLRC3 and PI3K–Akt–mTOR signalling pathway in DM is not known. Moreover, it is not clear whether SCE can influence NLRC3 in diabetes. Besides, to deduce the exact mechanism of the anti-hyperglycaemic effects of SCE, further studies on the inhibition of the activity of GSK-3, which inhibits glycogen synthesis (MacAulay and Woodgett, 2008; Khan et al., 2017) and glucose absorption, are needed to explain the regulation of glucose homeostasis by SCE.

Numerous western medicines are derived from plants, such as artemisinin. As early as 1,578, 1,892 traditional Chinese medicines were described in Compendium of Materia Medica (Bencao Gangmu) (Cui and Li, 2006). Studies on these traditional Chinese medicines can help us discover additional drugs with high efficiencies and low toxicities. The experimental design of this study was based on a combination of ancient literature and records of traditional Chinese medicine and methods used in modern medical research. This study aims to establish standards for the quality control of plant materials and analyse active ingredients in herb formulations. Such standardized and scientific research will increase the global reach of traditional Chinese medicine.



CONCLUSION

This study reveals that SCE, containing anthraquinones as the main components, prevents hyperglycaemia by promoting GLUT4 translocation through the activation of the PI3K–Akt–AS160 signalling pathway. Thus, SCE treatment could be effectively used to postpone the development of DM and to assist the treatment of DM.
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Maca (Lepidium meyenii Walpers) has been used as a dietary supplement and ethnomedicine for centuries. Recently, maca has become a high profile functional food worldwide because of its multiple biological activities. This study is the first explorative research to investigate the prevention and amelioration capacity of the aqueous extract of black maca (AEM) on high-fat, high-fructose diet (HFD)-induced metabolism disorder in golden hamsters and to identify the potential mechanisms involved in these effects. For 20 weeks, 6-week-old male golden hamsters were fed the following respective diets: (1) a standard diet, (2) HFD, (3) HFD supplemented with metformin, or (4) HFD supplemented with three doses of AEM (300, 600, or 1,200 mg/kg). After 20 weeks, the golden hamsters that received daily AEM supplementation presented with the beneficial effects of improved hyperlipidemia, hyperinsulinemia, insulin resistance, and hepatic steatosis in vivo. Based on the hepatic metabolomic analysis results, alterations in metabolites associated with pathological changes were examined. A total of 194 identified metabolites were mapped to 46 relative metabolic pathways, including those of energy metabolism. In addition, via in silico profiling for secondary maca metabolites by a joint pharmacophore- and structure-based approach, a compound-target-disease network was established. The results revealed that 32 bioactive compounds in maca targeted 16 proteins involved in metabolism disorder. Considering the combined metabolomics and virtual screening results, we employed quantitative real-time PCR assays to verify the gene expression of key enzymes in the relevant pathways. AEM promoted glycolysis and inhibited gluconeogenesis via regulating the expression of key genes such as Gck and Pfkm. Moreover, AEM upregulated tricarboxylic acid (TCA) cycle flux by changing the concentrations of intermediates and increasing the mRNA levels of Aco2, Fh, and Mdh2. In addition, the lipid-lowering effects of AEM in boththe serum and liver may be partly related to PPARα signaling activation, including enhanced fatty acid β-oxidation and lipogenesis pathway inhibition. Together, our data demonstrated that AEM intervention significantly improved lipid and glucose metabolism disorder by regulating the glycolysis/gluconeogenesis-TCA cycle and by modulating gene expression levels involved in the PPARα signaling pathway.

Keywords: maca (Lepidium meyenii Walpers), metabolism disorder, metabolomics, glycolysis/gluconeogenesis-TCA cycle, lipid metabolism


INTRODUCTION

Metabolism disorder are major symptoms in several pathological phenomena, like atherosclerotic cardiovascular disease and type 2 diabetes. Excess energy intake and concomitant obesity are the major drivers of this syndrome. By alleviating metabolism disorder, the onset of diabetes, atherosclerotic cardiovascular disease, and other associated comorbidities might be postponed. Currently, the recommended treatments for metabolic impairments are lifestyle changes, such as medicinal plant supplementation, caloric restriction, healthier foods, and increased physical activity (Grundy, 2016). Clinical trials have shown that medicinal plant supplements can reduce the likelihood of early-stage metabolism disorder progressing to type 2 diabetes (Jia et al., 2015). Nutraceutical interventions aimed at correcting metabolism disorder may be a promising option, but thus far, few natural products have been investigated. Traditional and folk edible herbal treatments are gaining attention for their health benefits and low toxicity and might be suitable for long-term supplementation in metabolism disorder.

Maca (Lepidium meyenii Walpers), known as “Peruvian ginseng,” is an annual herbaceous plant of the Brassicaceae family, growing at elevations of over 4,000 m in the Andes region. This herb grows in a habitat with a harsh climate, such as intense cold, extremely intense sunlight, and strong winds (Gonzales et al., 2006). Maca is traditionally consumed fresh or dehydrated after being boiled in water or milk and can be made into juices, cocktails, alcoholic beverages, or maca coffee (Campos et al., 2013). Since the time of the Incas, maca has been used as an energizing and revitalizing food additive; has been recommended for malnutrition, convalescence, memory loss, fatigue, mental weakness, and insomnia; and has been used to regulate menstruation and lessen menopausal symptoms (Henry et al., 2016). Recently, maca attracted global attention when it was listed as safe to eat by the Food and Agriculture Organization. After several years of research and development, the safety and various pharmacological effects of maca have been increasingly recognized.

Metabolomic approaches have been widely applied to study metabolic changes in response to disease or interventions by the analysis of various biological samples, including blood, urine, and tissue. The power of metabolomic approaches has already been used to create profiles that create biomarkers for obesity-associated insulin resistance and to identify metabolites that correlate with diabetes under subclinical conditions, which is key for early detection and management (Sallese and Zhu, 2017). Recent advances in metabolomics suggest that it is possible to not only use this analytical technique to assess the holistic effects of nutritional intervention in metabolism disorder but also investigate the compound–target interactions and to analyze involved metabolic pathways (Puiggròs et al., 2015; Le et al., 2016; Li et al., 2016). Moreover, the natural product is delicate and complex, and its pharmacodynamics characteristics are regulated by different functional groups (Ma et al., 2017). As is known, the functional food discovery process based on natural products is risk-, time-, and cost-intensive. Several studies have confirmed the high success rates of computer-assisted tools, such as virtual screening, to increase the efficiency and efficacy of discovering lead structures in medicinal chemistry (Kitchen et al., 2004; Harvey, 2008). The combination of metabolomic approaches and virtual screening with multivariate data analysis can be used to evaluate pharmacodynamic effects and to understand the molecular mechanisms of the signaling pathways.

This research is the first to study the capacity of an aqueous extract of black maca (AEM) to prevent and improve high-fat, high-fructose diet (HFD)-induced metabolism disorder in golden hamsters. To assess the potential health benefits of AEM, a 20-week intervention study was conducted. We took advantage of recent developments in pharmacophore- and structure-based screening approaches to predict the potential active protein targets of AEM. In addition, mass spectrometry was used to obtain the metabolomic profile of the liver following AEM treatment, and several changes in the metabolic pathway were identified. Building on the success of the in silico target prediction and the capacity to quantitatively measure metabolome abundance, we used quantitative real-time PCR (qPCR) to verify the potential underlying molecular mechanisms. These results suggested that AEM may improve metabolism disorder via upregulating the glycolysis/gluconeogenesis-tricarboxylic acid (TCA) cycle pathway and enhancing the expression of genes involved in lipid metabolism.



MATERIALS AND METHODS

Plant Extract

Black maca powder was obtained from TTD International Pty Ltd. (QLD, Australia). An aqueous extract of maca powder was prepared according to traditional methods. The powder (500 g) was placed into a container with 2,000 ml of water, sonicated for 30 min, and then boiled for 2 h. Afterward, the aqueous extract was cooled to room temperature and filtered. Water (500 ml) was added to the filter residue, and the solution was boiled again for 2 h. The two filtrates were combined and concentrated to 416 ml. The concentrate, containing 1,200 mg/ml maca, was placed in small vials and stored in a refrigerator at 4°C until further use. Before the experiments, the concentrate was dissolved in aqueous solution to concentrations of 600 and 300 mg/ml. The nutritional composition of the AEM is shown in Table 1.

TABLE 1. Nutritional composition in aqueous extract of black maca (AEM 1,200 mg/kg).
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Animals and Diets

Forty-eight 6-week-old male golden hamsters (Vital River Laboratory Animal Technology Co., Ltd., Beijing, China) were housed in a temperature-controlled (22 ± 2°C) room in our animal center on a 12 h:12 h light–dark cycle with food and water available. The standard chow was composed of 28% protein, 12% lard, and 60% vegetable starch. The HFD contained 30% fructose, 0.5% cholesterol (CHO), 22% lard, 14.5% protein, and 33% vegetable starch. All the animal care procedures and interventions were performed in accordance with the Guidelines and Policies for Animal Surgery under the control of the Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China (approval No: SLXD-2016052117) and were approved by the Institutional Animal Use and Care Committee (IACUC). All the animal experiments were conducted based on the recommendations for the care and use of laboratory animals proposed by the National Institutes of Health regulations.

Experimental Scheme

Golden hamsters were randomly divided into the following six treatment groups, with eight animals in each group:

(1) Control group (standard chow)

(2) HFD group (HFD)

(3) Metformin (Metf) group (daily instillation of 125 mg/kg metformin + HFD)

(4) Low dose of AEM (daily instillation of 300 mg/kg AEM + HFD)

(5) Middle dose of AEM (daily instillation of 600 mg/kg AEM + HFD)

(6) High dose of AEM (daily instillation of 1,200 mg/kg AEM + HFD)

The daily food intake of the golden hamsters in each group was recorded during the 20-week treatment period. The body weights of the golden hamsters in each group were noted weekly. At the end of the 20 weeks, after 12 h of fasting, the hamsters were euthanatized via pentobarbital. Blood samples were then taken from the abdominal aorta, and the serum was separated by centrifugation at 5,000 rpm for 10 min and stored at -20°C. Liver samples and epididymal white adipose tissue (WAT) were dissected at the time of death, sections from the same sample were prepared for histological examination, and liver subsections were frozen in liquid nitrogen for metabolomic analysis. All the serum and hepatic biochemical parameters were determined using appropriate kits (Biosino Bio-technology and Science Incorporation, Beijing, China) according to the manufacturer’s instructions. The serum insulin levels were measured using a radio immunoassay kit (Beijing North Institute of Biological Technology, Beijing, China).

Determination of Metabolic Parameters and Insulin Sensitivity

The homeostasis model of insulin resistance (HOMA-IR) was used with the following formulas: HOMA-IR = [Fasting insulin level (mU/ml)]∗[Fasting serum glucose (mmol/l)]/22.5; and Insulin sensitivity index = 1/[Fasting insulin level (mU/ml)]∗[Fasting serum glucose (mmol/l)].

Histological Examination

Livers and epididymal WAT were removed immediately and immersed in formalin solution for at least 24 h. Then, the samples were embedded in paraffin, and 5-μm-thick slices were sectioned and stained with hematoxylin and eosin (H&E). The images were observed with a light microscope (Olympus IX51, Tokyo, Japan).

Metabolite Profiling

Liver tissue extraction, pulse-acquire sequence, metabolite identification, and data processing were performed as described previously (Wan et al., 2017). The metabolomic analysis was performed on a Q Exactive Orbitrap (Thermo, United States) equipped with an amide column (Waters, CA, United States). The processed results were imported to MetaboAnalyst 3.01 for analysis.

In Silico Predictions

Through literature reviews, we collected the components and structures of maca (Supplementary File S1). All chemistries were used for target fishing with two databases: the PharmaDB database and a similarity ensemble approach (SEAware 1.7; SeaChange Pharmaceuticals, Inc., San Francisco, CA, United States). When PharmaDB was used, the chemical structures were prepared in SD format and converted from a 2D cdx file format to 3D models using Open Babel GUI version 2.3.2 (OpenBableGUI; Chris Morley, United States). Molecular energy was minimized using the Energy Minimization module of Discovery Studio version 4.5 (DS 4.5; Accelrys Inc., San Diego, CA, United States) under the Chemistry at Harvard Macromolecular Mechanics (CHARMM) force field (Yi et al., 2016). All pharmacophore models with the shape of the binding pocket were selected for virtual screening using the default settings of the Ligand Profiler module of DS 4.5. Ligand and pharmacophore fitness characteristics were assessed by the values and shape similarity of the molecules. When using SEAware, molecules were prepared in the SMILES format (Simplified Molecular Input Line Entry System2). The 2D structural similarity of each compound to each target’s ligand set was quantified as an expectation value (Keiser et al., 2009). A compound-target-disease table was established via analyzing the hit targets, associated protein and diseases, and the interactions between these parameters.

RNA Isolation, cDNA Generation, and Quantitative Real-Time PCR (qPCR)

Total RNA was extracted from flash-frozen liver tissue using an RNAiso Plus kit (Takara BIO Inc., Dalian, China) and was reverse-transcribed with a PrimeScript RT reagent kit (Takara BIO Inc., Dalian, China) according to the manufacturer’s instructions. qPCR was performed using SYBR Premix DimerEraser (Takara BIO Inc., Dalian, China) with a Fast Real-time PCR System 7500 (Applied Biosystems 7500 Fast Real-Time PCR System). Reaction conditions were as follows: heating to 95°C in 30 s, followed by 40 cycles at 95°C for 3 s, 55°C for 30 s and 72°C for 30 s. Each cDNA sample was tested with at least three independent replicates to check the data reproducibility. Data were analyzed using the 2-ΔΔCt method. Supplementary Table S1 contains the list of primers used for qPCR.

Statistical Analysis

Statistical analyses were performed in GraphPad Prism, Version 5.0 (GraphPad Software Inc., CA, United States) using Student’s t-test. The data are expressed as the means ± standard errors of the mean (SEMs). In this paper, significant differences in multiple comparisons were identified at P < 0.05, P < 0.01, and P < 0.001.



RESULTS

Effects of AEM on Body Weight, Food Intake, and Food Utilization

After 20 weeks, the golden hamsters in the control group consumed a total of 1,255.05 g of the normal diet; the HFD; Metf; and 300, 600, and 1,200 mg/kg AEM groups consumed 861.17; 922.67; and 969.37, 950.53, and 861.41 g of the HFD, respectively (Supplementary Figure S1). Table 2 shows that food intake was substantially decreased in the HFD-fed golden hamsters compared with that in the hamsters fed a normal diet. The Metf and 300 and 600 mg/kg AEM groups presented with increased food intake, but the food intake of the 1,200 mg/kg AEM group was not affected. The food utilization rate was higher in the HFD group than that in the control group, while the Metf and AEM (300, 600, and 1,200 mg/kg) groups presented a clear, decreasing trend in this parameter (Table 2). Moreover, none of the initial body weights were different among the groups. After 20 weeks, compared with the normal diet, the HFD led to greater final body weight gain and a higher fat coefficient in the golden hamsters. The final body weight, total fat mass, and fat coefficient were significantly decreased in the Metf and AEM (1,200 mg/kg) groups compared with the HFD group.

TABLE 2. Effects of aqueous extract of black maca (AEM) and metformin on body weight, food intake, food utilization, and fat and liver coefficients in golden hamsters.
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Effects of AEM Intervention on Liver and Epididymal WAT

We evaluated the development of inflammation in epididymal WAT (Figure 1A). The histological analysis of the HFD-fed golden hamsters revealed a notable enlargement in adipocyte size (Supplementary Figure S2) and increased inflammation. However, AEM (300, 600, and 1,200 mg/kg) and metformin treatment attenuated this trend, resulting in adipocytes with a similar shape and size as those in the control group. In addition, H&E section staining revealed that compared with chow diet-fed golden hamsters, hamsters that received the long-term HFD presented with substantial liver lipid deposition. In contrast, AEM (300, 600, and 1,200 mg/kg) treatment and metformin ameliorated the lipid accumulation in the liver (Figure 1B). The liver coefficient is the ratio of the liver mass to the body mass and should be constant under normal conditions. An increased liver coefficient indicates edema, inflammation, or hyperplasia in the liver tissue. Table 2 shows that the liver weight and liver coefficient were significantly increased in the HFD group compared with the control group, while AEM (300 and 1,200 mg/kg) treatment changed this trend. We further measured the levels of hepatic triglycerides (TGs) and CHO and found that metformin and AEM (600 and 1,200 mg/kg) treatment markedly reduced the liver CHO content and that AEM (300, 600, and 1,200 mg/kg) caused a downward trend in TG levels (Figure 1C). In addition, the HFD led to higher serum total bilirubin (TBIL) levels, while the administration of different doses of AEM (300, 600, and 1,200 mg/kg) reversed this trend. Serum aminotransferase (AST) and alanine aminotransferase (ALT) levels reflect the degree of liver damage. The serum ALT levels in the HFD group were increased dramatically, but the values in the different AEM dose groups tended to be close to those of the control group. The AST/ALT ratio also showed that AEM did not damage the liver function of golden hamsters (Figure 1C).
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FIGURE 1. Effects of aqueous extract of black maca (AEM) on the histology of epididymal white adipose tissue and liver and the hepatic lipid profiles in golden hamsters. (A) The epididymal white adipose tissue sections were stained with H&E. (B) The liver sections were stained with H&E. (C) The hepatic cholesterol (CHO), hepatic triglyceride (TG), serum total bilirubin (TIBL), serum aminotransferase (AST), and AST/alanine aminotransferase (ALT) levels were measured. Data are presented as the means ± SEMs. #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the control group; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.0 compared with the HFD model group, n = 6.



Effects of AEM on Serum Biochemical Parameters

As shown in Supplementary Figure S3, compared with the normal diet, the HFD significantly increased the CHO, TG, high-density lipoprotein CHO (HDL-C), and low-density lipoprotein CHO (LDL-C) levels after 4 weeks. These results revealed that the golden hamsters developed significant hyperlipidemia after 4 weeks of the HFD feeding. During the 20 weeks of treatment, the serum TG, CHO, HDL-C, and LDL-C levels were low and stable in the control group but were comparatively much higher and continued to increase in the HFD group. After the AEM supplementation, both treated groups showed clear, dose-dependent decreases in serum lipid levels (Figures 2A–D). After 20 weeks, compared with the HFD group, both the AEM-treated groups presented with significant reductions in serum CHO and LDL-C levels (Figures 2E,G). Moreover, AEM supplementation (600 and 1,200 mg/kg) significantly reduced TG accumulation; this decreasing trend was also observed in the 300 mg/kg AEM group but was not significant (Figure 2F). Serum HDL-C levels were slightly but non-significantly decreased in all the AEM groups (Figure 2H).
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FIGURE 2. Effects of aqueous extract of black maca (AEM) on the serum lipid, glucose, and insulin profiles in golden hamsters. Over 20 weeks, (A) serum cholesterol (CHO), (B) serum triglyceride (TG), (C) serum low-density lipoprotein CHO (LDL-C), and (D) high-density lipoprotein CHO (HDL-C) levels were tested. At the end of 20 weeks, (E) serum CHO, (F) serum TG, (G) serum LDL-C, (H) serum HDL-C, (I) serum glucose, and (J) serum insulin were measured. The calculated insulin sensitivity index (K) and HOMA-IR index (L) are displayed. Data are presented as the means ± SEMs. #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the control group; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 compared with the HFD model group, n = 6.



Glucose and insulin levels were also measured over the course of this study (Figures 2I–L). Glucose levels remained unchanged among the HFD and AEM groups (Figure 2I). Serum insulin concentrations were significantly lower after 20 weeks of metformin and AEM treatment compared with these levels following the HFD treatment (Figure 2J). Compared with the HFD group, among the Metf and AEM (600 and 1,200 mg/kg) groups, the insulin sensitivity index was significantly increased (Figure 2K).

Protein–Ligand Docking

As shown in Supplementary File S1, 63 compounds from maca were collected by literature review: 56% of the compounds were alkaloids and macaenes (compounds A1–A35), 33% were glucosinolates (compounds J1–J21), and the others were sterols (compounds S1–S7). We chose six disease categories (obesity, insulin resistance, hyperinsulinemia, hyperglycemia, hyperlipidemia, and diabetes) closely related to glucose and lipid metabolism disorders to validate the medical actions and to identify maca compounds. Supplementary Table S2 provides an overview of the compound-target-disease relationships. Fructose-1,6-bisphosphatase 1 (F16P1), which acts as a rate-limiting enzyme in gluconeogenesis, was determined by the alkaloids (A1, A12, A14, A16, A17, and A21) and the glucosinolate (J9). The alkaloids (A3, A7, A10, A12, A13, A23, A24, and A27) and the glucosinolates (J4 and J13) identified glycogen synthase kinase-3 beta (GSK3B). The glucosinolate (J10) and alkaloids (A6, A8, A14, A15, and A24) were connected to protein-tyrosine phosphatase 1B (PTN1). Peroxisome proliferator-activated receptor gamma (PPARγ), a key regulator of adipocyte differentiation and glucose homeostasis, was found by the alkaloids (A10, A11, A14, A15, A16, A24, and A25). We found that the glucosinolates (J10, J11, J12, and J14) and (J3, J4, J9, and J14) were associated with sodium/glucose cotransporter 1 (SC5A1) and sodium/glucose cotransporter 2 (SC5A2), respectively. The glucosinolate (J9) and sterols (S1, S2, S4, and S7) were related to acetyl-CoA acetyltransferase (THIL). Glucosinolates (J3, J4, J12, J13, J14, J15, and J16), (J15 and J16), (J4 and J9), and (J11) were separately found with aldose reductase (ALDR), dipeptidyl peptidase 4 (DPP4), corticosteroid 11-beta-dehydrogenase isozyme 1 (DHI1), and liver carboxylesterase 1 (EST1), respectively. The alkaloids (A13), (A7 and A25), and (A13 and A14) were separately involved with the bile acid receptor (FXR), lanosterol synthase (ERG7), and peroxisome proliferator-activated receptor alpha (PPARα), respectively. Oxysterols receptor LXR-beta (LXRβ) interacted with the alkaloid (A24) and sterol (S7); mitogen-activated protein kinase 14 (MK14) was identified by the sterol (S7) and glucosinolates (J4, J9, and J10).

Metabolomic Analysis and Pathway Impact Analysis

By MetaboAnalyst 3.0, a total of 194 identified metabolites were mapped to KEGG metabolic pathways for over-representation and pathway topology analyses. Ultimately, 46 relative metabolic pathways were identified (Figure 3A). The pathway impact factor was evaluated by the relative importance of the compounds. Arginine and proline metabolism, glyoxylate and dicarboxylate metabolism, the TCA cycle, and glycolysis/gluconeogenesis had the highest impact factors.
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FIGURE 3. Aqueous extract of black maca (AEM) regulated the disturbed metabolism. (A) Summary of pathway analysis with MetPA. A, D-Glutamine and D-glutamate metabolism; B, Arginine and proline metabolism; C, Glyoxylate and dicarboxylate metabolism; D, Glutathione metabolism; E, Nicotinate and nicotinamide metabolism; F, Thiamine metabolism; G, TCA cycle; H, Alanine, aspartate, and glutamate metabolism; I, Taurine and hypotaurine metabolism; J, Ascorbate and aldarate metabolism; K, Cysteine and methionine. (B) Orthogonal partial least-squares discriminant analysis (OPLS-DA) score plots for UPLC/MS data of all the groups. OPLS-DA score plots showed differences in the metabolic states in the control group (Con), the HFD model group (HFD), the metformin groups (Metf), the 300 mg/kg AEM group (AEM 300), the 600 mg/kg AEM group (AEM 600), and the 1,200 mg/kg AEM group (AEM 1200). (C) OPLS-DA score plot showing the difference in the metabolic state between the control group (Con) and the HFD model group (HFD). (D) OPLS-DA score plot showing the difference in the metabolic state between the HFD model group (HFD) and the 1,200 mg/kg AEM group (AEM 1200). (E) The heatmap of the correlation analysis of the key metabolites between the control group (Con) and the HFD model group (HFD). (F) The heatmap of the correlation analysis of the key metabolites between the HFD model group (HFD) and the 1,200 mg/kg AEM group (AEM 1200), n = 6.



Metabolomics uses multivariate statistical tools on a data set acquired from an MS-coupled method to discriminate systematic variation using a subsequent supervised statistical analysis, such as orthogonal partial least-squares discriminatory analysis (OPLS-DA). This analysis clearly separates a data set into different groups, ultimately screening candidate metabolites for variation (And and Sturm, 2007). To gain an overview of the metabolic contents, OPLS-DA was performed among the different groups. As seen in the OPLS-DA score plot (Figure 3B), well-delineated clusters and separation trends among the control, HFD, and AEM-treated groups were observed. The results from the three different AEM dose groups mostly overlapped and significantly deviated from those of the HFD group, indicating that metabolic perturbation occurs and that AEM exerts an intervening effect on this disturbance. In addition, a well-fitted, two component OPLS-DA model was constructed to identify the differential metabolites that respond to the control vs. HFD group and the HFD vs. AEM (1,200 mg/kg) group. Figure 3C shows that the metabolic profile of the HFD-fed golden hamsters was fairly different from the profile of the control hamsters. A similar distinction was apparent between the HFD and AEM (1,200 mg/kg) groups (Figure 3D). The metabolomic pattern of the key metabolites, those with P-values < 0.05, are expressed as squares in the heatmap, which displays the normalized data values using carefully chosen color gradients (Figures 3E,F).

Effects of AEM on Hepatic mRNA Expression Related to Energy and Lipid Metabolism

To validate the aforementioned metabolic changes and in silico target prediction, the gene expression levels of key enzymes involved in glucose and lipid metabolism were assessed in liver tissues. PPARs, which serve as potential therapeutic targets for treating lipid metabolism disorder, and their downstream genes are involved in almost all aspects of lipid metabolism. As shown in Figure 4, the HFD feeding markedly reduced the hepatic mRNA levels of Pparα and its target genes. In contrast, AEM (1,200 mg/kg) supplementation upregulated the hepatic mRNA levels of Pparα (0.20-fold, P < 0.01), carnitine palmitoyltransferase 1 (Cpt1, 0.54-fold, P < 0.01), Apoa1 (0.35-fold, P < 0.001), oxysterols receptor LXR-beta (Lxrb, 0.53-fold, P < 0.001), retinoic acid receptor alpha (Rxra, 1.92-fold, P < 0.01), and low-density lipoprotein receptor (Ldlr, 0.48-fold, P < 0.05), yet downregulated 3-hydroxy-3-methylglutaryl-coenzyme A reductase (Hmgcr, 0.73-fold, P < 0.001) and sterol regulatory element-binding protein 1 (Srebp1, 0.41-fold, P < 0.01). In addition, we checked the expression of selected genes involved in glycolysis/gluconeogenesis and the TCA cycle. AEM (1,200 mg/kg) upregulated the mRNA levels inhibited by the HFD, including ATP-dependent 6-phosphofructokinase (Pfkl, 1.23-fold, P < 0.05), phosphoglucomutases 2 and 3 (Pgm2, 0.84-fold, P < 0.01; Pgm3, 0.68-fold, P < 0.01), the succinate dehydrogenase complex, subunit A (Sdha, 0.73-fold, P < 0.01), phosphoenolpyruvate carboxykinase 1 (Pepck, 1.06-fold, P < 0.01), citrate synthase (Cs, 0.94-fold, P < 0.001), fetal hematoma (Fh, 0.67-fold, P < 0.01), glucokinase (Gck, 3.36-fold, P < 0.001), phosphofructokinase (Pfkm, 0.88-fold, P < 0.001), malate dehydrogenase (Mdh2, 1.89-fold, P < 0.001), fructose bisphosphatase 1 (Fbp1, 0.47-fold, P < 0.001), and aconitate hydratase, mitochondrial (Aco2, 1.24-fold, P < 0.001). Moreover, the expression of glycogen synthase kinase 3 beta (Gsk3b), a key regulatory enzyme in glucose metabolism, was significantly increased in the HFD group (1.69-fold, P < 0.001) but was decreased in the AEM (1,200 mg/kg) group (0.71-fold, P < 0.001).
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FIGURE 4. (A–D) mRNA expression levels of hepatic genes involved in lipid metabolism and the glycolysis/gluconeogenesis-TCA cycle. The mRNA levels were determined using quantitative real-time PCR and were normalized to β-actin mRNA expression. Data are presented as the means ± SEMs. #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the control group; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 compared with the HFD model group, n = 6.



Energy Metabolism

Metabolic disorder is closely associated with energy metabolism, including gluconeogenesis, glycogenolysis, and the TCA cycle. In the HFD group, the concentrations of the major TCA cycle intermediates increased. However, AEM (1,200 mg/kg) supplementation reversed the disorder induced by the HFD. Decreased concentrations of citrate (0.38-fold, P < 0.05), cis-aconitate (0.82-fold, P < 0.05), and fumarate (0.66-fold, P < 0.05) were observed in the liver tissue. Furthermore, the HFD also interfered with the glycolysis/gluconeogenesis pathway, as evidenced by the increased fructose 6-phosphate (F6P, 1.75-fold, P < 0.05) level but decreased phosphoenolpyruvic acid (PEP, 0.32-fold, P < 0.05) and lactate (0.88-fold, P < 0.05) levels. The F6P (1.47-fold, P < 0.05), lactate (1.60-fold, P < 0.001), oxaloacetate (1.73-fold, P < 0.05), and succinate (1.93-fold, P < 0.001) levels were higher in the AEM (1,200 mg/kg) treatment group than those in the HFD group (Figure 5A).
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FIGURE 5. Aqueous extract of black maca (AEM) influences the metabolism of the glycolysis/gluconeogenesis pathway and the TCA cycle. (A) The scatter plot of the relative quantities of the energy metabolites in liver samples from the treated and untreated groups. The Y-axis data were normalized according to the average value of the control. (B) Differential analysis of the glycolysis/gluconeogenesis pathway and the tricarboxylic acid (TCA) cycle among the control group (Con), the HFD model group (HFD), and the 1,200 mg/kg AEM group (AEM 1200). Log2 fold changes of metabolites and the ratios of the average values of gene expression are color-coded, n = 5–6.





DISCUSSION

After 20 weeks, the golden hamster model of metabolism disorder induced by HFD feeding was established, with substantially increased serum levels of biochemical indicators (including TG, CHO, LDL-C, and others). The model was very appropriate because golden hamsters respond consistently to dietary modulation and, compared with the profiles of other rodents, showed a close similarity to human lipoprotein profiles (Liao et al., 2015). In this paper, we found that supplemental AEM (1,200 mg/kg) did not alter food intake but significantly prevented the increased in body weight, liver weight, and fat weight that occurred in golden hamsters fed a HFD for 20 weeks. This finding was consistent with previous reports in which maca was demonstrated to decrease body mass index (Gonzales, 2010). In addition, the food utilization rate was markedly lower in the AEM (600 and 1,200 mg/kg) groups than in the HFD group. These results indicated that AEM (1,200 mg/kg) may accelerate metabolism in golden hamsters.

The occurrence of lipid and glucose metabolism disorder is often accompanied by increased TG and CHO contents and is most directly associated with the LDL-C level. Vecera et al. (2007) found that maca had positive influences on lipid, antioxidative, and glucose parameters in hereditary hypertriglyceridemic rats. In this study, we also found that after 20 weeks, AEM administration (300, 600, and 1,200 mg/kg) dose-dependently decreased the serum CHO, TG, LDL-C, and insulin levels to near-baseline control values. Although the insulin level was significantly increased in the HFD group and was decreased in all the AEM treatment groups, the concentration of glucose did not change substantially in any group. This result may suggest that in the HFD group, the glucose level was regulated by a high insulin content, which is consistent with the lower insulin sensitivity index. In contrast, compared with the HFD-fed golden hamsters, the AEM-supplemented (600 and 1,200 mg/kg) hamsters presented with not only a lower insulin level but also improved insulin sensitivity. These findings indicated that AEM reduces HFD-induced hyperlipidemia and hyperinsulinemia and improves insulin sensitivity.

Liver is the central organ for lipid, carbohydrate, and protein metabolic processes, which are closely associated with metabolic diseases. Serum AST and ALT levels sensitively reflect hepatocyte damage, and TBIL represents the secretion and excretion function of the liver. In the HFD group, the hepatic coefficient and the hepatic levels of CHO, ALT, and TBIL increased markedly; in addition, the pathological section analysis revealed the presence of non-alcoholic fatty liver disease. Our results revealed that AEM (300, 600, and 1,200 mg/kg) treatment significantly reversed these trends and alleviated the lipid accumulation in the liver. The comprehensive results revealed that AEM improved liver secretion and excretion, protected liver cells, and reduced the levels of hepatic CHO and TG accumulation caused by the HFD.

Virtual screening is a computational technique used in drug discovery and is becoming increasingly popular in pharmaceutical research. The screening process searches libraries of small molecules to identify structures that are most likely to bind a drug target, typically a protein receptor or an enzyme (Rester, 2008). In this context, among the 16 identified targets, FBP1, ALDR, PPARγ, and GSK3B were the most promising maca targets for preventing and improving lipid and glucose metabolism disorder. In addition, the active compounds identified more targets, such as macaene (A14), which fished the protein targets FBP1, PTN1, PPARγ, and PPARα. These results are consistent with previous reports that macamides and macaenes are the main functional constituents of maca (Gonzales et al., 2005). With the in silico target fishing screening results, we identified targets related to glycolysis/gluconeogenesis pathways, including FBP1 and GSK3β (Supplementary Table S2). In addition, pathway analysis showed that AEM supplementation impacted the TCA cycle (Figure 3A). Considering the above results, we speculated that AEM prevented and improved metabolic impairments via the glycolysis/gluconeogenesis-TCA cycle (Figure 5B). Moreover, the expression profiles of genes involved in the glycolysis/gluconeogenesis-TCA cycle were measured (Figure 4).

The liver is a major player in maintaining glucose homeostasis, controlling the balance between glucose levels in the bloodstream and in hepatocytes (Jiang and Zhang, 2003). A key method for controlling hepatic glucose production and consumption is the net TCA-glycolytic/gluconeogenic flux. By regulating the activity levels of key enzymes, the liver can switch from net hepatic glucose consumption to glucose output. Although glycolysis and gluconeogenesis share several enzymes that catalyze reversible reactions, the irreversible key steps are catalyzed by separate enzymes subjected to different regulations. Therefore, regulating these gluconeogenic enzymes and their glycolytic counterparts by allosteric effectors, gene expression levels, or covalent modifications is a mechanism for achieving a net flux toward gluconeogenesis or glycolysis in the liver (Sharabi et al., 2015). Glucose is phosphorylated by Gck, a liver-specific hexokinase, to generate glucose 6-phosphate (G6P). Gck activity is regulated by its mRNA expression in hepatocytes (Peter et al., 2011). Compared with the HFD group, in the AEM (1,200 mg/kg) group, the mRNA expression level of Gck was increased more than twofold. The Gck-opposing gluconeogenic enzyme is G6Pase, and the HFD significantly decreased G6Pase expression. In addition, the highly significant accumulation of the G6P and F6P metabolic substrates in the AEM (1,200 mg/kg) group demonstrated that the dominant direction of the glucose/glucose-6-phosphate cycle was toward glycolytic flux. The F6P/F1, 6P substrate cycle is a major determinant of the net glycolytic or gluconeogenic flux. Thus, phosphofructokinase (Pfkl and Pfkm), the first committed step in glycolysis, together with its opposing gluconeogenic enzyme, Fbp1, controls the net glycolytic or gluconeogenic flux. Compared with the HFD group, the AEM (1,200 mg/kg) group presented with decreased Fbp1 mRNA expression, while Pfkm gene expression was upregulated. The first step in glycogen breakdown is catalyzed by glycogen phosphorylase, and the final step in glycogen synthesis is catalyzed by glycogen synthase. GSK3 inhibits glycogen synthesis by suppressing glycogen synthase through inhibitory phosphorylation. Type 2 diabetes is strongly associated with decreases in insulin-stimulated glycogen synthase activity and glycogen synthesis and with increased GSK3 protein levels (Lee and Kim, 2007). Similarly, AEM (1,200 mg/kg) reversed the increased Gsk3b mRNA expression in the HFD group. In addition, lactate levels were increased, and the mRNA expression of Ldha was reduced in the AEM (1,200 mg/kg) group, which suggests an increased rate of glycolysis, consistent with a previous study (Chao et al., 2014; Le et al., 2016). Overall, these results indicated that AEM promotes glycolysis and inhibits gluconeogenesis.

The final products of fatty acid degradation and glycolysis are used in the TCA cycle (Friedrich, 2012). Due to the importance of this cycle in the central mitochondrial metabolic pathway, certain metabolic disturbances through this metabolic pathway have been reflected in obese and type 2 diabetic subjects (Satapati et al., 2012; Lu et al., 2013). Our metabolomic data revealed that the concentration change of six TCA cycle intermediates, citrate, 2-oxoglutarate, fumarate, malate, oxaloacetate, and succinate, were highly variable between the HFD and AEM (1,200 mg/kg) groups. Recently, Patterson et al. (2011) found that, compared with normal animals, type 2 diabetic rhesus macaques demonstrated a twofold higher level of citrate, which is consistent with our results. Furthermore, our qPCR results revealed that Mdh2, Fh, Aco2, Sdha, Sdhb, Sdhd, and Cs levels were downregulated in the HFD-fed golden hamsters, which likely contributed to the substantial malate, fumarate, and citrate accumulation. However, compared with the HFD group, the AEM (1,200 mg/kg)-treated group demonstrated lower levels of citrate, malate, and fumarate and high mRNA expression levels of Sdha, Sdhd, Fh, Mdh2, Aco2, and Cs. This result suggested that AEM increased TCA cycle flux by upregulating Aco2, Fh, Cs, Sdha, and Mdh2 gene expression. Some studies have indicated that a reduced TCA cycle flux may be a metabolic adaptation that occurs during the metabolic progression of normal rats to diabetic phenotypes (Bakar et al., 2015; Zhou et al., 2015). In summary, via an array of mechanisms, our results indicated that AEM improves glucose metabolism disorder, specifically by upregulating the TCA cycle pathway.

From the biochemical data, we found that AEM affected hyperlipidemia, and the in silico target prediction identified genes related to lipid metabolism, especially PPARs. To elucidate the mechanism underlying the hypolipidemic effect of AEM, we assessed the expression profiles of hepatic genes involved in lipid metabolism. An increasing amount of evidence suggests that Pparα is a key regulator of lipid metabolism. Known Pparα target genes are involved in almost all aspects of lipid metabolism, including fatty acid uptake, binding, and oxidation; lipoprotein assembly; and lipid transport (Neve et al., 2000). Increases in the mRNA expression levels of Pparα and its target genes have also been identified as a mechanism for improving glucose and lipid metabolic disorders in high-fat diet-fed mice (Ding et al., 2013). In the AEM (1,200 mg/kg) group, the mRNA expression levels of Pparα and its downstream genes, including Rxr and Cpt1, were substantially upregulated, but Hmgcr and Lxrb were downregulated. Increased fatty acid β-oxidation leads to decreased serum TG concentrations in rodents (Reddy and Rao, 2005). In the AEM (1,200 mg/kg) consumption group, the increased Pparα mRNA expression upregulated the expression of Cpt1 mRNA, which modulates fatty acid β-oxidation. This finding showed that AEM-reduced lipid synthesis may contribute to fatty acid β-oxidation. Positive correlations between Lxrb expression and the degrees of lipid accumulation, inflammation, and fibrosis in the livers of patients with non-alcoholic fatty liver have also been noted (Ahn et al., 2014). Thus, inhibiting the expression of Lxrb and its target genes reversed the high serum TG levels and improved steatosis in HFD-fed mice (Ding et al., 2012). Srebp1c plays a critical role in synthesizing lipids, suggesting that SREBP pathway inhibition might be a potential approach for treating obesity (Xiao and Song, 2013). In this paper, AEM reduced the expression levels of Lxrb and its target gene, Srebp1. In addition, the most important change at the mRNA level was found in the expression of Hmgcr, a rate-limiting enzyme in CHO synthesis. AEM (1,200 mg/kg) significantly reversed the increased Hmgcr transcript level in HFD-fed golden hamsters and, therefore, may reduce CHO synthesis. In summary, the above results are consistent with the lower serum and liver levels of CHO and TGs and demonstrate that the lipid-lowering effect of AEM may be partly related to the enhanced expression of genes involved in lipid metabolism through Pparα activation, fatty acid β-oxidation, and lipogenesis inhibition.

Limitations exist in this work. First, the studies on chemical compositions and the quantitative analysis were not sufficiently deep, restricting the comprehensiveness of the database used by virtual screening. In addition, further work is needed to determine the prevention effectiveness of AEM on metabolism disorder in clinical trials.



CONCLUSION

Our study first demonstrated that AEM supplementation positively affected lipid and glucose metabolism disorder prevention and amelioration in hamsters. A golden hamster model of metabolism disorder induced by feeding HFD was established, which shared many similarities with human lipid metabolism. Based on the serum biochemical and histopathological results, AEM appeared to significantly prevent the hyperlipidemia, hyperinsulinemia, insulin resistance, and non-alcoholic fatty liver caused by the HFD. For the first time, metabolomics, virtual screening, and qPCR were used together to reveal the complex pathogenesis underlying the protective effect of AEM on metabolic impairments. AEM promoted glycolysis and inhibited gluconeogenesis via regulating the expression levels of key genes such as Gck, Fbp1, and Pfkm. Moreover, AEM upregulated TCA cycle flux activity by changing the intermediate concentrations and increasing the mRNA levels of Aco2, Fh, Cs, Sdha, and Mdh2. In addition, the lipid-lowering effects of AEM in both the serum and liver may be partly related to PPARα signaling activation, including enhanced fatty acid β-oxidation and lipogenesis pathway inhibition. Together, our data demonstrated that the AEM intervention significantly improved metabolism disorder by regulating the glycolysis/gluconeogenesis-TCA cycle pathway and via modulating the expression levels of genes involved in the PPARα signaling pathway. Thus, AEM has the potential to be a dietary supplement for preventing or at least slowing lipid and glucose metabolism disorder progression. However, more studies and clinical trials are needed to support this hypothesis.
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FIGURE S1 | Effects of aqueous extract of black maca (AEM) on the food intake and body weight of golden hamsters over 20 weeks. (A) Daily food intake of each golden hamster. (B) The body weight of each golden hamster over the 20 weeks. Data are presented as the means ± SEMs, n = 6.

FIGURE S2 | Number of epididymal white adipocytes per field of vision. The number of epididymal white adipocytes per field of vision was measured. Three fields of vision of each pathology sections were selected randomly. Each field of vision was observed at a magnification of 400×, n = 4.

FIGURE S3 | Effects of aqueous extract of black maca (AEM) on serum lipid profiles and glucose and insulin levels in golden hamsters over 20 weeks. (A) At the end of 4 weeks, serum CHO, TG, LDL, HDL, and glucose levels were tested. (B) At the end of 8 weeks, serum CHO, TG, LDL, HDL, and glucose levels were measured. (C) At the end of 12 weeks, serum CHO, TG, LDL, HDL, and glucose levels were tested. (D) At the end of 16 weeks, serum CHO, TG, LDL, HDL, and glucose levels were measured. Data are presented as the means ± SEMs. #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the control group; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 compared with the HFD model group, n = 6.

TABLE S1 | Hamster quantitative real-time PCR primer sequences.

TABLE S2 | Major compound-target-disease table for maca.

FILE S1 | The collection of chemical constituents of maca.
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Frailty is a syndrome that includes broad problems of senility and consists of three domains: physical, psychological, and social. Kampo medicine is used for intervention in cases of hypofunction in a mental or physical state. Kampo treatment, using Hojin formulations such as Hachimijiogan and Gosyajinkigan, is useful in patients with “jinkyo,” or kidney hypofunction. Ketsu includes both blood and its metabolic products that circulate throughout the body. Oketsu is a disturbance of ketsu and is considered to be a microcirculation disorder. Anti-oketsu formulations, such as Keishibukuryogan and Jidabokuippo, are useful in the treatment of trauma patients who are experiencing swelling and pain. “Ki” is the universal energy that exists in the world. Hoki formulations, such as Rikkunshito and Hochuekkito, are useful in patients with poor appetites for reinforcing vital energy. Juzentaihoto and Ninjinyoeito are useful in patients with hypofunction of ki and ketsu, which are accompanying symptoms of coldness or cutaneous dryness. Thus, Kampo medicines can be used as a superior approach for the management of frailty.

Keywords: traditional Japanese medicine, sarcopenia, locomotive syndrome, hypofunctional constitution, trauma, Gosyajinkigan, Jidabokuippo


INTRODUCTION

Recently, sarcopenia, frailty, and locomotive syndrome have become known as disorders that are mainly caused by aging (1). These disorders have been considered in the context of a long life expectancy and illustrate the importance of promoting preventive care in Japan where the aging society progress (2, 3).

Here, we provide an outline regarding prevention and intervention for frailty in locomotor disease using Kampo medicine.



FRAILTY AND SARCOPENIA

Since physiological residual function decreases in a senile state, it becomes difficult to endure a higher level of stress, thereby resulting in frailty. Notably, frailty is considered to be a state that is easy to enter into, in the context of a bionomics disorder, and may require nursing care.

Sarcopenia is a syndrome that is characterized by progressive and generalized loss of skeletal muscle mass and strength, with a risk of adverse outcomes such as physical disability, poor quality of life, and death (4). Further, frailty includes both physical and mental problems, such as cognitive dysfunction or depression, and social problems, including economic hardship (5). Thus, frailty is a problem that is widely indicative of a senile state, consisting of these three domains. Frailty is defined as a clinical syndrome in which three or more of the following criteria are present: unintentional weight loss (10 lbs. in the previous year), self-reported exhaustion, weakness (grip strength), slow walking speed, and low physical activity (6). Among these criteria, weakness and slowness are also indicative of sarcopenia, suggesting that sarcopenia is a central element of a physical frailty (7).



INTERVENTION AND PREVENTION OF FRAILTY

For intervention and prevention of frailty, exercise therapy and nutrition care for sarcopenia is critical. Elderly people cannot perform exercise therapy because of weakening physical strength and a variety of physical symptoms. Pain control plays a key role in locomotor disease. However, elderly people cannot often utilize nonsteroidal anti-inflammatory drugs (NSAIDs) because of gastrointestinal (GI) disorder or renal dysfunction. Furthermore, it may be difficult to tolerate Western medicines, due to the side effects of anticonvulsant or opioid drugs.

In such cases, Kampo medicines may be useful to raise of physical strength and improve appetite (Figure 1).
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FIGURE 1. Approach to frailty treatment, using Kampo medicines.





TREATMENT WITH KAMPO MEDICINE FOR THE LOCOMOTOR DISEASE

Frailty is a state between disability and robust health. If appropriate intervention is performed against frailty, it is possible for frail patients to return to a healthy state (8). This concept is similar to “mibyo,” or presymptomatic disease, in Kampo medicine. Mibyo is a state between illness and health, which can require treatment to prevent diseases from worsening and spreading to other parts of the body. Western medicine has no tests and, hence, no treatments available for people who have minor symptoms; however, Kampo recognizes even the slightest of these abnormalities, and takes action against them. In short, intervention by Kampo preparations and lifestyle guidance can change the body, such that it does not become ill, thereby preserving the health of the individual.

Frailty includes mental problems. In Kampo medicine, since ki, the universal energy that exists in the world, is considered to be a basic element of life, it is thought to support all mental, as well as physical, functions and bodily structures. This concept is referred to as the “relation of mind and body.” Therefore, there are similarities between the philosophy of Kampo medicine and frailty, such that mind and body are regarded as inseparable.

Kampo medicine intervenes in cases of hypofunction in a mental or physical state, in a manner that is known as hypofunctional constitution. Notably, when elderly people with coldness suffer from reduced lower limb and bladder function, Kampo treatment is well applied. These symptoms are diagnosed as “jinkyo,” kidney hypofunction. Hojin formulations for jinkyo, such as Rokumigan (RG), Hachimijiogan (HJG), and Gosyajinkigan (GJG), are used. HJG consists of Rehmannia Root, Cornus Fruit, Dioscorea Rhizome, Alisma Rhizome, Hoelen, Moutan Bark, Cinnamon Bark, and Aconite Tuber. It is applied in cases of nephritis, diabetes, impotence, sciatica, lumbago, bladder catarrh, prostatic hypertrophy, and hypertension, among others. Kawago has studied whether HJG can improve quality of life in Japanese patients with peripheral arterial disease (PAD). In the patients with the intermittent claudication caused by PAD, it was suggested that HJG administration might improve quality of life (10). GJG is a prescription that adds Achyranthes Root and Plantago Seed to HJG. It is applied in cases of lumbago, coldness of the lower part of the body, micturition abnormalities (diuresis, urinary frequency, night urination), visual impairment (cataracts, blurred vision), hearing impairment (hearing loss, tinnitus), and edematous tendency. GJG is typically used for numbness in the lower limbs. In terms of pain relief effects, central analgesia has been observed through the stimulation of the κ opioid receptor, whereas peripheral analgesia has been observed through increased nitric oxide-production (11, 12). In a mouse model of neuropathic pain, analgesia has been reported through suppression of TNF—α expression from activated microglia (13). In a clinical setting, it was reported that GJG contributed to the suppression of peripheral neuropathy with the FOLFOX therapy for colorectal cancer (14). However, GJG did not prevent oxaliplatin-associated peripheral neuropathy in a multicenter randomized phase III trial (15). There remains controversy regarding whether GJG prevents chemotherapy-induced peripheral neuropathy in patients undergoing neurotoxic chemotherapy (9). Watanabe investigated whether GJG reduces the onset of diabetic complications (16). After 5 years of observation, 116 patients underwent analysis. Deterioration of the ankle reflex was suppressed in the GJG group. In addition, glycated hemoglobin and fasting plasma glucose were reduced in the GJG group. Kishida showed that GJG suppressed sarcopenia via the IGF-1/insulin pathway, maintained the expression of mitochondrial-related transcription factors, and suppressed TNF-α in senescence-accelerated mice (17). These results indicate that GJG is a promising candidate for relief from sarcopenia. Satoh reported that decreased pharmacological aging was observed in a single medical preparation, and that multicomponent composition medicines, such as Hojin formulations, showed an anti-aging effect (18). Interestingly, the vascular relaxant effect differs among three preparations (RG, HJG, and GJG; Tables 1, 2). Thus, GJG improves disuse atrophy through analgesia and prevents frailty. Herbal formulations containing Rehmannia Root as major ingredient are known as Rehmannia drug group. Since the Rehmannia drug group does not include licorice, there is no risk of pseudoaldosteronism. Nevertheless, Rehmannia Root might cause a GI disorder. When GI disorder develops, the administration of the Rehmannia drug group should be avoided before a meal; rather, it should be taken after a meal. Another option is the use of Rehmannia Root together with Anchusan (AS); this combination is used in patients with hypofunctional constitution and abdominal pain, as well as heartburn, nausea, vomiting, epigastric discomfort, and malaise. Aconite Tuber is also added to improve “ki,” which gradually decreases through aging. Aconite Tuber provides antioxidant activity, analgesia, and an increased vascular flow (19, 20). Small amounts of Aconite Tuber can be used for arthralgia and somatic pain with coldness in elderly patients (21). Even in a kidney hypofunction state (jinkyo), when the clockwise circulation of ki is disturbed or a GI disorder is caused by Rehmannia Root, the Keishito (KT) group should be used instead. KT is used in patients who exhibit signs such as hypofunction, poor digestion, and exhaustion. KT consists of five herbs; Cinnamon Bark, Peony Root, Jujube Fruit, Ginger Rhizome, and Glycyrrhiza Root. Each formulation in KT group has a modified admixture based on the combination of the five KT herbs. Keishikajutsubuto (KKJBT) is a prescription that includes additional Atractyloids Lanceae Rhizome and Aconite Tuber, in combination with KT. It is applied in cases of coldness or to manage symptoms that become worse in cold (22). Kakkonkajutsubuto (KTKJBT) is a prescription that includes additional Atractyloids Lanceae Rhizome and Aconite Tuber, in combination with Kakkonto. It is applied in cases of pain and stiffness of the upper body (23).



Table 1. Vasodilatory activities in Hojin formulations ((9), revised).
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Table 2. Behaviors in Hojin formulations ((9), revised).
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“Ketsu” means red liquid. Ketsu includes both blood and its metabolic products that circulate throughout the body supplying nutrients to cells under the high-level control of ki. “Sui” means colorless liquids, bodily fluid or water. Sui includes all bodily fluids other than ketsu. Ki is represented by the nervous system, ketsu immunological function, and sui the various hormonal secretions that affect metabolism according to the theory of ki, ketsu, and sui. Swelling and pain caused by trauma is regarded as “oketsu.” Oketsu is a disturbance of ketsu and is considered to be a microcirculation disorder. Keishibukuryogan (KBG), Jidabokuippo (JDI), and Tsudosan (TS) are used to treat oketsu. Kampo formulations exhibit antioxidant activity that is thought to be associated with swelling reduction (26, 27). We compared the efficacies of JDI and NSAIDs in patients with rib fracture by analyzing the treatment duration (24). Our results suggested, that compared with NSAIDs, JDI could shorten the duration of treatment and may provide a promising analgesic agent, from a medical economic viewpoint (Figure 2). It is unclear whether JDI effectively shortens the healing period or whether NSAIDs effectively delay healing. In either case, our results prove the non-inferiority of JDI to NSAIDs. We have used JDI for the treatment of various traumas, including multiple injuries, as well as simple bruise and sprain (28, 29). In our previous study, the efficacy rate was 91.6% in 643 patients with trauma who underwent JDI treatment (25). The necessary treatment period became longer with age (Figure 3). This may reflect the fact that wound healing increases with aging. Early intervention for pain control caused by trauma is necessary for elderly people, for the purpose of frailty prevention.


[image: image]

FIGURE 2. Comparison of treatment durations and expenditures for medication between the jidabokuippo (JDI) and the non-steroidal anti-inflammatory drugs (NSAIDs) groups ((24) revised). (A). Median treatment duration is significantly lower in the JDI group than in the NSAIDs group (P < 0.001). (B) Median expenditures for medication are significantly lower in the JDI group than in the NSAIDs group (P < 0.0001).
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FIGURE 3. Relationship between ages and treatment durations ((25) revised). A significant correlation is observed between the parameters. (n = 643, r = 0.150, P < 0.0005).



Even in a case of locomotor disease, when a patient complains of poor appetite, which is caused due to deficiency of ki, Hoki formulations for reinforcing vital energy, such as Rikkunshito (RT) and Hochuekkito (HET), should be used initially. Juzentaihoto (JTT) and Ninjinyoeito (NYT) are used for concomitant hypofunction of ki and ketsu, along with the accompanying symptoms of coldness or cutaneous dryness. NYT demonstrates hematopoietic activity and is effective for osteoporosis management (30). Frailty and apathy negatively affect the progression of Alzheimer's disease (31, 32). Ohsawa reported that NYT was effective for anorexia of aging in Alzheimer's disease (33).

Needless to say, Kampo medicines are not magical panaceas for frailty with locomotor disease. In order to engage in these problems, cooperation among various types of professions is required.



CONCLUSION

Pain control, as well as nutritional and mental management, are important for cases of frailty with locomotor disease. Since Kampo formulations are composed of multiple crude drugs, a single prescription can address several symptoms simultaneously. Thus, Kampo medicines can be used as a superior approach for the treatment of frailty.
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Mammary gland hyperplasia (MGH) is a pathological condition that affects the majority of women at the child-bearing stage. The hormone and endocrinal therapy are typically used to treat MGH. Nevertheless, there are still some certain side effects accompanied with the benefits, which negatively affect the life quality of patients. Therefore, plant-derived agents that are effective against MGH development and with fewer side effects should be developed. The aim of this study was to investigate the protective effects and underlying mechanism of total saponins of Phytolaccae (TSP) against MGH in vivo. The results showed that treatment with TSP could significantly correct the disorder of serum sex hormones levels in rats with MGH, and eliminate the formation of MGH. Moreover, TSP significantly protected estrogen and progesterone-induced MGH histological changes, inhibited the swelling of the nipple, and improved the organ coefficient of uterus in rats with MGH. Mechanistically, TSP treatment not only effectively suppressed the mRNA and protein expression of ERα and PR in mammary gland, but also simultaneously up-regulated ERβ expression, and thus blocked sex hormones from interacting with their receptors. TSP treatment markedly suppressed mammary phosphorylation levels of ERK1/2, as well as reduced the mRNA and protein overexpression of VEGF and bFGF in mammary of rats. In addition, TSP treatment substantially down-regulated the expression of Bcl-2 and Ki-67, as well as elevated the expression of Bax. These findings indicated that TSP could potentially be used for effective treatment of MGH.

Keywords: total saponins of Phytolaccae, mammary gland hyperplasia, sex hormones, apoptosis, proliferation


INTRODUCTION

Nowadays, the disease of MGH, especially for women of child-bearing age, is one of the most common and frequently occurring disease and affects people in increasing numbers, which is classified into the category of “Rupi” in Chinese medicine (Zheng et al., 2013; Chen et al., 2015). Without getting any effective control, MGH shows a severe cancerous tendency, and may have been confused and covered with early breast cancer (Wang L. et al., 2011; Wang Z.C. et al., 2011). According to the modern medicine, the occurrence of MGH is closely related to endocrine disorder, and prescription of steroids (Lin et al., 2015) and surgery are the main treatment measures employed. Nevertheless, the potentially severe side effects and complications also emerge and seriously affect the life quality of patients (Henry, 2014), which is therefore prompt us to explore novel, alternative and effective treatments against the disease. Studies have proved that traditional Chinese medicine have the protective effect against MGH via possible regulated mechanism (Li et al., 2017).

Phytolaccae Radix, including Phytolacca acinosa and P. Americana, is recorded in Chinese Pharmacopeia (2015 edition) for its important medicinal value. The chemical constituents of Phytolaccae Radix mainly consist of triterpenoid saponins, flavone, phenolic acid, sterol, and polysaccharides. There have been an increasing number of studies focusing on its bio-activities, including diuretic, antibacterial, antiviral, anti-inflammatory anti-tumor and anti-MGH (Wang et al., 2014). It has a long history of use in the treatment of MGH. Patients with MGH achieved good therapeutic effect after taking the tablets which were made by the fresh Phytolaccae Radix (Tian et al., 1985).

The objective of the present study is to investigate the effects and potential mechanisms of TSP to protect against MGH in rats induced by estrogen combined with progestogen. This is first study on anti-MGH effect of TSP in vivo.



MATERIALS AND METHODS

Chemicals and Regents

Estradiol (E2) Benzoate Injection and Progesterone (P) Injection was supplied by Ningbo SANSHENG Pharmaceutical Co., Ltd. (Ningbo, Zhejiang, China). Smoothing and moisturizing hair removal was obtained from Watsons. E2, P, luteinizing hormone (LH), follicle stimulating hormone (FSH), prolactin (PRL), and testosterone (T) and T ELISA kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China). The primary antibodies for VEGF, bFGF, p-ERK1/2, ERK1/2, Estrogen Receptor α, Estrogen Receptor β, ki-67, Bax, Bcl-2, GAPDH, and β-actin as well as all of the secondary antibodies were purchased from Cell Signaling Technology (Danvers, MA, United States).

Total Saponins Extraction and Isolation

The preparation methods of TSP were coincided with the previous study (Wang, 2015). Briefly, the dried Phytolaccae Radix were powdered using an oscillating high speed universal grinder. The power was extracted thrice with water for 1.5 h at each time. The solution was filtered, concentrated, subjected to a HPD100 macroporous adsorption resin column, and then eluted successively with deionized water, 10, 30, and 70% aqueous ethanol. Subsequently, the solutions eluted by water, 10 and 30% aqueous ethanol were discarded. The remaining 70% aqueous ethanol solution was collected and concentrated by a rotary evaporator, and then the concentrated extract of the total saponins was dried in a lyophilizer.

Ultra-Performance Liquid Chromatography-Q/Time-of-Flight Mass Spectrometry (UPLC-Q/TOF-MS) Analysis

Chromatographic analysis was carried out using an Acquity UPLC system (Waters, Milford, MA, United States) with a 3 μL injection volume. Next, Tandem MS was performed using a Q-TOF mass spectrometer (Waters) with an Electron Spray Ionization. The results were analyzed using MassLynx v4.1 and UNIFI v1.8 (Waters).

Animal Experiments

The virgin female Wistar rats weighing 180–220 g (license number: SCXK2015-0001) were commercially obtained from Liaoning Changsheng Biotechnology Co., Ltd. The rats were housed at a controlled room (temperature 23 ± 1 degree Celsius and humidity 60 ± 5%) under a 12 h light-dark cycle, and fed with standard diet and water ad libitum. They were acclimated under climate-controlled conditions for 7 days before the experiments began.

After acclimatization to the laboratory conditions, the rats were randomly divided into normal group (NO group) and MGH group (MGH group). The rats in MGH group were injected estrogen (0.5 mg/kg/d) into the muscle of medial side of hind leg for 25 days, and followed with progestogen (5 mg/kg/d) for another 5 days to induce animal model of MGH, meanwhile, the NO group were administered with normal saline intramuscularly for 30 days (Wang L. et al., 2011). From the 31st day, the rats with MGH were further randomly separated into six groups of ten individuals and treated as follows: (1) the vehicle control group (an equal volume of normal saline, i. g.); (2) the MGH model group (an equal volume of normal saline, i. g.); (3) Positive control group (tamoxifen, 1.5 mg/kg bwt, i. g.); (4) total saponins (7.5 mg/kg bwt, i. g.); (5) total saponins (15 mg/kg bwt, i. g.); (6) total saponins (30 mg/kg bwt, i. g.). All drugs were dissolved in distilled water before use and treatments were administered by gastric gavage at 10 ml/kg bodyweight for a total of 30 days continuously. Nipple diameter of rats were measured at the predetermined time during the experiment. At the end of the experimental period, all rats were fasted overnight and anesthetized using 20% urethane 1.0 g/kg body weight injected intraperitoneally. Blood samples were obtained via abdominal aorta, the serum was separated by centrifugation (3000 rpm for 10 min at 4 degree Celsius), and then stored at minus 80 degree Celsius for hormone assays. The tissues of mammary gland were fixed in 10% neutral buffered formalin or kept at minus 80 degree Celsius for subsequent analysis. This study was approved by the Animal Care and Use Committee of Heilongjiang University of Chinese Medicine.

Determination of Nipple Diameter and Organ Coefficients

The diameter of the rat’s nipple was measured with vernier caliper on the 1st day, 30th day, 45th day, and the last day of the experiment. The uterus and ovary were completely separated and weighed at the end of the experiment. Then, the organ coefficients were calculated as uterus or ovary weight divided by body weight.

Biochemical Analysis and Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of E2, P, LH, FSH, PRL, and T in serum were measured by commercial detection kits according to the procedures recommended by the manufacturer (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Real Time PCR Analysis

Real-time PCR was performed to determine gene expression of ERα, ERβ, PR, VEGF, bFGF, Bcl-2, and Bax. Total RNA was extracted from the tissues of mammary gland with Trizol (Invitrogen) following the manufacturer’s protocol. The cDNA was synthesized from 1 μg of total RNA using the Reverse Transcription Reagent Kit (TaKaRa, Shiga, Japan) in accordance with instruction manual. The sequences of the primers are listed in Table 1. The following thermocycling protocol was used: at 95 degree Celsius for 30 s, 40 cycles at 95 degree Celsius for 5 s and at 60 degree Celsius for 40 s. The relative quantities of the candidate genes and GAPDH mRNA were calculated by comparative CT method. The experiments were repeated for three times. Samples in each experiment were in triplicate.

TABLE 1. Primers used in the qRT-PCR study.
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Western Blot Analysis

The protein samples from the tissues of mammary gland were isolated using a protein extraction kit, and the protein concentrations were determined using a BCA protein assay kit. Equal amounts of proteins (50 μg) were separated by 10% SDS–PAGE and then transferred onto polyvinylidene difluoride (PVDF) membranes. After blocking with 5% nonfat dry milk in Tris-buffered saline Tween (TBS-T) for 2 h at room temperature, the membranes were individually incubated with the primary antibodies overnight at 4 degree Celsius. Following incubation with HRP-conjugated secondary antibody for 2 h at room temperature, the protein bands were visualized by ECL Prime Western Blotting Detection Reagent (Bio-Rad, United States). Chemiluminescent signals were detected and analyzed with the ChemiDoc XRS imaging system (Bio-Rad, United States). The intensity of protein bands was quantified using the Image J Software. The experiments were repeated for three times. Samples in each experiment were in triplicate.

Histological Analysis

The tissues of mammary gland were obtained for histopathological examination. In detail, the specimens of the tissues of mammary gland were fixed in 10% neutral buffered formalin for 48 h. After processed in a series of graded ethanol and dimethyl benzene, the tissues were embedded in paraffin, cut into 4 μm thick sections, and then stained with hematoxylin and eosin (H&E). Finally, we observed pathological changes in the tissues of mammary gland by using an SZX10 microscope (Olympus Corp., Tokyo, Japan).

Immunohistochemistry

Paraffin-embedded sections (4 μm) were dewaxed in xylene, sequentially rehydrated in alcohol and incubated in 3% H2O2 for 20 min. The sections were heated twice in a microwave oven for 5 min in 0.01 M citrate buffer at pH 6.0 for antigen retrieval and followed by overnight incubation at 4 degree Celsius with the primary antibodies: Ki-67 at 1:100, Bcl-2 at 1:50 and Bax at 1:50. The sections were washed and incubated with the HRP-conjugated secondary antibody for 30 min at 37 degree Celsius. After staining with DAB, the tissue slides were counterstained with hematoxylin, dehydrated through a graded ethanol series, and sealed with neutral gum in the end. The sections were captured under microscope with a camera (Olympus, Tokyo, Japan).

Statistical Analysis

Statistical analysis was performed with SPSS 18.0 software. All data were presented as mean ± SE. Comparisons of numerical data between two groups were calculated by Student t-tests. Differences in mean values of various groups were analyzed by ANOVA. Difference with P-value < 0.05 was considered as statistically significant.



RESULTS

Identification of the Chemical Composition of TSP by UPLC-Q/TOF-MS

Figure 1 shows the base peak ion (BPI) chromatogram of TSP. A total of 19 compounds were initially identified based on retention time, molecular ions, major fragment ions, and previously published articles and online databases. The identified compounds were mainly classified as triterpene glycoside. The details of the identified compounds are listed in Table 2.
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FIGURE 1. Base peak ion (BPI) chromatogram of TSP in negative ion mode determined by ultra-performance liquid chromatography-Q/-time-of-flight-mass spectrometry (UPLC-Q/TOF-MS).



TABLE 2. Chemical composition of TSP determined by UPLC-Q/TOF-MS.
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TSP Improved the Nipple Diameter of Rats With MGH

As shown in Figure 2A, the nipples of MGH model rats were become swelling and larger than those of the normal control. The nipple diameters (Left 2 and Right 2) were markedly increased by intramuscular injection of estrogen and progestin compared with normal control group. After 2 weeks’ administration of TSP, the nipple diameters were obviously decreased, and further reduced at the end of the treatment. The change in nipple diameters over time is shown in Figure 2B.
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FIGURE 2. Effects of TSP on the nipple diameters and organ coefficients of uterus and ovary index in rats with MGH. (A) Representative photograph of rat breasts. (B) Comparison of nipples diameter in rats. (C) Coefficient of uterus. (D) Coefficient of ovary in rats. Data were shown as mean ± SE (n = 10), ∗∗P < 0.01 vs. control group; ▴P < 0.05 and ▴▴P < 0.01 vs. model group.



Effects of TSP on Organ Coefficients of Uterus and Ovary in Rats With MGH

To further investigate the effects of TSP on MGH, the organ coefficients of uterus and ovary in rats of each group were obtained. Results showed that compared with normal control group, the organ coefficient of uterus in MGH model group were obviously increased. However, the organ coefficient of uterus was markedly decreased by TSP-Middle and -High dose treatment as compared with MGH model group. There were no outstanding differences in the organ coefficients of the ovary between all the groups (Figure 2).

Effect of TSP on Pathomorphology of Mammary Gland Tissue in MGH Model Rats

To verify the effectiveness of TSP in mitigating MGH, H&E staining was conducted and histological variation was observed. As can be seen from Figure 3, there were no histopathological alterations in the mammary gland of the control group rats. In contrast in the model group, mammary epithelial cell tissue had significantly proliferative lesions, including hyperplasia in most lobules, increased numbers of acini and ducts, and thickened glandular epithelium. Administration of tamoxifen and TSP-High dose for four consecutive weeks significantly suppressed these typical histological patterns. The proliferative degree of mammary lobules and the number of acini and ducts markedly decreased. While daily treatment of TSP-Low and -Middle dose for 4 weeks, compared to the model group, were also capable to decrease the lumen area and numbers of mammary acini and ducts in different degree. These results illustrated that TSP had therapeutic effect on the rats with MGH induced by estrogen and progestogen.
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FIGURE 3. Morphology of mammary gland tissue was observed by microscope (original magnification, 100×).



TSP Ameliorated the Levels of Serum Sex Hormones in Rats With MGH

After injection of estrogen and progestogen, as shown in Figure 4, E2 and PRL contents were obviously increased (P < 0.01 for both cases), while P (P < 0.01) and T (P < 0.05) contents were notably decreased when compared to the control group, and most noticeably, there was no significant changes in LH and FSH contents in each group. However, the administration of TSP at different concentrations decreased the level of E2 and increased the level of P, but only TSP at a high dose reduced the contents of PRL and elevated contents of T. Our results suggested that TSP could adjust the serum E2, P, PRL, and T level of rats with MGH to play anti-MGH function.
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FIGURE 4. Effects of TSP on sex hormones levels in rat’s serum. (A) E2, (B) P, (C) PRL, (D) T, (E) LH, and (F) FSH in rat’s serum. Values are expressed as mean ± SE (n = 10). ∗P < 0.05, and ∗∗P < 0.01 vs. control group; ▴P < 0.05 and ▴▴P < 0.01 vs. model group.



TSP Modulated the mRNA and Protein Expression of ERα, ERβ, and PR in Mammary Gland of Rats With MGH

ER is an important nuclear transcription factor activated by ligand. As two kinds of subtypes, ERα and ERβ mediate estrogen and make it work. Meanwhile, PR is depending on the existence of ER, which is regulated and controlled by estrogen (Guo et al., 2017). To investigate the effect of TSP on ERα, ERβ and PR, the levels of related protein and mRNA were detected. As shown in Figure 5, The protein and mRNA expressions of ERα and PR were elevated in comparison with control group, while protein and mRNA expressions of ERβ were reduced in mammary gland of rats with MGH. However, TSP, at any dose, showed significant inhibitory effects on the protein and mRNA expressions of ERα and remarkable promoting effects on the protein and mRNA expressions of ERβ. Moreover, TSP treatment also exhibited the decrease in PR protein expressions in mammary gland of rats with MGH. Compared with that of model group, the mRNA levels of PR in mammary gland of rats with MGH were notably decreased after the administration of these MGH rats with TSP middle-(P < 0.05) and high-doses (P < 0.01).
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FIGURE 5. Effects of TSP on the mRNA and protein expression of ERα, ERβ, and PR in mammary gland of rats with MGH. Data were shown as mean ± SE from three independent experiments, ∗P < 0.05, and ∗∗P < 0.01 vs. control group; ▴P < 0.05 and ▴▴P < 0.01 vs. model group.



TSP Reduced the mRNA and Protein Expression of VEGF and bFGF, and Inhibited the Phosphorylation of ERK1/2 in Mammary Gland of Rats With MGH

The effects of TSP on the expression of VEGF and bFGF were determined by qPCR and western blot in mammary gland. The results showed that the mRNA and protein expressions of VEGF and bFGF were increased in MGH rats induced by estrogen and progesterone. TSP treatment inhibited the protein and mRNA expressions of VEGF and bFGF in a dose-dependent manner in mammary gland. (P < 0.01, Figure 6A). The phospho-ERK1/2 levels were also altered after estrogen and progesterone induction, and the application of TSP reduced ERK1/2 activation in a dose-dependent manner in mammary gland. (P < 0.01, Figure 6B).
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FIGURE 6. Effects of TSP on the mRNA and protein expression of VEGF and bFGF and the phosphorylation of ERK1/2 in mammary gland of rats with MGH. (A) The mRNA and protein expression of VEGF and bFGF in different groups were determined respectively by reverse transcription quantitative polymerase chain reaction and western blot. (B) ERK1/2 phosphorylation in different groups were detected by western blot. Representative western blots images are displayed. Data were presented as mean ± SE from three independent experiments, ∗P < 0.05, and ∗∗P < 0.01 vs. control group; ▴P < 0.05 and ▴▴P < 0.01 vs. model group.



TSP Induced Apoptosis in Rats With MGH

The expression of Bcl-2, Bax, and ki-67 in mammary gland were detected by immunohistochemistry and western blotting, so that the action mechanism of TSP in rats with MGH could be investigated. The results could be seen in Figures 7A–E, which showed that TSP at a middle-(P < 0.05) and high-doses (P < 0.01) significantly down-regulated the levels of Bcl-2 and ki-67 compared with those in the model group, but had no effect at low dose. In addition, treatment of MGH rats with TSP also up-regulated level of Bax (P < 0.01) in MGH rat’s mammary gland. These findings indicated that TSP could significantly promote apoptosis in rats with MGH.
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FIGURE 7. Effects of TSP on level of Bcl-2, Bax and ki-67 in mammary gland of rats with MGH. (A) Immunohistochemistry findings of Bcl-2, Bax and ki-67 in each group. Tissue sections from mammary gland in each group were stained with anti-Bcl-2, anti-Bax, and anti-ki-67. Original magnification 100×. (B–E) The expression was detected by western-blot. Representative western blots images are displayed. Data were presented as mean ± SE from three independent experiments, ∗P < 0.05, and ∗∗P < 0.01 vs. control group; ▴P < 0.05 and ▴▴P < 0.01 vs. model group.





DISCUSSION

Modern medicine believes that the breast is the target organ of the sex hormones, and the main cause leading to the MGH is the disorder of hormones metabolism in the body. The increased E2 in the absolute or relative terms and a persistent lack of P make the breast excessive hyperplasia and incomplete restoration (Schindler, 2011). PRL which is produced by eosinophilic cells in the distal part of the adenohypophysis promotes the growth and development of the mammary gland under the combined action of E2 and P. T is mainly secreted by the ovary and adrenal cortex in women. A small amount of T promotes the development of mammary glands. On the contrary, a large number of T plays an inhibitory effect (Han et al., 2015). In the present study, the continuous stimulation of exogenous hormones eventually leads to abnormal secretion of serum sex hormones in female rats. The treatment of TSP for consecutive 30 days could effectively regulate the levels of E2, P, PRL, and T hormones in serum of rats with MGH.

The effect of sex hormones on the body is mediated through the specific binding of the receptor. Estrogen action in target tissues is achieved by binding to specific nuclear receptors, estrogen receptors α and β (Higa and Fell, 2013). These receptors play a critical role in the regulation of cell proliferation and differentiation in the mammary glands, uterus, and other tissues (Jonsson et al., 2014). Activation of ERα supports cell proliferation and differentiation in the breast and other tissues. And recent studies suggest that high ERβ content can down-regulate the expression of ERα (Stope et al., 2010; Mehta et al., 2014). PR is regulated by estrogen, and its synthesis in normal mammary cells requires the combination of estrogen and estrogen receptor (Savouret et al., 1991; Lian et al., 2017). The increase of ERα and PR will definitely increase the sensitivity of breast epithelial to estrogen, and induce the occurrence of MGH. Here, we found that TSP effectively suppressed the mRNA and protein expression of ERα and PR, and simultaneously up-regulated ERβ expression in mammary gland of rats.

VEGF is a specific mitogen and angiogenic factor which stimulates endothelial cell growth and proliferation, promotes the generation of new blood vessels and regulates vascular permeability (Queiroga et al., 2010; Anadol et al., 2017). bFGF can promote mitosis, especially for the proliferation and differentiation of mesoderm cells. Although VEGF and bFGF have different mechanisms for promoting angiogenesis, there is a good synergy between them. As the degree of MGH increases, the activity of new blood vessels increased in tissues (Tao et al., 2017). ERK is an important member of mitogen activated protein kinase (mitogen activated protein kinase, MAPK) family. The combination of growth factors and hormones with neurotransmitter receptors will lead to the phosphorylation of ERK, promote the activated factor into the nucleus, and then participate in cell proliferation and differentiation (Feng et al., 2015; An et al., 2017). One study showed that estrogen activated the ERK1/2 pathway and increased the expression of VEGF. The higher the expression of VEGF, the more abundant the new blood vessel were produced and hence hyperplasia will be aggravated (Shan et al., 2013; Lin et al., 2015). These are consistent with the phenomena in our present study. 30 continuous days’ administration of TSP markedly attenuated the MGH rat induced by estrogen combined with progestogen through suppressing mammary phosphorylation levels of ERK1/2, as well as reducing the mRNA and protein expression of VEGF and bFGF.

Apoptosis, also known as programmed cell death, refers to an active and ordered form of cell death, which are mainly genetically controlled (Zaman et al., 2014; Wei et al., 2017). The Bcl-2 protein family includes key regulatory factors for apoptosis, such as anti-apoptotic protein Bcl-2 and pro-apoptotic protein Bax, both of which are generally considered as important molecular proteins for apoptosis (Zhang and Saghatelian, 2013; Zhao et al., 2017). Ki-67 was found by Gerdes et al. (1984), and increased in mitotic stage, especially in the M phase of tumor active stage, and then decreased rapidly after mitotic cycle (Ding et al., 2004). With the development of science and technology, there are more and more researches on the influence of Chinese medicine treatment on the biological behavior of Ki-67. Many studies have found that Ki-67 is highly expressed in the tissue of MGH (Chen et al., 2014; Zhou and Wu, 2016). In concert with these findings, we found in this study that TSP substantially down-regulated the expression of Bcl-2 and Ki-67, as well as elevated the expression of Bax.



CONCLUSION

The whole results confirmed that TSP markedly attenuated MGH through rectifying the disorder of sex hormone, regulating the expression of hormone receptor, inhibiting the proliferation of mammary tissue cells, promoting apoptosis and inhibiting angiogenesis. Based on the results of this study, additional clinical studies are needed for patients with MGH.
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Inhibition of Akt/mTOR/p70S6K Signaling Activity With Huangkui Capsule Alleviates the Early Glomerular Pathological Changes in Diabetic Nephropathy
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Huangkui capsule (HKC), a Chinese modern patent medicine extracted from Abelmoschus manihot (L.) medic, has been widely applied to clinical therapy in the early diabetic nephropathy (DN) patients. However, it remains elusive whether HKC can ameliorate the inchoate glomerular injuries in hyperglycemia. Recently the activation of phosphatidylinositol-3-kinase (PI3K)/serine-threonine kinase (Akt)/mammalian target of rapamycin (mTOR) signaling and its downstream regulator, 70-kDa ribosomal protein S6 kinase (p70S6K), play important roles in the early glomerular pathological changes of DN including glomerular hypertrophy, glomerular basement membrane (GBM) thickening and mild mesangial expansion. This study thereby aimed to clarify therapeutic effects of HKC during the initial phase of DN and its underlying mechanisms. Fifteen rats were randomly divided into 3 groups: the normal group, the model group and the HKC group. The early DN model rats were induced by unilateral nephrectomy combined with intraperitoneal injection of streptozotocin, and administered with either HKC suspension or vehicle after modeling and for a period of 4 weeks. Changes in the incipient glomerular lesions-related parameters in urine and blood were analyzed. Kidneys were isolated for histomorphometry, immunohistochemistry, immunofluorescence and Western blotting (WB) at sacrifice. In vitro, murine mesangial cells (MCs) were used to investigate inhibitory actions of hyperoside (HYP), a bioactive component of HKC, on cellular hypertrophy-associated signaling pathway by WB, compared with rapamycin (RAP). For the early DN model rats, HKC ameliorated micro-urinary albumin, body weight and serum albumin, but had no significant effects on renal function and liver enzymes; HKC improved renal shape, kidney weight and kidney hypertrophy index; HKC attenuated glomerular hypertrophy, GBM thickening and mild mesangial expansion; HKC inhibited the phosphorylation of Akt, mTOR and p70S6K, and the protein over-expression of transforming growth factor-β1 in kidneys. In vitro, the phosphorylation of PI3K, Akt, mTOR and p70S6K in MCs induced by high-glucose was abrogated by treatment of HYP or RAP. On the whole, this study further demonstrated HKC safely and efficiently alleviates the early glomerular pathological changes of DN, likely by inhibiting Akt/mTOR/p70S6K signaling activity in vivo and in vitro, and provided the first evidence that HKC directly contributes to the prevention of the early DN.

Keywords: Huangkui capsule, hyperoside, diabetic nephropathy, glomerular hypertrophy, glomerular basement membrane thickening, mesangial expansion, Akt/mTOR/p70S6K signaling pathway


INTRODUCTION

The early diabetic nephropathy (DN) in both animal models and humans is characterized histologically by glomerular hypertrophy, glomerular basement membrane (GBM) thickening and mild mesangial expansion (Tervaert et al., 2010; Najafian et al., 2011). Since approximately 26 or 16.4% of the early DN patients in the United States (Afkarian et al., 2016) or in China (Liu, 2013) will progress to end-stage renal disease, the safe and effective therapeutic regiments for delaying the progression of DN are desired in clinic. However, so far, relatively little progress has been made in the treatment of the early DN patients (de Boer, 2017). Although angiotensin-converting enzyme inhibitors, angiotensin receptor blocker (Tuttle et al., 2014; Glassock, 2016) and some newly discovered drugs including glucagons-like peptide 1 agonists (Muskiet et al., 2017), dipeptidyl peptidase 4 inhibitors (Penno et al., 2016), sodium-glucose cotransporter 2 inhibitors (Zinman et al., 2015; Wanner et al., 2016) may help and treat the early DN patients by allowing tighter safer control of blood glucose level and by exerting beneficial direct effects on renal injuries, it is still unclear whether they can ameliorate the inchoate glomerular pathological changes including hypertrophic glomerulus, thickened GBM and mild mesangial expansion.

Mammalian target of rapamycin (mTOR) is a serine/threonine protein kinase, and its upstream signalings such as phosphatidylinositol-3-kinase (PI3K) and serine-threonine kinase (Akt) have been reported to regulate protein synthesis and cellular growth, specifically cellular hypertrophy (Yuan et al., 2011; Dibble and Cantley, 2015). PI3K/Akt/mTOR signaling pathway can directly regulate the functions of 70-kDa ribosomal protein S6 kinase (p70S6K) and eukaryotic initiation factor 4E-binding protein-1 (4EBP1), which are the important downstream regulators of ribosome protein synthesis, ribosome biogenesis, and mRNA translation initiation (Giasson and Meloche, 1995; Hall, 2016). Therefore, the activation of PI3K/Akt/mTOR signaling is thought to lead to an increase in the cellular capacity for protein synthesis and cellular hypertrophy. Sakaguchi et al. reported that rapamycin (RAP), a specific inhibitor of mTORC1 signaling, can attenuate renal enlargement and the enhanced phosphorylation of p70S6K in the kidneys of the early diabetic mice, suggesting the activation of PI3K/Akt/mTOR signaling and the phosphorylation level of p70S6K might play an important role in renal hypertrophy under hyperglycemia (Sakaguchi et al., 2006). Accordingly, targeting the activation of PI3K/Akt/mTOR signaling and the expression of phosphorylated p70S6K (p-p70S6K) in the kidneys could be therapeutic mechanisms for ameliorating the early glomerular lesions of DN.

Over the past 20 years, Huangkui capsule (HKC, the local name in China), a Chinese modern patent medicine extracted from Abelmoschus manihot (L.) medic (AM), has been approved by the China State Food and Drug Administration (Z19990040) for the conventional therapy of chronic glomerulonephritis (Guo et al., 2013; Zhang et al., 2014). HKC and its bioactive component hyperoside (HYP) can ameliorate proteinuria and renal dysfunction for patients and animal models with the early chronic kidney disease (CKD) (Chen et al., 2015; Ge et al., 2016). Recently, the increasing clinical evidences in China have been suggested that HKC at the safe and effective dose of 7.5 g/kg/day can reduce micro-urinary albumin (micro-UAlb) in the early DN patients and the IgA nephropathy patients (Liu et al., 2010; Li et al., 2017), and that its therapeutic action may be concerned with regulating transforming growth factor-β1 (TGF-β1) signaling in vivo (Tu et al., 2013), and inhibiting high-glucose (HG)-induced renal tubular epithelial-mesenchymal transition in vitro (Cai et al., 2017). In addition, our previous animal experiment as the first step revealed that, after the drug-intervention for 8 weeks, 2 g/kg/day dose of HKC can significantly attenuate the advanced renal fibrosis in the DN model rats induced by the unilateral nephrectomy combined with the intraperitoneal injection of streptozotocin (STZ) through regulating oxidative stress and p38 mitogen-activated protein kinase/Akt pathways (Mao et al., 2015). Despite these, up to present, there are still some important issues unresolved in the role of glomerular injuries in DN at the early stage treated by HKC, for instance, whether HKC can improve glomerular hypertrophy, GBM thickening and mild mesangial expansion by means of targeting PI3K/Akt/mTOR pathway and its signaling activity, and if yes, what are the underlying therapeutic mechanisms involved in vivo and in vitro.

Here, to address these issues, we designed the animal and cell experiments to verify these hypotheses that HKC at the dose of 2 g/kg/day may safely and efficiently alleviate the early glomerular pathological changes of the DN model rats, and inhibit the activation of PI3K/Akt/mTOR signaling pathway.



MATERIALS AND METHODS


HKC Preparation and Quality Control

HKC purchased from Suzhong Pharmaceutical Group Co., Ltd. (Taizhou, China) is composed by the extracts from AM. One capsule of HKC contains 0.5 g of AM. The extracted method and productive process of HKC are both subjected to strict quality control, and the main components are subjected to standardization (Trendafilova et al., 2011; Xue et al., 2011). In addition, HKC is not only manufactured as granules after dynamic cycle extraction and concentration by evaporating and spray drying, but also monitored for the absence of contaminants (heavy metals, pesticides, hormone and mycotoxins) prior to the formulation. In this study, HKC (the batch number: 2014062703) was dissolved in distilled water (HKC suspension) and stored at 4°C before use.

The quality of HKC was examined with fingerprint analysis by high performance liquid chromatography (HPLC) as our previous study (Mao et al., 2015). As shown in Figure 1, the known bioactive components including flavonoids like rutin (C27H30O16; CAS: 153-18-4), hyperoside (C21H20O12; CAS: 482-36-0), isoquercitrin (C21H20O12; CAS: 482-35-9) and quercetin (C15H10O7; CAS: 117-39-5) (Figure 1A) in 5 batches exhibited high stability.
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FIGURE 1. Fingerprint analysis of HKC by HPLC. (A) The chromatograms of mixed standards. (B) The samples of HKC.





Animals, Drugs and Reagents

All experiments were performed using the male Sprague-Dawley rats weighing from 200 to 220 g, purchased from Shanghai Jiesijie Experimental Animal Co., Ltd. [License No: SCXK (Shanghai) 2012-0006] and fed in the Experiment Animal Center of Nanjing Drum Tower Hospital, the Affiliated Hospital of Nanjing University Medical School. The surgical procedures and experimental protocol were approved by the Animal Ethics Committee of Nanjing University Medical School. HYP with the purity higher than 98% was purchased from Liangwei Biotechnology Co., Ltd. (Nanjing, China). STZ was purchased from Sigma-Aldrich (St. Louis, MO, USA). RAP and antibodies against Akt, phosphorylated Akt (p-Akt), p70S6K, p-p70S6K, mTOR, phosphorylated mTOR (p-mTOR), 4EBP1, phosphorylated 4EBP1 (p- 4EBP1), TGF-β1, Smad2, phosphorylated Smad2 (p-Smad2) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from Cell Signaling Technology (Beverly, MA, USA). Antibody against nephrin was purchased from Abcam (Cambridge, UK). Antibodies against PI3K, phosphorylated PI3K (p-PI3K), proliferating cell nuclear antigen (PCNA) and horseradish peroxidase (HRP)-labeled IgG were purchased from Bioworld Technology (Louis Park, USA).



Animal Experimental Protocols

The animal experiment procedure is illustrated in Figure 2. All rats were fed by the high-fat diet (HFD) purchased from Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai, China) for 4 weeks. The DN rat models were established as described in our previous studies (Mao et al., 2015). Fifteen rats were divided into 3 groups, 5 rats in the normal group, 5 rats in the model group and 5 rats in the HKC group. In clinic, HKC at a dose of 7.5 g/day is used to treat a patient weighting 60 kg (Chen et al., 2012, 2016), which is equivalent to 1 g/kg/day in the rats. Given that the dose of 1 g/kg/day is set as the middle one, 2 g/kg/day is identified as the high dose. Following the second injection of STZ, HKC suspension was given to the rats in the HKC group by gastric gavage once a day for 4 weeks, while the rats in the model group and the normal group were treated with 2 ml vehicle (distilled water). Four weeks after administration, all rats were anesthetized and sacrificed through cardiac puncture. Blood samples and kidneys were collected for detection of various indicators.
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FIGURE 2. Animal experimental procedure.





Rats' General Status and Biochemical Parameters

Energy level, diet, water intake, fur color and activities of the rats in each group were observed daily. Body weight (BW), blood glucose (BG) and micro-UAlb of the rats were detected respectively before and every 1 or 2 weeks after modeling. The right kidneys of rats in each group were removed and weighed after cardiac puncture. Kidney hypertrophy index (KHI) was calculated according to the method described by Lane et al. (1990), that is KHI = kidney weight (KW)/BW. At the end of week 4 after the drug-intervention, the rats were anesthetized and blood samples (5 ml) were drawn from the heart. The biochemical parameters including serum albumin (Alb), serum creatinine (Scr), blood urea nitrogen (BUN), serum alanine transaminase (ALT) and serum aspartate transaminase (AST) were detected, respectively.



Light Microscopy Examination

The tissue samples from renal cortex for light microscopy (LM) assessment were fixed with 10% neutral buffered formalin, embedded in paraffin, cut into 3-μm-thick sections and stained with the periodic acid-Schiff (PAS) or Masson reagent. Semiquantitative morphological studies of glomerular lesion were carried out by randomly selecting 20 full-sized glomeruli (80–100 μm) from each specimen. Glomerular cellular population (GCP) and glomerular volume (GV) were calculated with Image-Pro Plus 6.0 software (Media Cybernetic). Specifically, glomerular area was measured after glomerular capillary plexus profile was defined, and then GV was calculated in accordance with the method described by Lane et al. (1992), that is GV = area1.5 × 0.75 + 0.21. The results were confirmed by the pathological professional doctor.



Electron Microscopy Investigation

The tissue samples from renal cortex for electron microscopy (EM) assessment were fixed in 2.5% glutaraldehyde in 0.1 mol/L phosphate buffer (PB) for several days at 4°C. After washing in PB and post-fixing in 1% OsO4 for 2 h, the fixed material was dehydrated through an ethanolpropylene oxide series and embedded in Araldite M. The ultrathin sections were prepared and stained with uranyl acetate and lead citrate, and then, investigated and photographed under a JEM-1011 transmission electron microscope (JEOL, Tokyo, Japan). Three glomeruli were selected randomly from each section. On the basis of the method described by Haas (2009), GBM thickness was directly measured and calculated with Image-Pro Plus 6.0 software (Media Cybernetic). The results were confirmed by the pathological professional doctor.



Immunohistochemistry Assay

Collagen type I (Col-I) and fibronectin (FN) were detected in 3 μm thick paraffin-embedded renal sections. For immunostaining of Col-I and FN antibodies against-Col-I and FN (Serotec, Oxford, UK) were used, respectively. Quantitative analysis of Col-I and FN was performed in a blinded fashion and expressed as cells/glomerular cross section. The results were confirmed by the pathological professional doctor.



Immunofluorescence Assay

The tissue samples from renal cortex for immunofluorescence (IF) studies were snap-frozen in precooled n-hexane and stored at −70°C. Frozen sections were cut into 3 μm thick with a cryostat and stained with an antibody against α-smooth muscle actin (α-SMA) (IgG2a) (Sigma, St. Louis, MO, USA). Fluoresceine isothiocyanate-conjugated antibody against mouse IgG2a (Southern Biotechnology Associates, Birmingham, AL, USA) was used as a secondary antibody (DACO A/S). The degree of α-SMA staining was scored from 0 to 4 + in 10 randomly selected glomeruli according to the method described by Raij et al. (1984). The results were confirmed by the pathological professional doctor.



Western Blotting Analysis in Vivo

Western blot (WB) analysis was performed as previously described (Mao et al., 2015). Renal tissues from the rats were isolated with phosphate-buffered saline including protease inhibitors (PI) and sequentially solubilized with 1% Triton X-100, RIPA buffer [0.1% sodium dodecyl sulfate (SDS), 1% sodium deoxycholate, 1% Triton X-100, 0.15 mol/L NaCl, and 0.01 mol/L ethylenediaminetetraacetic acid in 0.025 mol/L Tris-HCl, pH 7.2] with PI, and separated into Triton X-100-soluble (T), RIPA-soluble (R) and RIPA-insoluble (S) fractions. The RIPAI-insoluble fraction was solubilized with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (2% SDS, 10% glycerol and 5% 2-mercaproethanol in 0.0625 mol/L Tris-HCl, pH 6.8) (S fractions). Equal amounts of these sequentially solubilized fractions were subjected to SDS-PAGE with 7.5 or 10% acrylamide gel, and transferred onto a polyvinylidene fluoride membrane (Bio-Rad, Hercules, CA, USA) by electrophoretic trans-blotting for 30 min using Trans-Blot SD (Bio-Rad). After blocking with BSA, the strips of membrane were exposed to anti-PI3K, p-PI3K, Akt, p-Akt, mTOR, p-mTOR, p70S6K, p-p70S6K, 4EBP1, p-4EBP1, TGF-β1, Smad2, p-Smad2, nephrin, and GAPDH antibodies, respectively. They were washed and incubated with peroxidase-conjugated secondary antibodies for 1 h at room temperature. The bands were visualized by employing an alkaline phosphatase chromogen kit (5-bromo-4-chloro-3-indolil phosphate p-toluidine salt/nitro blue tetrazolium; Biomedica, AG, Staad, Switzerland). The density of the positive bands was quantitated by Densitograph (ATTO, Tokyo, Japan). The ratio of the densitometric signal of the molecules examined to that of GAPDH was determined. The data are shown as ratios relative to control findings and expressed as mean ± S.E. of 3 independent experiments.



Mesangial Cell Culture and Treatment

Murine mesangial cells (MCs) were kindly provided by Dr. Jian Yao (University of Yamanashi, Chuo, Japan) and cultured as described previously (Zhang et al., 2016). Briefly, MCs were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated low endotoxin fetal bovine serum, penicillin/streptomycin and HEPES (GIBCO, California, USA) at 37°C in a humidified atmosphere containing 95% air and 5% CO2. MCs were treated with normal glucose (Normal, 5.5 mmol/L D-glucose) as control group, mannitol (MNT, 24.5 mmol/L MNT) as osmotic pressure control group, dimethylsulfoxide (DMSO, 0.1% DMSO) as DMSO control group and HG (30 mmol/L D-glucose) without or with HYP at the dose of 5 or 15 μg/ml and RAP at the dose of 20 nmol/L for 24, 48, or 72 h. Here, the low dose of HYP (5 μg/ml) and the high dose of HYP (15 μg/ml) were determined by the reference of Zhang et al. (2016). As HYP was dissolved in 0.1% DMSO, a similar volume of DMSO was added to DMSO control group.



Cell Viability Assessment

MCs were cultured in 96-well microplates at a density of 5,000 cells/well. Twenty-four hours after cultivation, MCs were serum starved and treated with the different concentrations of HYP at 5, 10, 15, and 20 μg/ml or RAP at 10, 15, 20, and 25 nmol/L. After the exposure to drugs for 72 h, the cytotoxicity assay was performed using Cell Counting Kit-8 (CCK-8, Beyotime Institute of Biotechnology, Shanghai, China). The optical density (OD), the absorbance value at 450 nm, was read using a 96-well plate reader (BioTek, VT, USA), and the OD absorbance was proportional to the vitality of cells.



Western Blot Analysis in Vitro

MCs were treated in the different groups for 24, 48, or 72 h, respectively. After the treatment, cell lysates were separated by gel electrophoresis and blotted with antibodies against PI3K, p-PI3K, Akt, p-Akt, mTOR, p-mTOR, p70S6K, p-p70S6K, and GAPDH. The secondary antibody was HRP-conjugated anti-rabbit IgG antibody. WB analysis for cells was carried out according to our previous protocols (Tu et al., 2017).



Statistics Analysis

The differences among groups were analyzed by one-way analysis of variance (ANOVA), and LSD method was used for multiple comparison. Qualitative data were analyzed using Fisher's exact test as indicated. P < 0.05 was considered statistically significant.




RESULTS


HKC Ameliorates General Condition and Biochemical Parameters of the Early DN Model Rats

Throughout the experiment, the general status, micro-UAlb and BG of the normal group rats did not change significantly, while BW continued to rise. After modeling successfully, the rats both in the model group and the HKC group showed increased diet, water intake and urine volume, but low activity, dull fur and BW loss in different degrees. In which, the changes of the model group rats were particularly obvious. Compared with the normal group rats, BW of the model group rats rose slowly, but BG increased significantly and maintained above 16.7 mmol/L, moreover, micro-UAlb went up obviously (more than 20 mg/L), and the difference was statistically significant (P < 0.05). After HKC treatment for 4 weeks, micro-UAlb of the HKC group rats decreased, and compared with that of the model group rats, the difference was statistically significant (P < 0.05). At the end of 3 and 4 weeks after HKC treatment, BW of the HKC group rats increased, and compared with that of the model group rats, the difference was statistically significant (P < 0.05). However, HKC had no obvious effect on BG of the model group rats (Figures 3A,B).
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FIGURE 3. Effects of HKC on micro-UAlb (A), BG (B), BW (C), Alb (D), Scr (E), BUN (F), ALT (G), and AST (H) of the early DN model rats. The data are expressed as mean ± S.E. *P < 0.05, **P < 0.01 vs. the normal group; #P < 0.05 vs. the model group.



Next, we investigated the effects of HKC on serum biochemical parameters in the 3 rat groups. As shown in Figure 3, Alb, Scr, BUN, ALT, AST of the normal group rats always kept at the normal levels during the whole experiment. After modeling successfully, Alb of the model group rats decreased gradually, while Scr and BUN increased slightly. At the end of 4 weeks after modeling, compared with those of the normal group rats, the differences were statistically significant (P < 0.01). After HKC treatment for 4 weeks, Alb of the HKC group rats increased significantly, and compared with that of the model group rats, the difference was statistically significant (P < 0.05). However, there were no obvious changes in Scr and BUN of the HKC group rats. In addition to these, the major liver enzymes including ALT and AST remained unchanged among the 3 rat groups (Figures 3D–H).

These results indicated that HKC could ameliorate micro-UAlb, BW and Alb of the early DN model rats, but had no significant effects on renal function and liver enzymes.



HKC Improves Renal Enlargement of the Early DN Model Rats

As shown in Figure 4, at the end of 4 weeks after modeling, renal shape, KHI and KW of the normal group rats were normal, while the kidneys of the model group rats significantly swelled and over-weighted. After HKC treatment for 4 weeks, renal shape KHI and KW of the HKC group rats were obviously improved, and compared with those of the model group rats, the differences were statistically significant (P < 0.05). Moreover, KHI decreased obviously, and compared with that of the model group rats, the difference was statistically significant (P < 0.01) (Figures 4A–C).
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FIGURE 4. Effects of HKC on renal shape (A), KHI (B), and KW (C) of the early DN model rats. The data are expressed as mean ± S.E. **P < 0.01 vs. the normal group; #P < 0.05, ##P < 0.01 vs. the model group.



These results indicated that HKC could ameliorate renal shape, KW and KHI of the early DN model rats.



HKC Attenuates Glomerular Pathological Changes of the Early DN Model Rats

Firstly, we investigated the effects of HKC on glomerular form, glomerular volume, mesangial matrix and GCP in the 3 rat groups. As shown in Figure 5, at the end of 4 weeks after modeling, upon the observation under LM, the entire and clear glomerular structure and open glomerular capillary loops were seen in the normal group rats. By contrast, hypertrophic glomerular form, increased glomerular volume and GCP and mild mesangial matrix expansion of the model group rats were found respectively, and the differences were statistically significant (P < 0.01). After HKC treatment for 4 weeks, the early glomerular pathological changes of the HKC group rats were improved significantly, and compared with those of the model group rats, the differences were statistically significant (P < 0.01 or P < 0.05) (Figures 5A–D). Here, notably, neither Masson-staining of collagen nor immunostainings of Col-I and FN (Figures 6A–C) was detected obviously in glomeruli of the 3 rat groups.
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FIGURE 5. Effects of HKC on glomerular pathological changes of the early DN model rats. (A) Light microscopy; (B) Mesangial matrix score; (C) Glomerilar volume; (D) GCP; (a–c): PAS staining × 400, (d–f): Masson staining × 400. The data are expressed as mean ± S.E. *P < 0.05, **P < 0.01 vs. the normal group; #P < 0.05, ##P < 0.01 vs. the model group.
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FIGURE 6. Effects of HKC on Col-I and FN immunohistochemical stainings in the kidneys of the early DN model rats. (A) Col-I (a–c) and FN (d–f) immunohistochemical staining in glomeruli (× 400); (B) Mean density of Col-I immunohistochemical staining; (C) Mean density of FN immunohistochemical staining. The data are expressed as mean ± S.E.



Then, we observed the effects of HKC on the fluorescence staining of α-SMA in glomeruli and the protein expression of PCNA in the kidneys of the 3 rat groups. PCNA and α-SMA are the acknowledged markers of mesangial cell proliferation. At the end of 4 weeks after modeling, the normal group rats had weak expressions of α-SMA in glomeruli and PCNA in the kidneys. By contrast, the extent of α-SMA fluorescence staining in glomerulai and the level of PCNA protein expression in the kidneys of the model group rats increased significantly, and the differences were statistically significant (P < 0.01). After HKC treatment for 4 weeks, the expressions of α-SMA in glomeruli and PCNA in the kidneys of the HKC group rats were decreased significantly, and compared with those of the model group rats, the differences were statistically significant (P < 0.01) (Figure 7).
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FIGURE 7. Effects of HKC on α-SMA fluorescence staining in glomeruli and PCNA protein expression in the kidneys of the early DN model rats. (A,B) α-SMA fluorescence staining in glomeruli (× 400) and its score, (C,D) WB analysis (upon) for PCNA protein expression in the kidney, with the quantification (below). The data are expressed as mean ± S.E. **P < 0.01 vs. the normal group; ##P < 0.01 vs. the model group.



Thirdly, we examined the effects of HKC on GBM thickness, foot process form and nephrin protein expression in the kidneys of the 3 rat groups. As shown in Figure 8, at the end of 4 weeks after modeling, the thickness of GBM, the form of foot process and the protein expression level of nephrin in the kidneys of the normal group rats did not change. By contrast, GBM thickening and foot process loss and effacement were detected in the model group rats, thereinto, GBM thickening is obvious, and compared with that of the normal group rats, the difference was statistically significant (P < 0.05). Here, it is noted that the protein expression of nephrin in the kidneys of the 3 rat groups remained unchanged. After HKC treatment for 4 weeks, GBM thickening of the HKC group rats decreased, and compared with that of the model group rats, the difference was statistically significant (P < 0.05). However, unfortunately, the significant improvement in foot process loss and effacement and nephrin protein expression in the kidneys of the HKC group rats was not found.
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FIGURE 8. Effects of HKC on GBM thickness, foot process form and nephrin protein expression in the kidneys of the early DN model rats. (A) Foot process ultrastructure (× 1,700); (B) GBM thickness; (C,D) WB analysis (upon) for nephrin protein expression in the kidney, with the quantification (below). The data are expressed as mean ± S.E. *P < 0.05, **P < 0.01 vs. the normal group; #P < 0.05 vs. the model group.



These results indicated that HKC could ameliorate glomerular pathological changes of the early DN model rats, such as glomerular hypertrophy, GBM thickening and mild mesangial expansion.



HKC Inhibits Activation of mTOR Signaling by PI3K/Akt Pathway, Not by TGF-β1/Smad2 Pathway in the Kidneys of the Early DN Model Rats

PI3K/Akt/mTOR and TGF-β1/Smad2 signaling pathways play the different roles in the progression of DN. The key signaling molecules of PI3K/Akt/mTOR and TGF-β1/Smad2 pathways include p-PI3K (Tyr458), p-Akt (Ser473), p-mTOR (Ser2448), p-p70S6K (Thr389), p-4EBP1 (Thr37/46), TGF-β1 and p-Smad2 (Ser465/467). At the end of 4 weeks after modeling, there was no significant change in p-PI3K protein expression level among the 3 rat groups (Figure 9A), but the protein expression levels of p-Akt, p-mTOR, p-p70S6K, p-4EBP1, TGF-β1 and p-Smad2 in the kidneys of the model group rats were up-regulated significantly, and compared with those of the normal group rats, the differences were statistically significant (P < 0.01) (Figures 9B–G). After HKC treatment for 4 weeks, the protein expression levels of p-Akt, p-mTOR, p-p70S6K, and TGF-β1 in the kidneys of the HKC group rats were down-regulated significantly, and compared with those of the model group rats, the differences were statistically significant (P < 0.01) (Figures 9B–D). Despite this, the protein expressions of p-Smad2 and p-4EBP1 in the kidneys of the HKC group rats and the model group rats remained unchanged within 4 weeks after vehicle or drug-intervention (Figures 9E,G).
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FIGURE 9. Effects of HKC on the key signaling molecules of PI3K/Akt/mTOR and TGF-β1/Smad2 signaling pathways in the kidneys of the early DN model rats. (A–E) WB analysis (upon) for the protein expressions of PI3K, p-PI3K, Akt, p-Akt, mTOR, p-mTOR, p70S6K, p-p70S6K, 4EBP1, and p-4EBP1, with the quantification (below); (F,G) WB analysis (upon) for the protein expressions of TGF-β1, Smad, p-Smad2 and GAPDH, with the quantification (below). The data are expressed as mean ± S.E. **P < 0.01 vs. the normal group; ##P < 0.01 vs. the model group.



These results indicated that HKC could inhibit the protein over-expressions of p-Akt, p-mTOR, p-p70S6K, and TGF-β1 in the kidneys of the early DN model rats, but had no significant effect on the protein expressions of p-PI3K, p-Smad2, and p-4EBP1.



Hyperoside Abrogates Phosphorylation of PI3K, Akt, mTOR and P70S6K Induced by High-Glucose in the Cultured Mesangial Cells in Vitro

Prior to the formal cellar experiments, the cytotoxicity of HYP and RAP on the cultured MCs was analyzed using CCK-8. As shown in Figure 10, the cell viabilities were significantly decreased under the highest concentrations of HYP at 20 μg/ml (Figure 10A) and RAP at 25 nmol/L (Figure 10B) compared with the 15 μg/ml dose of HYP and the 20 nmol/L dose of RAP, respectively. According to these results, the suitable doses of HYP (5 and 15 μg/ml) and RAP (20 nmol/L) were selected respectively. Coincidentally, these drug concentrations were similar to the report of Zhang et al. (2016). To confirm further whether HG affects the phosphorylation of PI3K, Akt, mTOR, and p70S6K in vitro, we tested the protein expressions of PI3K, p-PI3K, Akt, p-Akt, mTOR, p-mTOR, p70S6K, and p-p70S6K in the cultured MCs treated with HG at 24, 48, and 72 h, compared with the treatment of MNT or DMSO. The results showed that HG increased the protein expressions of p-PI3K, p-Akt, p-mTOR, and p-p70S6K in the cultured MCs in a time-dependent manner, suggesting HG could induce the phosphorylation of PI3K, Akt, mTOR, and p70S6K in vitro (Figures 11A–D). In addition, it is noted that the treatment with HYP at the different doses and RAP (mTORC1 inhibitor) at 72 h significantly down-regulated HG-induced changes in the protein expressions of p-PI3K, p-Akt, p-mTOR, and p-p70S6K in the cultured MCs, compared with the treatment of HG (Figures 11E–H). In which, the suppressive effect of H-HYP (15 μg/ml) on the phosphorylation of p70S6K was better than RAP, and the difference was statistically significant (P < 0.01). Whereas, the repressive actions of RAP on the phosphorylation of Akt and mTOR were better than H-HYP, and the differences were statistically significant (P < 0.01).
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FIGURE 10. The cell viability in the cultured mesangial cells. (A) The MCs were exposed to 0.1% DMSO and HYP at 5, 10, 15, and 20 μg/ml for 72 h; (B) The MCs were exposed to 0.1% DMSO and RAP at 10, 15, 20, and 25 nmol/L for 72 h. The data are expressed as mean ± S.E. ##P < 0.01 vs. the treatment of HYP at 15 μg/ml or RAP at 20 nmol/L.
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FIGURE 11. Effects of HYP on the phosphorylation of PI3K, Akt, mTOR, and p70S6K induced by HG in the cultured mesangial cells in vitro. (A–D) WB analysis (upon) for the protein expressions of PI3K, p-PI3K, Akt, p-Akt, mTOR, p-mTOR, p70S6K, and p-p70S6K treated with normal glucose (Normal), MNT, DMSO and HG at 24, 48, and 72 h, respectively, with the quantification (below); (E–H) WB analysis (upon) for the protein expressions of PI3K, p-PI3K, Akt, p-Akt, mTOR, p-mTOR, p70S6K, and p-p70S6K after the treatment with normal glucose, HG, L-HYP, H-HYP, and RAP at 72 h, respectively, with the quantification (below). The data are expressed as mean ± S.E. (A–D) **P < 0.01 vs. the normal glucose (Normal) group; #P < 0.05, ##P < 0.01 vs. the HG-24 h group; &&P < 0.01 vs. the HG-48 h group. (E–H) **P < 0.01 vs. the HG group; #P < 0.05, ##P < 0.01 vs. the HG+L-HYP group; &&P < 0.01 vs. the HG+H-HYP group.



These results indicated that HYP, different from RAP, could inhibit the phosphorylation of PI3K, Akt, mTOR, and p70S6K induced by HG in the cultured mesangial cells in vitro.




DISCUSSION

In the present study, using a modified DN rat model and the murine MCs, we emphatically demonstrated that HKC at the safe and effective dose of 2 g/kg/day can not only improve micro-UAlb and renal enlargement but also alleviate the early glomerular pathological changes including glomerular hypertrophy, GBM thickening and mild mesangial expansion, and that, more importantly, these ameliorative effects are closely related with the inhibition of Akt/mTOR/p70S6K signaling activity in vivo and in vitro.

A well-defined sequence of glomerular injuries in the early DN has been identified (Tervaert et al., 2010). The histologically characteristics of DN in both animal models and humans are 3 lesions, namely hypertrophic glomerulus, thickened GBM and mild mesangial expansion. In which, glomeruli may show only hypertrophy or be of normal size without any lesions in the earliest stage. GBM thickening is due to the increased accumulation of mesangial expansion, and progresses with the increased duration of diabetes (Najafian et al., 2011). For these reasons, in this study, we firstly tried to establish the useful and early DN rat model by unilateral nephrectomy combined with STZ intraperitoneal injections with the low doses of 35 mg/kg BW for twice at 72 h-interval. Our results showed that, these DN model rats were well-replicated hyperglycemia (more than 16.7 mmol/L), micro-UAlb (more than 20 mg/L), renal enlargement and the early glomerular pathological changes such as hypertrophic glomerulus, thickened GBM and mild mesangial expansion within 4 weeks after modeling. Furthermore, it is noteworthy that most of the DN model rats did not exhibit a mass of proteinuria, renal dysfunction and the typical glomerular sclerosis marked by the severe collagen accumulation and the significant stainings of FN and Col-I in glomeruli, which are the recognized glomerular damaged features in the middle and advanced stages of DN. Whereupon, we considered that this modified DN rat model should be helpful in unraveling the early glomerular injuries and finding the novel therapeutic drugs in human DN.

In our previous studies, we described that HKC, a Chinese modern patent medicine in the long-time clinical practice (Zhang et al., 2014; Chen et al., 2015, 2016), with the dose of 2 g/kg/day is renoprotective via attenuating the advanced renal fibrosis after the drug administration for 8 weeks in the DN rat model (Mao et al., 2015). By comparison, in the present study, on the basis of the inchoate glomerular damaged animal model induced by unilateral nephrectomy and STZ injections, we further expounded whether HKC could improve the early glomerular pathological changes within 4 weeks after modeling. Our data indicated that HKC significantly ameliorated renal shape, KW and KHI, and improved hypertrophic glomerular form, increased glomerular volume and GCP and mild mesangial matrix expansion of the early DN model rats. In addition to these, HKC decreased the fluorescence staining of α-SMA in glomeruli and the protein expression of PCNA in the kidneys, which are the acknowledged markers of mesangial cell proliferation leading to glomerular hypertrophy in the early stage of DN (Hall et al., 1990; Cheng et al., 2014). Thus, we confirmed that HKC at the dose of 2 g/kg/day could attenuate glomerular hypertrophy in vivo, which is one of the main glomerular pathological characteristics of the early DN.

To our knowledge, GBM thickening is another characteristic pathological change in type 1 and type 2 DN and increases with the duration of the disease (White and Bilous, 2000). GBM thickening is a consequence of mesangial matrix expansion, with the increased deposition of normal mesangial matrix components such as Col-I and FN. Such accumulations result from the increased production of these proteins, their decreased degradation, or a combination of the two (Kim et al., 1991). In this study, we found that GBM thickening and mild mesangial expansion, as well as the ultrastructural changes of podocyte such as foot process loss and effacement were detected respectively in the early DN model rats, and ameliorated distinctly after HKC treatment for 4 weeks, at the same time, micro-UAlb of the DN model rats also decreased in a different degree. Interestingly, similar to our finding, An et al. (2017) reported recently that the pre-treatment of HYP, a bioactive component of HKC, prevents GBM damage in DN by inhibiting podocyte heparanase expression. Therefore, we had reasons to believe that HKC at the dose of 2 g/kg/day and its bioactive component could alleviate glomerular pathological changes of the early DN model rats.

Animal and clinical studies have reported the roles for PI3K/Akt/mTOR and TGF-β1/Smad2 signaling pathways in the early stage of DN, and the blockade of these pathways slows the progression and development of DN (Gangadharan-Komala et al., 2016; Li et al., 2016). Sakaguchi et al. (2006) reported that mTOR signaling is activated in the early DN model mice and the cultured mouse proximal tubule cells, and that mTOR signaling causes renal enlargement and glomerular hypertrophy through regulating the phosphorylation of p70S6K. Nagai et al. (2005) also reported that the activated PI3K/Akt/mTOR signaling and the enhanced p-p70S6K expression are detected in glomeruli in diabetes-induced by STZ injection. In addition, Lu et al. (2015) reported that the extract of Ginkgo biloba leaves (GbE) prevents renal fibrosis in rats with DN-induced by STZ injection, which is most likely to be associated with its abilities to inhibit Akt/mTOR signaling pathway. Hence, we proposed that regulating the activation of PI3K/Akt/mTOR and/or TGF-β1/Smad2 pathways in this DN rat model is a successful way to identify the therapeutic mechanisms in vivo of HKC on attenuating the early glomerular pathological changes. Our data clearly indicated that the increased protein expressions of p-Akt (Ser473), p-mTOR (Ser2448), p-p70S6K (Thr389), p-4EBP1 (Thr37/46), TGF-β1 and p-Smad2 in the kidneys were obviously revealed in the DN model rats, in the meantime, concomitant with the appearance of glomerular pathological changes including glomerular hypertrophy, GBM thickening and mild mesangial expansion. These results forcefully suggested that Akt/mTOR and TGF-β1/Smad2 signaling pathways are activated in this DN rat model, and there is a strong causality in vivo between the key signaling molecular expressions in these signaling pathways and the early glomerular injuries. More importantly, we also found that HKC simultaneously inhibited the activation of Akt/mTOR pathway as well as the protein expression of p-p70S6K in the kidneys of the DN model rats within 4 weeks. By contrast, the protein expressions of p-Smad2 as a key signaling molecule of TGF-β1/Smad2 pathway and p-4EBP1 as a downstream target of mTOR in the kidneys remained unchanged after HKC treatment. Here, without using the mTOR inhibitor, it is puzzling why the activation of 4EBP1 was not affected after the treatment with HKC. On the whole, using an intravital DN rat model, we suggested that HKC in vivo at the dose of 2 g/kg/day could only inhibit the activation of Akt/mTOR signaling and the phosphorylation level of p70S6K in the kidneys. Interestingly, consistent with the in vivo results basically, based on the murine MCs, we preliminarily confirmed the given doses of HYP, a bioactive component of HKC, could also inhibit the activation of PI3K/Akt/mTOR/p70S6K signaling axis induced by HG in vitro, which is a little bit different from RAP (mTORC1 inhibitor). Recently NOD-like receptor family CARD domain containing 3 (NLRC3) has been identified as the upstream negative molecule in PI3K/Akt/mTOR signaling axis to inhibit the activation of PI3K, Akt and mTOR in cancer (Karki et al., 2016). If so in the kidneys under the HG status, we boldly hypothesize HKC or HYP at the upstream can inhibit NLRC3 to regulate PI3K/Akt/mTOR signaling axis. Further detailed analyses in vitro and in vivo of NLRC3 are needed to address this hypothesis.

Finally, we need to bring up 2 additional points. First, HKC, a natural anti-nephritic phytomedicine, did not lower hyperglycemia in this DN rat model. We unavoidably thought of the cause-and-effect of relationship between hyperglycemia and the early glomerular pathological changes. Some studies have showed that GBM thickening and glomerular hypertrophy are described as a “pre-diabetic” lesion (Mac-Moune-Lai et al., 2004). We thereby believed that HKC has the renoprotective action, completely independent of lowering hyperglycemia. Second, 2 g/kg/day dose of HKC has been proved effective in attenuating the advanced renal fibrosis in the DN model rats (Mao et al., 2015). To exclude the side effects of HKC at such high dose on hepatic damage in this DN rat model, we emphatically compared the levels of serum ALT and AST in 3 group rats. Our results revealed that serum ALT and AST in each group had no obvious changes, suggesting HKC at the dose of 2 g/kg/day has no negative effect on liver function in vivo.

In conclusion, the results of this report further demonstrated that HKC at the safe and effective dose of 2 g/kg/day can alleviate the early glomerular pathological changes of the DN model rats including glomerular hypertrophy, GBM thickening and mild mesangial expansion, likely by the inhibition of Akt/mTOR/p70S6K signaling activity in vivo and in vitro. This study provided the first evidence that HKC directly contributes to the prevention of the early DN.
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Estrogen-stimulating principles have been demonstrated to relieve postmenopausal syndrome effectively. Gardenia jasminoides Ellis (GJE) is an herbal medicine possessing multiple pharmacological effects on human health with low toxicity. However, the therapeutic effects of GJE on the management of postmenopausal syndrome and its mechanism of action have not been fully elucidated. In this study, network pharmacology-based approaches were employed to examine steroidogenesis under the influence of GJE. In addition, the possibility of toxicity of GJE was ruled out and four probable active compounds were predicted. In parallel, a chromatographic fraction of GJE with estrogen-stimulating effect was identified and nine major compounds were isolated from this active fraction. Among the nine compounds, four of them were identified by network pharmacology, validating the use of network pharmacology to predict active compounds. Then the phenotypic approaches were utilized to verify that rutin, chlorogenic acid (CGA) and geniposidic acid (GA) exerted an estrogen-stimulating effect on ovarian granulosa cells. Furthermore, the results of target-based approaches indicated that rutin, CGA, and GA could up-regulate the FSHR-aromatase pathway in ovarian granulosa cells. The stimulation of estrogen production by rat ovarian granulosa cells under the influence of the three compounds underwent a decline when the follicle-stimulating hormone receptor (FSHR) was blocked by antibodies against the receptor, indicating the involvement of FSHR in the estradiol-stimulating activity of the three compounds. The effects of the three compounds on estrogen biosynthesis- related gene expression level were further confirmed by Western blot assay. Importantly, the MTT results showed that exposure of breast cancer cells to the three compounds resulted in reduction of cell viability, demonstrating the cytotoxicity of the three compounds. Collectively, rutin, chlorogenic acid and geniposidic acid may contribute to the therapeutic potential of GJE for the treatment of postmenopausal syndrome.

Keywords: estrogen, Gardenia jasminoides Ellis, menopause, network pharmacology, ovarian granulosa cells


INTRODUCTION

Natural menopause is classified as permanent cessation of menstruation, induced by ovarian follicular failure and ovarian hormone instability (Burger et al., 2007). Due to a global population aging, there will be one billion women over the age of 60 years by the year 2050 (Hoga et al., 2015). Currently, more than 50% of women in the world are afflicted with postmenopausal syndrome at the climacteric stage (Su et al., 2013; Dalal and Agarwal, 2015). It is widely accepted that estrogen deprivation plays an important role in the postmenopausal syndrome (World Health Organization, 1996; Greendale et al., 1998; Constantine and Pickar, 2003). In the climacteric period, the decline of estrogen may induce depression (Kaufert et al., 1992; Avis et al., 1994; Al-Safi and Santoro, 2014; Citraro et al., 2015), memory loss (Devi et al., 2005; Weber and Mapstone, 2009), bone resorption (Hernandez et al., 2003; Society, 2006), metabolic syndrome (Carr, 2003; Janssen et al., 2008), and colorectal cancer (Al-Azzawi and Wahab, 2002; Barzi et al., 2013). The physiological problems caused by estrogen deficiency adversely influence the quality of life of modern people and have become a substantial public health burden. To relieve the reduced level of estrogen, women in climacterium usually opt to undergo hormone replacement therapy (HRT) (Barnabei et al., 2002). However, a WHO study has established that HRT can significantly heighten the risk of endometrial cancer, breast cancer and gallbladder diseases in climacteric women (Nelson et al., 2002; Davey, 2013; Chuffa et al., 2016). In addition, HRT is usually accompanied by considerable untoward side effects, including vaginal bleeding, genital irritation and headache (Clarke et al., 2002). Therefore, a safe and effective treatment of postmenopausal syndrome is necessitated.

As an alternative therapy for postmenopausal syndrome, herbal medicine has a long history of a thousand years and a wide range of applications for improving women's health (Johnston, 1997; Feng and Cao, 2010). In the US, over 80% of the physicians suggest that their patients alleviate postmenopausal syndrome with herbal medicine (Meisler, 2003). In China and other Asian countries, herbal medicine has been extensively and chronically deployed to alleviate postmenopausal syndrome, due to its well-known safety and efficacy (Scheid, 2007; Liu et al., 2008; Chen et al., 2010; Scheid et al., 2010). Among the selected herbal medicine, Gardenia jasminoides Ellis (GJE) is a potential candidate for the treatment of gynecological disorders (Yang et al., 2016). GJE has a wide range of pharmacological effects, including anti-allergy (Sung et al., 2014), anti-oxidative, anti-atherosclerotic, anti-platelet aggregating, anti-hypertensive activities, and so on (Liu et al., 2013). Nevertheless, the effects of GJE on the management of climacterium have rarely been reported. Recently, several studies reported that the fractions of GJE and the major compounds in GJE could display antidepressant activities in rodent models (Cai et al., 2015; Zhang et al., 2015; Ren et al., 2016; Wang et al., 2016). Additionally, previous studies indicated that GJE and its active components could improve memory and learning ability, and protect the neurons in animals with brain injury (Sheng et al., 2006; Chen et al., 2015; Zhang et al., 2016). Genipin, a major phytoconstituent of GJE, is a candidate for the treatment of osteoporosis (Hoon Lee et al., 2014). GJE was also able to attenuate metabolic syndrome with a combination of other herbal drugs in estrogen-deficient rats (Yang et al., 2016). Moreover, the components of GJE exerted suppressive effects on colon cancer cells and breast cancer cells (Kim et al., 2012; Oliveira et al., 2017). Gardenia oil also augmented plasma estradiol levels (Li et al., 2013). Collectively, GJE can be regarded as a promising candidate for the treatment of estrogen deprivation. However, neither systematic mechanistic studies of GJE related to estrogen deprivation nor the estrogen-stimulating effects of GJE have been reported. Hence, it was hypothesized that there are several active compounds derived from GJE that are endowed with the ability of stimulating estrogen biosynthesis in ovarian granulosa cells.

In this study, network and systemic pharmacological analysis was used to identify the therapeutic role of GJE in the treatment of postmenopausal syndrome and in the prevention of the risks of HRT. Firstly, the possible bioactive compounds of GJE were predicted by network pharmacology. Afterwards, the fractions of GJE were isolated by HPLC and the bioactive fraction of GJE that could be adopted to treat postmenopausal syndrome was explored by using the estradiol assay. The major components were then extracted from the bioactive fraction and converged with the probable active ingredients predicted by network pharmacology. Among these components, phenotypic (based on the estradiol assay) and target-based (based on the molecular docking analysis, Western blot assay and FSHR inhibition assay) drug-screening principles were applied to screen bioactive compounds with estrogen-stimulating effects (Hughes et al., 2011; Lu et al., 2016). Breast cancer cells were also used to pre-evaluate the cancer risk of GJE active ingredients. The workflow to explore the bioactive compounds is illustrated in Figure 1. Results obtained from this study disclose the estrogen-stimulating action of GJE, which further supports the clinical use of GJE to attenuate postmenopausal syndrome.
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FIGURE 1. Process overview.





METHODS


Network Pharmacology

For the identification of chemicals, the constituent components of GJE can be found in TCMSP (Traditional Chinese Medicine Systems Pharmacology) database (http://lsp.nwu.edu.cn/tcmsp.php), TCM Database@Taiwan (http://tcm.cmu.edu.tw/) and TCMID (Traditional Chinese Medicines Integrated Database, http://www.megabionet.org/tcmid/) (Wang et al., 2015). Subsequently, TCMSP database was used to screen the compounds based on DL (drug-likeness) values. Only ingredients with a DL value higher than 0.18 can be retained as candidate compounds (Xiang et al., 2016; Mao et al., 2017). For the identification of GJE associated proteins and genes, STITCH (“search tool for interactions of chemicals”) database 4.0 (http://stitch.embl.de/) was used to explore the compound-protein interactions of GJE. In addition, CTD (comparative toxicogenomics database, http://ctd.mdibl.org/) was searched to ascertain the compound-gene interactions of GJE (Mattingly et al., 2003; Kuhn et al., 2008). In STITCH and CTD database, confidence score and gene frequency indicate the strength of the chemical-target interaction. Therefore, only proteins with a chemical–protein interaction confidence score ≥0.9 (highest confidence) and genes with gene frequency ≥1.84 (average of gene frequency) were chosen (Wang et al., 2015). TCMSP database was also used to investigate the targets related to the compounds of GJE. For the therapeutic compound target network, the targets related to menopause can be found with the key word “menopause” or “climacteric” at TTD (Therapeutic Target Database, http://bidd.nus.edu.sg/group/cjttd/), DrugBank database (https://www.drugbank.ca/) and GeneCards database (http://www.genecards.org/). Then OKdb (Ovarian Kaleidoscope Database, http://okdb.appliedbioinfo.net/) was used to identify gene expression in the human ovary. The ingredients of GJE that can target genes associated with both menopause and the ovary could be selected. For the enrichment analysis, in order to search the significant pathway and tissue specificity, JEPETTO (http://apps.cytoscape.org/apps/jepetto) with the KEGG database and Funrich (http://www.funrich.org/) with COSMIC database were utilized to identify and analyze the significant pathway and tissue specificity of GJE components, respectively (Winterhalter et al., 2014; Wang et al., 2015). Among the numerous compounds of GJE that can target genes related to both menopause and the ovaries, several bioactive molecules were selected for the validation of the basic experiment. To search for three or four potent pharmaceutical ingredients of GJE, the screening of blood-brain barrier (BBB) and the AlogP value was proposed. It demonstrated that BBB is critical for measuring the capacity of compounds entering the CNS (central nervous system) (Tattersall et al., 1975) and AlogP indicates hydrophobicity of the molecule (Ghose et al., 1988). Therefore, only GJE compounds with BBB < −0.3 (non-penetrating) and AlogP ≤ 5 can be chosen as the potential drug candidates (Ru et al., 2014; Kotapalli et al., 2015). Several compounds with a relatively higher DL value were then selected. A high DL value indicates a high drug-like property of bioactive compounds as therapeutic agents (Ru et al., 2014). The workflow of the network pharmacology study of GJE is presented in Figure 2 and Table S1.
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FIGURE 2. The workflow of network pharmacology study of GJE.





Extraction and Isolation of GJE Bioactive Fraction

Sample Preparation

GJE was dried and ground into a powder form, followed by extraction using 80% ethanol. After that, GJE was concentrated and extracted with different solvents, including ethanol, petroleum ether, ethyl acetate, n-butanol and water (Figure S1). The yields of several fractions were as follows: (1) Ethanol fraction: 12.2 (g/100 g); (2) Petroleum fraction: 4.4 (g/100 g); (3) Ethyl acetate fraction: 10 (g/100 g); (4) N-butanol fraction: 3.01 (g/100 g); and (5) Water fraction: 12.02 (g/100 g).

HPLC Analysis

HPLC analysis was performed with an HPLC equipment (Water 996 Photodiode Array Detector, Water 717 Plus AutoSampler, Water 600s Controller, Water 626 Pump, Millennium system). A C18 column (4.6 × 250 mm, 5 μm) was employed with the mobile phase of 0.2% phosphoric acid: acetonitrile (15:85) and a flow velocity at 1.0 mL/min at room temperature. Chromatograms were detected at 240 nm using a DAD detector. A standard solution of geniposide (2.1 mg) dissolved in 2 mL methanol was prepared and serially diluted to form different concentrations (0.5, 0.25, 0.125, and 0.0625 mg/mL). The sample solution was diluted 1:10 in methanol.



Isolation and Structure Elucidation of Major Compounds From EA-Fraction of GJE

Experimental Materials and Procedures

NMR spectra were scanned using a Bruker AV-500 spectrometer with TMS as the internal standard. HRESIMS data were determined using an Agilent 6210 ESI/TOF mass spectrometer. For column chromatography (CC), ODS (50 μm, YMC, Kyoto, Japan), silica gel (200–300 mesh, Qingdao Marine Chemical Plant, Qingdao, P. R. China), and Sephadex LH-20 (Pharmacia Biotech, Uppsala, Sweden) were used. Thin-layer chromatography (TLC) was carried out by using silica gel GF254 plates (Yantai Chemical Industry Research Institute, Yantai, China). Analytical HPLC was performed with A Waters system (e2695 Separations Module, 2998 Photodiode Array Detector) and a Cosmosil C18 analytical column (5 μm, 4.6 × 250 mm). An Agilent 1100 LC series with a diode array detector (DAD) using a preparative Cosmosil C18 column (20 × 250 mm, 5 μm) was applied for preparative HPLC. HPLC separations were performed using a COSMOSIL C18 preparative column (5 μm, 20 × 250 mm). All chemical reagents were purchased from Tianjin Damao Chemical Company (Tianjin, P. R. China).

Plant Material

The dried fruits of Gardenia jasminoides Ellis were collected in Guangdong Province of China in August 2015 and authenticated by Professor Guang-Xiong Zhou (Jinan University, Guangzhou, China). A voucher specimen (20150810) was deposited in the Institute of Traditional Chinese Medicine & Natural Products, Jinan University.

Extraction and Isolation

The air-dried fruits of GJE (1 kg) were crushed into powder and extracted three times with 80% ethanol at room temperature. The solvent was removed with a rotary evaporator under reduced pressure to get a residue, which was suspended in water and then partitioned by using petroleum ether, ethyl acetate and n-butanol, successively. The ethyl acetate extract (49 g) was chromatographed on a silica gel column which was eluted with chloroform/methanol (100:0–0:1, v/v) to yield six fractions (Fr. 1–6). Fr. 3 (7.1 g) was fractionated on Sephadex LH-20 (MeOH) and further purified by preparative HPLC (MeOH/H2O, 50:50, v/v) to yield compounds 1 (35.7 mg), 2 (20.9 mg), 4 (18.6 mg) and 6 (20.2 mg). Fr. 5 (5.5 g) was subjected to chromatography on an ODS column using the methanol/water (40:60, to 100:0, v/v) solvent system to give five subfractions (Fr. 5.1–5.5). Fr. 5.2 (0.5 g) was purified by preparative HPLC (MeOH/H2O, 35:65, v/v) to yield compounds 7 (12.3 mg), 8 (18.2 mg), and 9 (23.1 mg). Fr. 5.3 (1.1 g) was separated by preparative HPLC (MeOH/H2O, 35:65, v/v) to yield compound 5 (9.8 mg). Compound 3 (19.0 mg) was obtained by chromatography of Fr. 1 (2.5 g) on Sephadex LH-20 (MeOH/CHCl3, 1:1, v/v). The extracted compounds were dissolved in dimethyl sulfoxide (DMSO) and stored at −20°C for further study.



Primary Ovarian Granulosa Cell Culture and Estradiol Assay

Female Sprague Dawley rats (21–22 days old) purchased from the Laboratory Animal Unit, the University of Hong Kong, received 15 IU pregnant mare serum gonadotropin (PMSG) by intraperitoneal injection. After 48 h, the animals were sacrificed and the ovaries were excised. The experiment had been approved by the Committee on the Use of Live Animals in Teaching and Research (CULATR Ref. 2100-10, 3203-14) of Li Ka Shing Faculty of Medicine, the University of Hong Kong. Granulosa cells were obtained by using a 25G needle to puncture the ovarian granulosa layer and collected by centrifugation at 201 force-G for 5 min. The granulosa cells in serum-free DME/F12 1:1 medium (Thermo Scientific, USA) supplemented with 0.1% bovine serum albumin (Sigma-Aldrich, USA), 1% penicillin-streptomycin (Sigma-Aldrich, USA), and 1 μg/mL insulin (Sigma-Aldrich, USA) were seeded at a density of 2 × 104 cells/well in a 48-well plate and were incubated at 37°C in 5% CO2 in an atmosphere for 2 h. Afterwards, the vehicle or different concentrations of GJE fractions (0.001%, 0.01%, 0.1%, 1%) or GJE components (10, 100 μM) were added to granulosa cells for 12 h. After that, the 17β-estradiol concentration in the cell culture medium was measured using an electro-chemiluminescence immunoassay (Elecsys, 2010, Roche Diagnostics, Basel, Switzerland) with a 17β- estradiol II kit (Roche Diagnostics, Switzerland) in a single batch. In order to explore whether GJE active components could bind to FSHR on FSHR-attenuated ovarian granulosa cells, ovarian granulosa cells were pretreated with FSHR (2 μg/mL, #sc13935; Santa Cruz, CA) for 0.5 h. After incubation with FSHR, granulosa cells were treated with GJE active compounds (100 μM) for 12 h (Wong et al., 2015).



Western Blot

Proteins were extracted from rat ovarian granulosa cells, washed with HBSS and then lysed with RIPA buffer (Sigma-Aldrich, USA) containing protease inhibitors (Roche, Germany) for 30 min. The Bradford assay was used to determine the protein concentration. Equal amounts of total protein (15 μg) were loaded, separated on SDS-PAGE, transferred to a nitrocellulose membrane, and then immunoblotted with the appropriate antibody: ERα (#04-820, Millipore), ERβ (#92731, Millipore), FSHR (#sc13935; Santa Cruz, CA) StAR (#sc25806, Santa Cruz, CA), aromatase (#14245, Santa Cruz, CA), β-actin (13E5, Cell Signaling Technology), GADPH (#sc48116, cell signaling). ECL detection kit (GE, health care) was used to visualize the protein and Quality One software (Bio-Rad) was applied to quantify the intensities.



Cell Viability Assay

The cytotoxic effects of the active compounds of GJE on the cell viability of estrogen-responsive MCF-7 breast cancer cells were determined by employing the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. MCF-7 cells were serum-starved at a density of 5,000 cells/well in 96-well culture plates for 12 h. MCF-7 cells were then treated with either vehicle or various concentrations of the active compounds of GJE and with or without co-treatment with 17β-estradiol (Sigma-Aldrich, USA) for 48 h. At the end of the incubation, 100 μL MTT solution (0.5 mg/mL) (Sigma-Aldrich, USA) was added to each well followed by incubation for an additional 4 h. Afterwards, the formazan crystals formed were dissolved in 100 μL DMSO. Absorbance of the content of each well was detected with a microplate reader (Bio-rad, USA) at 595 nm.



Molecular Docking Analysis

As an increasingly important tool for structural molecular biology, molecular docking can identify binding modes and predict binding affinity of molecules that fit together. In our study, molecular docking (semi-flexible) was performed using AutoDock Vina 1.1.2 software to investigate intermolecular interactions between the ligands and target proteins. The 3D structural information on FSHR and aromatase was retrieved from the Protein Data Bank (PDB; PDB id of FSHR: 4AY9; PDB id of aromatase: 3EQM). The structure visualization used for molecular docking was done with PyMol. The CIDs of rutin, CGA and GA were 5280805, 1794427 and 443354, respectively. The ligand binding energy with target protein was predicted by the free binding energy implemented in AutoDock Vina software.



Statistical Analysis

Statistical analysis was performed using the GraphPad Prism version 5.0. All data are shown as mean ± standard error of mean (SEM) from at least three independent experiments. The intensities of bands detected in Western blotting were normalized with the internal control β-actin. Differences in the mean values of two groups were tested with unpaired t-test. A p-value below 0.05 was regarded as statistically significant.




RESULTS


Bioactive Constituents in GJE Were Predicted by the Network Pharmacology

There were 196 phytochemicals reported in GJE by TCMSP database, 49 phytochemicals reported in GJE by TCM database @ Taiwan and 166 phytochemicals reported in GJE by TCMID database. After the removal of duplicates, totally 250 compounds were identified in GJE. Among the 250 compounds, there were 57 compounds with a DL value higher than 0.18. There were 16 compounds with 1,302 compound-protein interactions, and 68 compound-protein interactions with confidence score exceeding 0.9 were selected. In addition, there were 16 compounds explored to have 4,350 compound-gene interactions, and 653 genes with frequency exceeding 1.84 were chosen. Simultaneously, there were 26 compounds with 505 compound-target interactions reported from the TCMSP database. After the deletion of duplicate interactions, there were 31 compounds with totally 1,383 compound-target interactions declared. Afterwards, proteins that were potential therapeutic targets of menopause and the ovary were elucidated. There were 4 targets in menopause reported by TTD database, 37 targets in menopause reported by DrugBank database, and 932 genes in menopause reported by GeneCards database. Following the removal of duplicates, totally 952 targets were identified in menopause. Moreover, there were 3,983 genes in the ovary reported by Okdb database. Collectively, the integrated compound-target network was established (Figure 4), based on the association between molecules of GJE and targets shared by menopause and the ovary (Figure 3A). Collectively, there were 23 ingredients of GJE that can possess interactions of 200 targets shared by menopause and the ovary (Table S1). In JEPETTO, pathways with an XD-score higher than 0.36 were considered as significant pathways. With the enrichment analysis completed, there were 25 significant pathways (Table S2), especially including the steroid hormone biosynthesis pathway reported (Figure 3C), which indicated a strong association between GJE and steroidogenesis. As shown in Figure 3B, the ovary was the major tissue that bioactive compounds of GJE would target on, indicating tissue specificity of the GJE components. Druggability assay was conducted to evaluate several bioactive compounds with regard to BBB, AlogP, and DL value. Firstly, the potential candidate is described as an ingredient with BBB < −0.3 and AlogP ≤ 5 (Ru et al., 2014; Kotapalli et al., 2015). Table 1 ranks in the order of DL, and the top five compounds with relative high DL values are considered to be more effective candidates with a relatively more desirable drug-like property for regulating the disorder. Among these five ingredients, possible estrogenic effects have been declaimed in chlorogenic acid (CGA), geniposide, and geniposidic acid (GA) (An et al., 2016). Additionally, like 17β-estradiol, rutin can slow down the rate of bone resorption (Horcajada-Molteni et al., 2000; Rassi et al., 2005). However, there are no reports on estrogen-related activities in hirsutrin. Therefore, hirsutrin was excluded and the remaining four compounds (rutin, geniposide, CGA, and GA) were chosen as potential therapeutic agents of menopause for further investigation.
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FIGURE 3. Steroidogenesis under influence of GJE was predicted by network pharmacology. (A) The Venn diagram of targets from the ovaries, menopause and GJE regulated. (B) The pie chart of tissue specificity of bioactive compounds in GJE. (C) Chemical-protein interactions related to steroid hormone biosynthesis pathways. “gray dots” represent genes in the target set, “green dots” represent genes associated with steroid biosynthesis pathway, “blue dots” represent the overlap between the related pathway and the input protein set.





Table 1. Twenty-three compounds derived from GJE that can target genes associated with both menopause and the ovary.
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HPLC-DAD System

The Calibration Curves and Linearity

As shown in Figure 5 and Figure S2, the regression equation of standard constituents is Area = 85.36C-164.88. The standard constituents showed a good linearity (R2 = 0.999643) with the linear range being 62.5~1,000 μg/mL.

Precision

For the precision test, 10 μL sample solution was injected into the HPLC system 3 times. The chromatogram was recorded and the peak area of geniposide was measured. The relative standard deviations (RSD) value was found to be 3.02% (Table S3).

Stability, Recovery, and Content of Geniposide Measurement

For the stability test, 10 μL sample solution was injected into the HPLC system at 0, 1, and 4 h. The chromatogram was recorded and the peak area of geniposide was measured. As shown in Table S4, the RSD of peak area of sample solution was 3.25% (n = 3), which indicates that the contents of analytes were stable within 4 h. Then the sample solution at various concentrations was added, and the range of average recovery was between 96.2 and 101% (Table S5). For the measurement of geniposide content, 10 μL sample solution was injected into the HPLC system 3 times. The chromatogram was recorded (Table 2, Figure 6, and Figure S3).



Table 2. The concentrations of geniposide in different fractions derived from GJE.
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Identification of Bioactive Fraction in GJE

To identify the bioactive fraction of GJE that can stimulate estradiol, the estradiol levels in cell culture medium of rat granulosa cells treated with various GJE fractions were measured. Among the various GJE fractions, the estrogen level of ethyl acetate fraction (1%) group was the highest (Figure 7), which indicated that the ethyl acetate fraction of GJE (GJE-EA) significantly stimulated estrogen synthesis in vitro. The effect of GJE-EA on CYP19 and FSHR expression in vitro was then examined by Western blot assays. Rat granulosa cells were treated with either vehicle or different GJE fractions for 12 h. The GJE-EA (1%) significantly increased the expression levels of CYP19 and FSHR compared with the vehicle control group (Figure S4), which suggested that the ethyl acetate fraction of GJE afforded stimulation of estradiol biosynthesis probably by up-regulation of the FSHR-aromatase pathway.



Identification of the Major Components of GJE-EA Fraction

Nine compounds (1–9) (Figure 8) were isolated from the GJE-EA fraction. Their structures were identified as geniposide (Tsai et al., 2002), (1) rutin (2) (Su et al., 2014), ursolic acid (3) (Pieroni et al., 2011), liquiritoside (4) (Liu et al., 2005), CGA (5) (Peng et al., 2000), GA (6) (El Bitar et al., 2004), 3,5-O-dicaffeoylquinic acid (7) (Peng et al., 2000), 3,5-O-dicaffeoylquinic acid methyl ester (8) (Peng et al., 2000), and 3,4-O-dicaffeoylquinic acid (9) (Chen et al., 2014) by comparison of their spectral data with those reported in the literature.



Determination of Bioactive Components in GJE With Estradiol Biosynthesis Stimulating Effect

The 9 compounds from GJE-EA were identified with 4 of them predicted using network pharmacology. To identify the active compounds from the 9 compounds with estradiol-stimulating ability, the estradiol levels in ovarian granulosa cells were determined. After 12 h of treatment with the compounds isolated from GJE-EA, production of estradiol in rat ovarian granulosa cells was determined. As shown in Figure 9, rutin, CGA, GA, and 3,5-O-dicaffeoylquinic acid also enhanced steroidogenesis in vitro. However, the estrogen stimulating effect of 3,5-O-dicaffeoylquinic acid was not predicted by network pharmacology. Thus, rutin, CGA, and GA probably contributed to the stimulatory effect of GJE on estradiol biosynthesis in rat ovarian granulosa cells.



Molecular Docking of Rutin, CGA, and GA With FSHR and Aromatase

Estrogen can be produced by the target of classical FSHR-aromatase pathway (Simpson et al., 1994; Hunzicker-Dunn and Maizels, 2006; Luo and Wiltbank, 2006). To determine whether rutin, CGA, and GA could activate FSHR and aromatase, molecular docking studies were performed to predict the binding energies between 3D structure of ligands and FSHR; ligand and aromatase, respectively. The estimated free energy of binding with FSHR for rutin was −8.7 kcal/mol, for CGA was −7.8 kcal/mol, for GA was −7.1 kcal/mol (Figure 10A); aromatase for rutin was −0.8 kcal/mol, for CGA was −8.5 kcal/mol and for GA was −7.3 kcal/mol (Figure 10A), which revealed that all compounds can bind with FSHR and aromatase. The results of in silico docking analysis revealed the optimal binding conformation of the FSHR-rutin complexes (Figure 10B), FSHR-CGA complexes (Figure 10C), FSHR-GA complexes (Figure 10D), respectively; aromatase-rutin complexes (Figure 10E), aromatase-CGA complexes (Figure 10F) and aromatase-GA complexes, respectively (Figure 10G).



Effects of Rutin, CGA, and GA on FSHR-Attenuated Ovarian Granulosa Cells and StAR-FSHR-Aromatase Pathway

To investigate the mechanism of action of the estrogen-stimulating effect of rutin, CGA, and GA, Western blotting assay was performed to detect the changes in expression level of steroidogenic acute regulatory protein (StAR), CYP19 and FSHR in ovarian granulosa cells treated with either vehicle or different concentrations of rutin, CGA, and GA, respectively. To clarify whether the estradiol-stimulating effects of rutin, CGA, and GA are mediated by FSHR in ovarian granulosa cells, the FSHR antibody was used. In the FSHR-attenuated ovarian granulosa cell model, the estrogen-stimulating effects of rutin, CGA, and GA were abolished, indicating the involvement of FSHR in the effects of ruin, CGA, and GA on estradiol biosynthesis (Figure 11B). StAR mediates the progressive uptake of cholesterol, which works as a raw material for estrogen synthesis (Papadopoulos and Miller, 2012). Western blot results showed that rutin and CGA significantly up-regulated FSHR expression (Figure 11A); all ligands markedly increased the expression levels of both StAR and CYP19 (Figures 11C,D).



The Effects of Rutin, CGA, and GA on Level of Expression of Estrogen Receptors α and β

To investigate the role of ER status on the estrogen-stimulating action of rutin, CGA, and GA, western blot analysis was used to confirm the expression of estrogen receptor α (ERα) and estrogen receptor β (ERβ). Rutin had no discernible effect on ERα expression level but significantly increased the protein expression levels of ERβ in granulosa cells after 12 h of treatment; CGA significantly activated ERβ expression and inhibited ERα expression; while GA markedly suppressed the expression of ERα (Figures 12A,B).



The Cytotoxic Effects of Rutin, CGA, and GA on MCF-7 Breast Cancer Cells

The effects of GJE bioactive compounds (rutin, CGA, and GA) on cell proliferation of MCF-7 breast cancer cells, whose growth is positively associated with estrogen level, were investigated with MTT assay. The cell viability curves indicated that the viability of MCF-7 breast cancer cells decreased, both in the presence and in the absence of 1 × 10−7M 17β-estradiol after treatment for 48 h with rutin, CGA, and GA, respectively (Figure 13).




DISCUSSION

As a hallmark of menopause, estrogen depletion can be effectively regulated by targeting 17β-estradiol level via estrogen biosynthesis (Pollow et al., 2015). GJE was traditionally adopted to improve women's health in Asia (Yang et al., 2016). Recent evidence also suggests that GJE or its active constituents have diverse functions such as anti-depressant (Cai et al., 2015; Zhang et al., 2015; Ren et al., 2016; Wang et al., 2016), anti-cancer, anti-oxidant, and neuroprotective activities (Phatak, 2015). However, whether or not GJE can relieve estrogen depletion, the identities of its active compounds as well as its mechanism of action remain poorly understood. Here, network pharmacology was conducted to elucidate the association between GJE and steroid biosynthesis pathway and predict the most likely active ingredients in GJE (Figure 2, Table 1). Then the HPLC-DAD system was used to isolate several fractions from GJE (Figure S1). The active fraction of GJE and its major compounds were also investigated. With the combination of the major compounds from the active fraction and possible active ingredients from network pharmacology, phenotypic (estrogen-stimulating effect) and target-based (aromatase/FSHR/StAR/ERα/ERβ) methods were used to find the active components of GJE (Lu et al., 2016). Phenotypic approaches play a crucial role in drug discovery because data from the large-scale drug screening and target-based approaches suggest the relationships between a potential new drug and its molecular targets (Gilbert, 2013; Swamidass et al., 2014). Finally, the bioactive compounds of GJE that could stimulate the biosynthesis of ovarian estradiol was reported (Figure 1).

Network pharmacology works as a proximal tool for the investigation of ingredients in Traditional Chinese Medicine (TCM) nowadays (Hopkins, 2008; Huang et al., 2013; Wang et al., 2013; Zhang et al., 2013). In the current study, TCM network pharmacology approaches were used to establish the therapeutic compound-target interaction network (Shao and Zhang, 2013). It was shown that the combination of GJE and other herbal medicine can attenuate menopausal symptoms (Chen et al., 2003). In accordance with previous studies, there were 200 targets shared by menopause, the ovary and 23 compounds of GJE, which signifies a therapeutic role of GJE for treating postmenopausal syndrome (Table 1, Table S1, and Figures 3A, 4). Moreover, steroid hormone biosynthetic pathway was the pathway most significantly related to GJE (Table S2, Figure 3B). The pathway was used to present the effects of GJE on estrogen production. The tissue specificity assay has confirmed that the ovary worked as the main organ targeted by GJE compounds (Figure 3C). Importantly, four possible bioactive compounds of GJE, including rutin, geniposide, GA, and CGA were identified with the druggability assay.
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FIGURE 4. Therapeutic compound-target network of menopause and GJE. The size of nodes and edges is proportional to its value. The color brightness of the nodes is inversely related with its value. In other words, the value of the node is the highest when the color is blue, and the value of the node is the lowest when the color is red.



There were five fractions of GJE isolated by the HPLC-DAD system. Our results showed that the RSD value was smaller than 5% and the recovery value was not less than 95%, which demonstrated that the conditions used in the quantitative analysis met the standard (Tables S3–S5). Additionally, the HPLC chromatograms of geniposide from the different extracts of GJE showed that the concentration of geniposide in the N-butanol fraction was the highest, followed successively by the ethyl acetate fraction, ethanol fraction, petroleum fraction and water fraction (Table 2, Figures 5, 6, and Figure S3). Among the five fractions of GJE, GJE-EA was identified to be the fraction that most significantly increased estradiol production in ovarian granulosa cells (Figure 7). Aromatase, encoded by gene CYP19, catalyzes the process of estrogen biosynthesis in ovarian granulosa cells (Luo and Wiltbank, 2006). When women experience menopause, the activity of aromatase decreases abruptly (Sze et al., 2009). It was demonstrated that CYP19 can be activated by upregulation of follicle-stimulating hormone receptor (FSHR) (Simpson et al., 1994). Importantly, it has been reported that the activation of FSHR can mediate estrogen production in ovarian granulosa cells (Hunzicker-Dunn and Maizels, 2006). Therefore, estrogen production can be promoted by activation of the FSHR-aromatase pathway. The results of Western blot showed that the protein levels of both FSHR and aromatase were increased significantly in ovarian granulosa cells treated with 0.1% GJE-EA (Figure S4).
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FIGURE 5. HPLC chromatogram of geniposide in standard solution with different geniposide concentrations. Time (min) as unit of Y-axis and chromatographic profiles are reported at 240 nm. The concentration of standard solution was 0.0625 mg/mL (A), 0.125 mg/mL (B), 0.25 mg/mL (C), 0.5 mg/mL (D), 1 mg/mL (E).
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FIGURE 6. HPLC chromatogram of geniposide from different fractions derived from GJE. Time (min) as unit of Y-axis and chromatographic profiles are reported at 240 nm. The contents of geniposide are shown in petroleum fraction (A), Ethyl acetate fraction (B), N-butanol fraction (C), Water fraction (D), Ethanol fraction (E).
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FIGURE 7. Identification of the GJE- derived bioactive fraction with estrogen stimulating effect using phenotypic screening. Effects of GJE fractions on production of estrogen in granulosa cells after 12 h of treatment were determined by estradiol assay. Each value represents mean ± SEM (n = 3), **p < 0.01, One-way ANOVA Dunnett's Multiple Comparison Task.



Nine major compounds from GJE-EA were then isolated (Figure 8) and four of the nine compounds were predicted by network pharmacology. The phenotypic approach was then utilized to screen the steroidogenic ability of the probable active compounds. It was found that rutin, CGA, and GA displayed estrogen-stimulating activities (Figure 9). Importantly, treatment with GJE-derived compounds resulted in higher estrogen levels in ovarian granulosa cells than that induced by the three bioactive compounds alone and that the combination treatment may, at least partly, explain the principle of estrogen stimulating effect of GJE extract alone. Numerous in vivo and in vitro studies suggest that rutin, CGA, and GA possess multiple biological functions and various pharmacological activities, such as anti-cancer, anti-osteoporotic and neuroprotective properties. For the suppression of breast cancer, rutin reduced proliferation and induced apoptosis in MCF-7 breast cancer cells (Kamaludin et al., 2013; Kamaludin, 2015). CGA reduced viability of estrogen-independent DA-MB-435 breast cancer cells but not normal MCF-10A cells (Noratto et al., 2009). Although there is little information about the anti-cancer activity of GA, GA had a potential inhibitory effect on tumor growth (Hsu et al., 1997). For the inhibition of bone loss, rutin inhibited osteopenia through suppressing bone resorption and enhancing osteoblastic activity in ovariectomized (Ovx) rats (Horcajada-Molteni et al., 2000); CGA prevented the decrease of mineralization and promoted the increase the mechanical properties and thus inhibited bone loss in Ovx animals (Folwarczna et al., 2015; Zhou et al., 2016); GA promoted osteogenesis by increasing the proliferation of osteoblasts and inhibited osteolysis by decreasing the proliferation of osteoclasts (Ha et al., 2003). For the promotion of neuron regeneration, rutin was reported to prevent spatial and emotional memory impairment (Qu et al., 2014; Ramalingayya et al., 2016); CGA supplementation could interfere in neurological degeneration (Heitman and Ingram, 2017); Though less evidence indicates a direct connection of GA with cognitive improving activities, GA is the main component of Tong Luo Jiu Nao, which was shown to prevent neuronal damage and improve learning and memory (Liu et al., 2011, 2013). It is accepted that long-term use of HT can elevate the risk of breast cancer in menopausal women (Colditz, 1998). In addition, osteoporosis and cognitive decline are the major menopausal symptoms caused by estrogen deprivation in postmenopausal women (Lufkin et al., 1992; Prelevic and Jacobs, 1997; Miller et al., 2013; Lobo et al., 2014). Therefore, the abovementioned evidence may contribute to the therapeutic role and safety of rutin, CGA, and GA in the management of postmenopausal syndrome.
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FIGURE 8. Major compounds 1–9 identified in GJE-EA fraction. The GJE-EA fraction was chromatographed on silica gel column; the fractions were fractionated on Sephadex LH-20; and the compounds were purified by preparative HPLC. (1) geniposide; (2) rutin; (3) ursolic acid; (4) liquiritoside; (5) CGA; (6) GA; (7) 3,5-O-dicaffeoylquinic acid; (8) 3,5-O-dicaffeoylquinic acid methyl ester; and (9) 3,4-O-dicaffeoylquinic acid.
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FIGURE 9. Identification of the GJE-EA derived bioactive components with estrogen stimulating effect using phenotypic screening. Effects of GJE components on production of estrogen in granulosa cells after treatment for 12 h was determined by estradiol assay. Each value represents mean ± SEM (n = 5) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. vehicle control group.



In this study, in order to gain an insight into the likely molecular basis of the estrogen stimulating effect of rutin, CGA, and GA, molecular docking analysis was used to predict the binding mode of rutin, CGA, and GA with FSHR and aromatase, respectively (Figure 10). Western blotting assay was used to validate the effects of rutin, CGA, and GA at the protein expression levels of FSHR and CYP19 in vitro. Results showed that rutin and CGA were able to increase the expression of FSHR and all compounds were able to increase the expression level of CYP19 in ovarian granulosa cells (Figures 11A,C). Then the FSHR involvement in the estrogen-stimulating effects of rutin, CGA, and GA was also detected. It was found that the estrogen-stimulating effects brought about by rutin, CGA, and GA were attenuated when the FSHR on ovarian granulosa cells were blocked by antibodies (Figure 11B). Apart from FSHR and aromatase, steroidogenic acute regulatory protein (StAR) also plays an essential role in estradiol biosynthesis, due to the fact that StAR can regulate the uptake of cholesterol into the mitochondria of theca cells, which is the raw material for estradiol biosynthesis (Papadopoulos and Miller, 2012). In this study, the expression level of StAR in ovarian granulosa cells was further tested. All three compounds were found to be able to increase StAR levels in ovarian granulosa cells (Figure 11D).
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FIGURE 10. Modes of binding of rutin, CGA and GA with FSHR and aromatase. (A) The binding energy of each complex. (B–D) The optimal binding conformations of the FSHR-rutin complexes, FSHR-CGA complexes and FSHR-GA complexes. (E–G) The optimal binding conformations of the aromatase-rutin complexes, aromatase-CGA complexes and aromatase-GA complexes.
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FIGURE 11. Effects of rutin, CGA, and GA on levels of FSHR, aromatase and StAR in ovarian granulosa cells after 12 h of treatment. (A,C,D) Effects of rutin, CGA, and GA on FSHR, aromatase and StAR expression in ovarian granulosa cells. Ovarian granulosa cells of SD rats were treated with various concentrations of rutin, CGA, and GA respectively for 12 h, respectively, and then total cell lysates were extracted for Western blot analysis by using antibodies specific to FSHR, aromatase and StAR. The representative image and the relative expression levels of FSHR, aromatase and StAR are shown. (B) Estrogen stimulating effect of rutin, CGA, and GA on ovarian granulosa cells with antibody-blocked FSHR diminished. The data were normalized with the internal control β-actin, each value is the mean ± SEM (n = 4), with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. vehicle control group.



Low toxicity and little side effect are the great advantages of GJE (Liu et al., 2013; Chen et al., 2015; Im et al., 2016). The only hepatotoxic and genetoxic properties of GJE reported are due to genipin (Liu et al., 2013), which is excluded by network pharmacology. Importantly, while HT is a conventional approach for relieving postmenopausal syndrome, the long-term use of estrogen in HT imparts an increased risk of breast cancer (Colditz, 1998), and estrogen can be mediated by estrogen receptor alpha (ERα) and estrogen receptor beta (ERβ) (Deroo and Korach, 2006; Jia et al., 2015). However, estrogen interacts with ERα and ERβ downstream pathways in dissimilar ways (Nilsson et al., 2001). ERβ regulates the FSH-aromatase pathway and enhances ovarian steroidogenesis (Deroo et al., 2009; Wang et al., 2017). It has been shown that selective activation of ERβ transcriptional pathways may not promote breast cancer (Paruthiyil et al., 2004). Additionally, ERβ was found to inhibit the proliferation of breast cancer cell line T47D (Ström et al., 2004). However, ERα has a close and positive relationship with breast cancer. ERα gene amplification is frequent in proliferative breast disease, especially breast cancer (Holst et al., 2007). Besides, the presence of high ERα levels in benign breast epithelium may explain the elevated possibility of breast cancer development, which indicates that ERα is crucial in breast cancer cell progression (Ali and Coombes, 2000). In this study, it was found that ERβ was upregulated following treatment with rutin and CGA (Figure 12B); and ERα was downregulated after treatment of CGA and GA in granulosa cells (Figure 12A). The effect on the ERs could be directly induced by the bioactive compounds in GJE or indirectly as a result of GJE and bioactive compounds increasing estrogen levels in ovarian granulosa cells. Furthermore, risk evaluation of active compounds in GJE was performed by investigating the effects of rutin, CGA, and GA on the viability of MCF-7 human breast cancer cell line in the presence or absence of 1 × 10−7 M 17β-estradiol. It was disclosed that 17β-estradiol treatment significantly promoted the proliferation of MCF-7 cells. However, the proliferative response to 17β-estradiol was counteracted by treatment with rutin, CGA, and GA. The anti-human breast cancer activities of rutin, CGA, and GA suggest the safety and potential of GJE as an effective herbal medicine with estrogen-stimulating effects (Figure 13). To our knowledge, there is no evidence that reveals the acute or chronic toxicity of rutin, CGA, and GA yet. However, further experiments should be conducted in the future to examine the possibility of GJE and its bioactive compounds on the development of breast cancer in vivo, based on the fact that aromatase inhibitors are extensively used by post-menopausal women with estrogen-dependent breast cancer (Brueggemeier et al., 2005).
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FIGURE 12. Effects of rutin, CGA, and GA on estrogen receptor expression in ovarian granulosa cells after treatment for 12 h. Ovarian granulosa cells of SD rats were treated with various concentrations of rutin, CGA, and GA for 12 h, respectively, and then total cell lysates were extracted for Western blot analysis by using antibodies specific to ERα and ERβ. The representative image and the relative expression levels analyzed of (A) ERα and (B) ERβ are shown. The loading control of ERβ is reused from that of StAR since they were from the same membrane. The data were normalized with the internal control β-actin, and each value is the mean ± SEM (n = 4), with *p < 0.05, **p < 0.01, ***p < 0.001, vs. vehicle control group.




[image: image]

FIGURE 13. Viability of MCF-7 breast cancer cells. (A–C) The proliferation of MCF-7 cells in the presence or absence of 1 × 10−7 M 17β-estradiol was determined by using MTT assay after 12 h treatment with different dosages of rutin, CGA, and GA. Each value represented mean ± SEM (n = 4), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, vs. vehicle control group; #p < 0.05, ###p < 0.01, ###p < 0.001, ####p < 0.0001 vs. 17β-estradiol group.



Different from the traditional approach for TCM study, network pharmacology was exploited to confirm the therapeutic role of GJE in the management of postmenopausal syndrome by constructing the compound-target network in this article. In addition, the possible active compounds were also predicted by network pharmacology in this article. The estrogen screening assay was conducted after the combination of the results from network pharmacology and traditional approach of isolation of major compounds, which can avoid omission of potential active components and guarantee completeness of the experiment. Importantly, only compounds interacting with the targets that are shared by both the ovary and menopause could be considered for further investigation in this article, indicating the tissue-specificity and disease-specificity of the compounds selected. We hope the scheme in this work will bring new insight into the systematic investigation of TCM and lead to a wide range of applications for the identification and development of the potential novel and safe therapeutic candidates.



CONCLUSION

In summary, we have shown that GJE and its bioactive compounds (rutin, CGA, and GA) exerted estrogen stimulating effects in vitro and up-regulated the FSHR-aromatase pathway without increasing the risk of hormone-dependent breast cancer. These data reveal that GJE and its bioactive compounds may be considered as promising candidates for further research and development into therapeutic agents for the treatment of postmenopausal syndrome.
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A Chinese Herbal Formula Ameliorates Pulmonary Fibrosis by Inhibiting Oxidative Stress via Upregulating Nrf2
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This study aimed to explore the protective effects of a Chinese herbal formula, Jinshui Huanxian formula (JHF), on experimental pulmonary fibrosis and its underlying mechanisms. After being treated with single dose of bleomycin (5 mg/kg) intratracheally, rats were orally administered with JHF and pirfenidone from day 1 to 42, then sacrificed at 7, 14, 28, or 42 days post-bleomycin instillation. JHF ameliorated bleomycin-induced pathological changes, collagen deposition in the rat lung and recovered pulmonary function at different days post-bleomycin instillation. In lungs of JHF-treated rats, the levels of total superoxide dismutase, catalase and glutathione were higher, and myeloperoxidase and methane dicarboxylic aldehyde were lower than those in vehicle-treated rats, respectively. Additionally, JHF inhibited the expression of NADPH oxidase 4 (NOX4) and increased the Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2) in lung tissues. In vitro, JHF and ruscogenin, a compound of Ophiopogonis Radix contained in JHF, significantly inhibited transforming growth factor β1 (TGF-β1)-induced differentiation of fibroblasts. Furthermore, JHF markedly decreased the level of reactive oxygen species in TGF-β1-induced fibroblast. In line with this, upregulation of NAD(P)H: quinone oxidoreductase 1 and heme oxygenase 1, and downregulation of NOX4 were found in JHF-treated fibroblast induced by TGF-β1. While on the other hand, Nrf2 siRNA could suppress the JHF-mediated inhibition effect on alpha-smooth muscle actin (α-SMA), and FN1 expression induced by TGF-β1 in fibroblasts. These results indicated that JHF performed remarkably therapeutic and long-term effects on pulmonary fibrosis in rat and suppressed the differentiation of fibroblast into myofibroblast through reducing the oxidative response by upregulating Nrf2 signaling. It might provide a new potential natural drug for the treatment of pulmonary fibrosis.
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INTRODUCTION

Pulmonary fibrosis (PF) is a chronic, irreversible and fatal lung disease, characterized by irreversible lung structure damage and exuberant extracellular matrix protein deposition (Luppi et al., 2012). Oxidative stress plays the important roles in the inflammation, collagen deposition, and fibrosis of PF. The free radical activity, lipid products and oxidized proteins have been identified in exhaled air, bronchus alveolar lavage fluid, serum and lung of patients with PF (Daniil et al., 2008; Kliment and Oury, 2010; Faner et al., 2012; Cheresh et al., 2013; Matsuzawa et al., 2015). Reactive oxygen species (ROS), as the important product of oxidative stress could promote apoptosis of airway epithelial cells to trigger inflammation and then collagen deposition by regulating cytokines and growth factors expression and reducing the antioxidant defenses (Faner et al., 2012). NADPH oxidase (NOX) is a family of enzymes that are unique in regulating the primary ROS production (Jarman et al., 2014). Many studies report that NOX4 is selectively upregulated in lung of PF patients (Faner et al., 2012), and NOX4 inhibitor could attenuate PF in a rodent disease model (Luppi et al., 2012). Nuclear factor erythroid 2-related factor 2 (Nrf2), the critical regulator of oxidative stress, can promote the expression of Nrf2-dependent antioxidant, and Nrf2 deficiency clearly contributes to the development of PF (Faner et al., 2012). For instance, Nrf2-/- mice show more severe and earlier onset of fibrotic responses to bleomycin with accompanying accumulation of markers for airway repair and fibrosis, high mortality, marked loss of body weight, and increased lung weight. Moreover, Nrf2-dependent antioxidant defense enzymes in the lungs of Nrf2-/- mice is decreased, which suggests that these enzymes may contribute to Nrf2-mediated protection against bleomycin-induced lung fibrosis (Cho et al., 2004; Walters et al., 2008). In addition, NOX4-Nrf2 imbalance is identified in lung tissues of human subjects with PF, and restoring NOX4-Nrf2 redox balance in myofibroblasts may be an effective therapeutic strategy (Faner et al., 2012). N-acetylcysteine, the glutathione (GSH, an important antioxidant molecule) precursor, significantly increases the lung GSH levels in bleomycin-induced fibrosis (Giri et al., 1988; Hagiwara et al., 2000), also increases the percentage of predicted vital capacity and extends the 6 min walking test distance in PF patients (Sun et al., 2016). Recently, two drugs, pirfenidone (PFD) and nintedanib, are approved worldwide for PF treatment (Raghu et al., 2015). However, none drugs have prospectively shown a survival benefit in many trials (Idiopathic Pulmonary Fibrosis Clinical Research Network et al., 2014; Sun et al., 2016). Therefore, it is urgent to find new drugs for treatment of PF.

According to the Chinese medicinal theories and clinical experience, Jinshui Huanxian formula (JHF) was constructed and widely used to prevent PF. The clinical practice showed that JHF exerted extensive pharmacological effects on PF, including alleviating the clinical symptoms, slowing the disease progression, and enhancing live quality. JHF is composed of 11 medicinal herbs, including Ginseng Radix et Rhizoma, Ophiopogonis Radix, Rehmanniae Radix, Trichosanthis Fructus, Fritillariae Thunbergii Bulbus, Moutan Cortex, Epimedii Herba, Ginkgo Semen, Pulsatillae Radix, Coicis Semen, Citri Reticulatae Pericarpium. Many of these herbal drugs have exerted extensive anti-fibrosis and anti-oxidant effect. For example, ginsenoside Rg1 (Ginseng Radix et Rhizoma extract) increases the activities of antioxidant enzymes such as superoxide dismutase (SOD), GSH-Px and catalase (CAT), reduces methane dicarboxylic aldehyde (MDA) levels, and exerts anti-fibrosis effect via promoting Nrf2 (Li et al., 2014). Rehmanniae Radix attenuates fibrosis by downregulating the expressions of transforming growth factor β1 (TGF-β1), alpha-smooth muscle actin (α-SMA) and Collagen-I (COL-I) (Liu et al., 2015). However, the details about the anti-PF mechanisms of JHF remains poorly understood.

In the light of the association of PF pathogenesis with oxidative stress, we speculated that JHF might have therapeutic effects in PF by weakening oxidative stress. Here, a rat model of bleomycin-induced PF was applied to investigate the anti-PF and anti-oxidative stress effect of JHF. In addition, we investigated the effect of JHF on the TGF-β1-induced differentiation of fibroblasts in vitro and clarified the anti-oxidative mechanisms of JHF by activating Nrf2. The results of this study may explore the potential mechanisms of JHF and provide the basis for the clinical treatment of PF.



MATERIALS AND METHODS

Chemicals, Herbal Medicines

Jinshui Huanxian formula was prepared by the Pharmaceutical Department in Henan University of Chinese Medicine. JHF consists of 11 medicinal herbs, including Ginseng Radix et Rhizoma (Ren Shen in Chinese), Ophiopogonis Radix (Mai Dong in Chinese), Rehmanniae Radix (Shu Di in Chinese), etc. All herbs were water- or ethanol-extracted and made into dry extract, ultimately. Each 1 g dry extract contains 3.13 g of raw herbs. Bleomycin hydrochloride was obtained from the Nippon Kayaku Co. Ltd. (lot 650427). PFD capsules were obtained from the Beijing Kangdini Pharmaceutical Co. Ltd. (lot 150603) (Beijing, China). Ruscogenin was obtained from Chengdu Must Bio-Technology Co. Ltd. (MUST-16061703).

Animals

Sprague-Dawley rats (weight 180–220 g) were obtained from the Experimental Animal Center of Henan Province (Zhengzhou, China). The rats were raised under controlled temperature (26–28°C), humidity (50 ± 10%) and daily light intensity (12 h light/12 h dark cycle), were fed with standard laboratory food and water ad libitum. This study was carried out in accordance with the recommendations of the ‘Care and Use of Laboratory Animals of guidelines, the First Affiliated Hospital of Henan University of Chinese Medicine’ and ‘Experimental Animal Care and Ethics Committee of the First Affiliated Hospital, Henan University of Chinese Medicine.’ The protocol was approved by the ‘Experimental Animal Care and Ethics Committee of the First Affiliated Hospital, Henan University of Chinese Medicine.’

Preparation of JHF-Containing Serum

One hundred Sprague-Dawley rats were randomly divided into two groups. Rats in Group 1 were orally administrated with JHF (0.864 g/ml) at a dose of 10 ml/kg body weight twice a day for 7 days. Rats in Group 2 were orally administrated with an equivalent volume of distilled water. After the final oral administration on day 7, all rats were anesthetized with 4% chloral hydrate. Blood samples were collected from the portal vein and then centrifugated at 3500 rpm for 15 min. The serum samples were collected and kept frozen at -80°C.

Determinations of the Main Chemical Constituents in JHF-Containing Serum

Four milliliters of methanol was added to 1 ml of the serum samples and stirred well. The mixture was centrifuged at 12,000 rpm for 15 min at 4°C, and the supernatant was evaporated to dryness at 40°C under gentle streams of nitrogen. The dry residue was reconstituted by 100 μl of methanol, then centrifuged again at 12,000 rpm for 15 min at 4°C, and 5 μl of the supernatant was used for LC-MS/MS analysis. An Ultimate 3000 UPLC system coupled with an Q-Exactive mass spectrometer (Thermo Scientific, United States) with a heated electrospray ionization source, was used for detecting the compounds contained in drug-containing serum. Chromatographic separation was performed on a Hypersil GOLD C18 column (4.6 mm × 250 mm, 5 μm) (Thermo Scientific, United States) at a flow rate of 1.0 ml/min at 30°C. The mobile phases consisted of 0.1% formic acid in water (A) and acetonitrile (B). The gradient elution program was as follows: 0–5 min, 5% B; 5–25 min, 5–80% B; 25–35 min, 80–100% B; 35–45 min, 100% B; 45–50 min, 5% B. Mass spectrometry detection was carried out in fast polarity-switching mode. Parameters of the ion source were as follows: spray voltage, 3.5 KV (+) and 2.8 KV (-); capillary temperature, 350°C; flow rate of the sheath gas, 35 arbitrary units; flow rate of the auxiliary gas, 10 arbitrary units. The mass scan range was from 150 to 1,500 m/z, and the resolution was at 70000.

Bleomycin-Induced PF in Rats and Drug Administration

Sprague-Dawley rats were randomly divided into four groups (control group, Model group, JHF group, and PFD group). Rats were anesthetized with 10% chloral hydrate (3.0 ml/kg) by intraperitoneal injection. Then, 5 mg/kg of bleomycin in sterile 0.9% NaCl was intratracheally injected into the rats of Model group, JHF group and PFD group (Degryse et al., 2010). The rats of control group were given the same volume of sterile saline instead of bleomycin. From day 1 after intratracheal injection, the rats in Control and Model groups were intragastrically administrated with normal saline, JHF group administrated with JHF (10.8 g/kg body weight), PFD group administrated with PFD Capsules (50 mg/kg body weight), once a day from day 1 to 42. On day 7, 14, 28, and 42, eight rats in each group were sacrificed, then their lung tissues were harvested. Lung coefficient was determined by lung weight (mg) versus body weight (g).

Forced Vital Capacity

Forced vital capacity (FVC) was determined with a computer controlled pulmonary function test system (BUXCO, DSI, St. Paul, MN, United States) before rats of each group were sacrificed. After anesthetized and endotracheally intubated, rats were placed in the sealed chamber and connected to the device via the intubation, and the respiratory data was acquired with a pressure volume transducer and presented with FlexiVent software (BUXCO, DSI, St. Paul, MN, United States).

Collagen Determination and Histologic Grading of Fibrosis

Lung tissues were fixed in 10% phosphate-buffered formalin, embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin-eosin solution (Solarbio, Beijing, China), and Masson’s Trichrome stain kit (Solarbio, Beijing, China) to determine the collagen distribution. Fibrosis was quantified using the entire lung by the Ashcroft scoring system (Ashcroft et al., 1988).

Immunohistochemical Analysis

Sections were block with 5% bull serum albumin (BSA) for 20 min and incubated with antibodies against TGF-β1 (1:150 dilution, Bioss, Beijing, China), α-SMA (1:100 dilution, Bioss, Beijing, China), COL-I (1:150 dilution, Bioss, Beijing, China), COL-III (1:120 dilution, Bioss, Beijing, China), at 4°C for 12 h, followed by incubation with goat anti-rabbit immunoglobulin G (ZSGB-BIO, Beijing, China) at 25°C for 2 h, then the sections were counterstained with hematoxylin. The expressions of up-mentioned proteins were observed with a Leica microscope, and images were collected for semi-quantitative analysis achieved by Image-Pro Plus 6.0 professional image acquisition and analysis system (Media Cybernetics, Rockville, MD, United States).

Hydroxyproline Content Assay

The hydroxyproline content in the lung was determined by the spectrophotometric method according to the hydroxyproline assay kit instruction (Jiancheng, Nanjing, Jiangsu, China). The data are expressed as micrograms of hydroxyproline per gram wet lung weight (μg/g tissue).

Analysis of T-SOD, CAT, GSH, MDA, and MPO in Serum and Lung Tissues

Activity of T-SOD, CAT and MPO, MDA and GSH in serum and lung tissues were measured by hydroxylamine and thiobarbituric acid methods, respectively, according to the manufacturer’s protocol (Jiancheng, Nanjing, Jiangsu, China).

Cell Culture and Transfection

The human lung fibroblast MRC-5 cells and the mouse fibroblast NIH-3T3 cells (obtained from Shanghai Institutes for Biological Sciences, China) were cultured in MEM (Boster Biological Technology Co., Wuhan, China) containing 10% FBS, and maintained in a humidified atmosphere with 5% CO2 at 37°C. when cells were grown to 80–90%, cells were plated on dishes at a density of 2 × 105 cells/ml and incubated in 5% CO2–95% air for 24 h. Then they were transfected with Nrf2 siRNA (50 nM) (RIB BIO, Guangzhou, China) for 24 h. Transfection was performed in serum-free medium using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. Next day, cells were treated with TGF-β1 (2.5 ng/ml) and JHF-containing serum (2.5%, 5%) in MEM and harvested 24 h later.

RNA Isolation and Real-Time PCR Analysis

The primers were designed and synthesized by Genscript Biotech Co. Ltd. (Nanjing, China). Total RNA was extracted by using TRIzol reagent (Ambion, Foster City, CA, United States) according to the instructions. Concentration and integrity of total RNA were verified by a NanoDrop 2000 nano-spectrophotometer (Thermo, Waltham, MA, United States). Reverse transcription (RT) was proceeded by using SuperScript® III First-Strand Synthesis Super Mix for qRT-PCR Kit (Invitrogen, Carlsbad, CA, United States), and real-time PCR reactions were performed using Platinum® SYBR® Green qPCR SuperMix-UDG with ROX Kit (Invitrogen, Carlsbad, CA, United States). The reaction systems were prepared following the instructions of the kits and reacted on an Applied Biosystems 7500/7500 Fast Real-Time PCR System (AB, Foster City, CA, United States). The initial enzyme activation step was at 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 60°C for 30 s. At the end of PCR, to evaluate specific amplification of the target genes, melting curve ranging from 60 to 95°C were also included in each run.

Western Blotting

The samples were homogenized in RIPA buffer containing PMSF (Solarbio, Beijing, China) for 30 min. After centrifugation (12,000 r/min, 5 min at 4°C), the total protein was collected, and the protein concentrations were detected by BCA method. Then protein denaturalization was performed at 100°C for 10 min. Proteins in the supernatant were separated by SDS-PAGE on a 10% gel and then transferred to PVDF membranes (Millipore, Bedford, MA, United States). The blotted membranes were blocked with 5% non-fat dry milk. Then blotted membranes were incubated with anti-NOX4, Nrf2 (CST, MA, United States) and GADPH (Proteintech, Wuhan, China) antibodies. After being washed with TBST three times (10 min per time), the blots were visualized with the Super ECL Plus reagent (Solarbio, Beijing, China), and were scanned and quantified by Chemi DocTM MP System (Bio-Rad, Hercules, CA, United States).

Immunofluorescence Analysis

Cells were plated in 12-well plates for 24 h and then treated with TGF-β1 (0, 1.25, 2.5, 5, 10 ng/ml) for 24 h. Cells were washed with PBS, fixed with 4% formaldehyde for 15 min, followed by permeabilization with 0.1% Triton X-100 for 20 min. Then cells were blocked with 5% normal goat serum in PBS followed by incubation with primary antibody over night at 4°C. Thereafter, cells were incubated with a secondary antibody for 1 h. Cells were washed and mounted in ProLong Gold antifade reagent with DAPI. Cells were visualized using confocal laser scanning microscopy (OLYMPUS FV1000, Japan).

The Protein Levels of FN and COL-I

The expression levels of FN and COL-I in the supernatant of NIH-3T3 cells were determined by Mouse FN ELISA Kit (Boster, Wuhan, China) and Mouse COL-I ELISA Kit (Elabscience, Wuhan, China) according to the manufacturer’s instructions. The colorimetric reaction was measured at 450 nm.

Intracellular ROS Detection

Reactive oxygen species level was measured by using ROS Assay Kit (Solarbio, Beijing, China). Cells were rinsed with PBS, then incubated with DCFH-DA (10 μM) at 37°C for 1 h in the dark. The cells were rinsed with PBS again. Intracellular ROS was analyzed by FACS scan flow cytometer (Beckman, United States).

Statistical Analysis

Data are expressed as mean ± SEM. Statistical differences between the groups were performed by one-way ANOVA. Differences were considered to be significant at P-values < 0.05.



RESULTS

JHF Ameliorated Bleomycin-Induced Lung Fibrosis

In order to clear the therapeutic effect of JHF, JHF were administrated to bleomycin-induced-PF rats. Because PFD have been approved for the treatment of PF (Raghu et al., 2015), we used it as a positive control drug. JHF and PFD, were administrated to rats on 1 day after injecting bleomycin. The anti-PF effect of JHF and PFD were evaluated by assessing changes of FVC, lung coefficient, and collagen content.

Jinshui Huanxian formula inhibited the decline of FVC caused by bleomycin. As shown in Figure 1A, FVC was markedly decreased in rats of model group on day 7, 14, 28, and 42, and had a recovery in spite of below baseline on day 42. While the decreases of FVC were significantly inhibited by JHF and PFD treatment. There was no significant difference between the inhibition effect of JHF and PFD.
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FIGURE 1. Jinshui Huanxian formula (JHF) inhibited bleomycin-induced the decline of FVC, increase of Lung coefficient and up-expression of TGF-β1. (A) FVC. (B) Lung coefficient. (C) Immunohistochemical staining of TGF-β1 in rat lung tissue, scale bars: 200 μm. Values represented as mean ± SEM. ##P < 0.01, versus control group. ∗∗P < 0.01, ∗P < 0.05, versus model group. Δ Δ P < 0.01, Δ P < 0.05, versus matched time point model group.



Jinshui Huanxian formula suppressed the increases of lung coefficient and TGF-β1 expression induced by bleomycin. As shown in Figure 1B, lung coefficient was rapidly increased on day 7 and 14 after bleomycin administration, which was markedly decreased by JHF and PFD treatments on day 14. As shown in Figure 1C, the expression of TGF-β1 of bleomycin-induced PF was upregulated compared with that in the control group. Compared with bleomycin-induced PF model, the expression of TGF-β1 was markedly inhibited by JHF and PFD treatments from day 14 to 42.

Jinshui Huanxian formula reduced the expression of collagen induced by bleomycin in the lung. As shown in Figures 2A–C, gathering of neutrophil and macrophage, and thickening on alveolar walls were observed in lung parenchyma of model rats from day 7 to 14. Meanwhile, fibrosis foci marked with disruption of the alveolar unit and deposition of collagen were also observed on day 7, aggravated from day 14. On day 28 and 42, collagen accumulation in the fibrosis foci was significantly increased. Both JHF and PFD treatments significantly suppressed the histopathological changes of lung tissues by reducing inflammatory cells infiltration and collagen accumulation from 7 to 42 days. As shown in Figure 2D, hydroxyproline was markedly decreased from day 28 to 42 after the treatment of JHF and PFD. There was no significant difference between the inhibition effect of JHF and PFD. As shown in Figures 3A–C, the expression levels of α-SMA, COL-I, Collagen-III (COL-III) in the rats of model group were increased compared with that in the control group. While these increases were markedly inhibited by JHF and PFD treatments from day 14 to 42. Taken together, the results showed that JHF prevented bleomycin-induced pulmonary damage and fibrosis, improved respiratory function.
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FIGURE 2. The therapeutic effect of Jinshui Huanxian formula (JHF) on bleomycin-induced PF rats. (A) Hematoxylin and eosin stained, scale bars: 100 μm. (B) Masson trichrome stained, scale bars: 100 μm. (C) Ashcroft score, (D) Hydroxyproline. Values represented as mean ± SEM.##P < 0.01, #P < 0.05, versus control group. ∗∗P < 0.01, ∗P < 0.05 versus model group. Δ Δ P < 0.01, Δ P < 0.05, versus matched time point model group.
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FIGURE 3. Jinshui Huanxian formula (JHF) suppressed α-SMA, COL-I, and COL-III expression in bleomycin-induced PF rats. Immunohistochemical analysis of α-SMA (A), COL-I (B), and COL-III (C), scale bars: 200 μm. Values represented as mean ± SEM. ##P < 0.01, versus control group. ∗∗P < 0.01, ∗P < 0.05, versus model group. Δ Δ P < 0.01, Δ P < 0.05, ANOVA versus matched time point model group.



JHF Reduced Bleomycin-Induced Oxidative Stress

Oxidative stress contributes to the development of PF. To confirm the effect of JHF on the oxidative stress, we measured the expression of antioxidants and oxidants in lung tissue and serum.

As shown in Figures 4A–F, T-SOD, CAT activity and GSH content were markedly decreased in rat lung and serum of model group, which were markedly inhibited by JHF and PFD treatments from day 14 to 28. On the other hand, MDA expression was rapidly increased after bleomycin treatment, and at peak on day 28, with a slight decrease on day 42 in both lung tissue and serum. MDA level was markedly decreased in the serum after 7 days of JHF and PFD treatment, and decreased in lung tissue after 28 days of JHF and PFD treatment (Figures 4G,H). During day 7 to 42, the activity of MPO was increased in bleomycin-treated rat. Similarly, administration of JHF or PFD significantly decreased MPO activity in lung tissue and serum (Figures 4I,J). These results suggested that bleomycin-treated rats exhibited the decrease of enzymatic antioxidants and increase of lipid peroxide, while JHF treatment could suppressed the changes caused by bleomycin.
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FIGURE 4. Jinshui Huanxian formula (JHF) ameliorated bleomycin-induced oxidative stress in rat lung tissue and serum. (A,B) T-SOD activity, (C,D) the level of GSH content, (E,F) CAT activity. (G,H) MDA level, (I,J) MPO activity. Values represented as mean ± SEM. ##P < 0.01, #P < 0.05, versus control group. ∗∗P < 0.01, ∗P < 0.05, vs. model group.



To explore the antioxidant mechanisms of JHF, we investigated the mRNA and protein levels of NOX4 and Nrf2 in lung tissues of PF rats. As shown in Figures 5A,B, compared to that in control group, NOX4 mRNA level was markedly upregulated from day 7 to 42 and Nrf2 mRNA level was markedly decreased from day 14 to 42 in lung tissue of bleomycin-treated rats. While, JHF could downregulate the NOX4 mRNA levels from day 7 to 42, upregulate the Nrf2 mRNA levels on day 28. Similarly, PFD could upregulate the Nrf2 mRNA on day 28 and downregulate the NOX4 mRNA level on day 14 and 28. Additionally, the Nrf2 protein level was markedly decreased from day 7 to 28, and NOX4 protein level was markedly upregulated from day 7 to 42 in lung tissue of bleomycin-treated rat. JHF could upregulate the Nrf2 on day 7 and 14 and downregulate the NOX4 expression levels on day 7, 14, and 42. PFD could upregulate the Nrf2 on day 28 and 42 and downregulate the NOX4 expression levels on day 7, 14, and 42 (Figures 5C–E). These data indicated that JHF protected against bleomycin-induced oxidative stress by inhibiting peroxide and enhancing antioxidant ability which was probably associated with the upregulation of Nrf2 and downregulation of NOX4.
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FIGURE 5. Jinshui Huanxian formula (JHF) inhibited expression of NOX4 and increased expression of Nrf2 mRNA and protein on PF rats. (A,B) The expressions of NOX4 and Nrf2 mRNA in lung tissue. (C–E) The expression of NOX4 and Nrf2 protein in lung tissue. Values represented as mean ± SEM. ##P < 0.01, #P < 0.05, versus control group. ∗∗P < 0.01, ∗P < 0.05, versus model group.



JHF Inhibited TGF-β1-Induced Differentiation of Fibroblasts

To investigate the mechanism of JHF in fibroblast differentiation, we treated TGF-β1-induced MRC-5 cell with JHF-containing serum. Firstly, we exposed MRC-5 cell to different concentrations of TGF-β1 (1.25, 2.5, 5, and 10 ng/ml), and found that 2.5 ng/ml of TGF-β1 could significantly upregulate the expression of α-SMA and FN1 in MRC-5 cells (Figures 6A,B). We therefore selected TGF-β1 concentrations of 2.5 ng/ml for MRC-5 cells in all subsequent experiments. As shown in Figures 6A–G, TGF-β1 (2.5 ng/ml for 24 h) significantly upregulated α-SMA and FN1 mRNA and protein levels, while JHF and PFD could markedly inhibit the increases. These data showed that JHF could clearly suppress differentiation of fibroblast. In addition, we identified 20 compounds from JHF-containing serum, including catalpol, geniposide, leonuride, bilobalide, Peimine, hesperidin, Peiminine, Ginsenoside Re, Ginkgolide B, Ginkgolide A, Anemoside B4, Icraiin, Ophiopogonin D, Ginsenoside Rb1, Ginsenoside Rc, Nobiletin, Methylophiopogonanone B, Paeonol, Ruscogenin, and 3,29-Dibenzoyl rarounitriol. (Figure 7A). Then, we test the effect of ruscogenin, presented in JHF-containing serum, on differentiation of fibroblast. As shown in Figures 7B–D, we found ruscogenin had no effect on the cell viability, while significant inhibited TGF-β1-induced increase of FN and COL-I in NIH-3T3 cell. These results suggested that these components included in JHF might be the anti-fibrosis substances of JHF.
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FIGURE 6. Jinshui Huanxian formula (JHF) inhibited TGF-β1-induced differentiation of MRC-5 cells. (A) Immunofluorescence analysis of α-SMA and FN1 expression in TGF-β1-treated, α-SMA in green, FN1 in red and DAPI in blue, scale bars: 20 μm. Values represented as mean ± SEM. ∗∗P < 0.01, ∗P < 0.05, versus control group. (B) The protein level of α-SMA in TGF-β-treated fibroblasts. Values represented as mean ± SEM. ##P < 0.01, versus control group. ∗∗P < 0.01, ∗P < 0.05, versus model group. (C–G) The effect of JHF on mRNA and protein levels of α-SMA and FN1 in TGF-β1-induced fibroblasts. Values represented as mean ± SEM. ##P < 0.01, versus control group. ∗∗P < 0.01, versus model group.
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FIGURE 7. Total ion chromatogram of Jinshui Huanxian formula (JHF)-containing serum, and the effect of ruscogenin on the differentiation of fibroblast. (A) The 20 compounds were identified in JHF-containing serum: 1, Catalpol; 2, geniposide; 3, leonuride; 4, bilobalide; 5, Peimine; 6, hesperidin; 7, Peiminine; 8, Ginsenoside Re; 9, Ginkgolide B; 10, Ginkgolide A; 11, Anemoside B4; 12, Icraiin; 13, Ophiopogonin D; 14, Ginsenoside Rb1; 15, Ginsenoside Rc; 16, Nobiletin; 17, Methylophiopogonanone B; 18, Paeonol; 19, Ruscogenin; 20, 3,29-Dibenzoyl rarounitriol. (B) The effect of ruscogenin on NIH-3T3 cell viability was detected by MTT analysis. (C,D) The NIH-3T3 cells were treated with TGF-β1 (7.5 ng/ml) and different concentrations of ruscogenin (2.5, 5, 10 μg/ml) for 24 h. Then the protein levels of FN and COL-I in the supernatant of NIH-3T3 cells were detected. Values represented as mean ± SEM. ##P < 0.01, versus control group. ∗∗P < 0.01, ∗P < 0.05, versus model group.



JHF Suppressed ROS Production in MRC-5 Cells Induced by TGF-β1

Reactive oxygen species plays a critical role in the differentiation of fibroblast and activation of myofibroblasts in PF. The high ROS levels have been detected in PF fibroblasts (Bocchino et al., 2010). To investigate the role of ROS in therapeutic effect of JHF, we measured the ROS levels in JHF-treated-MRC-5 cells. As shown in Figures 8A,B, the result showed that 5% JHF markedly suppressed intracellular ROS production induced by TGF-β1 (2.5 ng/ml for 24 h) in MRC-5 cells. The result suggested that regulating ROS might be play an important role in the therapeutic effect of JHF.
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FIGURE 8. Jinshui Huanxian formula (JHF) reduced the level of ROS in TGF-β1-induced MRC-5 cells. (A) After being treated with TGF-β1 JHF and PFD for 24 h, MRC-5 cells were incubated with CM-H2DCFDA (10 μM) for 30 min, fluorescence of DCF was measured by flow cytometry. (B) ROS levels in MRC-5 cells were quantified and presented. Values represented as mean ± SEM. #P < 0.05, versus control group. ∗P < 0.05, versus model group.



JHF Suppressed NOX4 and Nrf2 Signaling Pathway

NADPH oxidase 4 is the critical regulator in the process of ROS production, and Nrf2 is the key transcription factor of antioxidant. Moreover, the up-regulation of NOX4 and down-regulation of Nrf2 have been proven to be involved both in lung tissues and myofibroblasts of PF (Hecker et al., 2009; Hecker et al., 2014). We next assessed whether the imbalance of NOX4-Nrf2 was suppressed by JHF in TGF-β1- induced MRC-5 cells. As shown in Figures 9A–H, after administration of TGF-β1 for 24 h, the mRNA levels of Nrf2 and its downstream gene including heme oxygenase 1 (HO-1) and NAD(P)H: quinone oxidoreductase 1 (NQO1) were significantly decreased, while that of NOX4 was significantly increased. JHF could inhibit these changes induced by TGF-β1. Similarly, JHF and PFD could inhibit NOX4 protein expression and increase Nrf2, HO-1, and NQO1 protein expressions.
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FIGURE 9. The effect of Jinshui Huanxian formula (JHF) on mRNA and protein levels of Nrf2, HO1, NQO-1, and NOX4 in TGF-β1-induced fibroblasts. (A–D) RT-PCR analysis of Nrf2, HO1, NQO-1, and NOX4 mRNA expression in TGF-β1-induced fibroblasts. Reported values are means ± SEM. of the relative fold inductions calculated with the Δ ΔCt method considering control values as the calibrator, i.e., expression level = 1. (E–H) Representative Western blot analysis of Nrf2, HO1, NQO-1, and NOX4 protein expression and quantitation with mean values ± SEM. ##P < 0.01, #P < 0.05, versus control group. ∗∗P < 0.01, ∗P < 0.05, versus model group.



Nrf2 siRNA Prevented the Anti-fibrosis Effect of JHF on MRC-5 Cells Induced by TGF-β1

To further explore whether regulating Nrf2 contributes to the anti-fibrosis effect of JHF, we knocked down the Nrf2 in MRC-5 cells. As shown in Figures 10A–D, the results showed that Nrf2 siRNA were successfully delivered into MRC-5 cell and significantly decreased the expression of Nrf2. Moreover, Nrf2 siRNA could prevent the inhibition effect of JHF on α-SMA, FN1 mRNA expression induced by TGF-β1 in MRC-5 cells. These results demonstrated that JHF inhibited differentiation of fibroblasts probably through reducing the oxidative response by restoring the balance of Nrf2–NOX4.
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FIGURE 10. Nrf2 siRNA prevented the anti-fibrosis effect of Jinshui Huanxian formula (JHF) on TGF-β1-induced MRC-5 cells. (A) MRC-5 cells were transfected with Cy3-labeled siRNA (red), scale bars: 300 μm. (B) The effect of JHF on the mRNA level of Nrf2 in TGF-β1-treated fibroblasts transfected with Nrf2 siRNA. (C) The effect of JHF on the mRNA levels of α-SMA, FN1 in TGF-β1-treated fibroblasts transfected with Nrf2 siRNA. Values represented as mean ± SEM. aaP < 0.01, versus NC control group. bbP < 0.01, bP < 0.05, versus NC model group. ccP < 0.01, versus Nrf2 siRNA control group.





DISCUSSION

Traditional herbal medicine composed of the mixture of various herbs with wide pharmacological activities have been widely used in China and other many countries for thousands years (Isohama et al., 1997). JHF, a traditional herbal formula for PF treatment, was constructed by professor Jiansheng Li, and had been clinically shown beneficial effect on PF by alleviating the clinical symptoms, slowing the disease progression, and enhancing live. In this work, our data showed that JHF suppressed the expression of collagen protein, TGF-β1, α-SMA and improved lung coefficient and respiratory function, and subsequently exerted the pharmacological effects in preventing bleomycin-induced pulmonary damage and fibrosis.

Oxidative stress participated in the course of PF pathogenesis (Kinnula et al., 2005). For example, pulmonary inflammatory cells of PF patients generate higher levels of oxidants than those in control patients (Kinnula et al., 2005). Moreover, ROS generated from the mitochondrium causes not only cellular oxidative stress but also apoptosis of alveolar epithelial cells (Kuwano et al., 2003). 8-Isoprostane, a biomarker of oxidative stress, myeloperoxidase and eosinophil cationic protein, are also increased in the bronchoalveolar lavage fluid (BALF) of IPF patients (Montuschi et al., 1998; Kliment and Oury, 2010). The mechanisms by which oxidative stress contributes to pathogenesis may be associated with the alterations in redox signaling. Specifically, the aberrant up-regulation of the ROS-generating enzyme NOX4, coupled with the low-expressed Nrf2, results in a sustained redox imbalance, which promote the activation and differentiation of fibroblasts and make myofibroblast get apoptosis-resistant phenotype (Amara et al., 2010; Hecker et al., 2014). Many data have shown the anti-oxidative effects of TCM on PF, for example, Danggui Buxue Tang and TJ-19 (two different TCM compounds) could attenuate BLM-induced PF via increasing SOD activity and decreasing MDA content (Yang et al., 2010; Zhao et al., 2015). In this study, we demonstrated that JHF treatment elevated the levels of antioxidant including T-SOD, GSH, CAT, and reduced the levels of oxidant index including MDA, MPO in lung and serum of bleomycin-induced PF rat. Moreover, JHF could significantly upregulate the expression of Nrf2 and downregulate NOX4 expression. The data of in vivo experiment provided some details of therapeutic mechanism of JHF for treating PF.

Fibroblasts are considered to play a major role in the aberrant ECM turnover of PF. And TGF-β1, a critical regulator in the late stages of fibrosis induction (Jiang et al., 2016), can initiate the differentiation of fibroblasts into myofibroblasts (Scotton and Chambers, 2007). In addition, TGF-β1 can significantly increase ROS production to promote collagen production by activating differentiation of fibroblasts into myofibroblasts (Liu and Gaston Pravia, 2010; Liu et al., 2012). In the present study, JHF effectively attenuated TGF-β1-induced differentiation of fibroblasts into myofibroblasts by reducing the expression levels of FN1 and α-SMA. Furthermore, JHF also weakened the TGF-β1-induced oxidative stress by inhibiting endogenous ROS production and the expression of NOX4, and upregulating the expression of Nrf2, NQO1, and HO1. Using siRNA to silence the Nrf2 in MRC-5 cells, we found knockdown of Nrf2 significantly reduced the inhibition effects of JHF on the TGF-β1-induced differentiation of fibroblasts into myofibroblasts. Therefore, these results demonstrated that JHF could inhibit the TGF-β1-induced differentiation of fibroblasts into myofibroblasts by suppressing oxidative stress via restoring the balance of Nrf2–NOX4. Nevertheless, some limitations of this study are as follows: the more details about the mechanism of anti-oxidative effect of JHF and the anti-fibrosis effect of various compounds contained in JHF still need to be proved with further investigations.



CONCLUSION

This study indicated that JHF performed remarkably therapeutic and long-term effects on PF in rat and suppressed the differentiation of fibroblast into myofibroblast in MRC-5 cell through reducing the oxidative response by restoring the balance of Nrf2–NOX4. This work might present the details about anti-PF mechanisms of JHF and provide the basis for its widely clinical use.
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This study aimed at investigating the antibacterial activity of aspidinol, an extract from Dryopteris fragrans (L.) Schott, against methicillin-resistant Staphylococcus aureus (MRSA). MRSA isolates were treated with aspidinol to determine the differential expression of genes and associated pathways following the drug treatment. Aspidinol displayed significant anti-MRSA activity, both in vivo (minimum inhibitory concentration = 2 μg/mL) and in vitro, and achieved an antibacterial effect comparable to that of vancomycin. In the lethal septicemic mouse study, a dose of 50 mg/kg of either aspidinol or vancomycin provided significant protection from mortality. In the non-lethal septicemic mouse study, aspidinol and vancomycin produced a significant reduction in mean bacterial load in murine organs, including the spleen, lung, and liver. After treatment with aspidinol, we found through RNA-seq and RT-PCR experiments that the inhibition of the formation of ribosomes was the primary S. aureus cell-killing mechanism, and the inhibition of amino acid synthesis and the reduction of virulence factors might play a secondary role.
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INTRODUCTION

Methicillin-resistant Staphylococcus aureus (MRSA) is the most common pathogen and is associated with high morbidity and mortality in both humans and animals (VanEperen and Segreti, 2016). MRSA causes nosocomial infections, pneumonia (Woods and Colice, 2014), sepsis (Taylor, 2013), and skin infections (Mihu et al., 2015). In January 2017, MRSA was officially ranked as one of the 12 deadliest drug-resistant bacteria by WHO (2017). Antibiotics are the most effective tool to combat infections due to pathogenic bacteria. While new antimicrobial agents are becoming increasingly difficult to develop, medicine is currently unable to keep pace with the emergence of resistant bacteria (Rennie, 2012). Therefore, it is imperative to develop new agents to fight resistant bacteria, especially MRSA.

Natural products are alternative tools in the fight against drug-resistant bacteria, and synthetic approaches are unable to replace natural products (Guzman et al., 2010; Vandal et al., 2015; Farah et al., 2016). Chinese herb Dryopteris fragrans (L.) Schott is a deciduous perennial herbaceous plant of Dryopteris, it is widely distributed in many countries and is mainly grown in northeast of China (Zhong et al., 2017). As a traditional Chinese herb medicine, D. fragrans was used to treat a variety of diseases, especially skin diseases such as psoriasis, rashes, dermatitis, and beriberi (Huang et al., 2014). Recently, there are also reports of the antibacterial (Gao et al., 2016), anti-tumor (Zhang et al., 2012), anti-inflammatory, and antifungal activity of its extracts (Huang et al., 2014; Peng et al., 2016). Aspidinol is a phloroglucinol derivative from the stem and leaf of traditional D. fragrans (Zhao et al., 2014; Gao et al., 2016). To date, the research on aspidinol has been rather limited; only one publication has reported that it has anti-cancer activity (Zhao et al., 2014).

In this study, aspidinol was found to be an effective anti-MRSA agent. We have verified that aspidinol efficiently cleared intracellular bacteria and exhibited excellent in vivo activity, which indicated its potential for application as an antibacterial agent to treat systemic MRSA infections. Building upon this seminal work, we investigated the anti-MRSA mechanism of aspidinol. RNA-seq demonstrated that aspidinol appears to interfere with multiple biological pathways in S. aureus and that this interference ultimately results in the killing of MRSA.

Herein, we report for the first time the validation process of the anti-MRSA activity of aspidinol and identify its mode of action. All of the findings strongly verified the potential therapeutic application of aspidinol as a novel antibacterial agent.



MATERIALS AND METHODS

Strains and Growth Conditions

The S. aureus strains ATCC 29213 and ATCC 33591 (MRSA) were obtained from the American Type Culture Collection. The clinical MSSA and MRSA isolates used in this study were provided by the First Affiliated Hospital of Harbin Medical University, Harbin, China. A complete list of bacterial strains used in this study can be found in Supplementary Table S1. All strains were maintained in Mueller-Hinton broth (MHB, Oxoid, Basingstoke, United Kingdom), frozen at -80°C until use, and cultured in MHB at 37°C under aerobic conditions.

Antimicrobial Agents

Aspidinol, vancomycin, and linezolid were purchased from Sigma-Aldrich (Bornem, Belgium). Aspidinol was stored in DMSO at -20°C. All antibiotics were dissolved in ultrapure water.

Minimum Inhibitory Concentration and Minimum Bactericidal Concentration

Broth microdilution was used to determine the minimum inhibitory concentration (MIC) according to CLSI standards M07-A9. The test medium used for most species was MHB, and the cell concentration was adjusted to approximately 5 × 105 cells/mL. After 20 h of incubation at 35 ± 2°C, the MIC was read as the lowest concentration of antibiotic that inhibited visible growth of the bacteria. The minimum bactericidal concentration (MBC) was defined as the lowest concentration of aspidinol to kill S. aureus ATCC 33591 cells. S. aureus ATCC 33591 cells from the MIC assays were resuspended in fresh media and plated onto Mueller-Hinton agar (MHA). After incubating for 24 h at 37°C, the colonies were enumerated. All experiments were performed with three replicates.

Time-Dependent Killing

An overnight culture of cells (S. aureus ATCC 33591) was diluted 1:5,000 in MHB and incubated at 37°C at 220 r.p.m. for 2 h after overnight culture. The bacteria cells were then treated with aspidinol, linezolid, or vancomycin at a concentration of 10 × MIC. One milliliter aliquots were removed at 2, 4, 6, 8, 12, 24, and 48 h, and 1 mL of MHB was added as a replacement. The suspension was centrifuged at 10,000 g for 1 min, and the pellet was resuspended in 100 mL of sterile PBS buffer. The diluted suspensions were plated onto MHA plates and incubated at 37°C overnight for CFU calculation. All experiments were performed with three replicates.

Cytotoxicity Assay

Macrophage cells (RAW264.7) were seeded at a density of 10,000 cells per well into a 96-well cell culture plate (NEST, Nest Biotech Co. Ltd, NJ, United States) and incubated overnight at 37°C in DMEM media containing 10% fetal bovine serum (FBS). Cells were then treated with aspidinol for 24 h at different concentrations ranging from 0 to 128 μg/mL. The treated cells were washed four times with PBS, and DMEM media containing the MTS assay reagent, 3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (Promega, Madison, WI, United States) was then added. After 4 h of incubation at 37°C, the absorbance was measured using an ELISA microplate reader (Molecular Devices, Sunnyvale, CA, United States). The percent cell viability of the aspidinol-treated cells was calculated.

Intracellular Infection Assay

After overnight incubation, macrophage cells (RAW 264.7) were infected with MRSA ATCC 33591 for 30 min at a multiplicity of infection (MOI) ratio of 100:1. The infected cells were then washed three times with DMEM medium containing 10 IU lysostaphin. Aspidinol (20 μg/mL), vancomycin (20 μg/mL), or linezolid (10 μg/mL) were added in complete DMEM medium containing 4 IU lysostaphin, which was then used to incubate the infected cells at 37°C (with 5% CO2). After 24 h, the cells were washed three times with PBS and lysed with 0.1% Triton X-100 (Sigma-Aldrich). The cell lysates were plated onto MHA plates and incubated for 24 h at 37°C, followed by CFU determination.

Biofilm Assay

Staphylococcus aureus ATCC 33591 was cultured in tryptic soy broth containing 1% glucose. A biofilm formed after 24 h of incubation at 37°C. The medium was then removed, and the biofilm washed with PBS. The drugs at a concentration of 10 × MIC were added and incubated for an additional 24 h at 37°C. The 96-well plates were washed again, and the biofilms were stained with 0.1% (wt/vol) crystal violet. The 96-well plates were washed and air-dried, and finally, the biofilm mass was dissolved using 95% ethanol. A microplate reader (Bio-Tek Instruments, Inc., United States) was used to measure the intensity of crystal violet. The data were presented as the percent of biofilm mass reduction in the treated groups in relation to the control group.

Scanning Electron Microscopy

The method of biofilm formation was carried out as described above on a glass coverslip in 24-well plates. The formed biofilm was fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) at 4°C for 10 min and then washed three times with PBS. Next, the biofilm was fixed with 1% osmic acid at room temperature for 10 min. Gradual dehydration was then carried out with ethyl alcohol (60, 70, 80, 90, 95, and 100%), and tertiary butanol was used as a displacement liquid (60, 70, 80, 90, 95, and 100%). Finally, the samples were freeze-dried overnight. The specimens were then sputter coated with gold for observation using a JSM 7500 (JEOL, Tokyo, Japan).

Mouse Studies

Eight-week-old female BALB/c mice (Vital River, Beijing, China) were used in all of the mouse studies. The animal experiments were performed in accordance with the animal ethics guidelines and approved protocols. The animal experiment was approved by the Animal Ethics Committee of Harbin Veterinary Research Institute of the Chinese Academy of Agricultural Sciences.

Systemic Lethal Infection

An overnight culture of S. aureus ATCC 33591 cells was washed and resuspended in PBS. Each mouse received an intraperitoneal (i.p.) injection (200 μL) containing the bacterial suspension (9 × 109 CFU). One hour after infection, the mice were divided into seven groups (10 mice per group). The mice were intravenously injected with either aspidinol or vancomycin (5, 15, or 25 mg/kg) or the vehicle alone (10% ethanol). The treatment was provided once daily for 3 days following infection. Mortality was monitored daily for 5 days, and the moribund mice were euthanized using CO2 asphyxiation.

Systemic Non-lethal Infection

The infection protocol was carried out as described above (systemic lethal infection) with the following exceptions. Each mouse received an i.p. injection containing 2 × 107 CFU S. aureus ATCC 33591. The mice were divided into three groups (16 mice per group) and intravenously injected with either aspidinol, vancomycin (25 mg/kg), or vehicle (10% ethanol). The mice were treated once daily for 6 days. The mice were euthanized 24 h after the last administration, and the organs (including heart, lung, kidney, spleen, and liver) were excised, homogenized in MHA, and finally incubated at 37°C for 24 h for MRSA CFU counting. For evaluation of the extent of tissue damage and cellular response, histological analyses were also performed. Mice from the control group, vancomycin group, and aspidinol group that underwent the same infection protocol as the systemic non-lethal infection were submitted to histopathology examination after 6 days. The following organs were collected from each animal: heart, liver, spleen, lung, and kidneys. The tissues were fixed with 4% paraformaldehyde and then stained with hematoxylin–eosin.

RNA-Seq Transcriptomics

Staphylococcus aureus ATCC 33591 was grown to an OD600 of 0.4 from an initial absorbance of 0.01, and aspidinol was added to a final sub-MIC concentration (1 μg/mL). Samples were collected at 1-h post treatment and preserved with RNA protect (Qiagen, United States) following the manufacturer’s instructions. Cells were pelleted by centrifugation at 5,000 g for 10 min at 4°C. The RNA was isolated using an RNeasy minikit (Qiagen, United States) in accordance with the manufacturer’s instructions, with the following additions. The cell pellets were homogenized in 1 mL Tris-buffered saline (TBS) (20 mM Tris, pH 7.5) containing 0.4 mg of lysostaphin and incubated at 37°C for 15 min. Subsequently, 20 mg of lysozyme in TE buffer (20 mM Tris, pH 7.5, 2 mM EDTA, pH 7.8) was added, and the sample was incubated at 25°C for 10 min. Control samples were collected from an antibiotic-free culture, and each experiment was repeated three times.

Three independently prepared RNA samples from each strain were used for RNA-Seq. Illumina sequencing was performed by Shanghai Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China) using the Illumina Hiseq2000 Truseq SBS Kit v3-HS (200 cycles) and Miseq Reagent Kit V2 (500 cycle/600 cycle) (Illumina, Inc.). The data analyses were performed using edgeR software. Genes exhibiting twofold changes in expression, which were statistically significant as determined by Student’s t-test (p < 0.05), were considered to be differentially expressed under the conditions indicated.

Real-Time PCR

To confirm the RNA-Seq data, we selected some genes that were downregulated and assessed their relative expression levels by real-time PCR. S. aureus ATCC 33591 cells were cultured in the same conditions as the RNA-Seq transcriptomics experiments. qRT-PCR was performed by a two-step process. These reactions were performed using the Applied qTOWER 2.2 (Analytik Jena, Jena, Germany) Real-Time PCR System by using the following cycle parameters: 95°C for 5 min, followed by 40 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for 15 s; and one dissociation step of 95°C for 1 min, 55°C for 30 s, and 95°C for 30 s. All measurements were independently conducted three times on two separate biological isolates. All of the primers and sequences are listed in Supplementary Table S2.

The melting curve analysis was performed immediately after amplification to verify the specificity of the PCR amplification products. Fluorescence was measured at the end of the annealing-extension phase of each cycle. A threshold value for the fluorescence of all samples was manually set. The reaction cycle at which the PCR product exceeds this fluorescence threshold was identified as the threshold cycle (CT). The relative quantitation was calculated by the 2-ΔΔCT method.

Statistical Analysis

Statistical analyses were carried out using GraphPad Prism 5.0 (Graph Pad Software, LaJolla, CA). One-way model ANOVA was performed between the groups. In ANOVA, the observed variance is partitioned into components due to different explanatory variables. A level of p < 0.05 was considered to be statistically significant.



RESULTS

Antibacterial Activity of Aspidinol

The antimicrobial activity of aspidinol was tested against clinical isolates of S. aureus, including drug-resistant strains, the MICs and MBCs of which are given in Table 1. Aspidinol showed potent bactericidal activity against MSSA and MRSA, with MICs and MBCs ranging from 0.25 to 2 μg/mL and 0.5 to 4 μg/mL, respectively.

TABLE 1. MIC and MBC of aspidinol against Staphylococcus strains.
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After confirming that aspidinol possessed excellent antimicrobial activity against S. aureus, we next assessed the killing kinetics of aspidinol. As depicted in Figure 1A, aspidinol also showed excellent bactericidal activity against S. aureus.
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FIGURE 1. Time-kill analysis and the intracellular bacterial killing activity of aspidinol. (A) Time-kill kinetics of aspidinol against S. aureus ATCC 33591. The error bars show the standard deviations of the results from three independent biological repeats. (B) S. aureus ATCC 33591-infected RAW264.7 cells were treated with aspidinol and control antibiotics (vancomycin or linezolid) for 24 h, and the percent bacterial reduction was calculated compared to that of the untreated control groups. The results are given as the mean ± SD (n = 3). Two-tailed Student’s t-test was employed, and ∗p-values of ≤0.05 are considered to be significant.



Cytotoxicity of Aspidinol

Cytotoxicity tests indicated that the toxicity of aspidinol toward macrophage cells (RAW264.7) was negligible. At 128 μg/mL, i.e., the highest dose tested, aspidinol showed no toxicity to RAW264.7 cells. The dose response curve of aspidinol in the cytotoxicity assay can be found in Supplementary Figure S2.

Aspidinol Efficiently Clears Intracellular Bacteria

Eliminating intercellular S. aureus has long been considered to be key to clinical success because S. aureus is capable of entering multiple mammalian cells, thereby evading the antibiotic therapy. The ability to internalize into mammalian cells might result in the long-term colonization of the host and explain clinical failures. Lehar et al. have confirmed this hypothesis, showing that three major antibiotics commonly used for clinical standard care (vancomycin, daptomycin, and linezolid) failed to kill the highly virulent community-acquired S. aureus ATCC 33591 strain (Lehar et al., 2015).

As aspidinol exhibited potent anti-MRSA activity, we explored the ability of aspidinol to permeate cellular membranes and kill MRSA located inside eukaryotic cells. To investigate the efficacy of aspidinol in eliminating intracellular MRSA, macrophage cells (RAW264.7) infected with S. aureus ATCC 33591 were employed. As depicted in Figure 1B, intracellular S. aureus ATCC 33591 exposed to aspidinol (20 μg/mL) were efficiently killed, and the intracellular bacteria decreased by 100-fold. In contrast, conventional antibiotics such as linezolid (20 μg/mL) and vancomycin (10 μg/mL) were shown to reduce the bacterial burden inside the infected macrophages by 5- to 10-fold. From the above data, aspidinol was confirmed to be capable of eradicating MRSA infection in macrophage cells.

Inhibitory Effect of Aspidinol on MRSA Biofilm Formation

The biofilms were stained with crystal violet after treatment with aspidinol, and the absorbance was measured at 570 nm for mass estimation. Compared to linezolid and vancomycin, aspidinol was not able to significantly reduce adherent biofilms of S. aureus ATCC 33591. At a concentration of 256 μg/mL, which corresponds to the 128-fold MIC, aspidinol reduced the biofilm mass by approximately by 30%. The control antibiotics, linezolid (256 μg/mL, i.e., 128-fold MIC) and vancomycin (128 μg/mL, i.e., 128-fold MIC), were able to reduce the biofilm mass by only 20% (Figure 2A).
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FIGURE 2. Anti-biofilm activity of aspidinol. (A) The effects of aspidinol and antibiotics (linezolid and vancomycin) on established biofilms of S. aureus ATCC 33591 were evaluated. The pre-formed biofilms were treated with linezolid, vancomycin, or aspidinol and then stained with crystal violet. The optical density of the dissolved crystal violet was measured using a spectrophotometer. The values are the mean of the triplicate samples with standard deviation bars. The results are given as the mean ± SD (n = 3). Two-tailed Student’s t-test was employed, and ∗∗∗ means p-values ≤ 0.005. (B) Scanning electron microscopy images showing the structure of MRSA biofilms treated with aspidinol and antibiotics at 24 h. Magnifications, ×2000.



The morphology of S. aureus ATCC 33591 biofilms on the surface of coverslips was observed using scanning electron microscope (SEM). Under a 2,000-fold magnification, the biofilm was shown to be composed of many multilayered MRSA colonies. The SEM analysis results were consistent with those of the crystal violet staining observations. At a concentration of 256 μg/mL of aspidinol, linezolid, and vancomycin, we observed a decrease in density of the MRSA biofilms (Figure 2B).

In Vivo Efficacy of Aspidinol

To determine the role of aspidinol against MRSA in vivo, both a lethal and a non-lethal systemic MRSA infection model were used. In the lethal systemic study, mice were infected intraperitoneally with MRSA ATCC 33591 (2.95 × 109 CFU per mouse). Both aspidinol and vancomycin provided significant protection from mortality (Figure 3A). The survival rate of infected mice varied in a concentration-dependent manner, with the survival rate improving dramatically when the dose of aspidinol increased. Approximately 80% of mice that received a higher dose of aspidinol (25 mg/kg) survived for 5 days. These results exhibited the in vivo activity of aspidinol in protecting mice from septicemic MRSA infection.
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FIGURE 3. Aspidinol is effective in a mouse model of MRSA septicemic infection. (A) Ten mice per group were infected (i.p.) with a lethal dose of S. aureus ATCC 33591 and intravenously injected with aspidinol, vancomycin (5, 15, or 25 mg/kg), or the vehicle alone for 5 days (one dose per day). Mice were monitored for 5 days and the percentage survival was calculated. The statistical significance was calculated in order to compare treated to control groups. (B) Six mice per group were infected (i.p.) with a non-lethal dose of S. aureus ATCC 33591 and intravenously injected with aspidinol, vancomycin (25 mg/kg) or the vehicle alone for 6 days (one dose per day). Twenty-four hours after the last treatment, the mice were euthanized, and their organs were excised and homogenized in TSB to count viable MRSA colonies. The number of CFUs from each mouse is plotted as individual points. Values are the mean of triplicate samples with standard deviation bars. (C) Histological evaluation of lung and liver of mice infected with S. aureus ATCC 33591 receiving no treatment or a treatment with aspidinol. Both lung and liver in the control group demonstrated acute inflammation; no apparent pathological changes were observed in the treatment group.



Next, the efficacy of aspidinol against MRSA ATCC 33591 in a non-lethal model was investigated. In brief, mice were first infected with a non-lethal dose of MRSA ATCC 33951 (4.20 × 107 CFU/mouse), and then each group of mice received two oral doses of aspidinol, vancomycin (25 mg/kg), or the vehicle alone. As depicted in Figure 3B, aspidinol and vancomycin produced a significant reduction in mean bacterial load in different organs. In particular, both treatments reduced the mean bacterial load by more than 1000-fold in the lung. The histopathological inspection 6 days after infection with the non-lethal dose of MRSA ATCC 33951 revealed no changes in the heart, spleen, and kidney. While the animals showed moderate histopathological alterations in lung and liver in the control group, after treatment with aspidinol or vancomycin, there were no obvious histopathological alterations (Figure 3C).

RNA-Seq

To better understand the mechanism of the anti-MRSA effect of aspidinol, the underlying differential expression of MRSA genes was analyzed after treatment with aspidinol.

A heatmap and volcano plot analyses revealed the differential gene expression for both untreated and treated MRSA (Figures 4A,B). A total of 2952 genes were identified; among these, 1147 genes were upregulated and 1183 were downregulated during aspidinol treatment. After quantile normalization of the FPKM values followed by Student’s t-test at p = 0.05 and the selection of DEGs with at least a twofold change in their expression in response to aspidinol treatment, we identified 949 DEGs (456 upregulated and 493 downregulated) with highly significant expression patterns before and after the treatment. All the sequencing reads have been submitted to the NCBI short-read archive (SRA) with accession number SRP129492.
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FIGURE 4. RNA-Seq gene expression results for S. aureus ATCC 33591 cells treated and not treated with aspidinol. (A) A heatmap generated comparing aspidinol-treated cells to untreated control S. aureus ATCC 33591 cells is shown. Triplicate samples were used for each group. (B) Volcano plot analyses of unigenes in aspidinol and the ATCC 33591 group. (C) Differentially expressed genes enriched in the KEGG pathway.



KEGG Pathway Analysis of the DEGs

KEGG pathway analysis was used to further clarify the biological function of aspidinol. Overall, DEGs were significantly enriched in 55 KEGG pathways, meeting the criteria of p-values <0.05 (Figure 4C, more clearer pictures can be found in Supplementary Figure S1). The KEGG pathways that showed the highest levels of significance were the lysine biosynthesis pathway (ko00300), the valine, leucine, and isoleucine biosynthesis pathways (ko00290), nitrogen metabolism (ko00910), galactose metabolism (ko00052), carbon metabolism (ko01200), and amino sugar and nucleotide sugar metabolism (ko00520), suggesting that these pathways may play important roles in the antibacterial processes of aspidinol.

Genes Involved in the Synthesis of Amino Acid

The analysis of genes downregulated by aspidinol in S. aureus ATCC 33591 showed a significant decrease in the expression of the genes involved in the synthesis of amino acids. The synthesis of amino acids is important for the survival of bacteria. Related genes that act in the synthesis of valine, leucine, isoleucine, and lysine were downregulated after treatment with aspidinol. Genes encoding important intermediates in amino acid synthesis, such as ilvC and ilvD, were also downregulated 3.47- and 4.73-fold, respectively. In addition, the leucine synthesis genes leuABCD were also downregulated 2.6-, 3.08-, 2.58-, and 2.49-fold, respectively. The gene lysC, which encodes an aspartate kinase, was downregulated 5.77-fold. In addition to amino acid biosynthesis, genes involved in peptide import were also significantly downregulated. The genes oppABCDF, encoding a peptide transport system, were downregulated 1.15-, 7.37-, 3.68-, 2.30-, and 1.40-fold, respectively.

Genes Involved in Ribosome Synthesis

Four genes involved in structural components of ribosomes, 30S ribosomal protein S20 rpsT (-4.01-fold), 50S ribosomal protein L1 rplA (-4.34-fold), L20 rplT (-4.11-fold), and L32 (-2.33-fold), were downregulated after treatment with aspidinol. Nevertheless, three genes involved in structural components of ribosomes, 30S ribosomal protein S11 rpsK (2.3-fold), 50S ribosomal protein L17 rplQ (2.33-fold), and L7/L12 SAV1268 (2.22-fold) were upregulated. In addition, some genes involved in ribosome synthesis were significantly changed. The gene expression of the ribosomal large subunit pseudouridine synthase D rluD, ribosomal-protein-serine N-acetyltransferase rimL, and ribosome-binding factor A rbfA decreased by 4.66-, 2.82-, and 2.9-fold, respectively. The ribosomal subunit interface protein SAV0752 and ribosomal large subunit pseudouridine synthase B SAV1493 were increased by 4.21- and 2.32-fold, respectively.

Repression of Genes Involved in Iron Transport and Key Virulence Factors

Aspidinol also significantly repressed genes involved in iron ABC transporter synthesis. The constituents of the ferrichrome ABC transporter system comprising fhuABG were downregulated by aspidinol 4.93-, 4.12-, and 3.87-fold, respectively. The genes encoding metal iron ABC transport mtsABC were downregulated 4.06-, 5.31-, and 8.59-fold, respectively. Heme transporter IsdA was downregulated 4.34-fold. After treatment with aspidinol, the repression of key virulence factors, exfoliative toxins eta and IgG-binding protein sbi, were downregulated 4.82- and 2.82-fold, respectively.

Genes Involved in the Metabolism of Energy

Aspidinol-treated S. aureus ATCC 700699 showed an increase in the expression of genes involved in basic metabolic processes, including metabolism of nitrogen, galactose, and carbon. The genes involved in nitrogen metabolism, including nirBD, narGHJ, and arc, were upregulated 5.36-, 4.68-, 4.68-, 3.81-, and 9.91-fold, respectively. The lacABCDEFG genes encoding a galactose-6-phosphate isomerase were upregulated 5.68-, 4.28-, 4.22-, 5.72-, 3.6-, 6.22-, and 5.54-fold, respectively. In addition, the carbon metabolism genes sdaA, sdaB, lpd, prsA, and tdcB were also upregulated 4.29-, 3.67-, 2.84-, 2.75-, and 5.1-fold, respectively.

Genes Involved in β-Lactam Resistance

Most genes related to the β-lactam resistance pathway were significantly downregulated after treatment with aspidinol, including beta-lactamase repressor blaI, beta-lactamase regulatory gene blaR1, and methicillin resistance regulatory genes mecI and mecR1, which are key genes attributed to drug resistance of β-lactam antibiotics. After treatment, blaR1, blaI, mecR1, mecI were downregulated 5.6-, 4.49-, 3.06-, and 4.35-fold, respectively, relative to their expression in the untreated control.

RNA-Seq Results Were Verified by qRT-PCR

A qRT-PCR assay was conducted to further validate transcriptional changes induced by aspidinol and observed in the RNA-seq experiments. After treatment with sub-MIC (1 μg/mL) of aspidinol, 30 different genes were chosen, including oppABCDF, fhuABG, and ilvBCD among others (Figure 5), to determine changes in their transcript accumulation. There was no obvious variation between qRT-PCR and transcriptomic data in the expression patterns except for mtsA. Although the exact fold change difference in expression for each gene by qRT-PCR was different from the RNA-seq data, similar trends were observed, which suggests that there is a relatively high consistency between the RNA-seq and qRT-PCR results.
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FIGURE 5. Validation of RNA-seq data for selected genes by real-time PCR. (A) Differentially expressed genes involved in amino acid synthesis; (B) differentially expressed genes involved in iron ABC transporter synthesis; (C) differentially expressed genes involved in ribosome synthesis; (D) differentially expressed genes involved in beta-lactam resistance and virulence factor.





DISCUSSION

Staphylococcus aureus, in particular MRSA, has acquired numerous antimicrobial resistance genes, rendering these isolates multi-resistant. This development of resistance and multi-resistance is likely to have the effect that the currently available antibiotics will not be as efficacious in the near future (Rodvold and McConeghy, 2014; Shenoy et al., 2014; Stahlmann, 2014). Unfortunately, the development of novel antibiotics and their introduction into clinical use cannot keep pace with the emergence of resistant pathogens. Relatedly, pharmaceutical companies have increasingly withdrawn investment in the development of new antimicrobial agents. Despite this situation and the associated challenges to healthcare, new strategies, and alternative methods for anti-infective therapy need to be explored.

In preliminary experiments, aspidinol was chosen as a study object through antibacterial activity screening. Aspidinol exhibited an excellent anti-MRSA activity in vitro and no cytotoxicity. Time-kill assays revealed that the anti-MRSA effect of aspidinol was nearly identical to that seen with vancomycin and linezolid. In previous reports of Mu, two analogs of aspidinol, aspidinol C and D, were reported to have significant anti-MRSA activity. The MICs of aspidinol C and D against MRSA were 2 and 4 μg/mL, respectively (The structures of aspidinol, aspidinol C and D can be found in Supplementary Figure S3). However, there was no further in-depth study of aspidinol C and D except for determining their MIC value (Mu et al., 2012). Therefore, it could be speculated that aspidinol may also have excellent anti-MRSA activity due to it similar chemical structure. Indeed, compared with aspirinol C and D, aspirinol shows stronger anti-MRSA activity.

Once MRSA internalizes into eukaryotic cells, intracellular persistence will prolong the presence of the pathogen in the host and result in a weakening of the host defenses (Lemaire et al., 2008). Because of their inability to penetrate the cell membranes, most antibiotics, including vancomycin, cannot effectively combat intracellular MRSA (Garzoni and Kelley, 2009; Seleem et al., 2009; Tenover and Goering, 2009; Thangamani et al., 2015). Vancomycin has been reported to have a failure rate of greater than 40% in treating S. aureus pneumonia (Rubinstein et al., 2008). In this study, aspidinol exhibited excellent anti-MRSA activity inside macrophages; this activity was 100 times better than that of vancomycin. However, compared to vancomycin and linezolid, aspidinol did not significantly reduce adherent MRSA biofilms. This outcome suggests that aspidinol may be more suitable for systemic MRSA infectious diseases, such as septicemia, rather than skin infections.

The in vivo efficacy of aspidinol was assessed in two murine MRSA systemic infection models (non-lethal and lethal). Both the non-lethal and lethal mouse studies confirmed that aspidinol retains its antibacterial activity in vivo. The results were consistent with the results of the anti-MRSA activity in vitro, proving that aspidinol was able to effectively prevent and treat systemic infections caused by MRSA.

To better understand the pathway of the anti-MRSA effect of aspidinol, RNA-seq experiments were conducted. The analysis of transcriptomic changes caused by aspidinol treatment showed that the expression of a number of genes involved in ribosome synthesis was up- and downregulated upon treatment with aspidinol. The results indicated that ribosome synthesis was more likely to be inhibited after treatment with aspidinol and result in the inhibition of protein synthesis in bacteria. The increase in the expression of genes involved in ribosome synthesis may therefore be in response to stress. The inhibition of the formation of the ribosome, which is composed of the 30S and 50S subunits, is an important antibacterial mechanism, such as in linezolid (Colca et al., 2003; Ippolito et al., 2008; Wilson et al., 2008). Thus, the changes of genes involved in ribosome synthesis may contribute to the antimicrobial activity of aspidinol.

Iron transport was also found to be suppressed. With the possible exception of lactobacilli, all bacteria require iron for growth because it plays a vital role in the biological processes of bacteria (Sebulsky et al., 2000). MtsABC proteins were reported to be associated with metal binding and transmembrane transport. A metal solute-binding lipoprotein and an ATP-binding protein were encoded by mtsA and mtsB, respectively, while mtsC encodes a transmembrane permease protein (Sun et al., 2008, 2009; Zou et al., 2010). Thus, the mtsABC operon is also essential for the survival of bacteria (Janulczyk et al., 2003); mtsA, as a metal ion transporter, is responsible for iron release and transmembrane uptake and interacts with membrane components. The Fhu system is the best-characterized system in S. aureus for ferric hydroxamate uptake and is composed of up to five genes (Sebulsky et al., 2000). The genes fhuC, fhuB, and fhuG reside in an operon that encodes an ATP-binding cassette (ABC) transporter; fhuC encodes an ATPase at the inner side of the cytoplasmic membrane, and fhuB and fhuG are membrane-spanning proteins (Pramanik and Braun, 2006; Speziali et al., 2006). When treated with aspidinol, mtsABC and fhuABCDF are downregulated, resulting in decreased iron transport and further reducing the energy supply of ribosome synthesis, which also might contribute to MRSA killing.

Moreover, amino acid biosynthesis was downregulated after aspidinol treatment, including the leucine, isoleucine, and valine synthesis. Pathway analysis using the transcriptome data showed that the expression of the valine, leucine, and isoleucine biosynthesis system was decreased. The downregulated ilv and leu operons have been reported to encode leucine, isoleucine, and valine intermediates in the synthesis of these amino acids in E. coli (Miyanoiri et al., 2016). According to our results, we speculate that these operons may play the same role, although there are no reports regarding their function in S. aureus. Components of other amino acid pathways, such as lysC, were apparently downregulated by aspidinol; lysC is the primary gene for lysine biosynthesis and is involved in the biosynthesis of lysine from aspartic acid (Wiltshire and Foster, 2001; Nishi et al., 2004). In addition to amino acid biosynthesis, the oppABCDF genes were also downregulated in response to aspidinol. The Opp system is essential for the uptake of nutrients by bacteria (Gardan et al., 2009) and has been shown to supply bacteria with exogenous peptides that serve as an amino acid resource (Zhao et al., 2016). In this study, downregulation of amino acid biosynthesis pathways after treatment with aspidinol could be attributed to the killing of MRSA.

Aspidinol also significantly repressed genes involved in the virulence of MRSA. Following aspidinol treatment at sub-inhibitory concentrations, exfoliative toxin eta and IgG-binding protein sbi were measurably downregulated. Our data suggest that in addition to killing ATCC 33591, it is very likely that aspidinol reduced the virulence of the infecting bacterial cells as a secondary effect.

According to the data analysis, genes associated with β-lactam resistance were significantly reduced after treatment with aspidinol. Through the analysis of the transcription data, we found that the expression levels of genes associated with β-lactam resistance (mecI, mecR1, blaZ, and blaR1) were significantly reduced after treatment with aspidinol; mecA coding for PBP2a (a low affinity penicillin binding protein) is responsible for methicillin resistance in S. aureus and other staphylococci (Wilke et al., 2004; Staude et al., 2015). While transcription of mecA is regulated by mecI and mecR1 (Wilke et al., 2004; Aedo and Tomasz, 2016), blaR1 and blaI are involved in the regulation of blaZ (Thumanu et al., 2006). Based on our current understanding, blocking of blaR1 and mecR1 is helpful to restore the susceptibility of MRSA to β-lactam antibiotics. Hou et al. (2011) have designed specific anti-mecR1 and anti-blaR1 deoxyribozymes and confirmed their function in restoring the β-lactam susceptibility of MRSA.

According to the transcriptome data, the expression of mecA was decreased 0.52-fold, but there were no statistically significant differences. However, the RT-PCR results showed that mecA was downregulated 1.75-fold after treatment with aspidinol. Subsequently, a combination administration experiment was conducted to test whether a sub-MIC concentration of aspidinol was able to restore the susceptibility to β-lactams. In this experiment, oxacillin was co-administered with 1 μg/mL aspidinol, and the oxacillin MIC decreased from 256 to 0.5 μg/mL. This observation might provide a first hint toward the use of aspidinol as a combination drug to restore the β-lactam susceptibility. We theorize that aspidinol is able to inhibit the expression of mecA-related genes to restore susceptibility to β-lactam antibiotics.

Genes involved in some metabolic pathways, such as carbon metabolism and nitrogen metabolism, were upregulated after treatment with aspidinol, which could be attributed to metabolic disorders of bacteria in the process of dying.

Although the validation of the effects of aspidinol on metabolic pathways has been carried out by RT-PCR, further studies are still needed to more thoroughly understand the antibacterial mechanisms of aspidinol.

However, these data were not sufficient to fully elucidate the antibacterial mechanisms of aspidinol against MRSA. In future studies, we will focus on the identification of potential drug targets to clearly reveal the mechanism of action.



CONCLUSION

In this study, the anti-MRSA activity of aspidinol, both in vitro and in vivo, was reported for the first time. The mechanism of aspidinol’s anti-MRSA effect was also investigated. In particular, RNA-seq was applied for the analysis of differentially expressed genes after treatment with aspidinol. When combined with verification experiments, the results suggest that the inhibition of the formation of ribosomes was the primary S. aureus cell-killing mechanism, and the inhibition of amino acid synthesis and the reduction of virulence factors were considered to be a secondary effect.
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Lumbrokinase is used as an oral supplement to support and maintain healthy cardiovascular function, and to treat cardiovascular diseases in clinical for more than 10 years. Up until now, the mechanism of the cardioprotective effects of post-ischemic treatment with lumbrokinase has remained unclear. We therefore investigated the signaling pathways involved in the amelioration of myocardial ischemia-reperfusion (I-R) injury in rats treated with lumbrokinase 20 min after myocardial ischemia. Compared to vehicle-treated rats, post-ischemic treatment with lumbrokinase was associated with significant reductions in myocardial I-R-induced arrhythmias and myocardial damage, and an improvement in cardiac function. Moreover, lumbrokinase significantly upregulated levels of silent information regulator 1 (Sirt1). In addition, lumbrokinase significantly increased manganese-dependent superoxide dismutase expression, decreased Cleaved-Caspase-3 expression, and induced deacetylation of FoxO1. On the other hand, lumbrokinase also significantly downregulated levels of succinate dehydrogenase, cytochrome c oxidase, nuclear factor kappa B (NF-κB) and elevated levels of microtubule-associated protein light chain 3. Notably, the cardioprotective effects of lumbrokinase were abolished by administration of the specific Sirt1 inhibitor EX527. These findings demonstrate that post-ischemic treatment with lumbrokinase attenuates myocardial I-R injury through the activation of Sirt1 signaling, and thus enhances autophagic flux and reduces I-R-induced oxidative damage, inflammation and apoptosis.

Keywords: lumbrokinase, cardioprotection, ischemia, reperfusion, Sirt1


INTRODUCTION

Ischemic heart disease (IHD) is a leading cause of death and disability due to acute myocardial infarction, angina pectoris, or ischemic heart failure (Mendis et al., 2011). The main therapeutic intervention for IHD consists of thrombolytic therapy or primary percutaneous coronary intervention, which aims to reduce myocardial infarct size and improve clinical outcomes. However, the reperfusion of acutely ischemic myocardium can lead to further cardiomyocyte damage, known as myocardial ischemia-reperfusion (I-R) injury, involving clinical manifestations of arrhythmia, myocardial stunning, microvascular obstruction and myocardial necrosis (Hausenloy and Yellon, 2013).

Silent information regulator 1 (Sirt1) is a nicotinamide adenine dinucleotide (NAD)-dependent histone deacetylase that performs a wide variety of functions in different biologic systems. Sirt1 plays a protective role in the pathophysiology of vascular aging and age-related diseases including neurodegenerative diseases, cardiovascular disease, chronic kidney disease, osteoporosis and the metabolic syndrome (Guarente, 2011). Research has reported that activation of Sirt1 extends the lifespan and retards heart-related aging in mice fed a high-fat diet (Mitchell et al., 2014). Previous studies have demonstrated that activation of Sirt1 signaling mimics ischemic preconditioning and protects against myocardial I-R injury (Yamamoto and Sadoshima, 2011; Ding et al., 2015; Yamamoto et al., 2016; Yu et al., 2016). After myocardial I-R injury, the extent of myocardial infarction and the number of TUNEL-positive nuclei are significantly reduced in transgenic mice displaying a cardiac-specific overexpression of Sirt1 compared with non-transgenic mice (Hsu et al., 2010). In diabetic rats, upregulation of Sirt1 in the heart improved cardiac function and reduced infarct size to the same extent as that observed in non-diabetic animals following myocardial I-R injury, and this phenomenon was associated with reductions in serum creatine kinase-MB (CK-MB), lactate dehydrogenase (LDH) activities and cardiomyocyte apoptosis (Ding et al., 2015). Sirt1 also stimulates the expression of pro-survival molecules and negatively regulates the survival of pro-apoptotic molecules through the deacetylation of the forkhead box O (FoxO) family transcription factors, reducing oxidative damage and apoptosis in Sirt1 transgenic mice with myocardial I-R injury (Hsu et al., 2010; Yu et al., 2016). Thus, modulation of Sirt1 signaling is a potential therapeutic strategy in myocardial I-R injury.

Lumbrokinase, an extract of Lumbricus rubellus, was identified in the early 1990s (Mihara et al., 1991) as a group of bioactive proteolytic enzymes ranging in molecular weight from 25 to 32 kDa (Cho et al., 2004) that includes plasminogen activator and plasmin (Cooper and Balamurugan, 2010). The extrinsic plasminogen activator (e-PA) in lumbrokinase is similar to endogenous tissue plasminogen activator (t-PA) found in other species. Lumbrokinase can dissolve fibrin clots and convert plasminogen to plasmin by increasing endogenous t-PA activity. Moreover, lumbrokinase enzymes show thrombolytic activity only in the presence of fibrin. Thus, lumbrokinase is not associated with the excessive bleeding and heavy blood loss seen with streptokinase or urokinase, which may result in death (Delaney et al., 2007; Vernooij et al., 2009). In our previous study, pre-treatment with lumbrokinase 10 μg/kg significantly reduced ventricular arrhythmias and myocardial infarction in rats after myocardial I-R injury (Wang et al., 2016). We suggested that lumbrokinase has significant potential as a cardioprotective agent, regulating anti-inflammatory mechanisms that protect the heart against I-R injury (Wang et al., 2016). Oral lumbrokinase supplementation has been used in Japan, Korea, Canada and the United States to support and maintain healthy cardiovascular function. In addition, lumbrokinase is used clinically as a thrombolytic agent in China in the treatment of stroke and cardiovascular disease (Wang et al., 2013), the prevention of secondary ischemic stroke (Cao et al., 2013), and for the improvement of myocardial perfusion in stable angina (Kasim et al., 2009). Lumbrokinase has approved a phase III clinical trial that indicated the total effective rate was 88.21% and the significant response rate was 68.91% in treating ischemic cerebrovascular disease. However, the underlying molecular mechanism involved in the amelioration of myocardial I-R injury by post-ischemic treatment with lumbrokinase remains unclear. The aims of the present study were (1) to explore the effects of post-ischemic treatment with lumbrokinase in rats subjected to myocardial I-R injury, (2) investigate whether lumbrokinase treatment confers anti-inflammation, anti-oxidative and anti-apoptotic effects in myocardial I-R injury, and (3) examine whether Sirt1 signaling ameliorates myocardial I-R injury in rats.



MATERIALS AND METHODS

Animals

Six-week-old male Sprague-Dawley rats (LASCO Co., Charles River Technology, Taipei, Taiwan) weighing 250–300 g were housed in the Chung Shan Medical University Animal Center at an ambient temperature of 25 ± 1°C under a normal 12 h light-12 h dark cycle. The animals were fed with normal chow and given water ad libitum. All surgical procedures were reviewed and approved by the Chung Shan Medical University Institutional Animal Care and Use Committee. The study complied with the protocols outlined in the Guide for the Care and Use of Laboratory Animals issued in 2011 by the US National Research Council Committee. The animal study protocol was approved by the Institutional Animal Ethics Committee of Chung Shan Medical University, Taichung, Taiwan (IACUC 1431). All efforts were taken to minimize animal suffering and the numbers of sacrificed animals.

Myocardial Ischemia-Reperfusion Injury Model

Myocardial I-R injury was induced by temporary occlusion of the left anterior descending coronary artery, according to a previously described procedure (Wang et al., 2016). Slight modification of the procedure meant that the left anterior descending coronary artery was occluded by tightening of the ligature to induce ischemia for 30 min, followed by 3 h of reperfusion.

Experimental Groups

For this study, we referred to the effective dose of lumbrokinase used in our previous publication (Wang et al., 2016). Lumbrokinase (10 μg/kg; Canada RNA Biochemical Inc. Richmond, BC, Canada) or vehicle (sterile saline) was intravenously infused 20 min after occlusion of the left anterior decending coronary artery. The selective Sirt1 inhibitor EX527 (Sigma-Aldrich, St Louis, MO, United States) was intraperitoneally injected at a dose of 5 mg/kg 15 min after coronary artery occlusion (CAO). The dose of EX527 was based on previous study (Yu et al., 2017). The animals were randomly assigned to the following groups: (1) Sham-operated group (Sham); (2) Myocardial I-R+vehicle group (Vehicle); (3) Myocardial I-R+lumbrokinase group (LK); (4) Myocardial I-R+LK + EX527 group (LK+EX527).

Evaluation of Arrhythmias and Cardiac Function

Antiarrhythmic effects of lumbrokinase were evaluated during myocardial I-R injury, using the diagnostic criteria recommended by the Lambeth Convention (Curtis et al., 2013). The incidence and duration of ventricular tachycardia (VT) and ventricular fibrillation (VF) were determined in both surviving rats and those that died. In rats with irreversible VF, the duration of VF was recorded until mean BP was less than 15 mmHg. To evaluate the effect of lumbrokinase on cardiac function during myocardial I-R injury, a Millar catheter was inserted into the left ventricular cavity via the right common carotid artery and changes in the left ventricular systolic pressure (LVSP), left ventricular diastolic pressure (LVDP) and maximal slope of systolic pressure increment (max dP/dt) and diastolic decrement (min dP/dt) were continuously recorded using a Transonic Scisense Pressure Measurement system (SP200, Transonic Scisense Inc., Ontario, Canada).

Determination of Myocardial Infarct Size

Myocardial infarct size was determined by the double-staining technique using Evans blue and 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich, St Louis, MO, United States) (Bohl et al., 2009). At the end of the experiment, the coronary artery was re-occluded and 1% Evans blue solution was intravenously injected to stain non-ischemic myocardium and determine the area at risk. The heart was cut transversely into 2-mm-thick slices using a heart slicer matrix (Jacobowitz Systems, Zivic-Miller Laboratories Inc., Allison Park, PA, United States). Heart sections were stained with 2% TTC at 37°C for 30 min in darkness. The slices were placed in a solution with 10% formalin at room temperature for 1 day. Infarcted tissue slices were scanned and tissue weights were evaluated by distinguishing the normal myocardium (stained blue) from the area at risk and infarct area (unstained) in a TTC staining assay.

Determination of Myocardial Damage

Arterial blood collected from the carotid catheter in rats that survived after 30 min of ischemia and 3 h of reperfusion was centrifuged at 3,000 g for 10 min to isolate plasma and determine myocardial damage. Myocardial cellular damage was determined using automated clinical analyzers to measure plasma activities of LDH and CK-MB (ADVIA 1800, Siemens Healthcare Diagnostics Inc., NY, United States) and the levels of troponin I (Centaur, Siemens Healthcare Diagnostics Inc., NY, United States).

Protein Extraction and Western Blot Analysis

Myocardium samples from surviving rats at the end of experiment were homogenized with a tissue protein extraction reagent (Thermo Scientific, United States) containing a protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO, United States). The homogenates were then centrifuged at 12,000 g for 10 min at 4°C. The supernatant was mixed with an equal volume of loading buffer and heated at 95°C for 10 min. The protein samples were subjected to SDS-PAGE and electrophoretically transferred onto PVDF protein sequencing membranes for 90 min. The membrane was blocked with 5% non-fat milk in PBS with 0.1% (v/v) Tween-20 (PBST) at room temperature for 1 h. The membrane was washed and blotted with the antibodies of Bax, Bcl-2, Beclin-1 (Abcam, United Kingdom), succinate dehydrogenase (SDH), cytochrome c oxidase (CcO), Caspase-3, Cleaved-Caspase-3, p-NF-κB, NF-κB, iNOS, FoxO1 (Cell Signaling, United States), Sirt1, Ac-FoxO1, manganese-dependent superoxide dismutase (MnSOD) (Santa Cruz, United States), COX-2 (Cayman Chemical, United States), LC3, p62, and β-actin (Novus, United States). The membrane was incubated with HRP-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, United States) prior to chemiluminescence detection (Pierce, United States). Western blot analyses of protein expression were performed using two different samples from each treatment group and repeated at least three times (using the same samples), we thus obtained at least six values for each study group. And then, chose the lower value of sham group as standard, each of band intensity divide by the standard and multiplied by 100 to get % of sham.

Statistical Analysis

Data are expressed as the mean ± standard error of the mean (SEM). Differences between the groups in myocardial I-R-induced infarction, duration of arrthymias, cardiac function, and Western blot data were compared using one-way analysis of variance (ANOVA) and the variables were subsequently analyzed using Bonferroni’s tests to determine any significant between-group differences. Between-group differences in VT and VF percentages were analyzed using the χ2 test and a significance level was set at 0.05 for each comparison.



RESULTS

Effects of Post-ischemic Treatment With Lumbrokinase on Cardiac Function

The effects of post-ischemic lumbrokinase treatment on myocardial I-R-induced cardiac dysfunction are shown in Figure 1. HR and MBP did not differ significantly amongst the groups. We measured LVSP, LVDP, max dP/dt and min dP/dt to detect cardiac systolic and diastolic function parameters. Baseline cardiac function parameters did not differ significantly amongst the sham-operated group, vehicle group and LK group. As expected, LVSP, LVDP, max dP/dt, and min dP/dt in the vehicle group were significantly worse after 30 min of myocardial ischemia followed by 180 min of reperfusion, compared with measurements in the sham group. Post-ischemic lumbrokinase treatment significantly reversed cardiac function injury by significantly increasing the LVSP and max dP/dt after 30 min of myocardial ischemia and significantly increasing max dP/dt after myocardial I-R injury, compared with the vehicle group. We therefore suggest that post-ischemic treatment with lumbrokinase preserves cardiac function after myocardial I-R injury.


[image: image]

FIGURE 1. Cardiac function parameters in I-R rats treated with vehicle or lumbrokinase. Post-ischemic treatment with vehicle or lumbrokinase (10 μg/kg) in rats subjected to myocardial I-R injury. (A) Mean blood pressure, (B) heart rate, (C) LVSP, (D) LVDP, (E) max dP/dt, and (F) min dP/dt were determined before CAO (baseline), 30 min after CAO (CAO 30 min), and 180 min after reperfusion (CAR 180 min). Each value is represented as the mean ± SEM (n = 4–8). ∗p < 0.05 compared with the sham group; #p < 0.05 compared with the vehicle group.



Effects of Post-ischemic Treatment With Lumbrokinase on Myocardial I-R-Induced Myocardial Damage and Rhythm Disturbances

The effects of post-ischemic treatment with lumbrokinase on infarct size after myocardial I-R injury were determined by Evans-blue/TTC staining. As shown in Table 1, there were no significant differences in the area at risk (AAR)/ventricle ratio amongst experimental groups, indicating that in each group, similar amounts of myocardium were at risk from left CAO. Compared to the sham group, 30 min of ischemia followed by 180 min of reperfusion resulted in severe myocardial injury. The infarct/AAR ratio was significantly reduced by post-ischemic treatment with lumbrokinase. We also measured LDH activity, a marker of tissue damage, CK-MB activity and troponin I levels, important indicators of the extent of myocardial cellular injury, to investigate the effects of post-ischemic lumbrokinase treatment on myocardial I-R-induced myocardial damage. LDH and CK-MB activities, as well as troponin I levels, were significantly higher in the vehicle group compared with the sham group. In comparison with vehicle-treated rats, LDH and CK-MB activities and troponin I levels in plasma were significantly decreased after post-ischemic lumbrokinase treatment. LDH and CK-MB activities and also troponin I levels were consistent with infarct size data.

TABLE 1. Effects of post-ischemic lumbrokinase treatment in rats subjected to myocardial I-R injury.
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The effects of post-ischemic lumbrokinase treatment on myocardial I-R-induced arrhythmias are shown in Table 1. In the vehicle group, the incidence of VT was 86% (26.4 ± 8.4 s) and incidence of VF was 36% (19.8 ± 8.6 s) during the period of myocardial I-R injury. Post-ischemic lumbrokinase administration significantly decreased the incidence of VT to 46% and VT duration to 3.8 ± 1.8 s, and the incidence of VF to 8% and duration to 0.9 ± 0.9 s compared with the vehicle group. These results indicate that post-ischemic treatment with lumbrokinase decreases myocardial I-R-induced rhythm disturbances.

Effects of Post-ischemic Treatment With Lumbrokinase on Sirt1 Protein Expression in Myocardial Tissue

As shown in Figure 2, Sirt1 protein expression was significantly decreased in the vehicle group compared with the sham group. Notably, post-ischemic treatment with lumbrokinase significantly increased Sirt1 protein expression in comparison with the vehicle group. As presented in Figure 2C, the Ac-FoxO1/FoxO1 ratio was significantly increased in the vehicle group compared with the sham group, while post-ischemic lumbrokinase treatment significantly decreased the Ac-FoxO/FoxO1 ratio compared with the vehicle group. These results suggest that post-ischemic treatment with lumbrokinase activates Sirt1 and induces deacetylation of FoxO1.
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FIGURE 2. Post-ischemic lumbrokinase treatment activated Sirt1 after myocardial I-R injury. Post-ischemic treatment with vehicle or lumbrokinase (10 μg/kg) in rats subjected to myocardial I-R injury. (A) Representative images of the Western blot results. Quantitative densitometric analysis of (B) Sirt1 protein expression and (C) the ratio of Ac-FoxO1 to FoxO1 in rat myocardium after myocardial I-R injury. Data are normalized with values from the sham group and presented as percentage rates. Each value is represented as the mean ± SEM (n = 3). ∗p < 0.05 compared with the sham group; #p < 0.05 compared with the vehicle group.



Effects of Post-ischemic Treatment With Lumbrokinase on Myocardial I-R-Induced Mitochondrial Oxidative Damage

Mitochondrial electron transport chain (ETC) deficiency induces reactive oxygen species (ROS) overproduction that may increase SDH and CcO activity in myocardial I-R injury (Muntean et al., 2016). We evaluated the role of mitochondrial oxidative damage in the cardioprotective effect of post-ischemic lumbrokinase treatment by evaluating the levels of SDH and CcO protein expression in rats subjected to myocardial I-R injury (Figure 3). We found that SDH and CcO levels were significantly increased after myocardial I-R injury compared with those in the sham group. Post-ischemic lumbrokinase treatment significantly attenuated SDH and CcO expression. We also assessed MnSOD protein expression to examine the effects of post-ischemic lumbrokinase treatment on oxidative stress (Figure 3). We found that MnSOD expression was significantly decreased after myocardial I-R injury compared with the sham-operated group. Post-ischemic lumbrokinase treatment significantly increased MnSOD expression compared with levels in the vehicle group. These results indicate that post-ischemic treatment with lumbrokinase attenuates myocardial I-R-induced mitochondrial oxidative damage.
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FIGURE 3. Post-ischemic lumbrokinase treatment reduced mitochondrial oxidative stress induced by myocardial I-R injury. (A) Representative images of the Western blot results. Quantitative densitometric analysis of (B) SDH, (C) CcO, and (D) MnSOD protein expression in rat myocardium after myocardial I-R injury. Data are normalized with values from the sham group and presented as percentage rates. Each value is represented as the mean ± SEM (n = 3). ∗p < 0.05 compared with the sham group; #p < 0.05 compared with the vehicle group.



Effects of Post-ischemic Treatment With Lumbrokinase on Myocardial I-R-Induced Cardiomyocyte Apoptosis

In order to investigate the anti-apoptotic effects of post-ischemic lumbrokinase treatment, we evaluated the expression of Bcl-2, Bax and Caspase-3 in rats subjected to myocardial I-R injury (Figure 4). Compared with the sham-operated group, the expression of Bax, the active form of caspase-3 and the Cleaved-Caspase-3/Pro-Caspase-3 ratio were significantly increased, while Bcl-2 expression and the Bcl-2/Bax ratio were significantly decreased in the vehicle group. The opposite trends were observed with post-ischemic lumbrokinase administration, with significant reductions in Bax, Cleaved-Caspase-3 expression and the Cleaved-Caspase-3/Pro-Caspase-3 ratio, and significant increases in Bcl-2 expression and the Bcl-2/Bax ratio in the myocardium. These results indicate that post-ischemic treatment with lumbrokinase attenuates myocardial I-R-induced cardiomyocyte apoptosis.
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FIGURE 4. Post-ischemic lumbrokinase treatment attenuated cardiomyocyte apoptosis in rats subjected to myocardial I-R injury. Representative immunoblot images of (A) Bcl-2 and Bax, and (B) Cleaved-Caspase-3 and Pro-Caspase-3. Quantitative densitometric analysis showing expression of (C) Bcl-2, (D) Bax, (E) the ratio of Bcl-2 to Bax, (F) Cleaved-Caspase 3 (G) Pro-Caspase-3 and (H) the ratio of Cleaved-Caspase 3 to Pro-Caspase-3 in rat myocardium after myocardial I-R injury. Data are normalized with values from the sham group and presented as percentage rates. Each value is represented as the mean ± SEM (n = 3). ∗p < 0.05 compared with the sham group; #p < 0.05 compared with the vehicle group.



Effects of Post-ischemic Treatment With Lumbrokinase on Myocardial I-R-Induced Inflammation

We measured the protein expression levels of NF-κB, p-NF-κB, COX-2, and iNOS to assess the role played by inflammation on the effect of lumbrokinase post-ischemic treatment in rats subjected to myocardial I-R injury. As shown in Figure 5, we found significant increases in NF-κB, p-NF-κB, COX-2, and iNOS protein expression in the myocardium after myocardial I-R injury compared with the sham-operated animals. Levels of NF-κB, p-NF-κB, COX-2, and iNOS expression were significantly decreased by post-ischemic lumbrokinase treatment compared with levels in vehicle-treated animals. These results indicate that post-ischemic treatment with lumbrokinase attenuates myocardial I-R-induced inflammation.
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FIGURE 5. Post-ischemic lumbrokinase treatment reduced levels of inflammation induced by myocardial I-R injury. (A) Representative images of the Western blot results. Quantitative densitometric analysis of (B) NF-κB and p-NF-κB, (C) COX-2, and (D) iNOS protein expression in rat myocardium after myocardial I-R injury. Data are normalized with values from the sham group and presented as percentage rates. Each value is represented as the mean ± SEM (n = 3). ∗p < 0.05 compared with the sham group; #p < 0.05 compared with the vehicle group.



Effects of Post-ischemic Treatment With Lumbrokinase on Myocardial I-R-Induced Autophagy

We evaluated the levels of Beclin-1, p62, and LC3 expression to examine the role of autophagy in the effect of post-ischemic lumbrokinase treatment (Figure 6). We found that Beclin-1, p62, and LC3 expression were all significantly decreased after myocardial I-R injury compared with the sham-operated group, and that post-ischemic lumbrokinase treatment significantly increased the levels of these autophagy-related proteins after myocardial I-R injury compared with those in the vehicle group. These results indicate that post-ischemic lumbrokinase treatment enhances autophagy.
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FIGURE 6. Post-ischemic lumbrokinase treatment enhanced autophagic flux in rats subjected to myocardial I-R injury. (A) Representative images of the Western blot results. Quantitative densitometric analysis of (B) Beclin-1, (C) p62, and (D) LC3-I/II protein expression in rat myocardium after myocardial I-R injury. Data are normalized with values from the sham group and presented as percentage rates. Each value is represented as the mean ± SEM (n = 3). ∗p < 0.05 compared with the sham group; #p < 0.05 compared with the vehicle group.



Effects of Post-ischemic Treatment With Lumbrokinase and EX527 in Rats Subjected to Myocardial I-R Injury

Further to the above-mentioned results, we speculated that the post-ischemic cardioprotective effects of lumbrokinase are associated with Sirt1 signaling. We therefore examined the effects of EX527, a selective Sirt1 inhibitor, to investigate the mechanisms underlying lumbrokinase-induced effects. Firstly, the effects of post-ischemic treatment with lumbrokinase and EX527 on myocardial I-R-induced cardiac dysfunction are shown in Figure 7. Baseline cardiac function parameters did not differ significantly amongst these groups. In the LK, LVSP and max dP/dt values at CAO 30 min and the value of max dP/dt at 180 min after coronary artery reperfusion (CAR 180 min) were significantly increased compared with the vehicle group. In rats intraperitoneally injected with EX527 at 5 min before lumbrokinase administration, LVSP and max dP/dt values at CAO 30 min and max dP/dt at CAR 180 min were significantly decreased compared with those in the LK. Secondly, the influences of post-ischemic treatment with lumbrokinase and EX527 on myocardial I-R-induced myocardial damage are presented in Figure 8. In comparison with vehicle-treated rats, post-ischemic lumbrokinase treatment significantly reduced the infarct/AAR ratio, LDH, and CK-MB activities and troponin I levels in plasma collected at the end of the myocardial I-R procedure. In addition, we found that EX527 treatment abolished the protective effects of lumbrokinase by significantly increasing the infarct/AAR ratio, LDH, and CK-MB activities and the troponin levels in plasma determined after myocardial I-R, compared with the LK. Thirdly, the outcomes of lumbrokinase and EX527 on myocardial I-R-induced arrhythmias in rats are expressed in Figure 8. Post-ischemic administration with lumbrokinase significantly reduced the incidence of VT and the durations of VT and VF compared with the vehicle group. The anti-arrythmic effect of lumbrokinase was abolished by administration of EX527, which significantly increased the incidence of VT to 78% and the duration of VT to 16.8 ± 6.8 s compared with values in theLK. Based on the above results, we suggest that the cardioprotective effects of post-ischemic treatment with lumbrokinase may involve the Sirt1-related signaling pathway.
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FIGURE 7. Post-ischemic lumbrokinase treatment reserved myocardial ischemia-reperfusion injury induced cardiac dysfunction via Sirt1 activation. Post-ischemic treatment with vehicle or lumbrokinase (10 μg/kg) was given 20 min after coronal artery ligation; the Sirt1 specific inhibitor, EX527, was administered 15 min after coronal artery ligation. Cardiac function parameters were assessed by a pressure transducer catheter inserted into the LV via the carotid artery. (A) LVSP, (B) LVDP, (C) max dP/dt, and (D) min dP/dt were determined before CAO (baseline), 30 min after CAO (CAO 30 min), and 180 min after reperfusion (CAR 180 min). Each value is represented as the mean ± SEM (n = 4–10). #p < 0.05 compared with the vehicle group; § p < 0.05 compared with the LK group.
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FIGURE 8. Post-ischemic lumbrokinase treatment attenuated myocardial damage via the Sirt1 signaling pathway. Myocardial infarct size was evaluated by Evans blue/TTC staining. (A) Representative images of heart horizontal sections. The blue area depicts non-ischemic tissue, red plus white depicts at-risk tissue, white depicts infarcted tissue. (B) The area at risk (AAR) was measured relative to the ventricle and (C) the infarct was measured relative to the AAR. The activities of (D) LDH, (E) CK-MB, and the levels of (F) troponin-I were assessed by an automated clinical analyzer. (G) The incidence of VT and VF and the duration of (H) VT and (I) VF were monitored during 30 min of ischemia followed by 3 h of reperfusion. Each value is represented as the mean ± SEM (n = 4–13). #p < 0.05 compared with the vehicle group; § p < 0.05 compared with the LK group.





DISCUSSION AND CONCLUSION

The important findings of this study are as follows: first, we found that administration of lumbrokinase 20 min after ischemia significantly reduced the durations of VT and VF and the incidence of VT, improved cardiac function and decreased myocardial infarction, all of which are consistent with our findings that post-ischemic lumbrokinase treatment decreases plasma LDH, CK-MB activities and troponin I levels, which serve as indicators of myocardial damage. Second, we have demonstrated that post-ischemic lumbrokinase treatment decreased oxidative stress, inflammation and apoptosis after myocardial I-R injury. Lumbrokinase also increased autophagosome levels and activated Sirt1, which induced the deacetylation of FoxO1. Third, our results indicate that EX527, a specific Sirt1 inhibitor, abolishes the cardioprotective effects of lumbrokinase. Importantly, this is the first study to suggest that Sirt1 signaling plays a critical role in the cardioprotective effects of lumbrokinase when administered after myocardial ischemia. The data in Figure 9 summarize the effect of post-ischemic treatment with lumbrokinase in rats subjected to myocardial I-R injury.
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FIGURE 9. Schematic diagram of the effects of post-ischemic lumbrokinase treatment in myocardial I-R injury. Post-ischemic lumbrokinase treatment attenuates myocardial I-R injury through the activation of Sirt1 signaling, inhibition of NF-κB expression and activation of FoxO1 and LC3, and thus reduces inflammation, oxidative stress and apoptosis, and enhances autophagy after myocardial I-R injury.



Previous studies have demonstrated that the reperfusion of ischemic myocardium induces the excessive generation of ROS, resulting in oxidative stress (Zhou et al., 2015). Mitochondrial ETC have been conventionally recognized as the major source of ROS, activating cytotoxic mechanisms responsible for cell death via apoptosis and necrosis during myocardial I-R injury (Brown and Griendling, 2015). ETC components are organized into five complexes (complex I, II, III, IV, and V), with each complex containing several different electron carriers. Although the main sources of ROS in the myocardial mitochondria are complexes I and III (Chen and Zweier, 2014), some studies have indicated that inhibition of SDH (complex II) or CcO (complex IV) may also reduce ROS generation (Drose et al., 2011; Chouchani et al., 2014; Yang et al., 2017). Our results show that levels of SDH and CcO expression are significantly increased in the myocardium after myocardial I-R injury. Post-ischemic lumbrokinase treatment significantly attenuated these increases. Interestingly, we also observed in this myocardial I-R injury model that MnSOD expression was significantly decreased in the myocardium after myocardial I-R injury and that post-ischemic lumbrokinase treatment significantly reversed this phenomenon. MnSOD is the main endogenous antioxidant enzyme that protects the heart from active oxygen species (Csanyi and Miller, 2014). This protection is necessary for preservation of ETC function and certain functions of the tricarboxylic acid (TCA) cycle. MnSOD is not only an essential cytoprotector against the deleterious effects of ROS but is also a mediator of mitochondrial ROS signaling through the generation of H2O2. Changes in MnSOD activity are associated with a variety of diseases, such as cardiovascular disease, cancer, the metabolic syndrome and the process of aging (Candas and Li, 2014).

It is well known that an imbalance between ROS production and elimination leads to inflammatory reaction in myocardial I-R injury (Xiong et al., 2010; Rodrigo et al., 2013). Subsequent ROS generation by polymorphonuclear neutrophils (PMNs) triggers inflammation, causing endothelial dysfunction and severe cardiac damage (Mittal et al., 2014; Valle Raleigh et al., 2017). The activation of the NF-κB signaling pathway plays a central role in the inflammatory processes that occur during myocardial I-R injury (Kitada et al., 2016). When exposed to I-R injury, various cytokines are released that trigger an inflammatory reaction and ROS overproduction leading to oxidative stress, which activates cytotoxic mechanisms responsible for cardiac dysfunction and cell death via apoptosis and necrosis (Yellon and Hausenloy, 2007; Steffens et al., 2009; Padfield et al., 2013; Yang et al., 2013; Brown and Griendling, 2015). In this study, we found that post-ischemic lumbrokinase treatment induces cardioprotective effects that are partly mediated by reducing the inflammatory response. The results of this present study show that post-ischemic lumbrokinase treatment in myocardial I-R injury significantly reduces levels of NF-κB, COX-2, and iNOS expression in the I-R myocardium. These findings suggest that post-ischemic treatment with lumbrokinase reduces inflammation after myocardial I-R injury.

Apoptosis is a process of programmed cell death that occurs in multicellular organisms, which is initiated shortly after the onset of myocardial infarction and becomes significantly enhanced during reperfusion (Gu et al., 2014). The Bcl-2 family of proteins acts as a critical checkpoint of apoptotic cell death. The anti-apoptotic members of this family, such as Bcl-2, interact with the pro-apoptotic members, such as Bax, which is required to regulate the process of cytochrome c release from the mitochondrion and modulate sensitivity to cell death signals (Letai, 2005). Caspases are a family of protease enzymes that are crucial mediators of programmed cell death. Initiator caspases activate executioner caspases that subsequently coordinate their activities to cleave the nuclear lamin and activate other enzymes (McIlwain et al., 2013). Caspase-3 is considered to be the most important of the executioner caspases. Once caspases are initially activated, there seems to be an irreversible commitment towards cell death (Elmore, 2007). In this study, we found that post-ischemic lumbrokinase treatment provided anti-apoptotic effects by increasing the Bcl-2/Bax ratio and decreasing the Cleaved-Caspase-3/Pro-Caspase-3 ratio after myocardial I-R injury. Notably, apoptosis and autophagy are important in cellular programmed death that occurs in myocardial I-R injury. Apoptosis can regulate autophagy; conversely, autophagy can regulate apoptosis (Gordy and He, 2012; Yonekawa and Thorburn, 2013). Autophagy is an important switch that protects cells from undergoing apoptosis (Green and Levine, 2014). LC3, p62, and Beclin-1 are the main autophagic indicators and are essential components for the formation of autophagosomes. At an early stage of autophagy, Beclin-1 is involved in the nucleation phase of phagopore formation, while the cytosolic LC3-I form is converted into the lipidated LC3-II form associated with autophagosomal membranes, and p62 together with ubiquitinated proteins are transported to autophagosomes (Mizushima et al., 2010). Monitoring the conversion of LC3 is considered to be one of the most reliable ways to monitor autophagic flux, preferable to analysis of other components of the autophagic mechanism such as members of the initiation complex (i.e., Beclin-1) or autolysosome substrates (i.e., p62) (Ma et al., 2015). Deficiency of Beclin-1 and p62 lead to increase ROS levels and enhancement of cell death, while treatment with rapamycin or overexpression of Beclin-1 induce autophagy and have been shown to play a protective role in response to I-R (Gurusamy et al., 2009). In this study, we found that post-ischemic lumbrokinase treatment significantly increased autophagosome levels by increasing the levels of Beclin-1, p62, and LC3 expression after myocardial I-R injury. These results illustrate that post-ischemic lumbrokinase treatment enhances autophagy and thereby attenuates myocardial I-R-induced cardiomyocyte apoptosis.

Our results also show that post-ischemic administration with lumbrokinase increased Sirt1 expression and decreased the Ac-FoxO1/FoxO1 ratio. Sirt1 has the ability to deacetylate FoxO, leading to an upregulation in expression of genes involved in cell-protective processes. Researchers have reported that Sirt1 activation reduces oxidative stress and maintains mitochondrial function by deacetylating and activating some of the FoxO family proteins and synthesizing antioxidant enzymes, such as MnSOD and catalase (Brunet et al., 2004; El Assar et al., 2013). Furthermore, Sirt1 plays a beneficial role in myocardial I-R injury (Hsu et al., 2010; Yang et al., 2013). Not only does Sirt1 activation protect against myocardial I-R injury by upregulating antioxidants and anti-apoptotic molecules, but Sirt1 also downregulates pro-apoptotic molecules through the deacetylation of FoxO1 in Sirt1 transgenic mice (Hsu et al., 2010). In this study, treatment with lumbrokinase after ischemia significantly increased Sirt1 expression. Importantly, the upregulation of Sirt1 induced by post-ischemic lumbrokinase treatment reduced levels of the pro-apoptotic factor Bax and the apoptosis-related Cleaved-Caspase-3 protein, and increased anti-apoptotic Bcl-2 expression. Notably, inhibiting Sirt1 with EX527 abolished the cardioprotective effects of lumbrokinase. We therefore suggest that Sirt1 signaling is involved in the post-ischemic cardioprotective effects of lumbrokinase treatment.

Many mechanisms of lumbrokinase have been reported in the literatures. Lumbrokinase inhibits second-hand smoke-induced apoptotic signaling and cardiac fibrosis by blocking transforming growth factor beta (TGF-β) receptors and suppressing ERK1/2 activation, and thus modulates downstream molecular events (Liao et al., 2015). Lumbrokinase also reduces side-stream cigarette smoke-induced hippocampus apoptosis and autophagy by enhancing eNOS expression and inhibiting proinflammatory NF-κB/iNOS/COX-2 signaling activity (Huang et al., 2013). Previous studies have demonstrated protective effects of lumbrokinase against I-R injury. For instance, lumbrokinase has a neuroprotective effect via its anti-platelet activity, increasing c-AMP levels and reducing calcium release from calcium stores, and acts as an anti-thrombotic by inhibiting ICAM-1 expression, and displays anti-apoptotic activity via the activation of the JAK1/STAT1 pathway in the focal cerebral ischemia injury model (Ji et al., 2008). In our previous study, the cardioprotective effects of pretreatment with lumbrokinase appeared to correlate with its anti-inflammatory effects on I-R-induced expression of COX-2, iNOS, and MMP-9, which were mediated by TLR4 signaling through the JNK and NF-κB pathways (Wang et al., 2016). According to the results in this study, we consider that Sirt1 signaling plays a critical role in the cardioprotective effects of lumbrokinase when administered after myocardial ischemia. We observed that the post-ischemic lumbrokinase treatment attenuated myocardial I-R injury by activating Sirt1 signaling, and thus reduced I-R-induced levels of COX-2, iNOS, and NF-κB expression. Evidence suggests that Sirt1 regulates inflammatory responses through NF-κB deacetylation, and that TLR4 signaling pathways culminated in activation of the transcription factor NF-κB, which controls some factors involved in inflammation, such as proinflammatory cytokines (TNF-α and IL-1β), adhesion molecules, and enzymes such as iNOS and COX-2 (Yang et al., 2012; Fuentes-Antras et al., 2014). We speculate that NF-κB plays an important regulatory role in the crosstalk between anti-inflammatory action seen with lumbrokinase when given before or after myocardial I-R injury.

In conclusion, this study demonstrates that Sirt1 is a critical regulator in the post-ischemic cardioprotective effects of lumbrokinase in rats subjected to myocardial I-R injury. We provide evidence that post-ischemic lumbrokinase administration significantly attenuates infarct size, and improves ventricular arrhythmias and cardiac dysfunction resulting from myocardial I-R injury. Moreover, post-ischemic treatment with lumbrokinase activates Sirt1 and induces FoxO1 deacetylation, which enhances autophagic flux and reduces oxidative damage, inflammation and apoptosis after myocardial I-R-injury. In our previous study, we reported that pretreatment with lumbrokinase protects the heart through anti-inflammatory mechanisms against myocardial I-R injury (Wang et al., 2016). We believe that the use of lumbrokinase will provide a novel therapeutic strategy against myocardial I-R injury. It would be very interesting to explore the therapeutic effects of this dietary supplement in the amelioration of myocardial I-R injury in humans.
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Background: Li-Ru-Kang (LRK) has been used in the treatment of hyperplasia of mammary glands (HMG) for several decades and can effectively improve clinical symptoms. This study aims to investigate the mechanism by which LRK intervenes in HMG based on an integrated approach that combines metabolomics and network pharmacology analyses.

Methods: The effects of LRK on HMG induced by estrogen-progesterone in rats were evaluated by analyzing the morphological and pathological characteristics of breast tissues. Moreover, UPLC-QTOF/MS was performed to explore specific metabolites potentially affecting the pathological process of HMG and the effects of LRK. Pathway analysis was conducted with a combination of metabolomics and network pharmacology analyses to illustrate the pathways and network of LRK-treated HMG.

Results: Li-Ru-Kang significantly improved the morphological and pathological characteristics of breast tissues. Metabolomics analyses showed that the therapeutic effect of LRK was mainly associated with the regulation of 10 metabolites, including prostaglandin E2, phosphatidylcholine, leukotriene B4, and phosphatidylserine. Pathway analysis indicated that the metabolites were related to arachidonic acid metabolism, glycerophospholipid metabolism and linoleic acid metabolism. Moreover, principal component analysis showed that the metabolites in the model group were clearly classified, whereas the metabolites in the LRK group were between those in the normal and model groups but closer to those in the normal group. This finding indicated that these metabolites may be responsible for the effects of LRK. The therapeutic effect of LRK on HMG was possibly related to the regulation of 10 specific metabolites. In addition, we further verified the expression of protein kinase C alpha (PKCα), a key target predicted by network pharmacology analysis, and showed that LRK could significantly improve the expression of PKCα.

Conclusion: Our study successfully explained the modulatory properties of LRK treatment on HMG using metabolomics and network pharmacology analyses. This systematic method can provide methodological support for further understanding the complex mechanism underlying HMG and possible traditional Chinese medicine (TCM) active ingredients for the treatment of HMG.

Keywords: Li-Ru-Kang, hyperplasia of mammary glands, modulatory properties, metabolomics, network pharmacology


INTRODUCTION

Hyperplasia of mammary glands is one of the most common breast diseases in middle-aged women and accounts for more than 70% of all breast disease (Chen et al., 2015). HMG is easily overlooked because of its clinical characteristics until the generation of mammary carcinoma. (Zhang et al., 2012). The morbidity of HMG has increased due to increased work-related stress and competitive career pressures along with the fast pace of modern life (Li et al., 2017a). However, there is still not a sufficient understanding of the etiology of HMG, and pertinent therapeutic strategies are limited. Hormone or endocrine therapy is one of the most commonly used methods to mitigate the clinical symptoms of HMG. Nevertheless, the side effects also decrease the quality of life for patients who receive long-term treatment. Surgical treatment as a form of therapy is hardly accepted by most patients with recurring symptoms (Henry, 2014). Therefore, finding a more appropriate treatment with fewer side effects and more therapeutic advantages is the current goal standard for treating HMG.

Traditional Chinese medicine (TCM) has been practiced in China for thousands of years to treat acute and chronic diseases. Its application in the prevention and treatment of HMG has garnered increasing attention. To explore the mechanism of action and active substances of TCM, a variety of constructive technologies have been used over the past few decades, such as metabolomics, proteomics, genomic arrays and network pharmacology (Xu et al., 2017). However, few researchers fully integrate the aforementioned techniques.

Li-Ru-Kang is composed of Curcumae radix, Prunellae spica, Pseudobulbus cremastrae Seu pleiones, Radix bupleuri, licorice, Polygonum multiflorum, Crassostrea gigas and Cornu cervi, and has been used for the treatment of HMG for several decades as a cipher prescription based on the clinical experience of many medical experts. Clinical researches showed that the total effective rate of LRK in the treatment of HMG was 88.0%. Moreover, LRK showed obvious superiority in improving the patients’ symptoms and abnormalities of gonadal hormone (Qian et al., 2007).

As a rapidly developing technology, metabolomics can discover the pathogenesis of diseases by detecting more than 1,000 molecules in various biological fluids, such as urine, saliva, and blood. This technology has been successfully applied to the diagnosis and identification of various diseases, such as coronary heart disease (Li et al., 2017c), early chronic kidney disease (Benito et al., 2018) and thyroid cancer (Navas-Carrillo et al., 2017). Metabolomics has also been widely applied in the field of TCM (Li et al., 2017b; Liu et al., 2017) and provides insight into the complex network mechanisms of HMG. In addition, network pharmacology has also been successfully applied to the study of TCM molecular mechanisms and can provide a deep understanding of the complex relationship between TCM components and diseases.

In this study, we elucidated the bioactive components, potential biomarkers and possible mechanisms of LRK in the treatment of HMG using metabolomics and network pharmacology.



MATERIALS AND METHODS

Water Extract of LRK Preparation

Curcumae radix, Prunellae spica, Pseudobulbus cremastrae Seu pleiones, Radix bupleuri, licorice, Polygonum multiflorum, Crassostrea gigas and Cornu cervi were purchased from He yanling, Co., Ltd. (Beijing, China). The origin and quality of the 8 herbs were identified according to the Chinese Pharmacopeia (2015 Edition). Water extract from LRK was prepared by extracting the mixture of the 8 herbs (at a ratio of 12: 12: 9: 10: 30: 10: 9: 6, respectively) twice with water for 1 h. The extract was then decanted, filtered and dried under reduced pressure. The final ratio of powder to raw herb was 9.2%.

Animals

Female Sprague-Dawley rats weighing 200 ± 5 g (license number: SCXK-(A) 2012-0004) were obtained from the laboratory animal center of Military Medical Science Academy of the PLA. All studies were performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals of China. The animals were housed in the same feeding environment (temperature: 25 ± 2°C; humidity: 50 ± 10%) and fed based on lighting conditions (12:12 h light: dark cycle) with a standard diet and water ad libitum. After acclimatization for 7 days, all animals were randomly divided into six groups (n = 6): a normal group (A), a model group (B), a tamoxifen-treated HMG group (C), a low dose LRK-treated HMG group (D), a medium dose LRK-treated HMG group (E) and a high dose LRK-treated HMG group (F). Rats in the B, C, D, E, and F groups were intramuscularly injected with estrogen (0.5 mg/kg/d) for 25 days, followed by progestogen (5 mg/kg/d) for another 5 days to induce the experimental HMG model (Wang et al., 2011). Rats in groups D, E, and F were given 0.6, 1.2 and 2.4 g/kg LRK orally for 30 days, respectively. Rats in groups A and B were treated with an equal volume of saline. Rats in group C were given oral tamoxifen (4 mg/kg/d) for 30 days. All animal studies were approved by the Ethical Committee of 302 Military Hospital of China.

Sample Preparation

After the last treatment, all rats were sacrificed. Blood samples were collected and centrifuged at 3000 ×g for 10 min to obtain serum for mass spectrometry. The mammary samples were rapidly excised and fixed in 10% paraformaldehyde solution for histopathological analysis. Paraffin-embedded sections ranging from 4 to 5 μm in thickness were stained with haematoxylin-eosin (H & E). The stained sections were analyzed with a Nikon microscope (Nikon Instruments Corporation, Shanghai, China) and Image-Pro Plus 7200 software.

Sample Handling

Briefly, 200 μL of serum samples and 600 μL of methanol were mixed uniformly and allowed to stand for 20 min at 4°C. The samples were centrifuged at 12,000 rpm at 4°C for 10 min to obtain the supernatant and then filtered through a syringe filter (0.22 μm) to obtain the sample for injection.

Chromatography and Mass Spectrometry

Chromatography was carried out using an Agilent 1290 series UHPLC system. The sample injection volume was 4 μL, and all samples were detected at 4°C on a ZORBAX RRHD 300 SB-C18 column (2.1 mm × 100 mm, 1.8 μm; Agilent, United States). The mobile phases were composed of 0.1% formic acid in acetonitrile (solvent A) and 0.1% formic acid in water (solvent B), and the flow rate was 0.30 mL/min. The gradient was set as follows: the first minute: 95% A; 1.0 to 9.0 min: 95–60% A; 9.0 to 19.0 min: 60–10% A; 19.0 to 21.0 min: 10–0% A; and 21.0 to 25.0 min: 0% A. After injection of the 10 samples and the QC sample compounded with all samples, a blank was injected to guarantee the stability and repeatability of the UPLC-QTOF/MS systems.

Mass spectrometry was performed using an Agilent 6550 Q-TOF/MS instrument (Agilent Technologies, Santa Clara, CA, United States) with an electrospray ionization source (ESI) in both positive and negative ionization mode. The following electrospray source parameters were used: the electrospray capillary voltages were 3.0 kV (negative ionization mode) and 4.0 kV (positive ionization mode); the gas temperature was 200°C (negative ionization mode) and 225°C (positive ionization mode); the mass range ranged from m/z 80 to 1000; the gas flow was 11 L/min; the nebulizer was 35 pisg in negative ionization mode and 45 pisg in positive ionization mode; the sheath gas temperature was set to 350°C, and the sheath gas flow was 12 L/min; the nozzle voltage was 500 V in both negative and positive ionization modes.

Data Extraction and Multivariate Analysis

MassHunter Profinder software (Agilent, California, United States) was used to extract sample data for peak detection and alignment. Full scan mode was applied in the mass range of 80–1000 m/z. The initial and final retention times were set for data collection. The resultant data matrices were normalized using MetaboAnalyst 3.01 and then introduced to SIMCA-P 13.0 software (Umetrics, Umea, Sweden) for PCA and PLSDA analysis. PCA was used as an unsupervised pattern recognition approach to reduce the dimension of the UPLC-QTOF/MS data and disclose intrinsic clustering of samples. PLS-DA analysis was employed to maximize the differences in inter-class discrimination and minimize the differences in inter-class discrimination. The variables with VIP >1.5 and |p(corr)|≥0.58 in the PLS-DA analysis were further evaluated with an independent sample t-test.

Biomarkers Identification and Pathway Enrichment Analysis

The significant variables (p < 0.05 in ANOVA) were selected as potential biomarkers for further pathway enrichment analysis. These biomarkers were identified by METLIN2, and the identified compound names were resubmitted to MetaboAnalyst 3.0 to analyse their signaling pathways.

Identification of Drug Targets and Potential Metabolites and Network Construction

To systematically elucidate the complex relationships between potential metabolites and their associated targets, we conducted network analysis using network pharmacology. The ingredients with an oral bioavailability (OB) ≥30% and a drug-likeness (DL) >0.18 from Radix bupleuri, licorice, Pseudobulbus cremastrae Seu pleiones, Prunellae spica, Polygonum multiflorum and Curcumae radix were put into the TCMSP database3, and their corresponding chemical components were also collected from the same database (Huang et al., 2017). The ingredients and corresponding targets of Cornu cervi and Crassostrea gigas were retrieved from the BATMAN-TCM database4. The protein targets of potential metabolites were collected from the MBROLE 2.0 database5 (Lopez-Ibanez et al., 2016). Different protein ID types were converted to UniProt IDs. Then, the “metabolite-target-chemical components” interactive network was established by using protein–protein interaction (PPI) information. Cytoscape 2.8.3 (National Institute of General Medical Sciences, United States) was applied to visualize and analyse the network.

Immunohistochemistry

To evaluate the effect of LRK on the expression of PKCα in breast tissue of HMG rats, immunohistochemistry was performed as described previously (Chen et al., 2014). Breast tissue slides were incubated with anti- PKCα (Abcam, Cambridge, MA, United States) for 12 h at 4°C. After treatment with HRP-conjugated goat anti-mouse IgG and 50 μL of streptavidin-peroxidase solutions for 30 min at RT, the sections were stained with DAB and counterstained with hematoxylin. The positive areas showed the color of brown yellow.

Statistical Analysis

Data were expressed as the mean ± SE and analyzed with the SPSS 13.0 software program (Chicago, United States). The differences between the group means were calculated by ANOVA. p < 0.05 was considered statistically significant, and p < 0.01 was considered highly significant. The results of the three-dimensional matrix containing the peak index, sample name, and peak area were introduced into SIMCA-P 13.0 software for pattern recognition analysis of PCA and PLS-DA.



RESULTS

Therapeutic Effects of LRK on HMG

The average diameter and height of nipples (Left 2 and Right 2) were measured as indices of HMG. As shown in Figure 1, rats given estrogen and progesterone displayed remarkable increases in the average nipple diameter and height. The administration of LRK (2.4 and 1.2 g/kg) markedly decreased the average nipple diameter and height, respectively. Pathological studies provided direct evidence of protective effects of LRK on HMG. In Figure 2, the mammary tissues of the rats in the normal group exhibited normal morphological structures with no abnormal features. By contrast, the mammary tissues of the rats in the model group displayed more acinus and lobules, expanded mammary lumens, and hyperplastic ducts. Conversely, treatment with LRK (2.4 and 1.2 g/kg) ameliorated these morphological changes. These results preliminarily verified that 2.4 and 1.2 g/kg LRK significantly protected the mammary tissue in the rats with HMG induced by estrogen and progesterone.
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FIGURE 1. The average diameter and height of nipples in the HMG rats. (A) The average diameter of nipples. (B) The average height of nipples. 1: normal group. 2: model group. 3: tamoxifen-treated HMG group (4 mg/kg). 4: low-dose LRK-treated HMG group (0.6 g/kg). 5: medium-dose LRK-treated HMG group (1.2 g/kg). 6: high-dose LRK-treated HMG group (2.4 g/kg). Data are expressed as the mean ± SE (n = 6). ∗p < 0.01 compared with the normal group; ##p < 0.01, #p < 0.05 compared with the model group.
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FIGURE 2. Effects of LRK on the histopathology of mammary tissues using haematoxylin and eosin staining (200× and 400×). (A) Normal group. (B) Model group. (C) Tamoxifen-treated HMG group (4 mg/kg). (D) Low-dose LRK-treated HMG group (0.6 g/kg). (E) Medium-dose LRK-treated HMG group (1.2 g/kg). (F) High dose LRK-treated HMG group (2.4 g/kg). The magnified areas (×400) are marked with a black arrow in the pathological tissue figures (200×).



Multivariate Statistical Analysis

Principal component analysis (PCA) and orthogonal partial least squares-discriminant analysis (OPLS-DA) are pattern recognition approaches frequently used to classify metabolic phenotypes and identify different metabolites to evaluate variation among complex data sets. Score plots revealed a direct image of observational clusters. A distinguished classification between the clustering of the normal and model groups and the normal and LRK groups was observed in both the positive (Figure 3A) and negative modes (Figure 3B). Further multivariate analysis was needed to explore which metabolites caused these differences.


[image: image]

FIGURE 3. Principal component analysis (PCA) score plot of the control, model and LRK (2.4 g/kg) groups. (A) ESI+ model. (B) ESI- model.



Orthogonal partial least squares-discriminant analysis was used to identify potential biomarkers that were significantly changed between the normal, model and LRK groups. The parameters R2X (cum), R2Y (cum), and Q2 (cum) were used to provide an estimate of how well the model fit the data. We further determined whether the metabolite fingerprints in the serum differed between the normal, model, and LRK groups by constructing an OPLS-DA model. A distinguished classification between the clustering of the normal, model, and LRK groups was observed in both the positive (Figure 4) and negative models (Supplementary Figure S1), suggesting a significant serum biochemical perturbation in the model and LRK groups. The R2X (cum), R2Y (cum), and Q2 (cum) of OPLS-DA in our positive model were 0.506, 0.936, 0.79, respectively, using the data from the control and model groups and 0.304, 0.87, 0.748, respectively, using the data from the model and LRK groups. The R2X (cum), R2Y (cum), and Q2 (cum) of OPLS-DA in our negative model were 0.261, 0.908, 0.768, respectively, using the data from the control and model groups and 0.233, 0.97, 0.806, respectively, using the data from the model and LRK groups. The corresponding parameter results indicated that models were of good quality and provided accurate predictions. Variables further away from the origin in the corresponding S-plots were thought to contribute more significantly were more thus responsible for the separation between the normal and model groups as well as the model and LRK groups in both the positive (Figures 4B,E) and negative ionization models (Supplementary Figure S1). These variables may therefore be regarded as potential biomarkers. Permutation tests with 100 iterations were performed to validate the model. These tests compared the goodness of fit of the original model with the goodness of fit of randomly permuted models. As shown in Figures 4C,F, the validation plots indicated that the original models were valid.
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FIGURE 4. The OPLS-DA score plots, S-plots and 100-permutation test generated from the OPLS-DA data of the normal, model and LRK groups in ESI+ mode. OPLS-DA score plots were the pair-wise comparisons between the normal and model groups (A) as well as between the model and LRK groups (D). S-plots of the OPLS-DA model for the normal and model groups (B) as well as for the model and LRK groups (E). The 100-permutation test of the OPLS-DA model was for the normal and model groups (C) as well as for the model and LRK groups (F).



Identification of Potential Metabolites in HMG Treatment

Among the 1986 signals detected in the control, model and 2.4 g/kg LRK groups, variables that significantly contributed to the clustering and discrimination were identified according to a threshold of VIP ≥1.5 and |p(corr)|≥ 0.58. Those thresholds were obtained after OPLS-DA processing these variables. According to the VIP and |p(corr)|, 366 variables were selected from the control, model and 2.4 g/kg LRK groups as the candidates for fold-changes and ANOVA analyses. The candidates that significantly differed among the groups with fold change exceeding two were identified as candidate biomarkers for METLIN and Metaboanalyst identification. Ten potential biomarkers were summarized in Table 1 with their corresponding formula, retention time, m/z, and differences by group.

TABLE 1. Identified metabolites of the serum from different groups.
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Pathway Analysis of HMG Treatment

Herein, 10 potential metabolites were expressed at significant levels. Pathway analysis was performed in detail using Metaboanalyst. HMG-associated metabolites were responsible for metabolizing arachidonic acid, glycerophospholipid, linoleic acid, sphingolipid, alpha-linolenic acid, glycine, serine, threonine, arginine, proline, and purine (Table 2 and Figure 5). The top three metabolic pathways were arachidonic acid, glycerophospholipid and linoleic acid.

TABLE 2. Results of integrating enrichment analysis of biomarkers with MetaboAnalyst 3.0.
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FIGURE 5. (A) Metabolomic Pathway construction of the metabolic pathways involved in the effects of LRK on HMG. (B) Signaling networks associated with the differentially expressed metabolic pathways. 1: Arachidonic acid metabolism. 2: Glycerophospholipid metabolism. 3: Linoleic acid metabolism. 4: Sphingolipid metabolism. 5: alpha-linolenic acid metabolism. 6: Glycine, serine and threonine metabolism. 7: Arginine and proline metabolism. 8: Purine metabolism. The red solid box represents the peak area of the LRK/model >1. The blue solid box represents the peak area of LRK/model < 1.



“Potential Metabolite-Target-Component” Interactive Network and Analysis

To reveal the proteins targets and chemical components of LRK regulation, the “potential metabolite-target-component” interactive network was structured by combing the drug targets and the targets associated with potential metabolites. As shown in Figure 6, 445 drug targets, 170 targets associated with potential metabolites, and 3 potential metabolites, including phosphatidylserine (C02737), prostaglandin E2 (C00584) and phosphatidylcholine (C00157), participated in the “potential metabolite-target-component” interactive network (Figure 6A). Five drug targets, including protein kinase C alpha type (P17252), prostaglandin E synthase (O14684), prostaglandin E2 receptor EP3 subtype (P43115), group IIE secretory phospholipase A2 (Q9NZK7) and phospholipase B1 (Q6P1J6), directly regulated the 3 potential metabolites (Figure 6B). The 5 drug targets were directly regulated by multiple chemical components, including beta-sitosterol, quercetin, p-coumaric acid and naringenin, which were collected from 4 herbs, including Curcumae radix, Prunellae spica, Radix bupleuri and Pseudobulbus cremastrae Seu pleiones in LRK (Figure 7).
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FIGURE 6. The “potential metabolite-target-component” interactive network with all target information (A) and key target information (B) participating in the treatment of HMG by LRK. The red triangles represent active chemical constituents of LRK. The blue dots represent the protein targets of drugs. The yellow dots represent potential metabolites. The purple dots represent the targets associated with potential metabolites.
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FIGURE 7. The “potential metabolite-target-component-herb” interactive network participating in the treatment of HMG by LRK. The red triangles represent active chemical constituents of LRK. The blue dots represent the protein targets of herbs. The yellow dots represent the potential metabolites. The blue rectangles represent herbs.



The Effect of LRK on the Expression of PKCα in Breast Tissue of HMG Rats

Analysis of the network pharmacology prediction results showed that the greatest number of chemical components directly connected to PKCα, suggesting that PKCα may play a more important role in the treatment of HMG by LRK. Therefore, to verify the authenticity of the network pharmacology prediction results, we evaluated the expression of PKCα in breast tissue by immunohistochemistry. The results indicated the expression of PKCα was significantly increased in the breast tissues of rats in the model group, while the different doses of LRK significantly reduced the expression of PKCα (Figure 8).
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FIGURE 8. Effects of LRK on the expression of PKCα in breast tissue of HMG rats using immunohistochemistry (200× and 400×). (A) (200×) and a (400×) : normal group. (B) (200×) and b (400×): model group. (C) (200×) and c (400×): low-dose LRK-treated HMG group (0.6 g/kg). (D) (200×) and d (400×): medium-dose LRK-treated HMG group (1.2 g/kg). (E) (200×) and e (400×): high dose LRK-treated HMG group (2.4 g/kg).





DISCUSSION

The morbidity rate of HMG is increasing annually and continues to affect younger women (Zhang et al., 2008). HMG is classified in the “Rupi” category according to TCM theory (Fan et al., 2013). While network pharmacology and metabonomics have been applied to TCM research (Su et al., 2017; Wang et al., 2017), few studies have attempted to combine these two approaches. Metabolomics can analyze and detect small molecules in bodily fluids to determine which compounds have significant abnormalities and to uncover the mechanism of disease development. Network pharmacology can analyze the interaction of macromolecule targets corresponding to chemical components and diseases and reveal the molecular mechanisms of drug treatment. By combining metabolomics and network pharmacology, we were able to gain a deeper understanding of the molecular mechanisms underlying TCM treatment.

Li-Ru-Kang is made up of 8 kinds of herbs. It has been effective in treating HMG for decades. In this study, we combined metabonomics and network pharmacology analyses to evaluate the efficacy, active components and possible molecular mechanisms of LRK in the treatment of HMG. LRK significantly improved the morphological characteristics of nipples and reduced the pathological state of HMG in rats. Furthermore, we described the metabolomic feature profile and metabolite interaction network of LRK in treating HMG. LRK exhibited protective effects against HMG by reversing potential metabolites to normal levels. Ten metabolites were significantly regulated by LRK. Seven of these metabolites, including prostaglandin E2, leukotriene B4, phosphatidylcholine, coenzyme Q9, ceramide, gamma-glutamyl-L-putrescine and 5-amino-4-imidazole carboxylate, could interact in different ways. The results indicated that the occurrence and development of HMG were caused by changes in many aspects of physiologically and pathologically related molecules and that most of the changes in the body’s molecules were interrelated. LRK regulated these 10 biomarkers to normalize their expression levels, indicating that LRK could be used to treat HMG via multiple pathways and multiple targets.

To obtain a deeper understanding of the LRK mechanism for treating HMG and the correlation between LRK chemical components and metabolites, we further combined the network pharmacology method to establish the “potential metabolite-target-component” interactive network. The results showed that four chemical components, beta-sitosterol, quercetin, p-coumaric acid and naringenin, which come from Curcumae radix, Prunellae spica, Radix bupleuri and Pseudobulbus cremastrae Seu pleiones, acted directly on multiple targets that are directly related to metabolites, including prostaglandin E synthase, protein kinase C alpha type, prostaglandin E2 receptor EP3 subtype, group IIE secretory phospholipase A2 and phospholipase B1. The results suggested that multiple components in LRK played an important role in regulating the endogenous physical disturbance of the body, thus indicating the advantages of LRK in the clinical treatment of HMG. By investigating the pathogenesis of HMG, we found that inflammation and oxidative stress mechanisms played a key role in the development of HMG (Holloway et al., 2012). At the same time, some drugs act on HMG by exerting anti-inflammatory and antioxidant pharmacological effects (Das Gupta et al., 2015; Huang et al., 2017). Studies have shown that beta-sitosterol (Villasenor et al., 2002; Tan et al., 2008), quercetin (Kamaraj et al., 2007), p-coumaric acid (Ilavenil et al., 2016) and naringenin (Cavia-Saiz et al., 2010; Chen et al., 2013) in LRK have anti-inflammatory and antioxidant pharmacological activities. The network pharmacology results showed that PKCα was the target directly connected to the four chemical components. This target is also the most closely related target to inflammation and oxidative stress (Kopach et al., 2013; Andersson et al., 2016). Therefore, to verify the accuracy of the network pharmacology prediction results, we further examined the expression of PKCα in the breast tissues of HMG rats. The expression of PKCα was increased significantly in HMG rats, and LRK significantly reduced PKCα expression. These results suggested that the network pharmacology prediction results were credible. This experiment also demonstrated the significance of PKCα in the pathogenesis of HMG and LRK treatment.

This study systematically explored the molecular mechanism of LRK for the treatment of HMG by combining metabonomics and network pharmacology analyses. In addition, this innovative research method can provide new ideas for research on the molecular mechanisms of TCM in the treatment of complex diseases.
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Frailty is defined as a state of increased vulnerability to poor resolution of homeostasis following stress, which increases the risk of adverse outcomes such as falls, delirium, and disability in the elderly. Recently in Japan, clinical practice guidelines (CPG) have recommended kampo treatment. We conducted a search for reports on Japanese CPG and kampo medicine in the treatment of symptoms in the elderly. The search was performed using the databases PubMed, Ichushi Web, J-Stage, Japan Medical Publishers Association, Medical Information Network Distribution Service, and CPG containing kampo products in Japan; reports from January 1st, 2012 to October 31st, 2017 were reviewed. Over the past 5 years, nine CPGs have recommended kampo treatment based on the evidence for improvement in skin symptoms, cough, gastro-intestinal dysfunction, urinary dysfunction, and dementia. Treatments with kampo medicine are performed depending on the coexistence of manifestations based on the original kampo concept, i.e., cognitive dysfunction and dementia with sarcopenia showing urinary disorder. Each kampo formula includes multiple crude drugs that have several pharmacological functions; these drugs include alkaloids, glycosides, and polysaccharides. Thus, kampo formula has an effect on multiple organs and coordinates the relationship between the brain, endocrine system, immune system, and skeletal muscles. Kampo treatment can be considered as supporting holistic medicine in elderly individuals with frailty.

Keywords: review, herbal medicine, kampo medicine, guidelines, geriatrics, elderly


INTRODUCTION

Frailty is defined as a state of increased vulnerability to poor resolution of homeostasis following stress, which increases the risk of adverse outcomes such as falls, delirium, and disability in the elderly (1–3). Frailty involves disorders in multiple inter-related physiological systems, including the brain, the endocrine system, the immune system, and the skeletal muscle, resulting in weight loss, exhaustion, low energy expenditure, slow gait speed, and weak grip strength (4). The left side of Figure 1 shows an overview of the hypothesized molecular, physiological, and clinical pathways involved in the pathogenesis of frailty (5). In addition to exercise intervention combined with nutrition, multifunctional pharmacological agents are probably required for preventing frailty.
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FIGURE 1. An overview of the hypothesized molecular, physiological, and clinical pathways involved in frailty and the kampo concept of frailty [adapted from (2, 5)].



In the super aged society in Japan, the percentage of the elderly population (aged over 65 years) is expected to exceed 30% in 2025 and reach 39.9% in 2060 (6). Frailty is one of the reasons for need of nursing care in the elderly, thus the medical, social, and economical correspondence has been a research focus. Traditional Japanese medicine (kampo) has been applied for the treatment of comorbid symptoms or disorder for the past 1500 years. Kampo medicine includes multiple crude drugs that have several pharmacological functions including alkaloids, glycoside, and polysaccharide (7). Thus, kampo medicine has an effect on multiple organs and coordinates the relationship between the brain, endocrine system, immune system, skeletal muscles, and the patients' emotional condition. The right side of the Figure 1 shows the kampo concept for frailty. We believe that concomitant use with western medicine and kampo medicine can contribute to management of patients with frailty. Evidence based on clinical studies has grown in the past two decades; and recently, in Japan, clinical practice guidelines (CPG) for symptoms in the elderly gave some recommendations for use of kampo medicine.

In this report, we review CPG regarding kampo and the evidence of the efficacy of kampo medicine in the treatment of the elderly. We also discuss the characteristics of the kampo concept.



MATERIALS AND METHODS


Literature Search

We conducted data base searches for Japanese CPG and kampo medicine for the symptoms in elderlies in PubMed, Ichushi Web, J-Stage, Japan Medical Publishers Association, Medical Information Network Distribution Service, and Clinical Practice Guideline Containing Kampo products. The search was restricted to CPGs published between January 1st 2012 to October 31st 2017. We used the following search strategy: 1. CPG; 2. Kampo medicine; 3. Herbal medicine; 4. #1–3 in Japanese; 5. #1 OR #2 AND #3 OR; and 6. #4 OR #5.



Selection Criteria

We included research articles published in English or Japanese that were related to CPG using kampo medicine. CPGs that mentioned the recommendation strength with quality of evidence and studies that included elderly subjects were selected. Physical therapy, massage therapy, acupuncture, and acupuncture-related techniques were excluded.



Data Extraction

Eligible articles were categorized by two independent researchers (ST and SK). Specifically, information from the articles or CPGs was extracted and tabulated, and eligible CPG were classified according to the name of CPG, symptoms or diseases, clinical question, mention about quality of evidence, and recommendation strength.




RESULTS


General Aspects

The review process flowchart is shown in Figure 2; and the eligible PCGs are shown in Table 1. Over the past 5 years, the following eligible nine CPGs have given some recommendations for kampo treatment based on the evidence for skin symptoms, allergy, cough, gastro-intestinal dysfunction, urinary dysfunction, and dementia: Clinical Practice Guideline for the Pruritus cutaneus universalis (8), Practical Guideline for the Management of Allergic Rhinitis in Japan (9), The Japanese Respiratory Society guidelines for management of cough (10), Evidence-based Clinical Practice Guidelines for GERD (11), Evidence-based Clinical Practice Guidelines for Functional Dyspepsia (12), Evidence-based Clinical Practice Guidelines for Irritable Bowel Syndrome (13), Evidence-based clinical practice guidelines for chronic constipation (14), Clinical guidelines for overactive bladder syndrome (15), and Practice Guideline for Dementia (16).
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FIGURE 2. Flowchart of the review process. CPG, clinical practice guideline.





Table 1. Overview of CPGs included in the study.
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Randomized Clinical Trial Involving Elderly Patients With Each Symptom Introduced in the Clinical Practice Guidelines

Skin Symptoms

CPG for pruritus gave some recommendations (permission) for pruritus or dry skin based on some RCTs. Five RCTs for skin symptom were selected in the CPG focused on the elderly. Ohkawara et al. reported the efficacy and safety of orengedokuto or goshajinkigan for the symptom in senile pruritus (17). Orengedokuto (Huang-Lian-Jie-Du-Tang) (18) or goshajinkigan (Niu-Che-Shen-Qi-Wan) (18) improved the subjective and objective symptom with no significant difference in the efficacy and safety as compared to Clemastine Fumarate that is potent and selective histamine H1 receptor antagonist. Iida et al. reported the efficacy of tokiinshi (Dang-Gui-Yin-Zi) (18) for moisture holding ability evaluated with a measurement device for the water content of the skin corneum in patients with senile pruritus (19). Tokiinshi significantly improved dry skin compared with no treatment. Ishioka et al. reported the efficacy of hachimijiogan (Ba-Wei-Di-Huang-Wan) (18) for the subjective symptom in patients with senile pruritus (20). Hachimijiogan improved the subjective symptom with no significant difference in efficacy compared to Ketotifen Fumarate that is selective histamine H1 receptor antagonist. In addition, Ishioka reported no significant difference in efficacy between hachimijiogan and rokumigan (Liu-Wei-Wan) (18) for treatment of subjective symptom in patients with senile pruritus (21). Ohkuma et al. reported that orengedokuto with tokiinshi, orengedokuto alone, or tokiinshi alone significantly improved the itchy symptom with no significant difference in efficacy compared with anti-histamine (22).

Allergy Symptoms

CPG for nasal allergy recommended use of kampo medicine for perennial nasal allergy with a referred RCT. Baba et al. reported the efficacy and safety of shoseiryuto (Xiao-Qing-Long-Tang) (18) for perennial allergic rhinitis in a double-blind RCT including elderly subjects (23). The shoseiryuto group showed more moderate to high improvement than that of the placebo group, with statistical significance. Mild side effects were detected in both groups with no significant group-wise difference.

Cough Symptoms

CPG for cough recommended use of kampo medicine for cough in the elderly with two referred RCTs focused on the elderly. Irifune et al. reported the efficacy of bakumondoto (Mai-Men-Dong-Tang) (18) for post-infectious prolonged cough in elderly patients (24). As compared to procaterol hydrochloride, bakumondoto with procaterol hydrochloride was more effective in treating post-infectious prolonged cough. Mukaida et al. reported the efficacy of bakumondoto for cough in elderly patients diagnosed with chronic obstructive pulmonary disease (25). Additional bakumondoto treatment was more effective than regular medication in suppressing the severity of cough.

Gastro-Intestinal Symptoms

CPG for Gastro Esophageal Reflux Disease (GERD), Functional Dyspepsia (FD), Irritable Bowel Syndrome (IBS), and chronic constipation gave weak recommendation for use of kampo medicine for these conditions with referred RCT. In a double-blind RCT including elderly patients, Tominaga et al. reported the efficacy of rikkunshito (Liu-Jun-Zi-Tang) (18) for patients with GERD who were refractory to treatment with proton-pump inhibitor (PPI) (26). Rikkunshito combined with PPI significantly decreased the frequency scale of the GERD symptoms' score, similar to the decrease seen on treatment with a double dose of PPI. Subgroup analysis showed that the patients of male sex or low body mass index showed more improvement compared with the other subgroups.

Harasawa et al. reported that the regular dose of rikkunshito significantly improved dysmotility-like dyspepsia than the low dose of rikkunshito in a double-blind RCT including elderly subjects (27). Arai et al. reported that there was a significant improvement in dyspeptic symptoms in patients treated with either rikkunshito or domperidone that is peripheral D2-like receptor antagonist, based on the Gastrointestinal Symptom Rating Scale score (28). The improvements of reflux and indigestion symptoms in patients treated with rikkunshito showed good correlations with the increased levels of acylated ghrelin.

Sasaki et al. reported the efficacy and safety of keishikasyakuyakuto (Gui-Zhi-Jia-Shao-Yao-Tang) (18) for functional abdominal pain of irritable bowel syndrome in a double-blind RCT including elderly subjects (29). Abdominal pain in irritable bowel syndrome with diarrhea significantly decreased after keishikasyakuyakuto administration, and the effect was superior to that of a placebo. Adverse effects of keishikasyakuyakuto were not significantly different from the placebo, suggesting the safety of keishikasyakuyakuto.

Miyoshi et al. reported the efficacy and safety of daiokanzoto (Da-Huang-Gan-Cao-Tang) (18) for constipation in a double-blind RCT including elderly subjects (30). Daiokanzoto was significantly effective for constipation compared to the placebo. There were no significant differences in safety between daiokanzoto and the placebo.

Horiuchi et al. reported the effect of daikenchuto (Da-Jian-Zhong-Tang) (18) in patients with chronic constipation in an RCT including elderly subjects (31). The addition of daikenchuto to sennoside resulted in significant improvement in bloating and abdominal pain and significant decrease in the gas volume score.

Urinary Symptoms

CPG for overactive bladder syndrome gave weak recommendation for use of kampo medicine with a referred RCT (32). In an RCT including elderly patients, Nishizawa et al. reported the efficacy of goshajinkigan for patients with over active bladder compared with propiverine hydrochloride. During the 1-year observation period, propiverine hydrochloride significantly improved the symptom of over active bladder in the first month, however, goshajinkigan significantly improved the symptom of over active bladder after 2 months. The incidence of adverse event related to treatment with goshajinkigan was lower than that with propiverine hydrochloride.

Dementia and Related Symptoms

CPG for dementia and related symptom gave weak recommendation for use of kampo medicine with two referred RCTs. Mizukami et al. reported the effectiveness and safety of yokukansan (Yi-Gan-San) (18) for the treatment of behavioral and psychological symptoms of dementia (BPSD) in patients with dementia associated with Alzheimer's disease or Lewy bodies (33). The mean total of the Neuropsychiatric Inventory score used to evaluate BPSD were significantly improved by the additional yokukansan administration. Subscale analysis showed significant improvements in delusions, hallucinations, agitation/aggression, depression, anxiety, and irritability/lability. There were no serious adverse reactions. Iwasaki et al. examined the effect of hangekobokuto (Ban-Xia-Hou-Pu-Tang) (18) on swallowing reflex among the elderly (34). Compared to the placebo, hangekobokuto significantly improved time from the water injection to the onset of swallowing. Furthermore, substance P in the saliva of patients administered with hangekobokuto significantly increased. Based on the result, Iwasaki et al. reported that treatment with hangekobokuto reduced the risk of pneumonia and pneumonia-related mortality in elderly patients with dementia in an RCT with 12-month patients' follow-up (35).



Adverse Effects

Adverse effects were not searched by the above steps. Additional hand searching for adverse effects showed that four CPG indicated the side effect of kampo medicine and introduce caution for using kampo medicine.

Guidelines for the management of hypertension 2014 (36) introduces the side effect of kampo medicine, western medicinal drugs, or health supplement that includes Glycyrrhiza. Glycyrrhiza includes glycyrrhizin which has potential to induce pseudo aldosteronism. If increase of blood pressure and/or hypokalemia are confirmed, withdrawing of suspicious products should be considered. In case it is difficult to stop use of the products, aldosterone antagonist can be prescribed.

Clinical Practice Guideline for the Management of Upper Tract Urothelial Carcinoma (37) introduces the side effect of crude drugs including aristolochic acid. Some studies indicated that aristolochic acid was associated with nephropathy, uropathy, or urothelial cancer. In Japan, crude drugs approved by the Ministry of Health, Labor and Welfare do not include aristolochic acid, but patients can use imported drugs.

Consensus statement for the diagnosis and treatment of drug-induced lung injuries (38) introduced the side effect of kampo medicine, especially shosaikoto (Xiao-Chai-Hu-Tang) (18), which can induce interstitial pneumonia in rare cases. The prevalence of shosaikoto-induced interstitial pneumonia is reported as under 0.1%, however, national survey reported the mortality rate of 10 in 100 cases of interstitial pneumonia induced by shosaikoto. If drug-induced interstitial pneumonia is expected, use of the suspected drug should be discontinued.

The guideline Japanese Society of Laboratory Medicine 2015 (39) introduced drug-induced edema, hypertension, and liver dysfunction. Comments for edema and hypertension induced by Glycyrrhiza were similar with prior comments in Guidelines for the management of hypertension 2014. Kampo medicine is one of the drugs that induce liver injury or hepatitis, therefore side effect correspondence is considered important.




DISCUSSION


Interpretation of Results

Nine CPG gave some recommendations for total 13 kampo medicines in treatment of the symptom in the elderly. Each kampo medicine includes multiple crude drugs which have several pharmacological functions; thus, kampo medicine affects multiple organs and coordinates the interrelation between the brain, endocrine system, immune system, and skeletal muscle in elderly patients.



Characteristics of Kampo Medicine Introduced in CPGs

Table 2 show the over view of 13 kampo medicines introduced in CPG, its indications and components referred from STORK (40), and its characteristics in kampo theory. Kampo medicine have multiple effect on organs result in improving symptom.



Table 2. Over view of 13 kampo medicines introduced in CPG, its indications and components referred from STORK (40), and its characteristics in kampo theory.
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Orengedokuto, tokiinshi, goshajinkigan, hachimijiogan, and rokumigan were recommended in patients with skin symptom. In the kampo concept, orengedokuto is used to improve inflammation in skin and other organs and improve irritation. Therefore, it should be used in patients with reddish skin and worsening itchy symptom with irritation. Goshajinkigan, hachimijiogan, and rokumigan were categorized in similar kampo medicine. They have been used for dry skin, urinary disorder, and sarcopenia. These kampo medicine include crude drugs to moisturize the skin, strengthen the muscles, promote microcirculation, and control urination. Additional effects include the following: for tokiinshi, suppressing itchiness, for goshajinkigan, warming the body and improving edema and lumber pain, for hachimijiogan, controlling cold and hot feeling and improving edema, and for rokumigan, controlling hot feeling and improving edema. These kampo medicines can be selected depending on not only the skin condition but also cold/hot sensation and water balance. Kishida et al. reported that goshajinkigan suppressed sarcopenia via the IGF-1/insulin pathway, maintained the expression of mitochondrial-related transcription factors, and suppressed TNF-α in SAMP8 mice, indicating that goshajinkigan is a promising candidate for relief from sarcopenia (41). CPG and results from the study suggested that goshajinkigan can be applied for skin symptom with additional expected effect on sarcopenia.

Shoseiryuto was selected for use in patients with allergic rhinitis and cough. Bakumondoto was selected for use in patients with cough. These kampo medicines have opposite effects on water imbalance in the upper respiratory tract. Shoseiryuto can improve the occurrence of excess water in thin secretion, thus it is applied in cases with allergic rhinitis and cough with thin secretion. Shoseiryuto decreased the number of T-helper (Th) 2 cells and the level of interleukin-4. The Th1 cells were not altered (42). Since shoseiryuto does not affect the histamine H1 receptors, there are fewer side-effects such as sedation and drowsiness. On the other hand, bakumondoto can moisturize and improve the dryness and sensitivity of the upper respiratory tract epithelium. Thus, it is applied in case of dry cough without secretion after respiratory infection. Ophiopogonis Radix, another herb in bakumondoto, has anti-inflammatory activity; and its active components include ruscogenin and ophiopogonin D.

Rikkunshito was recommended for patients with PPI-refractory GEARD and FD. It supplies vital energy to the digestive organs and promotes peristalsis from the stomach to the intestine. Thus, this kampo medicine is more suitable for patients with fatigue, anorexia, and gastric hypomotility resulting in weight loss. A recent study reported that rikkunshito increased plasma ghrelin levels in humans and mice (43) and restored the decreased plasma ghrelin levels induced by serotonin release in rats.

Keishikashakuyakuto was recommended for irritable bowel syndrome. It can be applied for both diarrhea, constipation, and mix-type IBS. It can control contraction and expansion of the intestine, resulting in pain relief and control of the stool condition.

Daiokanzoto and daikenchuto were recommended for constipation. Daiokanzoto is applied for constipation in patients whose vital energy is sufficient; whereas, daikenchuto is applied for constipation in patients with low vital energy, and characteristics of low body weight and abdominal distention, because it includes the crude drug, ginseng, which can supply energy to the digestive function. Daikenchuto treats abdominal symptoms via enhancing the secretions of motilin (44), substance P (45), calcitonin gene-related peptide, and adrenomedullin (46, 47), and activating the transient receptor potential of the vanilloid receptor complex (48).

Yokukansan was recommended for patients with BPSD. It has been used for irritation and sleep disorder of children since ancient times. Recently, it has been applied for the symptom in elderly patients. With regard to the characteristics of yokukansan, it does not induce extrapyramidal symptoms, however, it controls the concentration of serotonin in the synaptic cleft via partial agonist action on the serotonin 1A receptor (49), downregulates expression of the serotonin 2A receptor (50), inhibits the release of glutamate resulting in a decreased concentration of glutamate at synaptic clefts in the brain, and promotes glutamate uptake by astrocytes (51–53).

Hangekobokuto was recommended for use in patients with dysphagia. It has been used for pharyngeal discomfort since ancient times. It can soothe sensation in the pharynx and improve swallowing and cough reflex. It is reported that hangekobokuto modulates cerebral levels of 5-hydroxytryptamine, noradrenaline, and dopamine in mice (54).

There are some advantages in kampo treatment. As a super-aging society, the increased cost of medical insurance is a serious problem in Japan. The medical cost of kampo medicine is relatively lower than that of western medicine. This treatment can improve the target symptoms and contribute to holistic control of whole-body conditions, as mentioned above. Furthermore, kampo medicine has been applied for disease prevention and maintenance of quality of life since ancient times. Kampo medicine may contribute to health in elderly individuals. Based on these aspects, both CPG and research regarding kampo medicine for geriatric patients should be continued. The clinical application of kampo medicine has been performed depending on the patients' clinical history and physical sign. In this review, we demonstrated the present status of CPG involving kampo medicine for geriatrics. Clinical and basic research studies are currently on going. In future, more information on evidence-based detailed application will become available.



Limitation

A limitation of this review is that the target subjects of the RCT referenced in the CPG do not necessarily correspond to elderly patients. The articles cited in ref. (16–19, 22, 23) were limited in their study of elderly subjects. However, the articles cited in ref. (20, 21, 25–33) included elderly subjects as a portion of the study population. The number of RCTs with only elderly subjects was very small; thus, we included studies with elderly subjects as a portion of the study population. Despite this limitation, this review demonstrated the use of Japanese CPG and kampo medicine in the treatment of symptoms in elderly patients.




CONCLUSION

Japanese CPG gave some recommendation for use of kampo medicine for symptoms in the elderly. In the CPG, evidence related to kampo medicine for several symptoms is provided, and each kampo medicine includes multiple crude drugs that have multiple pharmacological functions. Thus, the treatment can be considered as holistic medicine which can lead to support of elderly patients with frailty.
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Lenalidomide is an immunomodulating derivative of thalidomide, which shows anti-tumor activity against myeloma cells with immunomodulation including augmentation of T-cell and natural killer cell function. Continuous treatment with this agent shows better survival benefit in patients with multiple myeloma and combined lenalidomide with dexamethasone (LEN-DEX) is a standard treatment regimen. However, fatigue is a frequent symptom resulting from lenalidomide administration. This side-effect therefore reduces quality of life for elderly patients and, furthermore, is a reason for treatment discontinuation. Unfortunately, appropriate preventive countermeasures against lenalidomide-related fatigue have not been established. Ninjin'yoeito is a traditional Chinese medicine made from the extracts of 12 herbal plants, which positively affects immunity and inflammation. It is used to treat fatigue, decreased appetite, anemia, and general malaise associated with malignant tumors and chemotherapy. We have previously reported that ninjin'yoeito significantly improved patients' subjective fatigue symptoms treated with melphalan-prednisone for multiple myeloma. In the present study, we assessed the benefits of ninjin'yoeito as a supplementary treatment for patients with myeloma, and its effect on lenalidomide treatment regime compliance. We retrospectively analyzed 36 cases of newly diagnosed or relapsed/refractory multiple myeloma. The study included patients receiving LEN-DEX with onset of general fatigue after lenalidomide administration (13 and 23 patients with or without ninjin'yoeito, respectively). Frequency of subjective fatigue was significantly decreased in patients administered ninjin'yoeito, compared to those treated with LEN-DEX alone (92.3 and 47.8 % of patients with and without ninjin'yoeito, respectively; p = 0.008). In addition, combined use of ninjin'yoeito and LEN-DEX showed a trend toward reduced rates of treatment discontinuation (7.7 % and 34.8 % of patients with and without ninjin'yoeito, respectively; p = 0.076). Our results suggest that ninjin'yoeito is an effective method for treating subjective fatigue caused by lenalidomide and may have the potential to extend lenalidomide treatment duration.

Keywords: Chinese medicine, lenalidomide, multiple myeloma, fatigue, ninjin'yoeito


INTRODUCTION

Lenalidomide (LEN) is an immunomodulating derivative of thalidomide and classified as immunomodulatory drug (IMiD) that has both direct tumoricidal and immunomodulatory effects in multiple myeloma (MM). LEN displays immunopotentiating activity, including augmentation of T and natural killer cell function (1–7).

LEN with dexamethasone (LEN-DEX) is a backbone regimen for MM. At present, the standard of care for patients with newly diagnosed or relapsed/refractory MM is to administer LEN combined with proteasome inhibitors or antibody-drugs. In addition, continuous treatment of LEN until progression diseases results in better survival benefit in MM patients (8–10).

Despite the benefits of LEN, general fatigue is sometimes an adverse event during its administration in clinical practice. In a randomized phase 3 trial consisting of newly diagnosed MM patients, grade 3 or 4 fatigue was observed in 7 to 9 % of the patients administered LEN-DEX as a first line treatment (9). Similarly, grade 3 or 4 fatigue has been reported for 6.5 % of relapsed or refractory MM patients (11). Furthermore, 47 % of patients receiving LEN maintenance therapy after autologous stem-cell transplantation experience fatigue to some extent (8). In clinical practice, LEN dosage is often reduced or treatment discontinued as a result of patients experiencing fatigue in addition to dysgeusia, anemia, and gastrointestinal symptoms. Unfortunately, at present there is no effective countermeasure against these adverse events.

Ninjin'yoeito (NYT) is a traditional Chinese medicine made from the extracts of 12 herbal plants, which has known beneficial effects on immunity and inflammation (12, 13). Components of NYT is listed in STORK (http://mpdb.nibiohn.go.jp/stork/). NYT has been used to treat fatigue, anorexia, anemia, and coldness of hands and feet. Notably, NYT not only has a supportive effect against MM with treatment of melphalan, but also relieves subjective symptoms, such as fatigue and pain (14). Although its mechanism of action is still largely unknown, NYT is therefore expected to improve quality of life for MM patients. In the present study, we focused on these activities and assessed whether combination of NYT is useful against the LEN-related subjective fatigue. Furthermore, we investigated whether discontinuation of LEN can be improved by combination use of NYT.



PATIENTS AND METHODS


Patients and Treatment

We retrospectively analyzed 36 cases of newly diagnosed or relapsed/refractory receiving LEN-DEX with (n = 13) or without (n = 23) NYT between January 2011 and December 2017, who experienced general fatigue as a result of LEN-DEX treatment (Table 1). Patients received either oral lenalidomide 5–25 mg per day (depending on the judgment of a doctor in charge) on days 1–21 of each 28–day cycle. All patients received 20–40 mg oral dexamethasone on days 1, 8, 15, and 22 of each 28–day cycle (for 4 cycles) until disease progression. After 1 cycle-treatment of LEN-DEX, the severity of fatigue was graded using the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI CTCAE) version 4.0 (code 10016256, grade 1-3) by clinical interview. We started oral administration of NYT (Kracie Pharma, Ltd) at a dose of 5.0 g/day when patients complained of grade 1 or more fatigue after LEN-DEX treatment according to the patients' requests, while continued LEN-DEX alone if the patients did not want NYT. Patient base line characteristics are shown in Table 1. We assessed the effectiveness of NYT for the severity or grade of subjective fatigue by clinical interview after every treatment cycle and we collected the data of discontinuation of LEN-DEX up to 6 months after administration. LEN-DEX were discontinued in total 9 patients. In these cases, severity or grade of fatigue was evaluated at the last cycle of LEN-DEX administration.



Table 1. Patient base line characteristics.
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This study was carried out in accordance with the recommendations of the International Conference on Harmonization guidelines for Good Clinical Practice with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Institutional Review Board of Kansai Medical University.



Statistical Analysis

The data from 2 groups (LEN-DEX with and without NYT) were compared by 2-way Contingency Table Analysis using a Fisher's exact test. For the background of patient profile, p-value regarding “age” and “sex” were calculated by unpaired t-test with Welch's correction and two-sided Fisher's exact test, respectively. P-value regarding “PS score”, “ISS stage,” “prior therapies,” “M protein subtype,” “doses of LEN,” and “Severity of fatigue” were calculated by a Chi-square test. A value of p < 0.05 was considered statistically significant. Data analysis was carried out with the software GraphPad Prism.




RESULTS

NYT was administered to 13 of the 36 patients with onset of general fatigue after 1 cycle of lenalidomide administration. Severity of fatigue in patients was shown in Figure 1 and Table 1. For 12 patients (92.3 %), the grade of fatigue was reduced by the use of NYT in conjunction with LEN-DEX (Figure 1 and Table 2). Of the 23 patients who continued LEN-DEX without NYT, 11 (47.8 %) had decrease in fatigue; however, the remaining 12 saw no improvement (5 had increased grade in fatigue during treatment) (Figure 1). Hence, NYT resulted in a significant increase in frequency of lower fatigue grade following its administration (p = 0.008).
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FIGURE 1. Change of fatigue grade in patients treated with or without NYT. After 1 cycle-treatment of LEN-DEX, the severity of fatigue was graded, and then NYT was administered according to the patients' requests. When the patients did not want NYT, LEN-DEX alone were continued. Assessment of the effectiveness of NYT for the severity of subjective fatigue and LEN-DEX discontinuation up to 6 months. ○, Patients with NYT administration; Δ, Patients without NYT administration; ● and ▴, show LEN-DEX-discontinued patients within 6 months. For these 9 discontinued patients, severity of fatigue was evaluated at the last cycle of LEN-DEX administration.





Table 2. Frequency of reduced grade of fatigue during treatment.
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In addition, 12 of the 13 patients (92.3 %) administered NYT were able to continue LEN-DEX at least for the 6 months (Figure 1 and Table 3). Of the 23 patients who did not receive NYT, 8 (34.8 %) failed to continue LEN-DEX. Hence, combined use of NYT and lenalidomide had a tendency toward suppressing LEN-DEX treatment discontinuation (7.7 and 34.8 % of patients with and without NYT, respectively, were unable to continue LEN-DEX treatment; p = 0.076).



Table 3. Continuation of LEN-DEX treatment.
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DISCUSSION

MM remains an incurable disease with a severe prognosis; it is therefore necessary to aim for long-term disease control by specific and effective drugs. It was demonstrated that continuous therapy prolongs progression-free survival until first and second relapse and overall survival (15). Currently, lenalidomide is the main drug prescribed for continuous and maintenance therapy (16). After stem-cell transplantation, lenalidomide maintenance significantly prolonged not only progression-free survival, but also overall survival (8, 10). Therefore, avoiding dose reduction or treatment discontinuation due to intolerance and side-effects is important for extending patient survival and improving quality of life. The most common adverse events associated with lenalidomide include hematologic events, such as neutropenia, anemia, and thrombocytopenia; gastrointestinal disorders, such as nausea, vomiting, constipation, and diarrhea; and other side-effects, such as infections, and skin rashes. General disorders, such as fatigue and pyrexia are also significant adverse events (8, 9), which cause difficulty in continuing lenalidomide maintaining treatment regimens in clinical practice. However, there is no effective means for treating these general and subjective symptoms, with the exception of dose reduction or treatment discontinuation.

Previously, we found that NYT had the potential to repress general fatigue caused by melphalan (14). The present study suggests that NYT may also be useful for improving the symptoms of subjective fatigue caused by lenalidomide in patients with MM. A possible mechanism of NYT to relieve the fatigue caused by chemotherapy could be an effect of Schisandra as components of NYT. Schisandra has been shown to possess anti-athletic fatigue activity in mice (17) and improve endurance and energy metabolism in exercised rats (18). Schisandra has a potential to upregulate peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1alpha in skeletal muscle, which is a key regulator of energy metabolism (18). Further studies are needed to clarify the detailed mechanisms involved in the anti-fatigue properties of NYT.

Supplementing lenalidomide administration with NYT could result in increased treatment durations and hence increase life expectancy. The limitations of our report are the retrospective analysis and a small number of patients derived from the setting of everyday clinical practice including several biases. In addition to this, there is a possibility that the effect we observed are attributed to the placebo effect. Additional research examining clinical outcomes using NYT need to be studied in the future.
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Frailty is a poor prognostic factor in patients with chronic obstructive pulmonary disease (COPD). Although various studies have assessed the effects of conventional treatment with bronchodilators, nutritional support, and pulmonary rehabilitation for frailty in patients with COPD, none have addressed the effects of traditional Japanese medicine (Kampo medicine). Herein, we report the successful management of frailty using Ninjin'yoeito therapy in a 76-year-old patient with COPD. Despite being prescribed multiple bronchodilators, nutritional supplement therapy, patient education, and pulmonary rehabilitation, the patient exhibited unintentional weight loss, low energy, and low physical activity. Ninjin'yoeito was prescribed and these subjective symptoms began to improve 1 month after treatment initiation. In 6 months, the patient reported no frailty, had increased muscle mass, and had achieved an almost normal healthy state. Ninjin'yoeito has been associated with both physical effects, such as improvement in overall physical strength and appetite, and reduction in fatigue, and psychological effects, such as greater motivation and reduction of depression and anxiety symptoms. Physicians have usually treated COPD primarily with organ-specific treatments, such as bronchodilators; however, addressing both the physiological and psychological vulnerability has been difficult. This case report illustrates the potential usefulness of Ninjin'yoeito treatment for frailty in patients with COPD.

Keywords: frailty, chronic obstructive pulmonary disease, Ninjin'yoeito therapy, Kampo medicine, anorexia


BACKGROUND

Frailty is defined as a non-specific state of physiological decline in advanced old age, characterized by vulnerability to adverse health issues, and it is a concept that has attracted the physicians' attention in patients with COPD. Many patients with COPD encounter frailty (1), and as frailty is expected to be reversible, particularly if addressed at an early stage, it is possible that the patients experience symptomatic improvement after appropriate interventions for correctable or removable factors (2). Various therapeutic methods, such as smoking cessation, pharmacologic therapy using bronchodilators, long term oxygen therapy, and pulmonary rehabilitation, showed efficacy in subsets of COPD comorbid patients (3). However, there are many patients with severe COPD who do not show improvement in frailty despite applying adequate treating strategies.

Traditional Japanese medicine (Kampo medicine) is known to be effective for several respiratory diseases (4–6), but to the best of our knowledge, only few studies have examined the effects of traditional Japanese medicine on frailty in patients with COPD. Ninjin'yoeito is a traditional Japanese medicine derived from 12 crude drugs, i.e., rehmannia root, Japanese angelica root, atractylodes rhizome, Poria sclerotium, ginseng, cinnamon bark, polygala root, peony root, citrus unshiu peel, astragalus root, glycyrrhiza, and schisandra fruit. Ninjin'yoeito prescription was approved by the Japanese Ministry of Health, and as it is used to treat fatigue, anorexia, night sweats, and anemia, we hypothesized that it may be beneficial for frailty. Herein, we have described a unique case of a patient who showed no improvement in frailty after conventional treatment but recuperated after Ninjin'yoeito administration.



CASE REPORT

A 76-year-old man with severe chronic obstructive pulmonary disease (COPD) presented with a feeling of fatigue, weight loss, and reduced physical activities. He was diagnosed with COPD at the age of 69 years and had retired from work the following year. His smoking history included 40 cigarettes per day between the age of 14 and 69 years; his airflow limitation was classified as severe by the Global initiative for Chronic Obstructive Lung Disease; and a chest computed tomography (CT) scan showed severe emphysema. He had started long-term oxygen therapy at the age of 72 years and is currently inhaling 3 L/min of oxygen. Medical and family histories were otherwise unremarkable. Cardiac ultrasound excluded comorbid congestive heart failure or pulmonary hypertension, and CT pulmonary arteriography also excluded chronic pulmonary thromboembolism. As the patient had a history of acute exacerbations of COPD more than twice a year with extreme respiratory symptoms, he was prescribed a combination of inhaled long-acting antimuscarinic antagonist, long-acting beta2-agonist, corticosteroid, and oral carbocysteine, ambroxol, and theophylline. He reported symptoms of dyspnea on exertion, depression and anxiety, and a decrease in physical activity. He also experienced anorexia with a weight loss of more than 5 kg in a year, and no other possible causes of weight loss, such as tuberculosis and malignant tumor, were observed. Therefore, in addition to respiratory pharmacotherapy, we prescribed an antianxiety drug and provided nutritional supplement therapy, patient education, and pulmonary rehabilitation. However, the patient's mental and physical symptoms did not improve after 4 months. Furthermore, he exhibited deterioration in activities of daily living as well as physical and mental weakness; hospital visits were difficult and therefore, he considered home care. Persistent weight loss, poor endurance and energy, and low physical activity levels led to the diagnosis of physical frailty according to Fried's criteria (7). This vulnerability was supported by assessments using the Kihon Checklist (KCL) (8), the COPD Assessment Test (CAT) (9), and the Hospital Anxiety and Depression Scale (HADS) (10), all of which revealed high scores indicating inferior status. The KCL is a tool designed by a study group from the Japanese Ministry of Health, Labor and Welfare and comprises 25 items divided into seven categories: physical strength, nutritional status, oral function, socialization, memory, mood, and lifestyle. The KCL scores range from 0 (no frailty) to 25 (severe frailty); a previous study classified the patients' frailty status as non-frail (0–3), prefrail (4–7), and frail (8–25) (11). The CAT is a reliable tool that comprises eight items that assess the various COPD symptoms and is widely used in clinical practice. The CAT scores range from 0 to 40, with a score of 0 indicating no impairment. The HADS is also widely used to measure the level of anxiety and depression and comprises 14 items: 7 associated with anxiety (HADS-A) and 7 associated with depression (HADS-D). The HADS-A and HADS-D scores ranged from 0 to 21, and are in the range 8–10 for doubtful cases and ≥11 for definite cases. For the present case, we continued the pharmacological treatment, nutritional supplement therapy, patient education, and pulmonary rehabilitation and included 2.5 g of Ninjin'yoeito to be taken 3 times a day before meals.

After administration of Ninjin'yoeito, physical examination and blood tests such as electrolytes, liver function tests, and renal function test were performed to evaluate the side effects of Ninjin'yoeito administration. However, no side effects were detected. A significant improvement in symptoms, including increased appetite and alleviation of mood disorders and weight loss, was observed 1 month after initiating Ninjin'yoeito administration. Body weight and muscle mass continued to increase, and after 6 months of Ninjin'yoeito administration, the body weight increased by 8 kg compared with that prior to Ninjin'yoeito administration. Body composition assessed using bioelectrical impedance (InBody 720; Biospace, Tokyo, Japan) showed increasing muscle mass and no change in the body fat percentage (Figure 1). The patient's KCL, CAT, and HADS scores increased over time (Figure 2), and his status improved from frailty to non-frailty. Written informed consent was obtained from the participant for the publication of this case report.
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FIGURE 1. Body composition changes during Ninjin'yoeito therapy. Body composition was assessed at the indicated time points using bioelectrical impedance. Ninjin'yoeito administration increased the body weight and muscle mass without affecting body fat percentage.
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FIGURE 2. Changes in important factors of frailty and COPD during Ninjin'yoeito therapy. Ninjin'yoeito administration improved the patient's KCL, CAT, and HADS scores. The KCL comprises 25 items divided into seven categories: physical strength, nutritional status, oral function, socialization, memory, mood, and lifestyle. The CAT comprises 8 items that assess the various COPD symptoms. The HADS is used to measure the level of anxiety and depression and comprises 14 items.





DISCUSSION

This case report revealed two major findings. First, in patients who do not recover with conventional management of COPD, Ninjin'yoeito can improve their physical status from frailty to non-frailty. Second, Ninjin'yoeito can improve psychological frailty.

Ninjin'yoeito can improve physical frailty. The patient was categorized as having physical frailty because he fulfilled three of Fried's criteria, i.e., weight loss, feeling of fatigue, and decreased physical activity. All the three symptoms improved, and he could be categorized as non-frail at 6 months after initiating Ninjin'yoeito administration. COPD has a high morbidity and mortality rate, and various prognostic factors are being considered for COPD. Importantly, each item of Fried's criteria on the frailty tool has been shown to be a risk factor for COPD (12–14). Various factors, such as systemic inflammation, hypoxemia, increased respiratory effort, and hormonal abnormality, have been reported to result in appetite reduction and weight loss in patients with COPD (15). Although several intervention studies on weight loss have been reported (16–18), weight loss still remains refractory in some patients. In recent years, pulmonary rehabilitation has been demonstrated to improve frailty in patients with COPD; however, pulmonary rehabilitation in patients with severe frailty is more difficult to complete (19), and treatment strategies in frail patients with COPD who do not respond to conventional treatment are not clear. Our case report suggests that Ninjin'yoeito is a promising drug for frailty in patients with COPD who cannot complete pulmonary rehabilitation.

Ninjin'yoeito can improve the psychological frailty. Treatment of anxiety and depression in patients with COPD is particularly important, because it has been reported that the risk of ineffectiveness of conventional therapies increases if patients with COPD have psychological comorbidities (20, 21). The beneficial effects of Ninjin'yoeito were mirrored by favorable changes in the patient's KCL score, CAT score reflecting quality of life, and HADS score reflecting anxiety and depression. In support of our findings, previous studies have reported that Ninjin'yoeito can improve the mental status in patients with Alzheimer's disease (22).

Increase in physical activities has been shown to be an important factor in patients with COPD (14), and a reduction in both physical capacity (23) and mental health contributes to the decline in physical activity (21). We propose that the Ninjin'yoeito was effective in this case because it has multiple effects that address both physiological and psychological issues. Ninjin'yoeito is composed of 12 crude drugs each of which has its own unique effect(s). For example, ginseng and schisandra fruit have an anti-fatigue effect (24); ginseng and citrus unshiu peel have an anti-anorectic effect; and ginseng and atractylodes rhizome possess antidepressant and anti-aging effects. Thus, Ninjin'yoeito can be expected to improve the physical activity levels in patients with COPD because it positively affects both the physical and psychological symptoms. Additionally, the pulmonary pharmacological approach addresses only the organ-specific concerns rather than the comprehensive status of the patient, e.g., bronchodilators are prescribed to increase the airflow in patients with COPD. Recently, the concept of frailty, which comprehensively evaluates the state of a patient, is gaining attention. Furthermore, frailty is a particularly important risk factor in COPD, and there are no specific or effective management strategies. Thus, herein, it is important to note that while Ninjin'yoeito did not improve the respiratory function, it was effective in alleviating depression and anxiety symptoms and improving the appetite and physical activity levels, thereby acting as a “remedy for frailty.”



CONCLUDING REMARKS

This case report provides important preliminary evidence that Ninjin'yoeito therapy can improve frailty in patients with COPD. To the best of our knowledge, this is the first report of its kind. Future clinical studies are required to evaluate the effects of Ninjin'yoeito therapy on frailty in patients with COPD.
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Rehmannia glutinosa Libosch (RG), is officially listed in the Chinese Pharmacopoeia and is widely used in China. The leaves of RG (LR) is an important vegetative organ of the plant. At present, the total glycosides of RG (TLR) were extracted from RG, and developed a national second class of new drugs to the Dihuangye total glycoside capsule (DTG). Additionally, DTG has the effect of nourishing yin and tonifying kidney, promoting blood circulation and blood cooling, and applicable to chronic glomerulonephritis mild to Qi and Yin Deficiency. Moreover, diabetic nephropathy (DN) rats model was induced by intraperitoneal injection of a small dose of streptozotocin (45 mg/kg) and high-fat diet and plus 5% glucose drinking water. Over 15 days, after oral administration TLR and DTG in DN rats, samples from serum, urine and kidney were collected for biochemical indicators measurements, pathological analysis, western blotting and metabolomics. Therefore, the analytical results of biochemical indicators, histopathological observations and western blotting showed that TLR and DTG exhibited a significant effect in renal protection. And 27 endogenous metabolites (12 in serum and 15 in urine) could be tentatively identified in the process of DN in rats using metabolomics method. Those endogenous metabolites were chiefly involved in sphingolipid metabolism; pentose, glucuronate interconversion; terpenoid backbone biosynthesis; purine metabolism and retinol metabolism. After drug intervention, these endogenous metabolites turned back to normal level some extent (P < 0.05). Furthermore, TLR and DTG prevent high glucose-induced glomerular mesangial cells (GMCs) by inhibiting TGF-β1 and Wnt/β-catenin signaling pathway, providing a powerful supports to develop a new therapeutic agent for DN. This study paved the way for further exploration of the pathogenesis of DN, early diagnosis and the evaluation of curative effect.

Keywords: total glycoside extracted from leaves of Rehmannia, Dihuangye total glycoside capsule, metabolomics, diabetic nephropathy, TGF-β1, Wnt/β-catenin signaling pathway


INTRODUCTION

Traditional Chinese medicine (TCM) with multi-components and multi-targets has been used in clinical for over 4000 years in China due to its efficacy and low side-effects (Yokozawa et al., 1986). RG, belonging to Scrophulariaceae family, is widely distributed in China, and its root tubers are commonly called “Dihuang" in China. So far large quantity of iridoids and phenylethanoid glycosides have been isolated from the root and leaves of RG, together with other types of active principles. “Dihuang" has the significant effects on cardiovascular diseases (Liu et al., 2011), neuroprotection (Cai et al., 2011), diabetes and its complications (Zhang et al., 2014), osteoporosis (Zhang Z. et al., 2013), and hyperlipidemia (Zhang R. et al., 2013). Currently, with the deep exploration of RG, the leaves of RG (LR) is gaining increased attention around the world. In order to find the possibility to be used as medicine, people are beginning to pay attention to the development and utilization of LR. At present, LR is officially listed in the Beijing standard of Chinese herbal medicines, and it has the effect of heat-clearing, promoting blood circulation, supplementing Qi and nourishing yin and tonifying kidney (Beijing Municipal Health Bureau, 1988). The total glycosides of RG (TLR) were extracted from RG. The major active components of DTG is the phenylethanoid glycosides, which is extracted from LR, and phenylethanoid glycosides are a class of natural glycosides containing hydroxyl groups, methoxy substituted phenethyl or cinnamoyl groups, usually containing β-glucose as the parent nucleus, and are widely present in dicotyledonous plants (Jiménez and Riguera, 1994). DTG can increased glomerular permeability and reduced glomerular hyperfiltration, thus reducing proteinuria and the protection of renal function (Shen et al., 2010).

Diabetic nephropathy (DN) is one of the most common microangiopathy in diabetic patients, and renal fibrosis is the main cause of death in patients with DN (Lv et al., 2015). At present, the clinical diagnosis of DN mainly depending on the urinary albumin excretion rate detection, however, urinary microalbumin content may be affected by many factors such as obesity, insulin resistance and there are limitations (Weir, 2007). Therefore, it is necessary to find an early diagnostic marker with high sensitivity and specificity. To the best of our knowledge, there is no unified theory about the pathogenesis of DN. The current research focuses on the aspects of glucose metabolism, lipid metabolism, oxidative stress (Oberg et al., 2004; Chen and Quilley, 2008; Balakumar et al., 2009), and so on. Studies have shown that Wnt/β-catenin signaling plays a prominent role in cell differentiation, adhesion, survival, and apoptosis and is involved in glomerular cell proliferation and renal fibrosis, which affected the occurrence and development of DN (Xiao et al., 2013).

Metabolomics, based on the dynamic changes of endogenous metabolites in organisms, revealing the overall physiological status in responding to pathophysiological stimuli or genetic, environmental, or lifestyle factors (Pereira and Chang, 2004), and it has been widely used in the diagnosis of diseases, marker screening and pathogenesis research as a kind of technical means to study the dynamic metabolism of biological organism or tissue cells in recent years (Odunsi et al., 2005; Hodavance et al., 2007; Hwang et al., 2010). Metabolomics is regarded as “biochemical phenotypes” of the whole functional state of organism, and can be real-time, sensitive and real to express the response and regulation of the overall functional state of the organism under various external factors (Nicholson and Lindon, 2008).

Therefore, this study parallel simultaneous analysis of DN rats and normal rats of serum and urine, markers of different metabolites, and to study the effect of DTG and TLR on DN by analyzing the regulation of different metabolites. Moreover, the high glucose-induced GMCs model in vitro evaluate the efficacy of DTG and TLR on DN by determination of TGF-β1, Wnt4 and β-catenin proteins expression levels.



MATERIALS AND METHODS

Chemicals and Instruments

UPLC-grade acetonitrile was purchased from Merck (Darmstadt, Germany), formic acid and STZ were purchased from Sigma-Aldrich (Sigma, St. Louis, MO, United States). HPLC-grade acteoside was purchased from the National Institutes for Food and Drug Control (Beijing, China) and the purity is above 98%. BUN reagent kit, LDL reagent kit, T-CHO reagent kit, TG reagent kit, Scr reagent kit, UP reagent kit, serum β2-microglobulin (β2-MG) reagent kit were bought from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Huangkui capsule was purchased from SZYY Group Pharmaceutical Limited; Irbesartan was purchased from Shenzhen Haibin Pharmaceutical Co., Ltd. DMEM and F12 were purchased from GIBCO, America; TGF-β1, Wnt4 and β-catenin first antibody were purchased from Abcam (Cambridge, United Kingdom). All other chemicals and reagents used in this study were of analytical grade and made in China.

Waters AcquityTM Ultra Performance LC system (Waters, United States) equipped with a Quattro Micro MS spectrometer and a Waters Xevo TM G2 QTof MS (Waters MS Technologies, Manchester, NH, United States). Deionized water was purified on a Milli-Q system (Millipore, Bedford, MA, United States). Mass Lynx v4.1 workstation was adopted to analyze the data, and Ultra-high speed centrifuge at low temperature (Thermo Scientific, United Kingdom); DMI3000M microscope (Leica, Germany) were used.

Preparation of TLR and DTG

The plant material, LR were purchased from Henan farmers market, and identified by the Prof. Jin-Ao Duan (Department of Nanjing University of Chinese Medicine). Fresh LR were vacuum-dried in 80°C and ground into powder. The vacuum-dried LR (500 g) was extracted with 6 L 80% alcohol three times and 2 h each time with reflux extraction. In rotary evaporation instrument reduced pressure concentration, as TLR low dose oral solution. Concentrated on dose in the twice as high dose oral solution.

Before the experiment, the chemical of TLR and DTG were previously established by the UPLC-TQ-MS. And the main components of TLR identified mainly as catalpol, ajugol, and acteoside, the contents of above components were 0.6326%, 0.4105%, and 0.6833%, respectively. DTG were bought from Sichuan Meidakang Pharmaceutical Co., Ltd., the main component is acteoside, and the content of the acteoside in the DTG was 13.61%. The MRM chromatogram and structure of catalpol, ajugol and acteoside were presented in Figure 1. Moreover, we made the content of acteoside in TLR oral solution and DTG oral solution is consistent for rats.


[image: image]

FIGURE 1. MRM chromatogram and structure of catalpol, ajugol, and acteoside.



Experimental Animals

All experiments were conducted with male Sprague–Dawley (SD) rats weighing 200–240 g purchased from Experimental animal center of Zhejiang Province (Zhejiang, China; Certificate no. SCXK 2014-0001). Animals were housed in cages with a constant humidity (ca. 60% ± 2%) and temperature (ca. 23 ± 2°C) and with a light/dark cycle of 12 h. The animals were underwent an adaptation period of 7 days, during which they were allowed unlimited access to chow and tap water.

After the 7-day acclimation period, animals were randomly divided into eight groups with 6 in each group: control group (normal saline, C), model group (normal saline, M), Huangkui capsule group (0.75 g/kg⋅d, HK), Irbesartan group (27 mg/kg⋅d, YX), TLR low dose group (4.3 g/kg⋅d, DHYL), TLR high dose group (7.2 g/kg⋅d, DHYH), DTG low dose group (216 mg/kg⋅d, JNL), DTG high dose group (360 mg/kg⋅d, JNH). Expect for control group rats, the rats in other groups were fed with high-fat diet (59% basic mice feed, 20% sugar, 18% lard, and 3% egg yolk) and 5% glucose water for 21 days, then, the rats were injected intraperitoneally with STZ (45 mg/kg) dissolved in 0.1 mol/L sodium citrate buffer (pH 4.5) to induce DN model. 72 h after the injection of STZ, rats with FBG levels of 16.7 mmol/L and above were considered to be in diabetic state and were used for the study. Moreover, in this study, Huangkui capsule and Irbesartan were selected as positive control drug. The animal dose of Huangkui capsule and Irbesartan were extrapolated from the human daily dose, using the body surface area normalization method. The formula for dose translation was as follows: human clinical equivalent dose of medicine × 70 × 0.018/0.2. The dose of JNL and JNH were three times and five times of the clinical equivalent dose, respectively. Moreover, TLR are about 20 times the corresponding dose of DTG. Then, the rats were given corresponding drug once a day by gastric gavage for 15 days, and the control group rats were given the same volume of saline at the same time. This study was carried out in accordance with the recommendations of the Institutional Animal Ethics Committee of Nanjing University of Chinese Medicine (Nanjing, China). The protocol was approved by the Institutional Animal Ethics Committee of Nanjing University of Chinese Medicine.

Sample Collection

During the experimental period, body weights were recorded at 3-days intervals, FBG levels were measured by a One Touch Ultra II blood glucose monitoring system (Life Scan, Milpitas, CA, United States) by tail vein at 3-days intervals (at 8 a.m). Prior to the experiments, rats were put individually in the metabolism cages for 24-h urinary collection, all urine samples were immediately centrifugated at 3,000 rpm for 10 min after collection, and the supernatants were separated and stored at -80°C until analysis. At the end of study, rats were sacrificed under anesthesia by intraperitoneal injection of chloral hydrate (330 mg/kg body weight), and blood was collected for concentration of biochemical parameters and metabolomics study. Then, the blood samples were centrifugated at 3,000 rpm for 10 min, and the serum samples were separated and stored at -80°C until analysis. The right kidney was removed with one piece fixed with 10% neutral-buffered formalin for histologic examination. Renal cortex was isolated from the other piece and frozen in liquid nitrogen for western blotting analysis.

Biochemical Indicators Measurements, Pathological Analysis and Western Blotting

The therapeutic efficacy of TLR and DTG on DN rats was evaluated for the levels of UP in urine and FBG, LDL, T-CHO, TG, Scr, BUN and β2-MG in serum, which were detected followed by the description supplied by kits manufacturer. Part of the renal cortex were performed for HE staining in order to observe pathological changes in renal tissue, degrees of fibrosis tissue hyperplasia, structures of glomeruli and tubules through electron microscope (200×), and another part of the renal tissues samples were analyzed by western blotting for detecting the expression levels of Wnt4, β-catenin and TGF-β1 protein.

GMC Cells Culture

Glomerular mesangial cells were provided by Nanjing KeyGen Biotechnology Development Co., Ltd. The complete medium was low glucose DMEM with 10% FBS and 1% penicillin-streptomycin solution. The GMCs were cultured in 37°C, 5% CO2 and saturated humidity. The GMCs were plated on 96-well plates, pretreated with DMEM low glucose (5 mmol⋅L-1), incubated at 37°C and 5% CO2 for 6 h, and then were synchronized. The experimental groups were divided as follows: control group (C), which without intervention factor; model group (M), which cells were cultured in high glucose (30 mmol⋅L-1) DMEM solution; Acteoside (MRHTG) group (acteoside is stable in 0.1% DMSO in 24 h by analyzing its contents), TLR group (DHY) and DTG group (JN) at five dosages (5, 10, 25, 50, and 100 μmol⋅L-1), respectively. Cellular count was used to detect the number of cells in each group after incubation for 48 h, and then determined the total protein content of each group by BCA kit. The ratio of total cell protein/cell number was calculated and expressed as the total amount of protein (μg) contained in 103 cells as an indicator of GMCs hypertrophy. Moreover, these cells were prepared for the western blotting to examine the expression levels of TGF-β1, Wnt4 and β-catenin protein.

Sample Preparation and UPLC-QTOF/MS Analysis

All serum and urine samples were thawed at room temperature before preparation. The 300 μL acetonitrile was added to 100 μL serum samples to precipitated protein, and vigorously mixed for 60 s. The 100 μL acetonitrile was added to 100 μL urine samples to remove proteins and vigorously mixed for 30 s. All the samples were centrifuged at 13,000 rpm for 10 min at 4°C. Finally, the supernatant was injected to UPLC-QTOF/MS analysis.

Metabolites separation was performed using a Waters AcquityTM Ultra Performance LC system (Waters, United States) equipped with a Waters XevoTM G2 Q/TOF-MS (Waters MS Technologies, Manchester, NH, United States). An aliquot of 2 μL of sample solution was injected on an Acquity UPLC BEH C18 (100 mm × 2.1 mm, 1.7 μm, Waters Corporation, Milford, CT, United States) at 35°C and the flowrate was 0.4 mL/min. The optimal mobile phase consisted of water (A) (containing 0.1% formic acid) and acetonitrile (B). The optimized UPLC elution conditions for serum were: 0 ∼ 3 min, 95% ∼ 55% A; 4 ∼ 13 min, 55% ∼ 5% A; 13 ∼ 14 min, 5% A. The optimized UPLC elution conditions for urine were: 0 ∼ 8 min, 95% ∼ 70% A; 8 ∼ 11 min, 70% ∼ 30% A; 11 ∼ 13 min, 30% ∼ 5% A; 13 ∼ 14 min, 5% A. The autosampler was maintained at 4°C.

Mass spectrometry was performed using a XevoTM G2 QTof (Waters MS Technologies, Manchester, NH, United States), a quadrupole and orthogonal acceleration time-of- flight tandem mass spectrometer. Leucine-enkephalin was used as the lock mass generating an [M+H]+ ion (m/z 556.2771) and [M-H]- ion (m/z 554.2615) in positive and negative modes, respectively. The concentration of Leucine-enkephalin 200 pg/mL and the infusion flow rate was 100 μL/min to ensure accuracy during the MS analysis via a syringe pump. Data were collected in centroid mode from 100 to 1000 m/z. For both positive and negative electrospray modes, the capillary and cone voltage were set at 3.0 kV and 30 V, respectively. The desolvation gas was set to 600 L/h at a temperature of 350°C, the cone gas was set to 50 L/h and the source temperature was set to 120°C. The data acquisition rate was set to 30 ms, with a 0.02 s interscan delay.

In addition, 10 serum (or urine) samples were randomly selected from each group and mixed together as the quality control (QC) samples, respectively. The QC sample was used to optimize the condition of UPLC-QTOF/MS, as it contained most information of whole samples. The QC samples were injected six times at the beginning of the running in order to condition or equilibrate the system and then every ten samples to further monitor the stability of the analysis. Every day, after the instrument was calibrated, the QC sample was firstly analyzed to test the stability of the instrument in order to ensure consistent performance of the system.

Metabolomics Data Processing and Analysis

All of the data acquisition and analyses of data were controlled by Waters MassLynx v4.1 software. The multivariate data matrix was analyzed by EZinfo software 2.0 (Waters Corp., Milford, CT, United States). The main parameters include: retention time range 0 ∼ 14 min; mass ratio m/z 100 ∼ 1000, mass tolerance range 0.01 Da, peak intensity threshold 50, quality window 0.05 Da, retention time windows 0.20 min, automatic detection of 5% peak height and noise. The intensity of each ion was normalized with respect to the total ion count to generate a data matrix that consisted of the retention time, m/z value, and the normalized peak area.

The resultant data matrices were introduced to EZinfo 2.0 software for principal component analysis (PCA), partial least-squares-discriminant analysis (PLS-DA) and orthogonal projection to latent structures (OPLS-DA) analysis. From the OPLS-DA, various metabolites could be identified as being responsible for the separation between control group and model group and were therefore viewed as potential markers. Potential markers of interest were extracted from S-plots constructed following analysis with OPLS-DA, and variables that had significant contributions to discrimination between groups were subjected to further identification of the molecular formula.

The variable importance (VIP) in the projection value is a weighted sum of squares of the PLS weights, and the variables with VIP >1 were considered to be influential for the separation of samples in the score plots generated from OPLS-DA analysis. In all experiments, confidence level was set at 95% to determine the significance of difference (P < 0.05). Those variables were eventually selected as potential biomarkers. The PLS-DA score plots were described by the cross-validation parameter R2Y and Q2, which represents the total explained variation for the X matrix and the predictability of the model, respectively. Excellent models are obtained when the cumulative values of R2Y and Q2 are above 0.8. The relative distances between administration groups and control group from PLS-DA score plot was calculated with the average value (x-axis and y-axis) of all samples of the control group as the referenced point (Li et al., 2010). This quantitative value was used as an indicator of pharmacodynamic evaluation of metabolomics, and it solves the problem of lack of accurate and quantitative evaluation methods for many pharmacodynamics.

Metabolites Identification and Construction of Metabolic Pathway

Potential metabolites of DN selected were identified according to the determination of the accurate m/z, retention time, and typical MS/MS fragment and pattern of the potential biomarkers above, which were obtained in the positive and negative ion modes. The construction of metabolic pathway was performed with Metabo Analyst, which is a web-based tool for visualization of metabolomics1 based on database source including the KEGG2 and the HMDB3 databases for searching. The retention time and typical MS/MS fragment and pattern had great avail to narrow the range of possible molecules.



RESULTS

Determination of Biochemical Indicators, Histopathological Observations and Western Blotting

The analytical results of biochemical indicators were presented in Figure 2A. After 15 days of administration, the level of FBG, LDL, T-CHO, TG, Scr, BUN, β2-MG in serum, and UP in urine of DN rats increased significantly compared with that of control rats (P < 0.05 or P < 0.01 or P < 0.001). After treatment of HK (0.75 g/kg⋅d), YX (27 mg/kg⋅d), DHYL (4.3 g/kg⋅d), DHYH (7.2 g/kg⋅d), JNL (216 mg/kg⋅d), JNH (360 mg/kg⋅d), the levels of these indicators were nearly restored to normal. The results of the histological examination were consistent with the biochemical analysis (see Figure 2B). Compared with the control group, the DN model group showed renal tubular epithelial vacuolar degeneration, interstitial inflammatory cell infiltration, glomerular and tubular atrophy and interstitial fibrosis. Western blotting analysis (Figure 2C) showed the expression of Wnt4, β-catenin, TGF-β1 in renal tissue of control rats were significant from that in DN rats (P < 0.05). Compared with DN model group, the levels of creatinine, urea nitrogen, 24-h urinary protein and renal histopathology were significantly improved in the administration groups, and the expression levels of Wnt4, β-catenin and TGF-β1 protein was significantly decreased, especially TLR treatment.
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FIGURE 2. Determination of biochemical indicators and analysis of renal pathological section and Western blotting among control group, model group and administered group. (A) Determination of FBG, LDL, T-CHO, TG, Scr, β2-MG in serum, and BUN, UP in urine. (B) HE staining of kidney biopsy (200×). (C) Western blotting analysis of renal tissues of control group, HK group, YX group, DHYL group, DHYH group, JNL group and JNH group. #P < 0.05, ##P < 0.01, ###P < 0.001: DN model group vs. control group; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001: after treatment by HK, YX, DHYL, DHYH, JNL and JNH vs. DN model group. Data were presented as the mean ± SE.



Effect of TLR and DTG on GMCs Hypertrophy

As shown in Figure 3, high glucose increased the ratio of total protein to total cells in GMCs, resulting in cell hypertrophy, whereas TLR, DTG and the major active ingredient acteoside (5, 10, 25, 50, and 100 μmol⋅L-1), the ratio of total protein to total cell number decreased to a certain extent in a dose-dependent manner.
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FIGURE 3. Effects of DHY, JN, and MRHTG on hypertrophy of high glucose-induced GMCs. ###P < 0.001: model group vs. control group; ∗∗P < 0.01, ∗∗∗P < 0.001: after treatment by DHY, JN, and MRHTG vs. model group. Data were presented as the mean ± SE.



TGF-β1 and Wnt/β-Catenin Signaling Pathway on GMCs Treated With TLR and DTG

As shown in Figure 4, the protein expression levels of Wnt4, β-catenin and TGF-β1 were significantly increased in high glucose-induced GMCs (P < 0.05). The expression of Wnt4, β-catenin and TGF-β1 returned to the normal level after intervention of TLR and DTG, but there was no significant effect of the MRHTG group on the expression levels of Wnt4, β-catenin and TGF-β1.
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FIGURE 4. Effects of DHY and JN on the expression of Wnt-4, β-catenin and TGF-β1 in GMCs. #P < 0.05: model group vs. control group; ∗P < 0.05: after treatment by DHY, JN, and MRHTG vs. model group. Data were presented as the mean ± SE.



Metabolomics Insights

QC samples Analysis

The relatively clustering of QC samples (Figure 5A) and relative standard deviations (RSD%) of ion intensity (Table 1) expound and prove the quality of QC data. The trend plot showing the variation of t[1] over all observations (Figure 5B). The extracted ion chromatographic peaks of 10 ions were selected for method validation. The repeatability of method was evaluated by using six replicates of QC sample. This type of results demonstrated that the method had excellent repeatability and stability.
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FIGURE 5. Assessment of QC samples (A) PCA score plot (PC1 vs. PC2) of test samples and QC samples. (B) Trend plot showing the variation of t[1] over all observations. QC samples were colored as red boxes and test samples were colored as black triangle. X-axis numbers represented sample number (54 injections). Y-axis was arbitrary (3 SD).



TABLE 1. Coefficient of variation of ion intensity of selected ions present in the QC samples covering the range of retention times.
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Multivariate Data Analysis

All the data containing the retention time, peak intensity and exact mass were imported in the MassLynxTM software for multiple statistical analyses. The supervised OPLS-DA model, a pattern recognition approach, were established to separate serum or urine samples into two blocks between DN model group and control group. The supervised OPLS-DA with 100% sensitivity and no less than 95% specificity using a leave one out algorithm showed a better discrimination between the two groups (Figures 6A1–A4), which demonstrated that the DN model was built successfully. Based on these results, the OPLS-DA score plot (Figures 6B1–B4) were used to look for potential markers associated with DN progress. The R2Y and Q2 of PLS-DA model in positive and negative modes for serum and urine samples were suggested that the PLS-DA model was good to fitness and prediction.
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FIGURE 6. OPLS-DA scores plots (A), S-plot of OPLS-DA (B) for serum (A1,A2,B1,B2) and urine (A3,A4,B3,B4) samples of DN model group (red) vs. control group (black) in positive (A1,B1,A3,B3) and negative (A2,B2,A4,B4) ion mode. (A1, R2Y = 0.9920, Q2 = 0.8994; A2, R2Y = 0.9882, Q2 = 0.9269; A3, R2Y = 0.9932, Q2 = 0.9363; A4, R2Y = 0.9933, Q2 = 0.9513).



The UPLC-QTOF/MS analysis platform provided the retention time and precise molecular mass within measurement errors (<5 ppm) as well as the fragments of corresponding production for the structural identification of metabolites. According to the precise molecular mass, predicted elemental composition was predicted and potential molecular formula could be searched out in Human Metabolome Database4. Twenty-seven endogenous metabolites (12 in serum and 15 in urine) were tentatively identified by comparing with authentic standards or based on the protocol detailed above method. The information about the detected endogenous metabolites was summarized in Table 2.

TABLE 2. Potential metabolites selected and identified between DN model group and control group.
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Changes of Relative Intensity of Endogenous Metabolites

In order to study the efficacy and action mechanism of TLR and DTG for treating DN disease, PLS-DA model analysis was built to obtain the changes during the control group, DN model group and administration group rats (Figure 7). The variations of metabolic profiling in serum and urine for administration group rats had the tendency to restore back to the levels of controls, especially TLR and DTG groups (Table 3). Furthermore, the relative quantities of 27 endogenous metabolites (12 in serum and 15 in urine) were ultimately identified by comparing with authentic standards or based on the protocol detailed above method. Twenty-four endogenous metabolites (except for taurochenodesoxycholic acid, chenodeoxycholic acid glycine conjugate and L-gulonolactone) in serum and urine significantly affected by TLR and DTG were restored back to a control-like level. The detailed information was showed in Figure 8.
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FIGURE 7. PLS-DA scores plots for serum (S1,S2) and urine (U1,U2) samples from DN model rats and controls and administration group rats in positive and negative ion mode.



TABLE 3. The relative distance between treatment groups and control group from the PLS-DA score plot (mean ± SE).
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FIGURE 8. Changes in the relative intensity of target metabolites identified by UPLC-QTOF/MS. A two tailed, parametric t-test was used to determine the significance of the change in relative intensity for each metabolite. Bars represent the mean relative metabolite concentration and standard deviations. ##P < 0.01: model group vs. control group; ∗P < 0.05, ∗∗P < 0.01: after treatment by HK, YX, DHYL, DHYH, JNL, and JNH vs. model group. Data were presented as the mean ± SE.



Metabolic Pathway Analysis

The metabolic pathway was established by importing the potential metabolites into the web-based database MetPA. The pathway impact value calculated from pathway to topology analysis with MetPA above 0.1 was screened out as the potential target pathway. Here in Figure 9, for the five pathways, sphingolipid metabolism with the impact-value 0.31; pentose, glucuronate interconversion with the impact-value 0.27; terpenoid backbone biosynthesis with the impact-value 0.21; purine metabolism with the impact-value 0.15 and retinol metabolism with the impact-value 0.15 were filtered out as the most important metabolic pathways.
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FIGURE 9. Summary of pathway analysis of serum and urine samples of rats. (a) sphingolipid metabolism; (b) pentose and glucuronate interconversions; (c) terpenoid backbone biosynthesis; (d) purine metabolism; (e) retinol metabolism.



Correlation Analysis

Correlation networks is a useful tool to elucidate the relationship between biochemical indicators and potential biomarkers, providing supports for clinical diagnosis, medical treatment and pathophysiology research. Pearson correlation coefficient r > 0.65 and r < -0.65 separately represented for significant positive correlation and negative correlation (Cai et al., 2018). Here in Figure 10, BUN, UP, Scr, β2-MG positively correlated with ceramide (d18:1/12:0) (r > 0.65); and negatively correlated with sphingosine 1-phosphate and phytosphingosine (r < -0.65). Ceramide (d18:1/12:0), phytosphingosine and sphingosine 1-phosphate have been found and used to explain the sphingolipid metabolism. Therefore, BUN, UP, Scr, β2-MG closely related to sphingolipid metabolism.
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FIGURE 10. Correlation heat-map between biochemical indicators and potential biomarkers.





DISCUSSION

The local and traditional uses of “Dihuang” are nourishing yin and tonifying kidney. The pharmacological studies stated that “Dihuang” possesses the significant effects on cardiovascular diseases, neuroprotection, diabetes and its complications, osteoporosis, and hyperlipidemia. Moreover, acteoside, as the main active component, was reportedly possesses widely pharmacological activities, such as kidney protection, anti-oxidation, neuroprotection, liver protection, anti-cancer, and so on. But the action mechanisms still unclear completely. In our this study, the results in vivo showed that TLR and DTG can decrease 24-h urinary protein, serum creatine and blood urea nitrogen, alleviating the degree of renal interstitial fibrosis, reducing the expression of Wnt4, β-catenin and TGF-β1, played a role in renal protection. Moreover, the effect of the low dose group was more significant. Therefore, the optimal dose should be determined by further studies. Studies have shown that, the in vivo model of GMCs induced by high glucose simulates the pathophysiological changes of DN (Abboud, 2012). These in vitro results reveal that inhibitory effects of TLR and DTG on the hypertrophy and fibrosis of GMCs, and consistent with the in vivo results in this study. It is confirmed that the TLR and DTG had a better inhibiting effect on TGF-β1 and Wnt/β-catenin signaling pathway.

Notably, there are several distinct metabolic pathways in various stages of progress of DN. Ceramide (d18:1/12:0), phytosphingosine and sphingosine 1-phosphate have been found and used to explain the sphingolipid metabolism. Ceramides are one of the hydrolysis byproducts of sphingomyelin by the enzyme sphingomyelinase (sphingomyelin phosphorylcholine phosphohydrolase E.C.3.1.4.12) which has been identified in the subcellular fractions of human epidermis and many other tissues (Summers, 2006). Besides, the accumulation of ceramide can cause many lipid metabolic diseases (Li et al., 2002), and some pathogen selectively alter metabolic pathways and promote the absorption of fat into ceramides. Studies have shown that high-fat diet for 3 weeks can significantly cause ceramide and sphingomyelin in the mouse liver and nucleus accumulation, and ultimately make the liver browning and lead to fatty liver (Chocian et al., 2010). Scientists have recently demonstrated that inhibition and control of sphingolipid synthase contribute to the treatment of atherosclerosis, insulin resistance, diabetes and cardiomyopathy (Li et al., 2014). In DN, the content of ceramide increased significantly compared to normal rats and recovered to normal after administration of TLG and DTG. In recent years, studies have found that sphingosine 1-phosphate (S1P) can participate in the regulation of GMC growth and differentiation process (Spiegel and Kolesnick, 2002). Phytosphingosine is involved in diverse cell processes, including cell-cell interaction, cell proliferation, differentiation, and apoptosis. The contents of S1P and phytosphingosine decreased in DN, which was consistent with the injured of GMCs induced by DN. In addition, sphingolipid metabolic disorders may lead to cell death and are closely related to insulin-related diseases (Pang et al., 2008).

Cholic acid glucuronide has been found and used to explain the pentose and glucuronate interconversions. Cholic acid glucuronide is the glucuronidated metabolite of cholic acid, one of the four main acids produced by the liver where it is synthesized from cholesterol. Upon formation, the glucuronide is rapidly and effectively cleared from the circulation and excreted via urine (Little et al., 1985). In DN, the decreased amount of cholic acid glucuronide in urine indicated that the renal excretion was perturbed. Guanosine triphosphate, guanosine diphosphate, inosinic acid and adenine have been found and used to explain the purine metabolism. Inosinic acid is a purine nucleotide which has hypoxanthine as the base and one phosphate group esterified to the sugar moiety. The hypoxanthine in the purine metabolism oxidize to xanthine, adenosine monophosphate can degrade into uric acid and accumulate in the urine into uremic toxins, eventually leading to renal failure (Sánchez-Lozada et al., 2005; Seaman et al., 2008). Results suggested that these target pathways showed the marked perturbations over the time-course of the treatment and could contribute to the development of DN.



CONCLUSION

This study showed that TLR and DTG could prevent its occurrence and development of DN by combining biochemical and pathological indicators with metabolomics technology, and by assessing comprehensive curative effect. Through the application of metabolomics technology, 27 endogenous metabolites (12 in serum and 15 in urine) could be identified in the process of DN. After drug intervention, these markers varied to some extent (P < 0.05). The results showed that TLR and DTG played a significant role in regulating the expression levle of TGF-β1 protein in renal tissue and mesangial cells. Therefore, to further study the mechanism of TLR on TGF-β/Smad signaling pathway, it is necessary to systematically study the protective mechanism of TLR on DN. The study paved the way for further exploration of the pathogenesis of DN, early diagnosis and the evaluation of curative effect.
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β2-MG, serum β2-microglobulin; BUN, serum urea nitrogen; C, control group; DHYH, TLR high dose group; DHYL, TLR low dose group; DN, diabetic nephropathy; DTG, Dihuangye total glycoside capsule; FBG, Fasting blood glucose; GMC, glomerular mesangial cells; HE, hematoxylin eosin; HK, Huangkui capsule group; JNH, DTG high dose group; JNL, DTG low dose group; LDL, low density lipoprotein; M, model group; MRHTG, Acteoside; RG, Rehmannia glutinosa Libosch; Scr, serum creatinine; STZ, streptozotocin; T-CHO, total cholesterol; TCM, Traditional Chinese medicine; TG, triglyceride; TLR, total glycoside extracted from leaves of Rehmannia; UP, urine protein; YX, Irbesartan group.
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1 http://www.metaboanalyst.ca/faces/upload/PathUploadView.xhtmlpc

2 http://www.genome.jp/kegg/
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4 http://www.hmdb.ca/
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Frailty in older people is strongly associated with poor nutrition, which is particularly important in the present-day superaging society. This study initially investigated a number of cases of frailty where there was a speedy recovery after administration of a dual deficiency of qi and blood preparation, ninjin'yoeito (NYT), formulated for frail patients who suffer from kiketuryokyo status. Based on these observations, a more extensive investigation involving a greater number of cases was completed. The findings of the effects of NYT on frailty are reported here.
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INTRODUCTION

As Japan's population rapidly ages, the problems of “poor nutrition” and “nutritional deficiency” in a superaging society have grown in importance. Frailty in elderly people is strongly associated with poor nutrition, and it can cause sarcopenia, which manifests in a decrease in muscle mass (1). To resolve such issues, the Ministry of Health, Labor, and Welfare announced that starting in 2018 it will implement nationwide “Frailty” countermeasures (2).

Those who work in health care for the elderly understand that people shift between frail and healthy conditions, so appropriate interventions should be made as necessary. When treating frailty through nutritional therapy, the active intake of protein, vitamin D, vitamin E, vitamin C, and so on has been recommended (3). As for exercise therapy, strength training at a slightly intense level, two to three times a week, in addition to aerobic exercise, such as walking, is recommended (4). However, there has been little research on the use of medication to treat frailty and sarcopenia.

In a previous study, the author administered a dual deficiency of qi and blood preparation, NYT, to patients affected by frailty and who were suffering from kiketuryokyo, and found that in a number of cases, the patients recovered quickly from a state of frailty to a healthy condition (5). On the basis of the findings of the previous study, we carried out a cohort study that examined the effects of NYT on frailty. These findings are reported here.



STUDY SUBJECTS

The subjects were chosen from six medical facilities that participated in this research study from April 2016 to March 2018. They were elderly patients who were over the age of 65 and could walk without assistance, and who had at least one of the following symptoms: decreased strength after illness, malaise, hypophagia, night sweats, cold hands and feet, or anemia. The exclusion criteria included the following: (1) patients who had taken Kampo (i.e., Chinese medicine) or crude drugs within the 2 weeks before the commencement of the study; (2) obese patients with a body mass index (BMI) of over 25; and (3) patients whose physician in charge deemed their involvement in the study to be unsuitable. Furthermore, a group of patients whose background matched the study's criteria was set up as the control group.



METHOD

NYT group: Kracie Ninjin'yoeito Granule Extract, which contains 7.5 g of ninjin'yoeito, was given over two to three administrations throughout the day, delivered orally before or during meals. Right and left grip strength, weight, BMI, muscle mass, body fat percentage, lean body mass, muscle quality score, estimated bone mass, body age, and thigh circumference were measured at 0, 8, 16, and 24 weeks. All variables, except grip strength and thigh circumference, were measured using a body composition meter RD-903 or RD-501 (Tanita Corporation, Tokyo, Japan). Statcel 3 software (OMS Publishing Inc., Saitama, Japan) was used as the statistical analysis software.

Control group: No placebos were administered as the group was observed and continued with their conventional treatment. The same items as the NYT group were measured. The envelope method was used as a method of grouping.

This study has been screened by an ethical committee that included the presence of a lawyer and third parties (Medical Corporation Sakisaka Clinic Ethical Committee, approval number: 160201).



RESULTS

NYT group: 64 patients (male/female = 18/46), average age 78.5 ± 6.5 years.

Control group: 49 patients (male/female = 17/32), average age 76.0 ± 6.3 years (Table 1).



Table 1. Patient background.
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Because the missing value was 8 weeks' data and 16 weeks' data, it was compared at 0 and 24 weeks.


Grip Strength

For the right-hand grip strength, the NYT group had significantly improved (p < 0.01). There was no change in the control group. With regard to the amount of change before and after administration, when the two groups were compared, a significant improvement was seen in the NYT group (p < 0.01) (Figure 1).
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FIGURE 1. Change in right-hand grip strength between both groups. The grip strength of the groups was compared using the paired t-test. The amount of change of each group was compared using Welch's t-test. Both sides were tested at p < 0.05 (*), p < 0.01 (**). Ninjin'yoeito group: 61 cases; control group: 49 cases. A significant improvement was seen in the ninjin'yoeito group. There were no changes in the control group. With regard to the amount of change before and after administration, when both groups were compared, the ninjin'yoeito group showed significant improvement.



For the left-hand grip strength, the NYT group had significantly improved (p < 0.01), whereas the control group had significantly deteriorated (p < 0.05). With regard to the amount of change before and after administration, when the two groups were compared, a significant improvement was seen in the NYT group (p < 0.001) (Figure 2).
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FIGURE 2. Change in left-hand grip strength between both groups. The grip strength of the groups was compared using the paired t-test. The amount of change of each group was compared using Welch's t-test. Both sides were tested at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). Ninjin'yoeito group: 61 cases; control group: 49 cases. A significant improvement was seen in the ninjin'yoeito group. Left-hand grip strength had significantly deteriorated in the control group. With regard to the amount of change before and after administration, when both groups were compared, the ninjin'yoeito group showed significant improvement.





Weight and BMI

For weight and BMI, there were no changes in the NYT group or the control group (data not shown).



Muscle Mass

There was no change in the NYT group, but in the control group, muscle mass had significantly deteriorated (p < 0.05). With regard to the amount of change before and after administration, there was no difference between the groups when they were compared (data not shown).



Body Fat Percentage

For body fat percentage, there were no changes in the NYT group or the control group (data not shown).



Lean Body Mass

For lean body mass, there were no changes in the NYT group or the control group (data not shown).



Muscle Quality Score

No changes were observed in the NYT group, but in the control group, the muscle quality score had significantly deteriorated (p < 0.05). With regard to the amount of change before and after administration, when the two groups were compared, a significant difference was observed (p < 0.05) (Figure 3).
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FIGURE 3. Change in the muscle quality score between both groups. The muscle quality scores of each group were compared using the paired t-test. The amount of change of each group was compared using Welch's t-test. Both sides were tested, and p < 0.05 was set as the level of significance. Ninjin'yoeito group: 61 cases; control group: 49 cases. No changes were observed in the ninjin'yoeito group, but in the control group, muscle quality scores had significantly deteriorated. With regard to the amount of change before and after administration, when both groups were compared, the ninjin'yoeito group showed significant improvement.





Estimated Bone Mass

For estimated bone mass, there were no changes in the NYT group or the control group (data not shown).



Body Age

There were no changes in the NYT group, but the body age had significantly deteriorated in the control group (p < 0.05). With regard to the amount of change before and after administration, there was no difference between the groups when they were compared (data not shown).



Thigh Circumference

For thigh circumference, there were no changes in the NYT group or the control group (data not shown).




DISCUSSION

Not only does frailty lead to a noticeable decline in activity of daily living (6), but it also causes an increase in the number of people requiring nursing care (7), becoming a significant burden for families and society. It should thus not be treated as a personal issue, but as a societal problem.

Frailty can be classified into three different types: physical frailty, mental and psychological frailty, and social frailty (8). Physical frailty mainly takes the form of sarcopenia. People with mental and psychological frailty display signs of depression and mild cognitive decline. Furthermore, social frailty is demonstrated by those in isolated environments, such as those who live alone or shut themselves up in their room. It is important to note that these three types of frailty are not independent of one another, as they influence each other and are reversible. Health care and nursing care professionals who often examine frail patients should help them to return to a healthy state by accurately assessing their frailty, and providing them with meal and exercise guidance, as well as medication as needed.

While routinely examining many frail patients, the author noticed that kiketuryokyo was at the root of the condition. So, when the patients were administered NYT, which is a typical kiketsu complementary agent, several of them experienced dramatic improvements in the level of frailty. Moreover, these patients' depressive symptoms also improved considerably. Therefore, these results show that NYT can be effective in treating mental and psychological frailty (5). The results of the cohort study found that the administration of NYT improved the patients' grip strength in their right and left hands, and they were able to maintain their muscle quality.

There are many unanswered questions concerning the effect of NYT on muscles, but from the basic research reported thus far we can surmise that citrus reticulata peel promotes ghrelin production (9), ginseng activates activated protein kinase (AMPK) (10), and Schisandra fruit induces the expression of PGC-1α in skeletal muscle (11), which in turn activates muscle mitochondria and increases energy production efficiency (Figure 4). It is thought that NYT, which includes these crude drugs, has great potential to act as a form of “frailty treatment” in the future.
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FIGURE 4. Estimated mechanism of the action of ninjin'yoeito against muscle weakness. We can surmise that citrus reticulata peel promotes ghrelin production, ginseng activates AMPK, and Schisandra fruit induces the expression of PGC-1α in the skeletal muscle, which activates muscle mitochondria and increases energy production efficiency.





CONCLUSIONS

This study, which included more than 100 patients, suggests that NYT improves grip strength in both hands and maintains muscle quality. Therefore, NYT, a dual deficiency of qi and blood preparation, may be effective in treating physical frailty; however, there is a need to further study the effectiveness by increasing the number of cases further.
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Herbal medicines are currently employed for the treatment of several types of diseases, and also employed for the improvement of Quality of Life (QOL) of patients over the world, in particular, in Asian countries. In Japan, a Japanese herbal medicine namely kampo medicine has been prescribed for the improvement of QOL of patients. Ninjinyoeito (NYT), composed of 12 herbal plants, is one of kampo medicines and used for helping recovery of diseases and improving several symptoms that suffer patients such as anemia, anorexia and fatigue. Recent scientific research approaches to kampo medicines with cells and animal models enable to prove that NYT has multiple functions for improvement of symptoms. Also, clinical studies using NYT support such actions to be widely used for the improvement of symptoms that reduce the QOL of patients.

Keywords: herbal ingredient, kampo medicine, Ninjinyoeito, mixed ingredients, scientific evidence


INTRODUCTION

Ninjinyoeito (NYT) is a Japanese herbal medicine prescribed and clinically admired in Japan. NYT has multi-functional beneficial activities so that it is used for improvement of recovery from diseases or some symptoms (1–7). Further, NYT has been reported to have antiviral action on hepatitis C virus (HCV), antioxidant and immuno modulatory effects (8, 9). NYT is composed of 12 crude ingredients, including Rehmannia root, Japanese angelica root, Atractylodes rhizome, Poria sclerotium, Ginseng, Cinnamon bark, Polygala root, Peony root, Citrus unshiu peel, Astragalus root, Glycyrrhiza, and Schisandra fruit.

Recent scientific approaches to analyze the mechanism of action of kampo medicine including NYT enable to understand how kampo medicines act on patients and their functional sites of action (10–12). Further, understanding of the mechanism of action for each herbal ingredient composed of NYT help the mechanism of action of NYT. In this review, we introduce multifunctional actions of NYT by showing accumulated scientific evidence based on experiments with cells and animal models and also clinical studies using NYT.



ACTIONS OF NYT FOR THE IMPROVEMENT OF DISEASES OR SYMPTOMS

Because of multi components of NYT, NYT has a variety of sites of action so that it is widely used for improvement of several types of symptoms, as follows.


Contribution of NYT to Improve Neurodisorder

NYT has been postulated to contribute of improvement of symptoms of Alzheimer's disease patients (13). In an experiment with rat embryo astrocytes, Yabe reported that NYT and its constituent onjisaponins contained in the roots of polygala tenuifolia significantly elicited nerve growth factor (NGF) secretion, a neurotrophic peptide (14). NGF is well known to be associated with the development and maintenance of cholinergic neurons in basal forebrain (15).

Sato demonstrated that the γ chain of immunoglobulin Fc receptor (FcRγ) and Fyn protein tyrosine kinase (Fyn) signaling cascade is critically involved in cuprizone-induced demyelination without any lymphocytic response with a model for certain human demyelinationing disorders (4). They showed in the model that NYT administration recovered the demyelination in cuprizone-treated mice, and also showed the site of action of NYT is the FcRγ Fyn-Rho (Rac2)—p38 mitogen-activated protein kinase phosphorylated myelin basic protein signaling, which is working in the myelination process (4).

With olfactory bulb lesions injured by Zinc sulfate perfusion, Song investigated the effects of NYT on brain monoamine and NGF (16). They showed the reductions of dopamine and its metabolites, 5-HT and its metabolite in olfactory bulb, hippocampus and substantia nigra in the model, and NYT inhibited the reduction. As a result, NYT consequently recovered the learning and memory lowered by Zinc sulfate perfusion (16).



Myelopoiesis and Erythropoiesis

Hematopoiesis is the process whereby functional, mature hematopoietic cells (red blood cells (RBCs), leukocytes, and platelets) are generated from hematopoietic stem cells in bone marrow (BM). Erythropoiesis, one aspect of hematopoiesis in which erythroid progenitors, such as burst forming unit-erythroid (BFU-B) and colony forming unit-erythroid (CFU-E) cells, is initially generated and then gives rise to erythroblasts, reticulocytes, and finally RBCs, which contain hemoglobin functioning in oxygen transport (17, 18). Failure of erythropoiesis results in a shortage of or damage to RBCs and underlies anemia. NYT has been reported to overcome anemia resulting from anticancer therapies in humans (1). In mice treated with an anticancer drug 5-fluorouracil (5-FU) and received anemia due to 5-FU, oral administration of NYT protected against hematotoxicity and induced immature erythroid progenitor cells. Also, oral administration of NYT improved 5-FU-induced anemic conditions, determined by measurement of reticulocyte and RBC numbers, hemoglobin and hematocrit levels in peripheral blood, and increases in BFU-E and CFU-E in BM in mice (3).



Modulation of Immunoresponses

Takaku reported that NYT enhanced synergistically the antitumor vaccine effects induced by CD8+ T cells. They demonstrated that NYT is a useful adjuvant herbal medicine for cancer immunotherapy (6).

Multiple myeloma (MM) is an incurable malignancy of plasma cells and includes the involvement of chemokines, cytokines and growth factors secreted from MM (19). For these patients over 65 years, Melphalan-prednisone (MP) therapy has been employed (5). In this study, MP treatment lowered the concentrations of several cytokines such as RANTES, sE-selectin, but not Ang-2 and VEGF. When treated together with NYT, it enhanced MP-associated reduction and also reduced Ang-2 and VEGF. During this combination therapy, immunoglobulin concentrations were significantly improved and improved general fatigue of patients, suggesting beneficial immunotherapeutic effects of NYT on MM patients (5).



Neuropathic Pain

NYT has been reported to have anticytotoxic activities. In neuron-like pheochromocytoma PC12 cells, an antitumor drug oxaliplatin induced neurodegeneration. With this model, NYT was found to prevent the neurodegenerative effects by oxaliplatin (20). Further, in mice model, the same authors reported that NYT and its gradient ginseng, in particular, ginsenoside Rg3, suppressed oxaliplatin-induced neurite damage and neuropathic pain (7).



Scavenging Action of NYT on Several Types of Free Radicals

NYT has been reported to have scavenging activity of several types of radicals including 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals in in vitro system as well as ascorbic acid and α-tocopherol (8). They proposed that examination of radical scavenging ability of kampo medicines is a better method for evaluating the efficacy of kampo medicines (8). Actually, Hange-shasinto, a kampo medicine that is widely prescribed for therapeutic use of oral stomatitis, has been reported to have radical scavenging effects in six out of seven herbal ingredients consisting of Hange-shasinto (21).



Frailty in Locomotor Disease

Frailty is a syndrome that includes broad problems of senility and consists of three domains: physical, psychological, and social. Kampo medicines are used for intervention in cases of hypofunction in a mental or physical state (22). For frailty, NYT is useful in patients with symptoms of coldness or cutaneous dryness. NYT demonstrates hematopoietic activity and is effective for osteoporosis management (22). Also, NYT was effective for anorexia of aging in Alzheimer's disease (23).




ACCUMULATED EVIDENCE OF THE EFFECTS OF EACH HERBAL PLANTS CONSISTING OF NYT

Here we show the effects of each herbal ingredient that consist of NYT, as follows (Table 1).



Table 1. Physiological functions of basic components from each ingredients in NYT.
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Rehmannia Root

Rehmannia root has been reported to have antiosteoporotic and neuroprotective effects (25, 26). Catalpol, the main component in Rehmannia root, inhibited ischemia-induced promyelinating oligodendrocyte damage by the regulation of intracellular homeostasis through Na+/Ca+ exchanger 3 activity (27). Also, catalpol reduced insulin resistance caused by high-fat diet and inflammation of adipose tissues by the inhibition of the c-Jun N-terminal kinase and nuclear factor-κ B-induced signaling (24). Catalpol is presented as a potential therapeutic for neurodegenerative diseases (25).



Japanese Angelica Root

Japanese angelica root contains many of bioactive components. One of main components is ligustilide (30). Ligustilide has antiinflammatory and antinociceptive effects (28, 29). Qian reported that ligustilide ameliorated pain caused by inflammation and inhibited TLR4 upregulation in spinal astrocytes induced by injection of complete Freund's adjuvant (30).



Atractylodes Rhizome

For atractylenolide I (ATR) in Atractylodes rhizome, a pilot randomized study (n = 11) of ATR on cachexia patients with gastric cancer showed ATR was significantly more effective than fish-oil-enriched nutritional supplementation in improving appetite and Karnofski performance status, suggesting ATR might be beneficial in alleviating cachexic symptoms in gastric cancer patients (31).



Poria Sclerotium

Poria sclerotium has a long history as a herbal medicine and a wild spectrum of pharmacological activities such as antitumor, antioxidant, antiinflammatory effects (33). Pachymic acid, one of the main components of Poria sclerotium, has been reported to have antitumor effects to several types of tumor cells (34–37). On the other hand, Rikkunshito, a kampo medicine prescribed for gastrointestinal disorders, enhances orexigenic ghrelin-mediated signaling (10, 12). Acyl ghrelin is the active hormone and it degrades inactive form of des-acyl ghrelin by ghrelin deacylating enzymes (32). Pachymic acid in Poria sclerotium as well as glycycoumarin in Glycyrrhiza and 10-gingerol in Ginger inhibited this enzyme activity and kept circulating acyl ghrelin levels, thus maintaining the effect of ghrelin (32). NYT contains both Poria sclerotium and Glycyrrhiza, suggesting these two ingredients may involve the ghrelin-mediated signaling in NYT (12).



Ginseng

Ginseng has a wide range of pharmacological activities including antitumor, antiinflammatory, antioxidative and inhibition of cardiovascular diseases (40, 41). Further, the extract of Ginseng (Rg3) showed a protective effect against neurite damage induced by oxaliplatin (7). Ginseng extracts partially relieved oxaliplatin-induced neuropathic pain (7). In the effect to central neurons system, many of studies suggest ginseng causes improvement in memory and learning in the aged or damaged brain in rats (38). Also, ginsenoside-Rg2 from Panax ginseng protected memory impairment through antiapoptosis with a rat model having vascular dementia (39).



Cinnamon Bark

Cinnamon bark is widely used in food and traditional herbal medicine including NYT. Cinnamon has been reported to elicit diverse biological functions such as antiinflammatory (42) antioxidant (43), antimicrobial (43), and antitumor activity (44). A recent report showed that cinnamaldehyde has potent neuroprotective effects against oxidative stress and apoptosis induced by glutamate with rat pheochromocytoma PC12 cell as a neuron model (45). As for antioxidative effect of cinnamon bark, Sedighi recently reported that the extract of cinnamon bark with ethanol could protect the heart injured by ischemia–reperfusion probably because of its antioxidant properties (46).



Polygala Root

Tenuigenin in Polygala root has been reported to have neuroprotective effects. For example, it promoted hippocampal neural stem cell proliferation and differentiation (48) and it also has protective effects in cultured hippocampal neurons (47). Furthermore, tenuigenin has antiinflammatory effects and it inhibited lipopolysaccharide-induced inflammatory responses in microglia via activating the Nuclear factor E2-related factor 2-mediated heme oxygenase 1 signaling pathway (49).



Peony Root

Products from Peony root have been used for pain relief (52) and antispasmodic (51). Paeoniflorin, a glycoside isolated from Peony root, is reported to inhibit L-type Ca2+ currents in neuroblastoma NG108-15 cells (50). These effects may partially explain paeoniflorin or Peony root to cause neuronal or neuroendocrine inhibitory effects as well as pain relief (50).



Citrus Unshiu Peel

A flavonoid hesperetin in Citrus unshiu peel is reported to have a variety of biological activities, including anticancer, antiviral, antioxidant, neuroprotective and antiinflammatory properties (55). For example, hesperidin ameliorates cognitive dysfunction, oxidative stress and apoptosis against aluminum chloride induced rat model of Alzheimer's disease (56). Administration of citrus unshiu peel is reported to reverse age-induced demyelination (54). Also, restoration of FcRγ/Fyn signaling activated by citrus unshiu peel repaired central nervous system demyelination (53).



Astragalus Root

Main components in Astragalus root are astragaloside and isoastragaloside. Xu reported that astragaloside and isoastragaloside in Astragalus root by screening of 50 medical herbs elevated circulating adiponectin levels by enhancing adiponectin production in mouse adipocytes (60), a well-known hormone to reduce risk of obesity, cardiovascular, and diabetic pathophysiology (57, 58). Also, Astragalus extract was reported to inhibit destruction of gastric cancer cells to methothelial cells by antiapoptosis, suggesting that Astragalus root can be used an adjuvant chemotherapeutic agent in gastric cancer therapy (59).



Glycyrrhiza

Glycyrrhiza extracts such as glycyrrhizin has been reported to have a variety of biological activities such as antiinflammation, anticancer, antioxidative, antiviral, antimicrobial effects as well as neuroprotective and immunomodulatory effects (61, 62). Also, as mentioned in the above section of Poria sclerotium, glycycoumarin in Glycyrrhiza inhibited circulating deacylating enzymes to consequently enhance the ghrelin-mediated signaling (32).



Schisandra Fruit

Schisandra fruit has many of bioactive activities. Kim reported that its extracts improved endurance and energy metabolism by upregulation of proliferator-activated receptor γ coactivator-1α (PGC-1α) in the skeletal muscle of exercised rats (64). Moon reported schizandrin, a main component of Schisandra fruit had antiinflammatory effects and it could be useful for the inflammatory and atopic diseases (63). Further, schizandrin B, an extract from Schisandra fruit ameliorated the lipopolysaccharide-induced depressive-like behaviors by attenuation of inflammation in the hypothalamic paraventricular nucleus and central nucleus of the amygdala in mice (65).




CLINICAL STUDIES USING NYT

Although not so many, clinical studies regarding the effects of NYT on healthy human or patients have been conducted. Clinical reports showed that BT-11, the extract of dried roots of Polygala that is ingredient of NYT, had memory-enhancing effects in a randomized, placebo-controlled and double-blind study of BT-11 in healthy adults (66). The extract is also reported to have enhancing effects in cognition in elderly humans in a randomized, placebo-controlled and double-blind study (67).

In clinical study with Alzheimer's patients (23 patients) over 2-year period, two groups between donepezil (11 patients) and donepezil with NYT (12 patients) treatment were compared and assessed. Tests performed included Mini-Mental State Examination and the Alzheimer's Disease Assessment Scale-cognitive component-Japanese version for cognitive function (13). Further, the Neuropsychiatric Inventory was used to evaluate the patients' mood status at baseline and every 6 months for 2 years (13). Authors demonstrated that A 2-year follow-up of patients receiving donepezil with NYT treatment showed an improved cognitive outcome and alleviation of Alzheimer's disease-related depression, judged from several tests mentioned (13). Further, an open-label pilot study with frail Alzheimer's disease patients showed that NYT could be a new-type dementia therapeutic agent with low risk of adverse effects, which improves anorexia, apathy, and cognitive dysfunction (23).

Nowadays, complementary and alternative medicine such as traditional Chinese medicines and Japanese kampo medicines is frequently used together with western medicines for treatment of diseases including chronic kidney diseases (68). In an open-label clinical study, Hsiao reported that NYT could decrease chronic inflammation and increase QOL in 59 (27 NYT and 32 control) patients treated with hemodialysis due to chronic kidney diseases (68). In addition, a randomized controlled trial with NYT was conducted in patients receiving ribavirin, which shows a strong antiviral effect on hepatitis C. Ribavirin is known to cause serve anemia and this is the major problem. In the study, NYT was shown to ameliorate the anemia induced by ribavirin in patients with hepatitis C (1). Also, combination of a clinical study with hepatitis C patients and in vitro studies have shown that NYT and some of its ingredients were effective in the treatment of chronic hepatitis C (69). With regard to hepatocellular carcinoma, one study in cancer patients having advanced hepatocellular carcinoma, together with experimental study with a rat hepatocellular carcinoma model revealed that NYT could enable continuous administration of the anticancer drug sorafenib due to suppression of failure of liver functions and reduction of platelets (70). Lastly, a clinical I/II open-label study with NYT showed that NYT was safe and useful for improvement of fatigue in nonanemic cancer survivors (71).



CONCLUSION

Since NYT is consist of 12 herbal ingredients and each ingredient has potent improving activities of a variety of symptoms in patients with significant biological activities, the beneficial effect of NYT could be promising. Accordingly, not a few of clinical studies with NYT are now ongoing. In the near future we will recognize and understand the beneficial effects of NYT to patients suffering from many of unpleasant symptoms, owing to the progression of evidence-based scientific researches with NYT.
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Ninjinyoeito (NYT), a traditional Chinese medicine consisting of 12 herbs, is designed to improve fatigue, cold limbs, anorexia, night sweats, and anemia. Recently, NYT was reported to improve cognitive outcome and depression in patients with Alzheimer’s disease. However, little is known about how NYT alleviates depression and cognitive dysfunction. In this study, we investigated the effects and mechanisms of NYT in a corticosterone (CORT)-induced model of depression. Chronic NYT treatment ameliorated the depressive-like behaviors induced by CORT treatment in three types of behavioral tests. In addition, chronic NYT treatment also improved memory disruptions induced by CORT in both the Y-maze and novel object recognition tests, without affecting locomotor activity. Furthermore, we also showed that NYT treatment attenuated the CORT-induced reduction in cell proliferation and immature neuronal cell numbers in mouse hippocampal dentate gyrus. These results suggest that NYT has therapeutic effects on CORT-induced behavioral abnormalities and inhibition of hippocampal neurogenesis.
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INTRODUCTION

Depression is one of the most common mood disorders in modern society. It is estimated that about 1% of the population will be affected by major depression at least once during their lifetime (Rao et al., 2004). Although extensive studies have led to various hypotheses regarding the molecular mechanisms underlying depression, the pathogenesis of depression remains to be fully clarified. One hypothesis concerns the hypothalamic-pituitary-adrenal (HPA)-axis, which is well known to play a critical role in the pathogenesis of mood disorders (de Kloet et al., 2005, 2006). Under normal conditions, glucocorticoid levels in blood are sensitively regulated by the HPA-axis via negative feedback. However, in stressful situations, persistently high concentrations of glucocorticoids in the blood causes dysregulation of the HPA-axis, induces atrophy in the central nervous system, and even aggravates depression (Murphy, 1997; Sapolsky, 2000). Based on these findings, the chronic corticosterone (CORT) exposure model is widely used to induce depressive-like behavioral and neurochemical changes in rodents (Gourley et al., 2008). Recent work suggests that elevated glucocorticoid levels induces behavioral disorder and decreases cell proliferation in the hippocampal dentate gyrus, and that these changes are reversed by chronic antidepressant treatment. In addition, the efficacy of some antidepressants, such as fluoxetine, is abrogated by X-irradiation, which inhibits hippocampal neurogenesis (David et al., 2009). Thus, improving hippocampal neurogenesis is considered to be one of the most important strategies for the development of antidepressant medicines.

Ninjinyoeito (NYT), a traditional Chinese medicine described in Ho-chi-chü-fang, is designed to improve fatigue, cold limbs, anorexia, night sweats, and anemia. For that reason, NYT has been administered to elderly people in Traditional Oriental medicine. NYT is composed of 12 herbs: ginseng, astragalus root, angelica root, rehmannia root, atractylodes root, poria sclerotium, peony root, cinnamon bark, citrus unshiu peel, polygala root, schisandra fruit, and glycyrrhiza. In basic research, NYT was reported to improve memory impairments and the reduction of serotonin and 5-hydroxyindole-3-acetic in the olfactory bulb lesion mouse model (Song et al., 2001). NYT was also reported to improve demyelination and increase the number of oligodendrocytes in aged or cuprizone-treated rodents (Kobayashi et al., 2003; Seiwa et al., 2007). Another report suggested that NYT increased nerve growth factor in astrocytes (Yabe et al., 2003). In addition to basic research, a recent clinical trial revealed that NYT treatment improved cognitive outcome and Alzheimer’s disease-related depression in patients with Alzheimer’s disease (Kudoh et al., 2016). Although the action of NYT in the central nervous system is being clarified by some animal model studies, little is known about how NYT alleviates depression and cognitive disorder.

Here, we investigated how NYT may improve depression and cognitive disorder using the chronic CORT-induced model of depression.



MATERIALS AND METHODS

Animals

Five-week-old male C57BL/6 mice (SLC, Shizuoka, Japan) were used in these experiments. Animals were housed at 24 ± 2°C under a 12-h light–dark cycle (lights on from 8:00 to 20:00) with ad libitum access to food and water. Behavioral experiments were performed between 9:00 and 18:00. All efforts were made to minimize both the suffering of and the number of animals used. The experimental protocol was reviewed and approved by the Experimental Animal Care Committee of Kracie Pharma, Ltd. (Toyama, Japan).

Plant Materials and Preparation of the Extract

Ninjinyoeito is composed of twelve dried medical herbs, including rehmannia root, Japanese angelica root, atractylodes rhizome, poria sclerotium, ginseng, cinnamon bark, polygala root, peony root, citrus unshiu peel, astragalus root, glycyrrhiza, and schisandra fruit (Table 1), and is supplied by Kracie Pharma, Ltd. as a dried extract powder. Each plant material was identified by external morphology and authenticated by marker compounds of plant specimens according to the method of Japanese Pharmacopeia and our company’s standard. The extract powder (lot no. 15112017) was suspended in distilled water immediately before use and was administered orally at a dose of 500 or 1000 mg/kg body-weight/day.

TABLE 1. Medical herb composition of NYT.
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High-Performance Liquid Chromatography Analysis of NYT

Ninjinyoeito extract was mixed and shaken with 50% MeOH and the supernatant was subjected to high-performance liquid chromatography (HPLC) analysis. The three-dimensional HPLC profile of NYT was obtained using a Shimazu LC-30AD liquid chromatography equipped with an SPD-M30A detector with scanning for a range of 230–400 nm and a reversed-phase column (Shim-pack XR-ODSIII, 2.0 mm i.d. × 50 mm, 1.6 mm, Column temperature: 40°). The column was equipped with solvent A (0.1% formic acid in acetonitrile) and solvent B (0.1% formic solution), and the ratio of solvent A was increased by 5% over 16 min, 70% over 1 min, and 5% over 1 min, with a flow rate at 0.5 mL/min.

Drug Treatment

Five-week-old male C57BL6 mice were used for chronic oral CORT exposure. Mice were divided into 5 groups: control group (n = 10), CORT-treated group (n = 10), CORT + NYT (500 or 1000 mg/kg)-treated group (n = 10), CORT + imipramine-treated group (n = 10). Mice were administered CORT (100 μg/mL; Sigma-Aldrich, St. Louis, MO, United States) in place of drinking water for 14 days. Animal were weaned with 50 μg/mL CORT for 3 days and then with 25 μg/mL CORT for 3 days to allow for gradual recovery of endogenous corticosterone secretion. NYT (500 or 1000 mg/kg/day) was orally administered once daily from day 21 to day 49. As a positive control, imipramine (10 mg/kg/day, intraperitoneally (i.p.); Wako Pure Chemical, Osaka, Japan) was administered once daily. Subsequent behavioral tests were performed on days 50–64 and brain samples were collected on day 65. On the days behavioral tests were performed, the drugs were administered 30 min before the tests. A 5-bromo-2-deoxyuridine (BrdU) solution (50 mg/kg/day, i.p.; Sigma-Aldrich) was administered from day 15 to day 19.

Open Field Test

Each mouse was placed in the periphery of the open field apparatus (width 30 cm × length 30 cm × height 30 cm). The total distance traveled in the arena and the time spent in the center zone (width 15 cm × length 15 cm) was recorded for 10 min using a video tracking system, ANY-maze (Muromachi Kikai Co., Ltd., Japan).

Tail Suspension Test

We performed the tail suspension test as described in a previous report (Can et al., 2012). Briefly, the tails of mice were suspended with a piece of adhesive tape 50 cm above the floor with climbstoppers (clear plastic cylinder, 3 cm length, 1 cm outside diameter, 0.5 cm inside diameter), and animal behavior was recorded for 6 min. As a test parameter, the latency to immobility and the total immobility time in the last 4 min were measured manually in a blinded manner. Small movements that were confined to the front legs, but without the involvement of the hind legs, were counted as immobility. Additionally, oscillations and pendulum-like swings that were due to the momentum gained during the earlier mobility bouts were also counted as immobility. The latency to immobility was determined as the time required for the mouse to first cease all movement for > 5 s.

Forced Swim Test

Mice were placed in a glass cylinder (height, 30 cm; diameter, 15 cm) filled with water (23 ± 2°C) to a 15-cm depth for 6 min. Mice were judged to be immobile when they floated passively in the water, making only small movements to maintain their body balance or to keep their heads above the water. As a test parameter, the latency to immobility and the total immobility and mobility time during the last 4 min were measured manually in a blinded manner. The latency to immobility was determined as the time required for the mouse to first cease all movement for > 2 s.

Sucrose Preference Test

Animals were habituated to drinking water from two bottles for 2 days. Mice were deprived of water for 14 h before the test, and the test was carried out on the following morning at 10:00. In the sucrose preference test, two pre-weighed bottles [one containing tap water and the other containing a 1% (w/v) sucrose solution] were presented to each animal for 4 h. The position of the water and sucrose bottles (left or right) was switched every 2 h. The bottles were weighed again, and the weight difference represented the animal’s intake from each bottle. The sum of the volume of water plus sucrose intake was defined as the total volume intake, and sucrose preference was expressed as the percentage of sucrose intake relative to the total intake.

Y-Maze Test

The Y-maze apparatus has three arms at 120° angles (width 8 cm × length 30 cm × height 15 cm) extending from a central space (8 × 8 cm). Each mouse was placed in one arm and allowed to explore freely for 8 min to assess the rate of spontaneous alternation, defined as consecutive entries into three different arms without repetition. The spontaneous alternation percentage was calculated by the equation [successive entries/(total arm entries -1) × 100].

Novel Object Recognition Test

Each mouse was placed in the open-field apparatus after being habituated to the apparatus (without objects) for 15 min prior to the training session. At the end of each trial, the mouse was removed from the arena, and the arena was cleaned with 70% ethanol solution and dried with paper towels. Object recognition was scored by the amount of time spent with each object (defined as time spent with the nose directed to the object and/or with forelimbs touching the object). In the training session (T1: 10 min), two similar objects (left and right: cubes) were placed in a symmetrical position 5 cm away from the wall. In the retention session (T2: 10 min), two dissimilar objects were presented [one a cube (familiar), as before, and the other a new object, a cylinder (novel)]. The time spent exploring each object was recorded during T1 and T2. All mice were tested with a 2-h interval between T1 and T2.

Cell Culture

Adult mouse hippocampal progenitor/stem cells (NPCs) were isolated from the dentate gyrus of 5-week-old C57BL/6 mice as previously described (Babu et al., 2011). Briefly, mice were euthanized with isoflurane and decapitated with surgical scissors. The area of the dentate gyrus was isolated under the microscope, and the tissue was incubated with an enzyme mixture (2.5 U/mL papain, 1 U/mL dispase, 250 U/mL DNase) for 20 min at 37°C and triturated to obtain a single-cell suspension. NPCs were isolated from the cell mixture by using 22% vol/vol Percoll solution (GE Healthcare Japan, Tokyo, Japan) and centrifugation. Isolated NPCs were re-suspended in Neurobasal A (Thermo Fisher Scientific, Waltham, MA, United States) supplemented with 2% B27 (Sigma-Aldrich), 2 mM glutamine, 20 ng/ml epidermal growth factor (EGF), and 20 ng/mL fibroblast growth factor (FGF)-2 (Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were dispersed and passaged weekly and cells passaged 2–4 times were used for experiments.

Cell Proliferation Assay

Isolated NPCs were seeded at 1.5 × 103 cells/well in 96-well plates coated with poly-D-lysine (PDL)/laminin and then incubated for 24 h. NPCs were cultured for 72 h in the presence of 20 μM CORT and/or NYT in proliferation solution. The synthetic nucleotide BrdU (10 μM; Sigma-Aldrich) was added to the medium 4 h before treatment cessation. NPCs were fixed with 4% paraformaldehyde for 30 min at room temperature.

Immunohistochemistry

Mice were anesthetized with isoflurane and perfused with saline until the outflow was clear, then immediately perfused with 4% paraformaldehyde for 10 min. Brains were removed and post-fixed in the same fixative for 24 h at 4°C. Paraffin-embedded tissue (thickness, 10 μm) was used for immunohistochemical identification of Ki67-, BrdU-, doublecortin (DCX)-, and glial fibrillary acidic protein (GFAP)-positive cells. Formalin-fixed, paraffin-embedded tissue sections were deparaffinized and hydrated. For BrdU immunostaining, the sections were incubated with 2N hydrochloric acid (HCl) for 30 min. Endogenous peroxidase was inhibited by incubation with freshly prepared 3% hydrogen peroxide (H2O2) with methanol. The sections were treated with citrate buffer at 121°C for 10 min. Non-specific staining was blocked with 5% goat serum for 60 min at room temperature. The sections were then incubated with rabbit polyclonal anti-DCX antibody (1:400; Abcam, Cambridge, MA, United States), rabbit polyclonal anti-GFAP antibody (1:200; Cell Signaling Technology, Danvers, MA, United States), rabbit polyclonal anti-Ki67 antibody (1:400; Abcam), or mouse monoclonal anti-BrdU (1:400, Cell Signaling Technology) at 4°C. Staining was developed with diaminobenzidine (Sigma-Aldrich) substrate and the cell density was calculated by dividing the number of cells counted by the volume of the counted area and averaged per animal. For the in vitro study, NPCs incorporating BrdU were incubated with 2 N HCl for 30 min at 37°C. NPCs were washed in phosphate buffered saline (PBS) and blocked with 10% normal goat serum for 60 min at room temperature. Subsequently, the NPCs were incubated overnight at 4°C with mouse monoclonal anti-BrdU antibody (1:1000; Cell Signaling Technology, Danvers, MA, United States). After being washed in PBS, the cells were reacted with Alexa Fluor 594 goat anti-mouse IgG (1:1000; Invitrogen, Carlsbad, CA, United States) for 1 h at room temperature. Nuclei were stained with Hoechst 33342 (1:2000; Invitrogen) for 20 min in the dark. The proliferation rate was calculated by dividing the number of BrdU-positive cells by the total cell number.

Statistical Analysis

All data are expressed as mean ± standard error of the mean (SEM). Statistical comparisons were performed using a one-way analysis of variance (ANOVA) followed by a Student’s t-test or Dunnett’s test. The Student’s t-test was used to analyze the differences between the two groups in Figures 1–5. Dunnett’s post hoc test was used for the results shown in Figure 6. Differences with p < 0.05 were considered statistically significant.
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FIGURE 1. 3D-HPLC profile of NYT. Each chemical marker (paeoniflorin, hesperidin, and glycyrrhizic acid) in the HPLC profile was identified by comparison with retention times and UV spectra (230–400 nm) of their reference standards.
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FIGURE 2. Effect of NYT on locomotor activity and anxiety-like behavior in CORT-treated mice. Effect of repeated treatment with NYT on the total distance traveled (A) and the time spent in the center zone (B) in the open field test. Data are expressed as mean ± SEM (n = 9–10).
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FIGURE 3. Effect of NYT on depressive-like behaviors in CORT-treated mice. Effect of repeated treatment with NYT on the immobility time (A), mobility time (B), and latency to immobility (C) in the tail suspension test. Effect of repeated treatment with NYT on the duration (D) and the latency to immobility (E) in the forced swim test. (F) Effect of repeated treatment with NYT on the sucrose consumption rate in the sucrose preference test. Data are expressed as the mean ± SEM (n = 9–10). #p < 0.05, ##p < 0.01 vs. the control group; ∗p < 0.05, ∗∗p < 0.01 vs. the vehicle-treated group, Student’s t-test.
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FIGURE 4. Effect of NYT on memory impairment in CORT-treated mice. Effect of repeated treatment with NYT on spontaneous alternations (A) and the number of total arm entries (B) in the Y-maze test. #p < 0.05 vs. the control group; ∗p < 0.05 vs. the vehicle-treated group, Student’s t-test. Effect of repeated treatment with NYT on the time spent with each object in the novel recognition test and total exploration time (C) is the time spent with each object and (D) is the total exploration time in novel object recognition test. Data are expressed as the mean ± SEM (n = 9–10). ∗∗p < 0.01 vs. the time spent with a familiar object, Student’s t-test.
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FIGURE 5. Effect of NYT on cell survival and proliferation in the mouse hippocampus. Effect of repeated treatment with NYT on cell survival and cell proliferation in the dentate gyrus of the mouse hippocampus. Quantitative analyses of the density of BrdU-positive cells (A) and Ki67-positive cells (B) in the hippocampus. Data are expressed as the mean ± SEM (n = 5). #p < 0.05 vs. the control group; ∗p < 0.05 vs. the vehicle-treated group, Student’s t-test.
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FIGURE 6. Effect of NYT on the number of immature neurons and astrocytes in the mouse hippocampus. Effect of repeated treatment with NYT on the density of DCX- and GFAP-positive cells (cells/mm3) in the dentate gyrus of the mouse hippocampus. (A) Representative image of DCX staining in the hippocampus. Scale bar = 200 μm. (B) Quantitative analyses of the total number of DCX-positive cells in the hippocampus. (C) Representative image of GFAP staining in the hippocampus. Scale bar = 200 μm. (D) Quantitative analyses of the total number of GFAP-positive cells in the hippocampus. Data are expressed as the mean ± SEM (n = 3–4). #p < 0.05 vs. the control group; ∗p < 0.05, ∗∗p < 0.01 vs. the vehicle-treated group, Student’s t-test.





RESULTS

HPLC Analysis of NYT

Figure 1 shows a 3D-HPLC profile of NYT along with a chemical analysis. Chemical makers, such as paeoniflorin, hesperidin, and glycyrrhizic acid, were used for quality control.

Effect of Treatment With NYT on CORT-Induced Behavioral Abnormalities

To investigate the effect and mechanism of action of NYT on depressive-like behaviors, we used the chronic CORT-induced model of depression, which is widely used for depression research. To induce the depressive-like symptoms, C57BL/6 mice were treated with CORT in their drinking water for 3 weeks. After CORT treatment finished, mice were treated with NYT or imipramine for 4 weeks, and we examined whether NYT improved CORT-induced behavioral abnormalities by performing behavioral tests.

We first evaluated the effect of a 4-week treatment with NYT on spontaneous locomotor activity and anxiety-related behavior in mice. For this purpose, we performed the open field test for 10 min. In the open field test, chronic exogenous CORT treatment tended to decrease the total distance traveled, but this effect was not significant. Long-term CORT treatment had no effect on the time spent in the center zone. In addition, NYT treatment had no effect on either the total distance traveled or the time spent in the center zone compared with the vehicle-treated group. Treatment with imipramine also did not have any effect on either the total distance traveled or the time spent in the center zone (Figures 2A,B).

We next evaluated the effect of a 4-week treatment with NYT on CORT-induced depressive-like behavior. For this purpose, we used three behavioral tests: the tail suspension test, the forced swim test, and the sucrose preference test. In the tail suspension test, chronic exogenous CORT treatment significantly increased the immobility time compared with the control group; this increase continued for 4 weeks after completion of the CORT treatment. In addition, a 4-week treatment with NYT and imipramine significantly decreased immobility time compared with the vehicle-treated group (Figure 3A). The latency to immobility was also increased in the NYT and imipramine-treated groups, but there was no difference between the control and CORT-treated groups (Figure 3C). In the forced swim test, chronic exogenous CORT treatment significantly increased immobility time compared with the control group; this increase continued for 4 weeks after completion of the CORT treatment. However, chronic exogenous CORT treatment had no effect on the latency to immobility compared with the control group. NYT (500 mg/kg) increased the latency to immobility, but NYT did not improve total immobility time (Figures 3D,E). In the sucrose preference test, chronic exogenous CORT treatment significantly decreased the sucrose consumption rate compared with the control group. In addition, treatment with NYT and imipramine significantly improved the sucrose consumption rate (Figure 3F).

We further evaluated the effect of NYT on memory disruption in the CORT-induced depression model. For this purpose, we used two behavioral tests: the Y-maze test and the novel object recognition test. In the Y-maze test, chronic exogenous CORT treatment significantly decreased spontaneous alternations, but the number of total arm entries was unchanged compared with the control group. On the other hand, a 4-week treatment with NYT significantly improved spontaneous alternations compared with the vehicle-treated group (Figures 4A,B). In the novel object recognition test, mice treated with CORT could not distinguish between familiar and novel objects but the control and NYT-treated groups spent more time with the novel object. The total exploration time was significantly decreased by CORT treatment, but NYT treatment did not improve this when compared with the vehicle-treated group (Figures 4C,D).

These results indicate that NYT improves the depressive-like behaviors and memory disruption induced by CORT treatment without affecting locomotor activity.

Effect of NYT on CORT-Induced Inhibition of Hippocampal Neurogenesis in the CORT-Induced Depression Model

To investigate the mechanisms underlying the effects of NYT in this depression model, we focused on adult hippocampal neurogenesis, which contributes to the action of antidepressants. To evaluate the effect of NYT on hippocampal neurogenesis, we measured the BrdU-, Ki67-, DCX-, and GFAP-positive cell numbers in the mouse hippocampal dentate gyrus 4 weeks after NYT treatment started. To evaluate the effect on cell survival, we first measured the BrdU-positive cell number in the dentate gyrus. The mice were treated with 50 mg/kg BrdU for 5 days before NYT treatment started. Chronic CORT treatment did not change the number of BrdU-positive cells in the dentate gyrus compared with the control group. In addition, 1000 mg/kg NYT treatment tended to increase the number of BrdU-positive cells in the dentate gyrus compared with the vehicle-treated group, but this increase was not statistically significant (Figure 5A). This result indicates that NYT treatment did not affect the cell survival rate in the mouse hippocampal dentate gyrus.

To evaluate the effect on cell proliferation, we next measured the number of endogenous mitotic marker Ki67-positive cells in the dentate gyrus. As a result, chronic CORT treatment continued to decrease the number of Ki67-positive cells for 6 weeks after completion of the CORT treatment. The decrease in the Ki67-positive cell number was improved by 4 weeks of NYT treatment (Figure 5B). This result indicates that NYT treatment improved cell proliferation in the mouse hippocampus.

We also measured DCX- and GFAP-positive cell numbers in the dentate gyrus. DCX is broadly expressed in neuroblasts and immature neurons in neurogenic regions of the adult brain (Gleeson et al., 1999; Brown et al., 2003). GFAP is an intermediate filament expressed in astrocytes. GFAP is also expressed in the neural stem cells with radial glia-like morphology in the subgranular zone of dentate gyrus, so we counted the GFAP positive cell number in dentate gyrus except subgranular zone. In agreement with other reports (Hill et al., 2015), chronic CORT treatment reduced the number of DCX-positive cells in the dentate gyrus of the adult mouse hippocampus. The decrease in the DCX-positive cell number was improved by 4 weeks of NYT treatment (Figures 6A,B). On the other hand, chronic CORT and NYT treatment did not change the number of GFAP-positive cells in the dentate gyrus (Figures 6C,D). These results suggest that NYT treatment attenuated the CORT-induced inhibition of hippocampal neurogenesis.

Effect of NYT on CORT-Induced Inhibition of NPC Proliferation as Assessed Using an in vitro Assay

To examine whether NYT directly affects NPC proliferation, we isolated NPCs from the adult mouse hippocampus as described in the Materials and Methods. We found that CORT treatment reduced the ratio of BrdU-positive cells to total cells, and this reduction was inhibited by treatment with NYT in a dose-dependent manner (Figures 7A,B). These results indicate that NYT directly attenuates the reduction in NPC proliferation induced by CORT treatment.
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FIGURE 7. Effect of NYT on CORT-induced inhibition of hippocampal neurogenesis in an in vitro model. The dose response of NYT on CORT-induced inhibition of proliferation assessed using BrdU incorporation in the presence of bFGF. (A) Representative fluorescence microscopic images of Hoechst 33342 (blue) and BrdU (red) staining after 72-h treatment of NPCs. Scale bar = 100 μm. (B) Quantitative analyses of the number of Hoechst 33342- and BrdU-positive cells after 72-h treatment of cells. Data are expressed as the mean ± SEM (n = 4). ##p < 0.01 vs. the control group, Student’s t-test. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. the vehicle-treated group, Dunnett’s test.





DISCUSSION

Here we showed NYT treatment improved CORT-induced behavioral abnormalities and inhibition of hippocampal neurogenesis.

Depressive disorder is characterized by low mood and/or anhedonia, combined with several cognitive and vegetative symptoms. Chronic stress and HPA-axis dysfunction are generally considered risk factors for the development of psychiatric disorders, including major depression. In addition, stress and stress hormone also impair hippocampal-dependent forms of memory in humans and mice (de Kloet et al., 1999). For example, the administration of stress levels of cortisol to normal human subjects selectively impairs verbal declarative memory without affecting non-verbal memory (Newcomer et al., 1994). Furthermore, a previous study showed that the depressive-like behaviors induced by chronic CORT treatment lasted for at least 3 weeks after treatment finished (Shibata et al., 2015). For these reasons, chronic CORT treatment appears to model a depressive-like state and the memory disruption observed in patients with depression, and the CORT-induced depression model in rodents is considered to be suitable for evaluating the therapeutic effect of drugs for depression. In accordance with a previous study, long-term CORT treatment continued to affect the behavior of mice for 4 weeks after completion of the treatment in the present study. We also showed that NYT treatment increased the latency to immobility in both the tail suspension test and forced swim test, and ameliorated the CORT-induced increase in immobility time in the tail suspension test, but not the forced swim test. We also showed that NYT treatment improved the sucrose consumption rate in the sucrose preference test (Figure 3). The latency to immobility has been used to detect the efficacy of fluoxetine, antagonists of glutamate receptors, and cytidine in rats (Contreras et al., 2001; Carlezon et al., 2002; Padovan and Guimarães, 2004), and psychostimulants, such as amphetamine, were reported to have no effects on the duration or latency to immobility in the forced swim test (Castagné et al., 2009). These results suggest that NYT has therapeutic effects on depressive-like symptoms in the CORT-induced depression model. The previous report also showed that fluoxetine treatment affected only the latency but not the duration of immobility in C57BL/6 mice in the forced swim test (Castagné et al., 2009). In another report, fluoxetine was reported to ameliorate the CORT-induced increase in immobility time duration in the tail suspension test but not in the forced swim test (Sawamoto et al., 2016). NYT treatment was previously reported to increase serotonin content in the cerebral cortex and substantia nigra in olfactory bulb lesion mice (Song et al., 2001). Therefore, the mechanism of action of NYT in the CORT-induced depression model might be similar to that of fluoxetine, in part. Furthermore, we showed that NYT treatment improved CORT-induced memory disruptions in the Y-maze and novel object recognition tests, without affecting locomotor activity (Figures 2, 4).

The selective serotonin reuptake inhibitors (SSRIs) and serotonin-norepinephrine reuptake inhibitors are widely used for first-line treatment of depressive disorders. The efficacy of these drugs led to the monoamine hypothesis of depression, which postulates a pathophysiological role of decreased monoamine levels in depression. However, SSRIs do not show beneficial effects until 2 weeks and the effects do not peak until 6–9 weeks after the start of treatment (Artigas et al., 1996; Gardier et al., 1996). In this regard, the requirement for hippocampal neurogenesis for the effects of antidepressants has been investigated using X-irradiation to disrupt hippocampal neurogenesis in the rodent brain (Santarelli et al., 2003). According to previous reports, the dependence of the behavioral effects of antidepressants on neurogenesis is affected by many factors, such as the genetic background of the animals, nature of the antidepressant, and type of behavioral paradigm. In C57BL/6 mice, the behavioral effect of fluoxetine is dependent on hippocampal neurogenesis in the novelty-suppressed feeding test, but not in the forced swim test (David et al., 2009). Since CORT crosses the blood-brain barrier, and the hippocampus is enriched with corticosteroid receptors, certain hippocampal functions are susceptible to disruption by stress (Lucassen et al., 2015). Glucocorticoids and antidepressants have been reported to modulate adult neurogenesis in opposing directions, and hippocampal neurogenesis is required for treatment in the CORT-induced depression model. Previous reports showed that chronic CORT exposure affected the proliferation of progenitor cells in the dentate gyrus of the hippocampus, but not the survival and maturation of newborn cells in C57BL/6 mice (David et al., 2009). Here, we showed that chronic CORT treatment reduced the number of Ki67- and DCX-positive cells, but not BrdU- and GFAP-positive cells in the dentate gyrus. In addition, 4 weeks of treatment with NYT improved the reduction of Ki67- and DCX-positive cell numbers, but had no effect on BrdU- and GFAP-positive cell numbers in the dentate gyrus (Figures 5, 6). In addition, we also showed that NYT treatment ameliorated the CORT-induced inhibition of proliferation in an in vitro assay (Figure 7). In previous reports, chronic CORT treatment decreased the proliferating cell number at 21 days after CORT treatment started (David et al., 2009). However, CORT treatment might have no effect on the proliferating cell number before NYT treatment started because CORT treatment did not change the BrdU-positive cell number in comparison to the control group in the present study. This difference might be derived from the difference in mouse species or protocol used. Immunostaining for DCX reflects the sum of neuronal differentiation and survival of migratory young neurons born 4–14 days before staining. On the other hand, GFAP is expressed in astrocytes, and the number of newborn cells becoming GFAP-positive is only a fraction of the total pool of GFAP-positive cells. In the present study, CORT treatment affected only the DCX-positive cell number, not the GFAP-positive cell number, which might be a result of the different expression times of each marker. Therefore, the effect of NYT on the differentiation of newborn cells into neurons remains unclear in the present study. However, these results indicate that one of the effects of NYT on depressive-like behaviors might in part be related to the improvement of neurogenesis inhibition.

Adult hippocampal neurogenesis under stress is regulated by several signaling pathways activated by glucocorticoids, including the nitric oxide (NO) signaling pathway. A previous study showed that treatment with a synthetic NO synthase (NOS) inhibitor, such as N(G)-nitro-L-arginine methyl ester (L-NAME), improved depressive-like behaviors and hippocampal neurogenesis in mice, and chronic inhibition of NOS increased cell proliferation and had no effect on cell death in the dentate gyrus of the rat hippocampus (Park et al., 2003; Moreno-López et al., 2004). These results suggests that NO may inhibit cell proliferation in the dentate gyrus. There are three different forms of NOS that account for NO production; neuronal NOS (nNOS), inducible NOS (iNOS), endothelial NOS. A previous study showed that CORT treatment increased iNOS but not nNOS expression in the hippocampal dentate gyrus, and an iNOS specific inhibitor improved CORT-induced inhibition of hippocampal neurogenesis (Pinnock et al., 2007). On the other hand, NYT was reported to inhibit activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling and iNOS induction induced by interleukin-1beta (IL-1 β) in hepatocytes (Tanaka et al., 2014). In addition, Panax ginseng extract, a component of NYT, was reported to exert antidepressant effects via inhibition of NF-κB activation and iNOS induction (Choi et al., 2018). Although we did not investigate the signaling pathway involved in neurogenesis, NYT might improve hippocampal neurogenesis via inhibition of iNOS induction. However, further experiments are needed to clarify the mechanisms mediating the actions of NYT.



CONCLUSION

This study shows that NYT treatment improves depressive-like behaviors and memory impairments in the chronic CORT exposure model. In addition, NYT also blocks the inhibition of proliferation of hippocampal NPCs induced by CORT in in vivo and in vitro models. Our findings suggest that these behavioral improvements may be associated with increased hippocampal neurogenesis. Moreover, these results suggest that NYT may be a promising therapeutic agent for depression.
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Scope: Bleeding, the main drawback of clinically used chemical anti-thrombotic drug is resulted from the unidirectional suppression of platelet activity. Therefore, dual-directional regulatory effect on platelet is the main preponderance of Panax notoginseng over these drugs. The dual-directional regulatory effect should be ascribed to the resourceful Panax notoginseng saponins (PNS). Clarifying the mechanism of main PNS in both inhibiting and promoting platelet aggregation will give a full outlook for the dual-directional regulatory effect. The present study is aimed at explaining the mechanism of Notoginsenoside Fc (Fc), a main PNS, in inhibiting platelet aggregation.

Methods: In the in vitro study, after incubating platelets with Fc and m-3M3FBS, platelet aggregation was triggered by thrombin, collagen or ADP. Platelet aggregation was measured by aggregometer. Phospholipase Cγ2 (PLCγ2) and protein kinase C (PKC) activities were studied by western blotting. Diacylglycerol (DAG), thromboxane B2 (TXB2) and 1,4,5-inositol trisphosphate (IP3) concentrations were measured by corresponding ELISA kits. Calcium concentrations ([Ca2+]) were estimated through the fluorescence intensity emitted from Fluo-4. In the in vivo study, thrombus model was induced by FeCl3. The effect of Fc on thrombosis was evaluated by measurement of protein content and observation of injured blood vessel.

Results: thrombin, collagen and ADP induced platelet aggregation were all suppressed by incubating platelets with Fc. Platelet PLCγ2 and subsequent DAG-PKC-TXA2 and IP3 were down-regulated by Fc as well. However, the basal [Ca2+] in platelet was not altered by Fc. Nevertheless, thrombin triggered activation of PLCγ2 and subsequent DAG-PKC-TXA2 and IP3-[Ca2+] were all abolished by Fc. Fc also attenuated platelet aggregation and PLCγ2 signaling activation induced by PLC activator, m-3M3FBS. In the in vivo study, FeCl3 induced thrombosis in rat femoral artery was significantly alleviated by administration of Fc.

Conclusion: The results above suggested the antiplatelet and antithrombotic effects of Fc are carried out through oppression of PLCγ2 and subsequent DAG-PKC-TXA2 and IP3-[Ca2+]. The present study provided theoretical support for new anti-thrombotic drug exploitation by Panax notoginseng.

Keywords: Panax notoginseng, Notoginsenoside Fc, platelet aggregation, antiplatelet effect, thrombosis, phospholipase Cγ2


INTRODUCTION

Platelets are cells in mammal blood, formed from the cytoplasm of bone marrow megakaryocytes (Hartwig and Italiano, 2003). They play important role in a serious of physiological and pathological processes, such as hemostasis, inflammation responses and thrombosis. In normal condition, the main function of platelet is hemostasis. But in the pathological conditions, platelet aggregation was excessively triggered by a series of stimulators in the vascular microenvironment, which may result in thrombosis (Ruggeri and Mendolicchio, 2007). Thrombosis, the foremost precipitating factor for cardiovascular disease, threatened a great many people’s lives during the past decades. Platelet is the primary target for treatment of thrombotic diseases (Mackman, 2008).

Many antiplatelet drugs have been used in clinic for treatment of thrombotic diseases. The dominating defect for the clinically used chemical antiplatelet drugs is the drawback of bleeding, which result from the unidirectional inhibition of platelet aggregation. During antiplatelet therapy, bleeding threatens people’s lives more serious than thrombus itself (Meadows and Bhatt, 2007; Généreux et al., 2015). Although, attempts have been done for discovering new targets and new compounds for antiplatelet drug development, by simply down-regulate platelet aggregation, the defect of bleeding is still ineluctable (Mackman, 2008; Zhang et al., 2015).

Panax notoginseng, a plant mainly produced from Yunnan province of China, has been used as a Traditional Chinese Medicine for 100s of years because of its amazing stasis dispersing and hemostatic effects. Traditionally, the medicinal part of the plant is dried root and rhizome (under-ground part), which called “Sanqi.” According to the Traditional Chinese Medicinal theory, thrombosis implies the syndrome of blood stasis. As a result, stasis dispersing and hemostatic drugs are the most appropriate for treatment of thrombosis (Liao, 2000). Sanqi, the best-known stasis dispersing and hemostatic drug, has amazing dual-directional regulatory effect on platelets. Therefore, the distinctive advantage of Sanqi over chemical antiplatelet drugs is removing stasis without bleeding. In addition, Sanqi have a powerful capacity in inhibiting platelet aggregation, which is superior to aspirin (Wang et al., 2016). As a result, Sanqi have good potential to be explored for anti-thrombotic therapy.

However, the price of Sanqi is so high that any drug developed from it would be hardly afforded for most patients. Meanwhile, more than 90% of the over-ground parts of Panax notoginseng were abolished, despite the leaves and flowers of Panax notoginseng also showed fantastic stasis dispersing and hemostatic effects (Ke et al., 2010). In Yunnan, the over-ground parts of Panax notoginseng are more popular for indigenes. The leaves and flowers were made into tea, food and wine. Recent years, since the leaves and flowers of Panax notoginseng attracted attentions of researchers, they have been made into nourishment, toothpaste and so on.

Preventive treatment is quite advocated by Traditional Chinese Medicine. It implies preventing disease from occurring and preventing disease from exacerbating (Liang and Yin, 2010). Compared with take drugs, prevent disease by daily food and tea is the easiest way for preventive treatment. Because the price of Sanqi is quite high, utilization of the over-ground part of Panax notoginseng instead is a good way for reducing the cost. Pharmacodynamics studies have demonstrated similar functions of Panax notoginseng leaves and flowers with Sanqi, including anti-thrombosis, wound healing, anti-hyperlipidemia, anti-depression, anti-inflammation and so on. By drinking Panax notoginseng tea made from leaves and flowers, thrombus formation was prevented and the symptoms of thrombotic diseases were relieved a lot. Therefore, food, tea and nourishment made from the leaves and flowers of Panax notoginseng will be good resource for thrombotic diseases preventive treatment.

The dual-directional regulatory effect of Panax notoginseng on platelets should be ascribed to the resourceful PNS (Wang et al., 2004; Yuan et al., 2011; Gao et al., 2014). Until now, over 70 saponins have been isolated from Panax notoginseng. Among them, Fc, Ginsenoside Rg1, Rg2, Rg3, Rh2, Re, and Rd were proved capable in inhibiting platelet aggregation. On the other hand, Ft1, Notoginsenoside Fe and protopanaxadiol are effective in promoting platelet aggregation (Gao et al., 2014). Compared with Sanqi, the leaves and flowers are richer in PNS. Furthermore, the content of most effective antiplatelet compound Fc (Figure 1) is the richest in leaves and flowers of Panax notoginseng, compared with in roots (Zhou et al., 2017).
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FIGURE 1. Chemical structure of Notoginsenoside Fc.



Despite the stasis dispersing and hemostatic effect of Panax notoginseng is well-known, the mechanism on how the dual-directional regulatory effect been balanced remains to be clarified. Uncovering the molecular mechanisms of main PNS will be quite helpful for clarifying that. Since Fc is the saponin exerts strongest antiplatelet effect among the PNS, the present study aimed at uncovering the mechanism of Fc in inhibiting platelet aggregation.



MATERIALS AND METHODS

Materials

Fc standard was acquired from Shanghai Shifeng Biological Technology CO., LTD. (Shanghai, China). Collagen was purchased from Chrono-log (Havertown, PA, United States). Thrombin, ADP, clopidogrel and m-3M3FBS were obtained from Sigma–Aldrich (St. Louis, MO, United States). Fluo-4 AM indicator was obtained from Invitrogen (Carlsbad, CA, United States). Protease inhibitor and phosphatase inhibitor cocktail tablets were from Roche Diagnostics (Indianapolis, IN, United States). Phospho antibody for PLCγ2, Phospho antibody for PKC substrate and β-actin were purchased from Cell Signaling Technology (Beverly, MA). Immobilon western detection reagents, HRP-conjugated anti-rabbit and anti-mouse IgG were from Genshare Biological (Xi’an, Shaanxi, China). DAG, TXB2 and IP3 kits were purchased from R&D Systems (Minneapolis, MN, United States). PierceTM BCA Protein Assay Kit was from Pierce Biotechnology (Rockford, IL, United States). All the chemicals used were purchased from standard suppliers.

Animals

All animal experiments were approved by the Ethics Committee of Northwest A&F University. Male SD rats (5–6 weeks of age) were purchased from Dossy Experimental Animals CO., LTD. (Xi’an, Shaanxi, China) and acclimated for 1 week before the experiments. The laboratory animal facility was maintained at a constant temperature and humidity with a 12 h light/dark cycle. Food and water were provided ad libitum.

Washed Platelets Preparation

The method for WP preparation was the same as before (Liu et al., 2013). Briefly, blood was withdrawn from the abdominal aorta of rats anesthetized with ether. Acid-citrate-dextrose (66.6 mM citric acid, 85 mM trisodium citrate, 111 mM glucose) was used as anticoagulant (Acid-citrate-dextrose: blood = 1: 6). Then, the blood was centrifuged at 150 × g for 10 min. After that, the upper layer platelet rich plasma was centrifuged (150 × g) for another 10 min and washed once with washing buffer (138 mM NaCl, 2.8 mM KCl, 0.8 mM MgCl2, 0.8 mM Na2HPO4, 10 mM HEPES, 0.55 mM glucose, 22 mM trisodium citrate, 0.35% BSA, pH 6.5). Finally, the platelet pellets were suspended in suspension buffer (138 mM NaCl, 2.8 mM KCl, 0.8 mM MgCl2, 0.8 mM Na2HPO4, 10 mM HEPES, 5.6 mM glucose, 1 mM CaCl2, 0.3% BSA, pH 7.4) to a final concentration of 2 × 108 platelets/ml.

Platelet Aggregation Study

Platelet aggregation experiments were performed in a LBY-NJ4 platelet aggregometer (Techlink Biomedical). After treated with testing materials, WP aggregation was induced by different stimulators (thrombin, collagen, ADP, or m-3M3FBS). The stimulators were used in the minimal concentrations inducing submaximal aggregation.

Platelet PLCγ2 and PKC Activity Study

The activity of PLCγ2 and PKC were examined by conventional western blot analysis by suitable antibodies. After treatment with testing materials, platelets were precipitated by centrifugation (12,000 × g, 2 min). Then platelets were lysed by lysis buffer (50 μM HEPES, 50 μM NaCl, 50 μM sucrose, 1% Triton X-100, protease inhibitor cocktail, and phosphatase inhibitor cocktail). Protein contents were measured by a PierceTM BCA Protein Assay Kit from Pierce Biotechnology. The lysates were used as western blotting samples. Western blotting experiment procedures were same as everyone known. The activity of PLCγ2 and PKC were assessed by the phosphorylation of PLCγ2 and a 47 kDa protein of PKC substrate, respectively. Because there is no antibody available for measuring the total protein of PLCγ2 and PKC substrate of rats, β-actin was used as internal reference for protein loaded. Result images were obtained and analyzed with ChemiDoc XRS+ system and Image Lab software (Bio-Rad Laboratories, Hercules, CA, United States).

Platelet Calcium Concentration ([Ca2+]) Study

Intracellular [Ca2+] was studied by Fluo-4 AM with a Live Cell Imaging System equipped with TIRF microscope, EMCCD Andor ultra888 and sCMOS Andor zyla4.2Plus (Andor, Belfast, NIR, ENG). Platelets were incubated in washing buffer containing 1 μM Fluo-4 AM and 1% BSA for 30 min. After washing by centrifugation, platelets were suspended in suspension buffer and treated with testing materials. Pictures were taken by the Live Cell Imaging System in a time dependent order. The intracellular [Ca2+] were evaluated by analyzing the fluorescence intensity of the pictures.

Platelet IP3, DAG and Thromboxane A2 (TXA2) Evaluation

The amount of IP3, DAG and TXA2 were evaluated by IP3, DAG and TXB2 ELISA assay kits from R&D Systems (Minneapolis, MN, United States), respectively. After incubating WP with indicated materials, reaction was stopped in ice bath. IP3, DAG and TXA2 content were measured according to the instruction of the test kits.

In vivo Thrombus Study

The method for in vivo thrombus study was in accordance with Chinatsu Sakata’s study (Sakata et al., 2017). Rats were grouped randomly and i.p. injected with saline, Fc (50 mg/kg) or clopidogrel (5 mg/kg). The in vivo anti-thrombotic effect of Fc was evaluated with a FeCl3 arterial thrombosis rat model. Briefly, the rats were anesthetized by i.p. injection of sodium pentobarbital (30 mg/kg). After detach the femoral artery from the surrounding tissues, a filter paper (1 mm × 1 mm) saturated with 20% FeCl3 was applied to the artery for 20 min. The injured artery was isolated, observed and photographed under a LECIA M165FC Stereo Microscope (LECIA, Solms, Hesse, GER). Then, the thrombus was isolated gently and dissolved in NaOH (0.5 M). The size of a thrombus was evaluated by the protein content, which was measured by a BCA protein assay kit (Pierce Biotechnology, Rockford, IL, United States).

Statistical Analyses

Mean and SEM were calculated for all experimental groups. Data were analyzed by One-way Analysis of Variance followed by Dunn’s test, to determine the statistically significant differences. Statistical analyses were performed by SigmaStat Software Ver. 3.5 (Systat Software, San Jose, CA, United States). P < 0.05 were considered as statistically significant.



RESULTS

Fc Inhibited Platelet Aggregation Induced by Various Stimulators

The impact of Fc on platelet aggregation was examined. To determine the appropriate incubating time for the study, several time points (3, 5, and 10 min) were tested against thrombin. The anti-platelet effect of Fc (400 μM) was peaked at 5 min (Figure 2A). As a result, 5 min was used in the following study. After that, the concentration dependent antiplatelet effect for Fc was investigated. Treatment of WP with Fc resulted in proportional suppression of thrombin induced platelet aggregation, with an IC50 of 204.38 μM (Figure 2B). Consistent with these results, by pretreatment of WP with increasing concentrations (50, 100, 200, 400, and 800 μM) of Fc, platelet aggregation induced by collagen (Figure 2C) and ADP (Figure 2D) were all inhibited dose-dependently, with IC50 of 379.93 and 295.89 μM, respectively. According to these results, Fc can inhibit various stimulators induced platelet aggregation, and most effective to thrombin.
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FIGURE 2. Antiplatelet effect of Fc. (A) After incubating WP with Fc (400 μM) for indicated times (3, 5, 10 min), platelet aggregation was induced by thrombin. To determine the dose-dependent antiaggregatory effect of Fc, WP were incubated with indicated concentrations (50, 100, 200, 400, 800 μM) of Fc for 5 min. Platelet aggregation was induced by either thrombin (B), collagen (C), or ADP (D). Tracing graphs represent the percentage of platelet aggregation variation after treated with stimulators. Values are mean ± SEM (n = 3 for A; n = 3∼4 for B and C; n = 3∼5 for D).



Fc Down Regulated the PLCγ2 Cascade in Platelet

To confirm the involvement of the PLCγ2 cascade in the antiplatelet effect of Fc, the following indexes were measured: P-PLCγ2, DAG, IP3, P-P47 (a protein reflect PKC activity), TXB2 (a metabolite of TXA2) and [Ca2+]. By incubating platelets with increasing concentrations of Fc, phosphorylation of PLCγ2 and P47 were reduced dose-dependently (Figure 3A). In addition, platelet IP3, DAG and TXB2 content were also decreased by Fc in a dose-dependent manner (Figures 3B–D). However, the alteration in intra-platelet [Ca2+] was not observed (Figure 4E). This may due to the sensitivity of the fluorescence dye (Fluo-4 AM). Because the basal [Ca2+] in resting platelets was too low to discern a further decrease.
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FIGURE 3. Suppression of platelet PLCγ2 cascade by Fc. (A) After incubating WP with different concentrations of Fc, platelet PLCγ2 and PKC activity were evaluated according to the phosphorylation of PLCγ2 and P47. β-actin was used as a loading control. Platelet content of IP3, DAG and TXB2 were measured by ELISA kits. WP was incubated with the indicated concentrations of Fc, and platelet IP3 (B), DAG (C), and TXB2 (D) concentrations were assessed. Values are mean ± SEM (n = 3 for A; n = 5 for B; n = 4 for C,D). ∗P < 0.05 versus control.
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FIGURE 4. Prevention of thrombin induced activation of PLCγ2 cascade by Fc. After incubating with different concentrations of Fc, WP was treated with thrombin for 3 min. (A) The phosphorylation of PLCγ2 and P47 in platelet were measured with western blotting. β-actin was used as a loading control. Platelet IP3 (B), DAG (C) and TXB2 (D) concentrations were assessed by corresponding ELISA kits. (E) Variation in [Ca2+] was assessed by detecting the fluorescence intensity emitted from intracellular Fluo-4. The images are from the peak point of each experiment. Tracings were from representative results in three independent experiments. Values are mean ± SEM (n = 6 for A; n = 4 for B,C; n = 3 for D). ∗P < 0.05 versus control; #P < 0.05 versus thrombin only.



Fc Abolished Thrombin Induced PLCγ2 Cascade Activation

Thrombin induced platelet aggregation was most sensitive to Fc. As a result, we demonstrated the involvement of the PLCγ2 cascade in the anti-platelet effect of Fc against thrombin. In accordance with the previous study, thrombin can activate platelet PLCγ2, P47 (Figure 4A); upregulate IP3 (Figure 4B), DAG (Figure 4C), TXB2 (Figure 4D), and [Ca2+] (Figure 4E). By pre-incubation with increasing concentrations of Fc, thrombin induced platelet aggregation (Figure 2B) and activation of PLCγ2 cascade, including increase in [Ca2+], were downregulated dose-dependently (Figure 4). This proved our conjecture that Fc can decrease platelet [Ca2+] when it high enough to be detected.

Fc Attenuated m-3M3FBS Induced Platelet Aggregation and PLCγ2 Cascade Activation

M-3M3FBS (100, 200, 400 μM), direct PLC activator, activated PLCγ2 (Figure 5B) and induced platelet aggregation (Figure 5A) in a dose-dependent manner. Meanwhile, m-3M3FBS induced PLCγ2 activation was abolished by Fc (Figure 5B). And platelet aggregation was partially restored by pretreatment of Fc (Figure 5A). This demonstrated Fc can inhibit platelet aggregation through preventing m-3M3FBS induced PLCγ2 activation. In addition, m-3M3FBS increased P-P47, IP3, DAG, TXB2 and [Ca2+] were prevented by Fc as well (Figures 5B–F). The above results proved that Fc inhibit platelet aggregation through oppression the activation of PLCγ2 and subsequent DAG-PKC-TXA2 and IP3-Ca2+.


[image: image]

FIGURE 5. Involvement of PLCγ2 cascade in the antiplatelet effect of Fc. WP were treated with either increasing concentrations of m-3M3FBS (100, 200, 400 μM) or m-3M3FBS (400 μM) followed Fc (800 μM). (A) Platelet aggregation was assessed by a 4-channed aggregometer. (B) The phosphorylation of PLCγ2 and P47 of platelet were measured with western blotting. β-actin was used as a loading control. Platelet IP3 (C), DAG (D), and TXB2 (E) concentrations were assessed by ELISA kits. (F) [Ca2+] was assessed by the fluorescence intensity from intracellular Fluo-4. The images are from the peak point of each experiment. Tracings were from representative results in three independent experiments. Values are mean ± SEM (n = 6∼11 for A; n = 3∼4 for B–E). ∗P < 0.05 versus control; #P < 0.05 versus 400 μM m-3M3FBS only.



Fc Alleviated in vivo Thrombus Formation

To evaluate the in vivo anti-thrombotic effect of Fc, a FeCl3 thrombosis model was employed. By i.p. injection of Fc, thrombus protein content was decreased from 647.10 ± 72.30 mg to 406.38 ± 28.77 mg, although not as strong as clopidogrel (Figure 6A). FeCl3 injured blood vessels were also observed under a microscope. The dark part influencing blood vessel’s transparency was thrombus. Fc administration significantly decreased the thickness of thrombus (Figure 6B). This indicated Fc not only can inhibit in vitro platelet aggregation, but also can alleviate in vivo thrombus formation.
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FIGURE 6. In vivo anti-thrombotic effect of Fc. Rats were i.p. injected with saline, Fc or clopidogrel. 2 h later, a filter paper saturated with 20% FeCl3 was applied to the isolated femoral artery for 20 min. Then the injured arteries were isolated for observation under microscope and measurement of thrombus protein content. (A) The bar graph indicates the protein contents in FeCl3 induced thrombus of each group. (B) The representative graphs showed the artery condition after injured by FeCl3. Values are mean ± SEM (n = 6 for control and Fc group; n = 3 for clopidogrel group). ∗P < 0.05 versus control.





DISCUSSION

Although antiplatelet drugs have been frequently used in the clinic, the problems of bleeding kept push people to develop new drugs for controlling thrombus growth. In this process, a series of targets for antiplatelet drugs have been suggested, most of which are platelet receptors. Collagen, a stimulator released from damaged blood vessel, induces platelet aggregation through activation of glycoprotein VI and integrin α2β1 receptors. ADP is a platelet activator can be secreted both externally and internally. It activates platelet through P2Y12 and P2Y1 receptors. Thrombin, the most potent platelet activator, predominately activate platelets by protease activator receptor 1 (PAR1) and PAR4 (Coughlin, 2005; Leger et al., 2006). The receptors for thrombin, collagen and ADP are different, but there is a well-known pathway involved in all the three stimulators induced platelet aggregation: PLCγ2 activation improves hydrolyzation of PIP2 into IP3 and DAG, which in turn contribute to Ca2+ release, PKC activation and TXA2 increase (Si-Tahar et al., 1996; Liu et al., 2005; Ragab et al., 2007; Stegner and Nieswandt, 2011). Thrombin, collagen and ADP trigger PLCγ2 cascade activation through PAR, glycoprotein VI and P2Y1 receptors, respectively (Figure 7).
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FIGURE 7. Mechanism of Fc inhibits platelet aggregation. Thrombin, collagen and ADP activate PLCγ2 signaling cascade through PAR, GPVI and P2Y1 receptors, respectively. PLCγ2 promotes the hydrolyzation of PIP2 to DAG and IP3 in platelets. The increase in platelet DAG and IP3 subsequently up-regulate PKC activity, TXA2 content and [Ca2+]. m-3M3FBS triggers activation of PLCγ2 and downstream signaling directly. Fc can abolish platelet aggregation induced by thrombin, collagen, ADP, as well as m-3M3FBS, through preventing the activation of PLCγ2 signaling. Arrows indicate the activation of target molecules or stimulation of production. Blunt line means target inhibition. The difference in color demonstrates different stimulators triggered effects.



In the present study, Fc inhibited platelet aggregation induced by thrombin, collagen and ADP (Figure 2). Therefore, it is quite possible that PLCγ2 and its downstream signaling are related with antiplatelet effect. Indeed, by measurement of PLCγ2 and PKC activities, IP3, DAG, PKC and TXA2 concentrations were down-regulated by Fc dose dependently (Figure 3). However, a decrease in [Ca2+] was not observed by Fc treatment. This is because the basal level of [Ca2+] in platelets was not high enough to see a further decrease. This was proved by testing the influence of Fc on thrombin stimulated platelets. According to the result, PLCγ2 and PKC activities, IP3, DAG, PKC, TXA2 and Ca2+ concentrations raised by thrombin were all abolished by pretreatment of Fc (Figure 4).

Although Fc can restore thrombin induced platelet aggregation and activation of PLCγ2 cascade, the relationship between the anti-platelet effect and PLCγ2 cascade is still not clear yet. Since thrombin induced platelet aggregation is quite complicated, PLCγ2 cascade is only part of it. To exclude the interfuse of other pathway, a direct PLC activator, m-3M3FBS, was employed (Bae et al., 2003). As we expected, PLCγ2 activity in platelets were enhanced by m-3M3FBS dose-dependently. And the increase in light transmission detected by aggregometer usually happens in platelet aggregation were triggered by m-3M3FBS as well. However, m-3M3FBS induced platelet aggregation was only partially restored by Fc (Figure 5). This may because of the non-specific effect of m-3M3FBS. Indeed, platelet aggregation induced by m-3M3FBS through activation of PLC is related with the increase in light transmittance of platelets. But it may also occur during platelet apoptosis (Shcherbina and Remold-O’Donnell, 1999; Stivala et al., 2017). It is reported that m-3M3FBS can affect a serious of apoptosis related proteins: up-regulate pro-apoptotic Bax, down-regulate anti-apoptotic Bcl-2, activate caspase and promote release of cytochrome C (Lee et al., 2005). In addition, PLC was classified into 6 families, including PLCβ, PLCγ, PLCδ, PLCε, PLCζ, and PLCη (Nakamura and Fukami, 2017). Except PLCγ2, PLCβ3 also relates with platelet aggregation (Lee et al., 2014; Pradhan et al., 2017). Therefore, PLCβ3 may also contribute to m-3M3FBS induced platelet aggregation. However, specific activator for PLCγ2 is still not available. After all, m-3M3FBS induced activation of PLCγ2 and subsequent DAG-PKC-TXA2 and IP3-[Ca2+] were almost completely abolished by Fc (Figure 5). Therefore, PLCγ2 cascade indeed responsible to the antiplatelet effect of Fc.

By a single administration of Fc, FeCl3 induced thrombosis in rat femoral artery was significantly alleviated (Figure 6). Although the anti-thrombotic potency of Fc is not as strong as clopidogrel, chronic administration may be a safer way for preventive treatment of thrombotic diseases. After all, the key point for new antiplatelet drug development is no longer high potency anymore. As we know, the strong unidirectional antiplatelet effect will result in serious bleeding. Safety is the predominant advantage of Panax notoginseng over clinical antiplatelet drugs (Rao et al., 2005; Bittl et al., 2016; Moon et al., 2018). By treatment of Panax notoginseng, when Fc exerts its effect on platelets, other saponins may provide complementary or eliminatory assistance. For instance, Ft1, another saponin from over-ground part of Panax notoginseng, was proved to have effect in promoting platelet aggregation by activating P2Y12 receptors (Gao et al., 2014). Therefore, a hypothesis was put forward: as main saponins in over-ground part of Panax notoginseng, Ft1 and Fc may be the predominant compositions for the dual-directional regulatory effect on platelet. To clarify the way to balance the dual-directional regulatory effect and comprehensive impact of them on platelet and thrombus, further research is required.

The effect of PNS on inhibiting platelet aggregation has been mentioned in many studies. PNS can inhibit platelet aggregation through PPAR-γ/PI3K/Akt/eNOS pathway (Shen et al., 2017), [Ca2+], ERK2/p38 (Qi et al., 2016), COX (Wang et al., 2016), FAK, NF-κB (Yuan et al., 2011). Whereas, most of them didn’t mention any single saponin, but only investigated the complex PNS. Which single saponin stimulated the above signals is still unknown. The hemostatic effect of Panax notoginseng is well known, but no systematic study about it yet. Gao et al. (2014) screened several saponins and conclude only Notoginsenoside Ft1, Notoginsenoside Fe and protopanaxadiol are effective in increase ADP induced platelet aggregation. Among them, only Ft1 was demonstrated to activate platelet through P2Y12 receptors. The effect of Notoginsenoside Fe and protopanaxadiol were not further studied (Gao et al., 2014). Based on these studies, it is hard to elaborate the mechanism of the dual-directional regulatory effect of Panax notoginseng. Therefore, our group is trying to investigate the effect and mechanism of more single saponins on platelet. After that, the dual-directional effect of Panax notoginseng can be clarified.

The present study demonstrated the mechanism of the antiplatelet effect of Fc, a main functional saponin in leaves and flowers of Panax notoginseng. This can provide theoretical basis for utilization of over-ground part of the plant. Attentions should be paid to the dual-directional regulatory effect of Panax notoginseng on platelets, which may be a new perspective for thrombotic disease treatment.
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Chronic diseases and degenerative conditions are strongly linked with the geriatric syndrome of frailty and account for a disproportionate percentage of the health care budget. Frailty increases the risk of falls, hospitalization, institutionalization, disability, and death. By definition, frailty syndrome is characterized by declines in lean body mass, strength, endurance, balance, gait speed, activity and energy levels, and organ physiologic reserve. Collectively, these changes lead to the loss of homeostasis and capability to withstand stressors and resulting vulnerabilities. There is a strong link between frailty, inflammation, and the impaired ability to repair tissue injury due to decreases in endogenous stem cell production. Although exercise and nutritional supplementation provide benefit to frail patients, there are currently no specific therapies for frailty. Bone marrow-derived allogeneic mesenchymal stem cells (MSCs) provide therapeutic benefits in heart failure patients irrespective of age. MSCs contribute to cellular repair and tissue regeneration through their multilineage differentiation capacity, immunomodulatory, and anti-inflammatory effects, homing and migratory capacity to injury sites, and stimulatory effect on endogenous tissue progenitors. The advantages of using MSCs as a therapeutic strategy include standardization of isolation and culture expansion techniques and safety in allogeneic transplantation. Based on this evidence, we performed a randomized, double-blinded, dose-finding study in elderly, frail individuals and showed that intravenously delivered allogeneic MSCs are safe and produce significant improvements in physical performance measures and inflammatory biomarkers. We thus propose that frailty can be treated and the link between frailty and chronic inflammation offers a potential therapeutic target, addressable by cell therapy.

Keywords: cell transplantation, regenerative medicine, inflammation, immunosenescence, geriatrics


DEFINITION AND EPIDEMIOLOGY OF FRAILTY

Frailty has been clinically defined as “a state of increased vulnerability resulting from aging-associated decline in reserve and function across multiple organ systems such that the ability to cope with everyday or acute stressors is compromised” (1). Central to this geriatric medical syndrome is the notion that it has multiple causes and contributors that lead to the characteristic decreases in strength, endurance, activity, energy levels, and physiologic function, which increase the susceptibility to dependency and death (2, 3). Of note, although frailty is not characterized as a disability, it does increase the risk of disability in affected individuals (3–5). Moreover, there is a close link between a patient's health and frailty (6, 7). These patients tend to show a greater risk of frailty when there are other comorbidities affecting their physical and psychological well-being, such as cardiovascular disease, diabetes, high blood pressure, cancer, or cognitive impairment (8). The main clinical presentations of frailty are falls, which are a result of impaired balance, gait, and awareness, fluctuating disability with independent and dependent days, and other non-specific signs and symptoms, such as unexplained weight loss, infections, and extreme fatigue.

Several instruments have been developed to assess frailty. These can be categorized as the unidimensional or phenotypic model, based on the physical or biological dimension, and multidimensional or cumulative deficit models, centered on the links between the physical, psychological, and social realms, all of which have been well validated (1, 8). The unidimensional or phenotypic model was first operationally defined by Fried et al. (9) and was used to develop the Cardiovascular Health Study (CHS) Index, commonly referred to as the “Physical Frailty Phenotype” (10). Using this model, frailty is defined as having three out of five phenotypic criteria indicating “compromised energetics”: weak grip strength, low energy levels or self-reported exhaustion, slow gait speed, low physical activity (low energy expenditure), and/or unintentional weight loss (9). On the other hand, the Canadian Study of Health and Aging (CSHA) frailty index was developed using the cumulative deficit model (11, 12). The CSHA frailty index measures several age-associated health deficits (13), and is computed by counting the number of health deficits and dividing this number by the total number of health questions tested (12), with a score of 1 being the maximum index and indicating the poorest prognosis. Indeed, an index >0.7 is associated with a high risk of mortality (14). This index has been simplified for use in the outpatient clinic setting as the CSHA “clinical frailty scale” (15). This 7-point rapid screening tool, consisting of 7 variables ranging from fit to complete functional dependence, highly correlates with the frailty index. The maximum in this scale is a score of 7, indicating “severe frailty” (16).

A number of other instruments to assess frailty have been developed and validated, including the “FRAIL (Fatigue, Resistance, Ambulation, Illnesses, Loss of weight)” frailty scale by the International Academy of Nutrition and Aging (17), the “Study of Osteoporotic Fractures (SOF)” frailty scale (18), the “Frailty Instrument for Primary Care of the Survey of Health, the Aging and Retirement in Europe (SHARE-FI)” scale (19), and the “Groningen Frailty Indicator” (20). The FRAIL and SOF, for example, predict new disability at 3 and 9 years of follow up and the FRAIL predicts 9-year mortality in an African American population (21). A multidimensional instrument based on a “structural questionnaire” is the “Tilburg Frailty Indicator” (TFI) (22). This instrument is made up of 10 questions on determinants of frailty that include demographics and other lifestyle questions, as well as, 15 frailty elements arranged according to physical, psychological, and social aspects. The total score of the TFI ranges from 0 to 15, with frailty ascertained if the total score is 5 or greater.

In view of the aging population worldwide, there is a growing medical and scientific interest in the accurate diagnosis and treatment of frailty. Despite multinational efforts to reach an agreement on the definition of frailty and how to assess it with a simple and easily accessible tool, no consensus has been reached, as evidenced by the various definitions and multiple assessment tools being currently used in the literature. However, an agreement has been reached broadly defining frailty as a clinical syndrome characterized by increased vulnerability to stressors that leads to functional impairments and adverse health outcomes (2). This definition is considered to be useful in primary care assessments. Moreover, these functional impairments and health outcomes may be preventable or treatable by pharmacologic or non-pharmacologic interventions.

With regards to the prevalence of frailty in community dwelling individuals over the age of 65 in the United States, it was estimated at 7–12% using the frailty criteria validated in the CHS (10). Moreover, frailty prevalence increased with age from 3.9 to 25% in the 65–74 and over 85 age groups, respectively. Frailty prevalence was also found to be greater in women than men (8 vs. 5%). Ethnic differences in frailty prevalence were noted, with black Americans more likely to be frail than white Americans (13 vs. 6%) and Mexican Americans similar to Caucasians 7.8% (23), based on the Hispanic Established Populations Epidemiologic Studies of the Elderly. Compared to frailty, pre-frailty has a much greater prevalence, ranging between 35 and 50% in adults aged 65 or older. Pre-frailty is considered to be present in patients exhibiting one or two of the phenotypic criteria described in CHS and is reportedly more common in women than in men, just like frailty (9). There is also an association between pre-frailty and lower educational level and socio-economic status (24, 25). Despite the higher accumulation of deficits in women than in men of the same age, men exhibit a higher risk of mortality even though this accumulation is associated with mortality in both genders (26–28). Importantly, comorbidities, especially cardiovascular, pulmonary, musculoskeletal, neurologic, and psychiatric, are more prevalent in pre-frail compared to non-frail persons (24, 25, 29).



FRAILTY AND CARDIOVASCULAR PERFORMANCE

The prevalence of cardiovascular disease (CVD) increases substantially in individuals 65 years of age and over, and especially in individuals aged 80 and over (30). Not surprisingly, increased CVD prevalence is linked with increased prevalence and incidence of frailty, as shown in a meta-analysis of 54,250 elderly patients without frailty at baseline (31).

The aging cardiovascular system has some very specific phenotypic alterations (9, 30, 32). These include aortic stiffness due to increased collagen and decreased elastin, endothelial dysfunction, left ventricular hypertrophy, and a diminution in exercise induced increase in ejection fraction. These characteristic abnormalities are hypothesized to contribute to specific symptoms of the frailty syndrome and to increase the morbidity and mortality from CVD in elderly individuals (7, 10, 30). Several studies document the increased risk for mortality in frail elderly patients with cardiovascular events such as non-ST-segment elevation myocardial infarction (NSTEMI) (3, 7). Frail individuals have increased disease burden and therefore more prolonged recuperation vs. a non-frail subject (2, 8, 10). There are additional associations between frailty and other cardiovascular diagnoses including angina, myocardial infarction, hypertension, heart failure with reduced ejection (HFrEF), heart failure with preserved ejection fraction (HFpEF), and stroke (10, 30). Gait speed is one symptom of frailty that is linked with increased cardiovascular events and mortality, specifically in ST elevation myocardial infarction patients (33, 34). Importantly, frailty presents a major challenge to the ability of CVD patients to undergo surgery and other medical interventions successfully, thus affecting outcomes (30).



ROLE OF INFLAMMATION IN AGING AND FRAILTY

“Inflammaging” is a term that has been used to depict the particular molecular and cellular inter-related events that promote the process of aging (35). With aging, there is a continuous accumulation of damaged macromolecules and cells, generation of toxic metabolites and microbial byproducts, and development of cellular senescence and immunosenescence (36, 37). Not only does inflammaging accelerate the aging process, it is linked with and accelerates the diseases associated with aging, including cardiovascular diseases, cognitive, and neurologic impairments, cancer, and degenerative joint disease. Importantly, the increased susceptibility to disease and death is a result of these molecular inflammation-related changes in physiological systems. As such, measuring the molecules or biomarkers that mediate inflammation has become a useful tool to assess the aging process (37). For instance, there is evidence that circulating levels of pro-inflammatory cytokines increase during aging. High levels of TNF-α, interleukin-6 (IL-6), and C-reactive protein (CRP), even in elderly populations considered healthy, are independent predictors of mortality (38). This same inflammatory response underlies the tissue damage linked to various age-related chronic diseases (39). Indeed, a multitude of studies have now reliably demonstrated that chronically high levels of pro-inflammatory biomarkers do predict risk of morbidity and mortality in the elderly population (37).

Frailty involves aging-related decreases in organ physiologic reserve, leading to impaired ability to withstand stressors and resulting in increased vulnerability to disease. Frail patients manifest disturbances in the hematologic and inflammatory systems, which seem to be at the core of this geriatric syndrome (37, 40). For instance, frail patients have elevated levels of fibrinogen, IL-6, factor VIII, D-dimer, and CRP compared to non-frail patients (32, 41). Studies also report reduced hemoglobin, high leukocytes, elevated TNF-α, and low vitamin D as biomarkers of frailty. Importantly, the inflammatory cytokine IL-6 strongly correlates with the frailty phenotype and with unfavorable health outcomes (32, 42–44). Of note, among frail subjects, women exhibit higher concentrations of inflammatory and coagulation factors than men (41).

CRP is an example of one biomarker that has a higher concentration in women experiencing symptoms of frailty. Differential white blood cell counts, on the other hand, similarly predict frailty risk in men and women. Although there is still insufficient data to show which markers specifically affect men or women, dysregulated inflammation is a considerable key physiological marker in correlation with the frailty syndrome in both genders. It is of interest to note that the strong correlation between frailty and inflammatory and hematologic biomarkers is remarkably similar to the strong correlation between CVD and these same biomarkers, supporting the notion that frailty and CVD are clinically interrelated (37). Importantly, frail individuals also have characteristic declines in cardiovascular reserve, as described above, which may in turn contribute to the symptoms of the syndrome.

Substantial evidence has shown that chronic inflammation underlies the syndrome of aging frailty, leading to impairments in mobility and gait, sarcopenia, osteopenia, and decreased strength. High levels of circulating IL-6 correlate with the development of mobility disability (45) and high levels of IL-6 and TNF-α, either alone or together, are linked with decreased muscle mass and strength, increasing the susceptibility to sarcopenia (46, 47). Moreover, high levels of IL-6 and CRP are independently associated with decreases in physical performance and strength in the elderly (48, 49). The Women's Health and Aging Study (WHAS) demonstrated that elevated IL-6 levels in older women were associated with a greater decline in the ability to walk and a greater risk of acquiring physical disabilities (50). The MacArthur Studies of Successful Aging also found an association between decreased walking speed and grip strength and elevated levels of IL-6 and CRP (51). With regards to all-cause mortality predictors, elevated systemic IL-6 levels correlate strongly with various causes of death, as well as, with mortality in the near future (52, 53). A strong correlation is also present between CRP and early mortality and TNF-α and mortality among the elderly (54, 55). Since these inflammatory biomarkers are not specifically indicative of a particular disease or cause of mortality, these increases in systemic inflammation are thought to reflect a fundamental aspect of the aging process (37).

Chronic inflammation also causes remodeling of the immune system, which diminishes immune responses and contributes to increased mortality in subjects over 60 years of age with frailty (32, 42–44). Immunologic remodeling, in turn, is an important pathophysiologic contributor to frailty in older humans (56, 57). This functional impairment in cell-mediated and humoral immunity in frailty is well documented (58–60) and leads to an increased vulnerability to infectious diseases (40). However, the level of inflammation that affects individuals with frailty is “low-grade,” for example, TNF-α levels range between 1.5 and 1.68 pg/ml (61). In this regard, it has been proposed that the chronicity of the inflammation causes more harm than the absolute level at any given time (62). This elevation in systemic TNF-α levels increases intracellular TNF-α in B cells, which causes a shift in B cell subsets producing an increased percentage of exhausted B cells and decreased switch memory B cells, thereby impairing B cell function (63, 64). In aging and frailty, T cell activity is also impaired, and can be assessed by a decrease in the ratio of CD4:CD8 cells (65). Together, these processes promote an immune cell refractory state where both T and B cell responses to de novo antigens and vaccines are diminished (66).

As there is no cure for aging or frailty, the therapeutic strategy is on developing approaches to lessen or at least regulate the effects of chronic inflammation on aging, with the goal to promote a healthier aging process. It is believed that frailty can ultimately be prevented or attenuated, and the link between frailty and inflammation offers a potential therapeutic target.



ENDOGENOUS STEM CELLS IN FRAILTY

An individual's endogenous stem cell production and function decreases with age and this decrease likely contributes to reduced ability to regenerate and repair organs and tissues (67–69). For instance, there is evidence that as mesenchymal stem cells (MSCs) undergo senescence, their multilineage differentiation and homing capacity and immunomodulatory and wound healing properties gradually disappear (69, 70). These aging-related declines may be due to intrinsic stem cell aging, for example there is evidence that aging induces a “quiescence-to-senescence switch” (71) in stem cells, and aging-related changes in extracellular matrix components and the stem cell niches in tissues (68, 72, 73). Collectively, these aging-related changes reduce stem cell self-renewal, maintenance and regenerative potential. With regard to frailty, altered and dysfunctional stem cell niches have been implicated in frailty syndrome (74, 75). As such, it has been proposed that a regenerative medicine therapeutic approach has the potential to improve or reverse the signs and symptoms of frailty (32, 70), as further discussed below.



MESENCHYMAL STEM CELLS AS A THERAPEUTIC STRATEGY FOR FRAILTY

Medical advances and a more health aware society have contributed to a longer living population. However, as the population ages, the growing number of frail elderly patients will continue to increase the demand for healthcare services. Therefore, novel medical therapies for frailty are under investigation to address this unmet need amongst the elderly population. Although certain diets, especially the Mediterranean diet (76, 77), nutritional supplements (78), hormonal supplements (79), and exercise regimes (80, 81) have been shown independently or in combination (82) to improve the signs and symptoms of frailty (8), there is currently no specific medical therapy available to prevent or treat the frailty syndrome.

There are specific features of the frailty syndrome that support a potential role of MSCs to ameliorate or improve frailty. MSCs are drawn to sites of injury, where they act to reduce inflammation and promote cellular repair (83). Notably, MSCs improve cardiovascular outcomes in patients with acute myocardial infarction (84), as well as, ischemic (85) and non-ischemic cardiomyopathy (86), reduce TNF-α and CRP levels, and are safe in patients irrespective of age (83, 87). The strong association between frailty and CVD and the growing database documenting safety and potential favorable effects of cell-based therapy in CVD provide justification for the assessment of potential benefits of cell therapy in subjects with frailty (88, 89; Table 1, Figure 1).



Table 1. The potential effects of mesenchymal stem cells (MSCs) on frailty phenotypes.
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FIGURE 1. Circulating levels of proinflammatory cytokines, particularly TNF-α, interleukin-6 (IL-6), and C-reactive protein (CRP), increase during aging and are independent predictors of mortality in frail patients. These same pro-inflammatory cytokines are elevated and underlie the tissue damage linked to various age-related chronic diseases, particularly cardiovascular diseases (CVD). Mesenchymal stem cells (MSCs) reduce the expression of proinflammatory cytokines, including TNF-α, IL-6, and CRP, in both CVD and frailty syndrome through paracrine effects or via exosomes. Paracrine effects involve the secretion of a multitude of individual growth factors and cytokines. Exosomes are small extracellular vesicles that contain proteins, peptides and microRNAs (miRNAs).




Anti-inflammatory and Immunomodulatory Effects of Mesenchymal Stem Cells

MSCs can evade and modulate the host's immune system to prolong their therapeutic effects without being detected and eliminated. The absence of major histocompatibility complex (MHC)/human leukocyte antigen (HLA) class II and associated costimulatory molecules and low levels of MHC/HLA class I molecules expressed by MSCs (88, 89) enables them to evade detection by the host immune system. This absence of class II molecules provides the basis for allogeneic MSC therapy, although allogeneic MSCs may eventually induce an immune reaction due to their mismatched MHC-1 molecules, which can be recognized by the host CD8+ T-cells (90).

MSCs influence the host immune system in numerous ways. They reduce both B- and T-lymphocyte proliferation in a paracrine manner (secretion of factors) and by direct cell-cell contact (91, 92). MSCs reduce the expression of proinflammatory cytokines, including, TNF-α, interleukin (IL)-1β, IL-6, and CRP [see (93–95) for review; Figure 1]. The paracrine effects of MSCs are produced in response to either secretion of a wide array of individual factors, such as growth factors and cytokines, or via exosomes, small extracellular vesicles that contain proteins, peptides and microRNAs (miRNAs).

Factors secreted by MSCs include transforming growth factor (TGF)-β, hepatocyte growth factor (HGF) and interleukins, among many others [see (93) for review]. Many of these factors interact to produce an immunomodulatory effect (96). Furthermore, the effect of a specific factor may be modulated by the microenvironment (93). Perhaps the most well studied factor secreted by MSCs is TGF-ß. MSCs produce TGF-ß in response to IL-4 receptor mediated activation of the STAT6 pathway (97). TGF-ß inhibits the proliferation of CD4+ and CD8+ T-cells and the secretion of T helper1 (Th1) cells while increasing T-regulatory cells (Treg). Another factor secreted by MSCs, IL-10, is an anti-inflammatory and immunoregulatory cytokine also expressed by a variety of immune cells. MSC expression of IL-10 requires direct interaction with T-cells (98). IL-10 inhibits the ability of macrophages to produce pro-inflammatory cytokines. However, recent evidence suggests that increased production of IL-10 by cardiac macrophages promotes diastolic dysfunction (99). This result emphasizes that the effect of a specific factor, whether secreted by MSCs or another cell type, is dependent on context and it is the combination and interaction of secreted (and resident) factors that enable MSCs to modulate the host immune system.

MSCs also affect the immune system through their release of exosomes. Exosomes are 40–100 nm extracellular vesicles that can be isolated from MSC-conditioned media. Ex vivo studies demonstrate that MSC-derived exosomes reduce secretion of pro-inflammatory cytokines (IL-1ß, TNF-α) and increase production of TGF-ß by PBMCs, but don't affect PBMC proliferation (100). Administration of MSCs (101, 102) or MSC-derived exosomes (103) reduces the immune response in two mouse models of autoimmune disease, Type 1 diabetes mellitus and uveoretinitis. These results and those from many other studies, suggest that MSC-derived exosomes represent an alternative to stem cell therapy.

Exosomes are secreted by many cell types, including cells of the immune system. A recent study by Ipson et al. isolated exosomes from 7 frail and 7 robust individuals who suffered from similar chronic diseases. Eight exosome-derived miRNAs were identified that were differentially expressed in these two populations and are found at higher levels in frail individuals (104). While the sample size was small, this result suggests that exosome miRNA profiles may represent biomarkers for frailty. Perhaps isolating and administering MSC-derived exosomes containing miRNAs that can counteract these “frailty-specific” miRNAs, will provide a therapeutic option for treating frailty.

Not only do MSCs affect the host's immune system, but the host immune system also modulates the activity of MSCs (105–107). Exposure to interferon (IFN)-γ generally enhances the immunosuppressive action of MSCs while simultaneously increasing their HLA class I and II cell surface marker expression (94). However, low concentrations of both IFN-γ and TNF-α, can cause MSCs to become pro-inflammatory (94, 95). Furthermore, host-derived pro-inflammatory cytokines can impair the capability of MSCs to differentiate into bone, fat, and cartilage lineages [see (94)]. However, even after MSCs have differentiated into chondrocytes, they can exert immunosuppressive effects (108, 109).

MSCs are not all equal. Recent studies suggest that the tissue from which an MSC originates influences its immunomodulatory properties. Kim et al. compared the immunosuppressive properties of MSCs isolated from periodontal ligament, umbilical cord, and adipose tissue and determined that while they all similarly inhibited the proliferation and activation of PBMCs, UC-MSCs and to a lesser extent Ad-MSCs, secreted higher levels of immunosuppressive cytokines in response to IFN-γ (110). Furthermore, MSCs obtained from aged individuals possess reduced immunomodulatory properties compared to those from the young (111, 112). The tissue microenvironment into which MSCs migrate/are injected into also influences their immunosuppressive properties. MSCs located within an inflammatory microenvironment can suppress cytotoxic T cells (96, 113), induce T regulatory cells (114, 115), and stimulate macrophage polarization (116) (transition from an M1 to an M2 phenotype) thereby promoting an anti-inflammatory milieu. Furthermore, a recent study demonstrated that MSCs exert antibacterial effects (117) indicating that MSCs possess an immune function independent of the host's immune system.



Results of Phase I and II Clinical Trials of MSCs for Frailty

Currently, there is no specifically approved treatment for frail patients and therefore no established standard of care. The ultimate goal of a therapeutic strategy for frailty is to lengthen the healthy lifespan and restore or maintain cognitive and physical functionality of patients. We conducted a phase I and a phase II clinical trial, CRATUS (NCT02065245), investigating the safety (primary outcome) and efficacy (secondary outcome) of an intravenous infusion of allogeneic bone marrow-derived MSCs as a novel therapy for treating patients experiencing mild to moderate frailty (56, 57, 75). Efficacy outcomes included physical performance, quality of life, and systemic inflammation.

The phase I trial was a non-randomized, dose-escalation study in which 15 patients diagnosed with frailty, based on the CSHA clinical frailty scale, received allogeneic MSCs by intravenous infusion at doses of 20, 100, or 200 million MSCs (5 patients per group). All of the doses were administered as an 80 mL infusion at a speed of 2 mL/min, for a total infusion time of 40 min. Incidence of any treatment-emergent serious adverse events (TE-SAEs) at 1 month post-infusion was the primary outcome. Physical function measurements and circulating inflammatory biomarkers, measured at 3 and 6 months post-infusion, were the secondary outcomes. No TE-SAEs were reported with any of the doses at 1-month post-infusion and no clinically significant donor-specific immune reactions occurred during the first 6 months post-infusion. The six-min walk distance significantly increased at 3 and 6 months and circulating TNF-α levels significantly decreased at 6 months in all treatment groups. The best improvement in all efficacy outcomes was observed with the 100-million dose, except in the case of TNF-α, which showed a significant improvement with both the 100- and 200-million doses. The physical component of the SF-36 quality of life assessment also showed significant improvements in the 100-million dose group at all time points relative to baseline. This study indicated that allogeneic infusion of MSCs is safe and immunologically tolerated in aging frailty patients.

The phase II trial was a randomized, double-blinded, dose-finding study of intravenous allogeneic MSCs at doses of 100- or 200-million compared to placebo in 30 frailty patients (mean age 75.5 ± 7.3) (57). The primary outcome was safety, namely incidence of TE-SAEs at 1-month post-infusion. The secondary outcomes were physical performance measures, patient-reported quality outcomes, and immune markers of frailty, measured at 6 months post-infusion. There were no therapy-related TE-SAEs reported at 1-month post-infusion. Physical performance improved to a greater extent in the 100-million dose group and measures of immunologic parameters improved in both the 100-million and 200-million dose groups. The 6-min walk test, short physical performance exam, and forced expiratory volume in 1 s improved significantly in the 100-million dose group but not in the 200-million dose or placebo groups. Moreover, there was improvement noted in the female sexual quality of life questionnaire and decreases in serum TNF-α levels in the 100-million dose group. B cell intracellular TNF-α improved significantly in both the 100-million and 200-million dose groups compared to placebo. Early and late activated T-cells were decreased as well by MSC infusion compared to placebo. Although there were no safety concerns with the 200-million dose, there was no added benefit observed with this higher dose compared to the 100-million dose. In summary, intravenous allogeneic MSCs were found to be safe in individuals with aging frailty and produced significant benefits in measures of physical performance as well inflammatory biomarkers, which are important therapeutic outcomes in the frailty syndrome.

Allogeneic therapy was used in these studies because it offers “off-the-shelf” availability and a consistency to the cell product (118). These properties are extremely important as autologous cells may have deficiencies in function due to the underlying disease process, co-morbidities, lifestyle, concomitant medications, and/or patient age (119–121). Despite reports that allogeneic MSCs may be immunologically cleared more rapidly than autologous cells after differentiation (122), due to immunogenicity, this immunologic clearance might be beneficial in reducing any long-term risks of cell engraftment (123). Given the excellent safety profile and promising therapeutic efficacy demonstrated in these early phase trials (Table 1), studies with repeat dosing and longer follow up time (CRATUS; NCT02065245), as well as, a larger phase IIb (NCT03169231) clinical trial are ongoing to establish the efficacy of MSCs in the frailty syndrome.
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Caenorhabditis elegans has been used in research for years to clarify the genetic cascades and molecular mechanisms of aging, longevity, and health span. Health span is closely related to frailty; however, frailty has a different concept and is evaluated using various parameters in humans, such as Fried's Frailty Criteria. The C. elegans model has several advantages when performing a chemical screen to identify drug candidates. Several mouse models of frailty were recently developed, including a homozygous IL-10 knockout. These mouse models are useful for understanding human frailty; however, they are not appropriate for primary drug screening because they require large spaces, expensive cost, and time consuming assessments. Therefore, a combination of these models may be a promising tool for discovering drugs and understanding the mechanisms of frailty. In addition, natural products, and herbs are attractive sources of novel drugs with pharmacological activity and low toxicity, in fact, over 60% of currently-available drugs are estimated to be related to natural compounds. In this review, the possibility of identifying natural agents (i.e., herb extracts and compounds) that could improve frailty are proposed, and the advantages and limitations of these models are also discussed.
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INTRODUCTION

Frailty is a complex geriatric syndrome that is associated with increased vulnerability and a reduced physiological reserve that could lead to adverse health outcomes such as an increased risk of falls, dependency, disability, hospitalization, and mortality (1, 2). Shimada et al. performed a population-based survey to ascertain the prevalence of frailty in 5104 older (≥65 years; mean age: 71 years) Japanese adults (3). The authors showed that the rate of frailty increased with age and the overall prevalence of frailty was 11.3% (5.6, 7.2, 16, and 34.9% in the 65–69, 70–74, 75–79, and ≥80 age groups, respectively) (3). The global prevalence of physical frailty assessed using Fried's criteria was summarized by Choi et al. (4). The authors included data from the USA, Europe, and Asia and found that the prevalence of frailty and prefrailty varied between 4.9 and 27.3%, and 34.6 and 50.9%, respectively (4).

The global population is aging rapidly. In 2015, ~8.5% of the global population (7.3 billion) was aged ≥65. The number of older individuals is continuing to increase and is estimated to reach 12.0% (equivalent to 1 billion people) of the global population by 2030, and 16.7% (9.4 billion) by 2050. This increase in population is mainly due to low fertility and increased life expectancy (5).

Frailty is associated with multisystem impairments and chronic disease risk factors including cognitive impairment, diabetes, osteoporosis, chronic cardiovascular disease, kidney disease, malnutrition, chronic inflammation, and sarcopenia (2, 6, 7). These risk factors are related to the quality of life of older people and eventual mortality (2, 8–10). Therefore, given the emergent trend in global aging, interventions against frailty are a major concern (11).



FRAILTY CRITERIA IN HUMANS

Clinical frailty criteria were first introduced in cardiovascular health studies and included unintentional weight loss, self-reported fatigue or feelings of unusual tiredness or weakness, low activity levels (based on the frequency and duration of physical activity), slow walking times, and low grip strength (based on body mass index). These criteria were used to define frailty as either non-frail, prefrail, or frail (Fried Frailty Index) (10). In addition, the Clinical Global Impression of Change in Physical Frailty (CGIC-PF) (12); the Fatigue, Resistance, Ambulation, Illnesses, and Loss of Weight questionnaire (FRAIL scale) (13); the Canadian Study of Health and Aging (CSHA) clinical frailty scale (14); and the Gerontopole Frailty Screening Tool (GFST) (15) are also used to assess frailty.

Frailty is considered to be a dynamic process of accelerated aging in the absence of disability (16); however, it is difficult to understand the molecular and genetic mechanisms of human aging and frailty due to the ethical problem, genetic diversity, and lifestyle variability of the older human population.



MAMMALIAN MODELS OF FRAILTY

Several mouse models and their assessment tools were recently developed and provided an invaluable opportunity to conduct research into the mechanisms of frailty, the interventions to ameliorate frailty, and the effects of frailty on adverse outcomes using validated models (17–24).

Parks et al. were the first to attempt to establish a mouse frailty scale, which contained 31 parameters including activity levels, hemodynamics, body composition, and serum analysis. The authors found that frailer older mice showed the greatest myocyte hypertrophy and the worst peak contraction (17). However, this assessment had its limitations, as the experimental equipment used is uncommon for most laboratories. Whitehead et al. were the next to report an animal frailty index that contained visually-inspected and non-invasive assessment parameters (18). Liu and Graber et al. reported another mouse frailty index that used an activity wheel, a rotarod, and an inverted-cling grip device and resembled the Fried Frailty Test used in humans (19). These criteria provide a platform for validated preclinical animal models and have been implemented for a wide range of applications (25).

Graber et al. evaluated the effects of physical interventions in old mice using the mouse frailty index established by themselves (19). The authors found that voluntary aerobic exercise significantly improved the frailty score in C57BL/6 mouse (26). The effects of dietary and pharmaceutical interventions on frailty were also investigated using the criteria developed by Whitehead (18), and these treatments significantly reduced the mouse frailty index in DBA/2J and C57BL/6J mouse (27).

In addition, a rat frailty index was also recently developed (28, 29). Miller et al. selected criterion tests and configured appropriate cutoff points and indices to identify frailty in aged Fischer F344 rats. This model adapted existing clinical and preclinical indices, including grip strength, endurance, walking speed, and physical activity, that were used in human and mouse frailty indices. Yorke et al. also independently developed a rat frailty index for aged Fischer F344 rats using 27 criteria (29).

Animal models, such as transgenic and gene knockout mice, continue to be useful tools for preclinical studies in various diseases. Walston et al. reported a frail mouse model (i.e., IL-10tm/tm) and characterized the physical and biological features to be similar to those seen in human frailty (30, 31). Mice carrying a homozygous targeted mutation of the IL-10 gene (IL-10tm/tm) were first generated by Kuhn et al. (32). This mouse was developed as a model of colitis but was found to exhibit a frail phenotype that was characterized by inflammation, reduced muscle strength, and a reduced health span. Aged IL-10tm/tm mice showed stiffer vasculature, which was in accordance with the increased COX-2 activity and thromboxane A2 receptor activation (33). In addition, ATP synthesis and the free energy released from ATP hydrolysis in skeletal muscle was reduced in this frail mouse model, which provides some mechanistic insight into skeletal muscle weakness in mouse and human frailty (33). Higher glucose level may be a risk factor for frailty in older human adults (34), and frail and prefrail older adults present lower estimated resting metabolic rate (eRMR) than non-frail adults, together with lower expired volume (Ve) and oxygen consumption (VO2) values that were partially compensated by an respiratory frequency (RF) increase (35).

Westbrook et al. investigated the older IL-10tm/tm mice concerning on metabolic parameters shown in older humans, i.e., glucose metabolism, oxygen consumption (VO2), respiratory quotient (RQ), spontaneous locomotor activity, body composition, and plasma adipokine levels. Interestingly, VO2, fat mass, plasma adiponectin, and leptin were decreased with age in IL 10 tm/tm mice compared to controls, although insulin sensitivity, glucose homeostasis, locomotor activity, and RQ were not significantly altered. These findings suggest that frailty of this mouse model may be caused by reduction of fat mass, hormonal secretion and energy metabolism (36). Deepa et al. reported a new mouse model of frailty, Sod1KO mouse lacking the antioxidant enzyme Cu/Zn superoxide dismutase (24). The Sod1KO mice exhibited some features of human frailty including weight loss, weakness, low physical activity levels, exhaustion, increased inflammation, and sarcopenia. Dietary restriction in the Sod1KO mouse prevented the progression of frailty (24).

Thus, mouse frailty indices and normal and genetically-modified mouse models are important research tools that allow us to understand the biological mechanisms of frailty and evaluate novel interventions to ameliorate frailty. However, drug screening in mammalian models is expensive, time-consuming, requires large amount of drug candidates, and is relatively low throughput for many laboratories, although mammalian models are the most reliable and important platforms for preclinical studies.



CAENORHABDITIS ELEGANS: A BENCHTOP ANIMAL MODEL FOR INITIAL DRUG SCREENING

Non-mammalian model organisms are attractive options for discovering antifrailty drugs. Among the various well-known model organisms (i.e., Danio rerio (zebrafish), Drosophila melanogaster (fruit fly), and the nematode, C. elegans), C. elegans is the most studied animal in the field of aging, lifespan, and health span (37). It was first introduced to the field of basic biology in 1963 and has been used in a variety of studies assessing development (38), cell death (39), RNA interference (RNAi) (40), and aging (41). In fact, the genetic basis of aging has first recognized in C. elegans via the discovery of age-1, daf-2, and daf-16 mutants (42–44). The lifespan was doubled by mutations in the age-1 (PI3K, phosphoinositide 3-kinase) or daf-2 (InR, insulin/IGF-1 receptor) genes, and reduced in the daf-16 (FOXO transcription factor) mutant. Following this pioneering discovery, many researchers have used this model to focus on the genetic analysis and exploration of chemical interventions for longevity.

The pioneering research using C. elegans revealed that numerous pathways, including insulin/insulin-like growth factor-1 signaling, target of rapamycin signaling, AMP-activated protein kinase, sirtuins, mitochondrial stress-signaling pathways, and caloric restriction (45), were conserved in different organisms (e.g., C. elegans, D. melanogaster, and Mus musculus), and several chemicals have been investigated as potential candidates for extending life-span (41, 46, 47) (Figure 1).
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FIGURE 1. Aging modulating compounds. 1; Metformin (biguanide antiglycemic agent, AMPK activation), 2; Rapamycin (immune suppressing agent, mTOR inhibitor), 3; Resveratrol (polyphenol, sirtuin activator), 4; Spermidine (polyamine, induction of autophagy), 5; Aspirin (COX inhibitor, antithrombosis, antioxidant), 6; Masoprocol (catechol, antioxidant, antiinflammation).



C. elegans have many desirable features for drug discovery, such as their ease of maintenance in the laboratory, their transparent bodies for anatomical observation, their high genetic homology (60–80%) to humans, the publication of the complete genome sequence (48–50), conserved biological molecular responses, essentially no ethical problems, their high fertility rates (~250 eggs/worm within several days), and the availability of molecular biology tools (i.e., transgenic, gene knockouts, and RNAi knockdowns) (37). In addition, their short lifespan (~3 weeks) and small size are favorable for the screening of antiaging drugs due to the reduced experimental costs and their capacity for high throughput (51) (Table 1).



Table 1. Feature of C. elegans.
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Frailty is defined as a condition of decreased physiological reserves by multisystem dysregulation and increased vulnerability to stressors (2). Similarly, aging is defined as the decreased adaptability to internal and external stress and increased vulnerability to disease and mortality by an accumulation of deficits derived from the progressive structural and functional decline of proteins, cellular organelles, tissues, and organs (52, 53). Both of these definitions have a lot in common, although the phrases are different.

Moreover, many age-associated features described in mammals, including neuromuscular degeneration, weakness to stressors, elevated infection levels, decreased physiological activity, and increased mortality, are also observed in C. elegans models (54).

Aging in C. elegans is also characterized by a severe loss of muscle mass and function (sarcopenia) (55), which gradually interferes with movement and the ingestion of food. Muscle mitochondrial energy dysregulation (56–58) and an accumulation of oxidative damage and aggregates in muscle cells are also likely to be related to muscle dysfunction in aged C. elegans (59, 60).

Several research papers have recently documented the relationship between lifespan, health span, and frailty in C. elegans. Newell et al. reported that mutants of age-related pathway genes in C. elegans showed that long-lived mutants displayed prolonged midlife movement and did not prolong the frailty period assessed by locomotor decline (56, 61); however, Bansal et al. previously reported controversial results showing that some long-lived mutants increased the proportion of the frailty period rather than health span (62).

When considering an improvement in quality of life, the health span-to-gerospan ratio is much more important than lifespan extension alone (62). Therefore, interventions focusing on the health span along with lifespan of the aging population are favorable.

Aging is characterized by muscular dysfunction as observed in sarcopenia and frailty. These two phenotypes are substantially overlapped with each other, and many of the adverse outcomes of frailty are probably mediated by sarcopenia (63–65).

In aged C. elegans, a gross decline in general behaviors (i.e., locomotion and feeding) is correlated with degeneration of muscle structure and contractile function (55). Loss of muscle mass is the major cause of aging-related functional decline, sarcopenia, and frailty. Several factors are correlated with sarcopenia including contraction-related cellular injury, oxidative stress, endocrine changes, and a reduced regenerative potential. In addition, both functional and structural decline in the pharynx during aging is significantly delayed in mutants with reduced muscle contraction rates that affect the initiation and progression of sarcopenia during aging (55, 60).

In addition, C. elegans containing a transgenic strain of human amyloid beta 1–42 (Aβ) under a neuron-specific promoter, as an Alzheimer's disease model, showed eight-fold slower locomotion than wildtype worms. This model seems consistent with the frailty seen in Alzheimer's patients (66–68). Tan et al. found a high prevalence of frailty in Parkinson's disease recently (69). The transgenic C. elegans of human α-synuclein gene as a Parkinson's disease model has been used for the demonstration of a natural product, squalamine, for the reduction of α-synuclein aggregation and muscle paralysis (70).

Sonowal et al. recently showed that small molecules, indole and derivatives, e.g., indole-3-carboxaldehyde and indole acetic acid, from commensal microbiota could extend the health span (i.e., the non-frailty period) of C. elegans. These compounds were also effective in D. melanogaster and M. musculus, therefore these compounds may become potential drug candidates to extend the health span and reduce frailty in humans (71). In this research, a lifespan assay (to measure longevity), two locomotion assays related to sarcopenia (e.g., a thrashing motility assay and a pharyngeal pumping assay), and a heat-stress assay (to measure vulnerability) were performed in C. elegans. These assays are popular, reliable, and well-studied so far as the C. elegans health span assay (72).



CONCLUSION

According to the 2016 review by Newman and Cragg, natural products continue to be an important source of clinical trial drugs and drug candidates; for example, ~65% of small-molecule drugs approved from 1981 to 2014 were directly or indirectly related to natural compounds (73). Among the various natural resources (i.e., plants, microbials, and marine organisms), plants have a long history of medicinal use that goes back to the ancient records of Mesopotamia, which chronicled their use in the treatment of various diseases. The total number of higher plants species in the world is estimated to be around 250,000; however, many of these remain to be characterized phytochemically. Thus, natural products and herbs are still attractive sources of novel drugs with pharmacological activity and low toxicity (74).

The C. elegans model is advantageous when performing a chemical screen to identify drug candidates to increase the health span. Among the various health span assays, longevity, thrashing motility, pharyngeal pumping, and heat stress assays are preferable as they have already been successfully utilized for the discovery of candidate compounds (71).

Wildtype and genetically-modified mouse models are useful for estimating efficacy on human frailty; however, they have several disadvantages for primary drug screening because of their scale, cost, and labor intensiveness. Therefore, the combination of these models may provide a promising workflow to discover drugs and understand the mechanism of frailty (Scheme 1).
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SCHEME 1. Plausible work flow for anti-frailty agents.
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Diabetes mellitus is a well-known common disease and one of the most serious social problems in the worldwide. Although various types of drugs are developed, the number of patients suffering from diabetes mellitus is still increasing. Ninjin'yoeito (NYT) is one of formulas used in Japanese traditional herbal medicines for improving various types of metabolic disorders. However, the effect of NYT on diabetes mellitus has not yet been investigated. In the present study, we tried to clarify the action of NYT on the serum glucose level in streptozotocin (STZ)-induced diabetic mice. We found that intake of NYT decreased the serum glucose level and increased insulin sensitivity in STZ-induced diabetic mice. NYT treatment also improved acidification of the interstitial fluid around skeletal muscles found in STZ-induced diabetic mice, while the interstitial fluid acidification has been reported to cause insulin resistance. Furthermore, in the proximal colon of STZ-induced diabetic mice, NYT treatment showed a tendency to increase the expression of sodium-coupled monocarboxylate transporter 1 (SMCT1), which has ability to absorb weak organic acids (pH buffer molecules) resulting in improvement of the interstitial fluid acidification. Based on these observations, the present study suggests that NYT is a useful formula to improve hyperglycemia and insulin resistance via elevation of interstitial fluid pH in diabetes mellitus, which might be caused by increased absorption of pH buffer molecules (SMCT1 substrates, weak organic acids) mediated through possibly elevated SMCT1 expression in the proximal colon.

Keywords: Ninjin'yoeito, diabetes mellitus, interstitial pH, insulin resistance, serum glucose, streptozotocin (STZ)


INTRODUCTION

Diabetes mellitus is a syndrome caused by metabolic disorders, and leads to several complications including persisted hyperglycemia. Insulin resistance is a well-recognized feature of non-insulin-dependent, type 2 diabetes mellitus due to metabolic disorders. However, insulin resistance is also commonly observed in insulin-dependent (type 1) diabetic patients (1, 2). The insulin resistance obviously appears in peripheral tissues that participate in glucose uptake, glycogen synthesis, and glucose oxidation. Preceding hyperglycemia per se or glucose toxicity has been postulated to be an important factor causing insulin resistance in type I diabetes mellitus (3).

Our recent studies indicate a role of interstitial fluid pH in control of insulin sensitivity (4–6). Otsuka Long-Evans Tokushima Fatty (OLETF) rats, a model of type 2 diabetes mellitus, show lowered pH of interstitial fluids around the liver and skeletal muscles, and ascites measured by glass pH microelectrodes (4), and also the brain measured by antimony pH electrodes (7). Moreover, lowered extracellular pH conditions attenuate the intracellular insulin signaling in a rat skeletal muscle-derived cell line by decreasing insulin affinity to its receptor (5), while natural products improve insulin resistance by increasing the interstitial fluid pH in several organs (4).

Ninjin'yoeito (NYT) is composed of 12 crude herbs; rehmannia root, japanese angelica root, atractylodes rhizome, poria sclerotium, ginseng, cinnamon bark, polygala root, peony root, citrus unshiu peel, astragalus root, glycyrrhiza, and schisandra fruit. NYT is a formula used in Japanese Kampo traditional herbal medicines for improving various types of symptoms, including fatigue, anemia, anorexia, night sweats, cold limbs, slight fever, chills, persistent cough, malaise, mental disequilibrium, and insomnia. However, the effect of NYT on diabetes mellitus is unknown. On the other hand, Ninjin-to is composed of 4 medicinal herbs, atractylodes rhizome, ginseng, glycyrrhiza, and processed ginger, and has been reported to prevent the progression of diabetes mellitus in non-obese diabetic mice (8). Moreover, glucose intolerance in obese mice is alleviated by astragalus root through improvement of insulin resistance (9). Interestingly, NYT contains atractylodes rhizome, ginseng, and glycyrrhiza, which are components of Ninjin-to preventing the progression of diabetes (8), Furthermore, NYT also contains astragalus root, which improves insulin resistance (9). These observations suggest that NYT would have potential improving disorders in diabetes mellitus.

Taken together, these observations (4–6, 8, 9) lead us to an idea that NYT would improve disorders in diabetes mellitus by elevating the interstitial fluid pH. Therefore, in the present study, we examined the effect of NYT on serum glucose levels, interstitial fluid pH and insulin sensitivity in streptozotocin (STZ)-induced diabetic mice, and assessed the molecular mechanisms of the effect of NYT.



MATERIALS AND METHODS


Ethical Approval

The procedures and protocols for the experiments performed in the present study were approved by the Committee for Animal Research of Kyoto Prefectural University of Medicine (No.29-584, 2017).



Animal

Male ICR 4-week-old mice (Shimizu Experimental Animals, Kyoto, Japan) were used in the present study. The body weight of these mice was about 20 g at the beginning of the experiments. They had free access to food and water in an animal room, the temperature of which was maintained at 24 ± 1°C with a 12-h light-dark cycle (light on at 08:00, light off at 20:00). Diabetic conditions were produced in the mice by an injection of STZ (200 mg/kg body weight; i.v.) prepared in 0.1 N citrate buffer at pH 4.5. Mice with serum glucose levels above 400 mg/dL were considered diabetic. The mice were anesthetized by inhalational isoflurane (3%) when blood samples were collected and muscle surface pH (interstitial fluid pH) was measured. After these procedures, the mice were sacrificed by injecting a high-dose pentobarbital sodium (100 mg/kg body weight; ip). Then, the colon and the kidney were collected from the sacrificed mice.



Drugs

NYT was gifted from Kracie Pharma, LTD (Tokyo, Japan). NYT of 6.7 g was prepared as a spray-dried powder of hot-water extracts from 12 species of crude drugs: rehmannia root (4.0 g), japanese angelica root (4.0 g), atractylodes rhizome (4.0 g), poria sclerotium (4.0 g), ginseng (3.0 g), cinnamon bark (2.5 g), polygala root (2.0 g), peony root (2.0 g), citrus unshiu peel (2.0 g), astragalus root (1.5 g), glycyrrhiza (1.0 g), and schisandra fruit (1.0 g). A chemical analysis of NYT was performed using the three-dimensional (3D)-high-performance liquid chromatography (HPLC) (Shimazu LCMS-8030 liquid chromatography mass spectrometer equipped with an LC-30AD) with a reversed-phase column (Shim-pack XR-ODSI, 2.0 mm i.d. × 50 mm, 1.6 mm, the column temperature of 40°C) and an SPD-M20A detector with scanning for arrange of 230–400 nm. The procedures were as follows. (1) NYT extract of 0.5 g was mixed and shaken with 50% MeOH of 50 mL, (2) the supernatant of 5 μL was subjected to an HPLC analysis, (3) the column was equilibrated with solvent A (0.1% formic acid in acetonitrile) and solvent B (0.1% formic acid solution in water), and (4) the ratio of solvent A in the mixed solvents, A and B, was initially 5%, elevated by 5% up to 70% over 16 min, and kept at 70% for 1 min with a flow rate at 0.5 mL/min. Since chemical markers, paeoniflorin, hesperidin, and glycyrrhizic acid, are used to keep the quality of NYT as a formula for human patients, the same chemical markers, paeoniflorin, hesperidin, and glycyrrhizic acid, were used to keep the quality of NYT in the present study. The analytical result is shown in Figure 1.


[image: image]

FIGURE 1. 3D-HPLC profiles of Ninjin'yoeito (NYT). Each of chemical marker [paeoniflorin (1), hesperidin (2), or glycyrrhizic acid (3)] in the HPLC profile of NYT was identified by comparison with the retention times and UV spectra (230–400 nm) of their reference standards for quality control.



NYT was freshly prepared by mixing in distilled water. Treatment with NYT of oral 1.6 g/kg body weight/day was started from 4 days after the injection of STZ. NYT was resolved in distilled water and all treatments were continued once a day for 3 weeks after STZ administration. Based on the therapeutic dose of NYT for human prescription authorized by Ministry of Health, Labor and Welfare in Japan, the adequate amount of oral NYT intake for mice was determined to be 1.6 g/kg body weight/day [see Tables 11–5 in the report regarding the relationship doses of human and experimental animal1].



Measurement of Serum Glucose Levels and Insulin Tolerance Test

Blood samples were obtained from the tail-vein around 10:00 for determination of casual serum glucose levels under anesthesia with inhalational isoflurane (3%) without any forced fasting. To study insulin tolerance, insulin lispro (Humalog, Eli Lilly, Indianapolis, IN, USA; 0.6 units/kg body weight; i.p.) was administered immediately after the initial blood sample was collected. The blood samples were also collected at 30, 60, 90, and 120 min after insulin administration. Serum glucose levels were determined using glucose CII-test Wako (Wako Pure Chemical Industries, Osaka, Japan). The changes of serum glucose levels were normalized to the glucose level just before the insulin application to make comparisons across the experiment for determination of insulin tolerance.



Interstitial Fluid PH Measurement

The interstitial fluid pH around the gastrocnemius muscle was measured under anesthesia with inhalational isoflurane (3%) by attaching the tip of a glass pH microelectrode (Asch Japan, Tokyo, Japan) to the interstitial area around gastrocnemius muscles. The pH measurement was performed just after obtaining the blood sample to determine the casual serum glucose level without any forced fasting 14 days after starting the NYT intake.



Western Blotting of SMCT1

Segments from the proximal colon and the distal colon, and the kidney were removed and homogenized in RIPA buffer containing 50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate, 1% TritonX, 1 mM phenylmethylsulfonyl fluoride, 25 μg/mL leupeptin, 10 μg/mL aprotinin, 10 mM NaF, and 1 mM Na3VO4 with dounce tissue grinder method on ice. The homogenate was centrifuged at 15,000 g for 15 min and the supernatant was replaced into fresh tube for further analysis. The protein concentration was determined using BCA protein assay kit (Thermo scientific, Rockford, IL, USA). Proteins were separated on a 10% SDS-PAGE gel and transferred to a nitrocellulose membrane. The membrane was blocked 5% milk in tris-buffered saline for 1 h and then incubated with rabbit anti-SMCT1 antibody (1:5,000) followed by goat anti rabbit IgG-HRP (1:2,000). For the internal control, the same membrane was stripped and re-probed with antibody against ß-actin (1:2,000; Sigma, St. Louis, MO, USA) obtained from Cell Signaling Technology (Beverly, MA, USA). We measured the band densities with Image Lab (BIO-RAD, Hercules, CA, USA) after scanning with Chemidoc XRS Plus system (BIO-RAD).



Statistical Analysis

Data are represented as the means ± standard error (SEM). Statistical significance between the means was assessed by analysis of variance (ANOVA), or Student's t-test appropriately. Differences were considered significant at p < 0.05.




RESULTS


Ninjin'yoeito (NYT) Decreased Serum Glucose Levels, but Not Body Weights or Amounts of Oral Food Intake

STZ (200 mg/kg body weight; i.v.) was injected 4 days before application of NYT (Day 0 in Figure 2). We measured the serum glucose level of STZ-injected mice (STZ-mice) with or without NYT (Figure 2). The serum glucose levels just before STZ injection (Day -4 in Figure 2) and 4 days after the STZ injection showed no significant changes (Day 0 in Figure 2) between two groups. The serum glucose levels of STZ-mice became above 400 mg/dL at 4 days after the STZ injection (Day 0 in Figure 2) just before NYT treatment, and all of them were considered diabetes. The serum glucose level of STZ-mice without NYT intake (STZ-mice) continuously increased (closed circles in Figure 2), while the STZ-mice with NYT intake (NYT-STZ-mice) did not show further elevation of serum glucose level within 14 days after starting NYT administration (open circles in Figure 2). The serum glucose levels of NYT-STZ-mice were significantly lower than those of STZ-mice (compare open circles with closed circles on Day 11, 14, and 16 in Figure 2; *p < 0.05). However, 21 days after the starting of NYT intake, the serum glucose level of NYT-STZ-mice (the open circle on Day 21 in Figure 2) was identical to that of STZ-mice without NYT intake (the closed circle on Day 21 in Figure 2).


[image: image]

FIGURE 2. Effects of Ninjin'yoeito (NYT) on casual serum glucose level of STZ-injected mice (STZ-mice) without any forced fasting. STZ was injected 4 days before the NYT administration (day−4 in this figure), and the serum glucose levels of all mice were increased over 400 mg/dL on day 0. NYT administration was started on day 0 and continued up to day 21. STZ-mice without NYT is shown as STZ-mice (closed circles), and STZ-mice with NYT intake is shown as NYT-STZ-mice (open circles). Administration of NYT significantly decreased serum glucose levels (see open circles in this figure; NYT-STZ-mice) at the marked by *p < 0.05, vs. STZ-mice. Each point represents the mean ± SEM of 6 mice.



We did not detect any significant changes in the body weight between NYT-STZ- and STZ-mice (Figure 3A). Total food intake was measured at 10 days after starting NYT intake. The NYT intake had no significant effects on the amount of the food intake (Figure 3B).


[image: image]

FIGURE 3. Effects of Ninjin'yoeito (NYT) on body weight and food intake of STZ-mice. (A) The body weight was not influenced by NYT intake in STZ-mice. (B) The amount of oral food intake was measured 10 days after starting NYT treatment. NYT did not induce any change of oral food intake amounts in STZ-mice. Each point represents the mean ± SEM of 6 mice.





NYT Improved the Decreased PH of Interstitial Fluid Around Skeletal Muscle in STZ Mice

We have previously reported that the interstitial fluid pH in OLETF rats is significantly lower than normal pH, ~7.40, of control rat (4, 7). Moreover, our recent study indicates that insulin resistance occurs associated with lowered pH of interstitial fluid (5). Therefore, we measured pH of interstitial fluids around gastrocnemius muscles in STZ-mice and NYT-STZ-mice just after obtaining the blood sample to determine the casual serum glucose level without any forced fasting 14 days after starting the NYT intake. The interstitial fluid pH around gastrocnemius muscles of STZ-mice [pH = 7.22 ± 0.07 (n = 6)] was lower than that of same-aged “STZ-non-injected” (“non-diabetic”) mice without NYT intake [pH = 7.40 ± 0.03 (n = 6); P < 0.05]. The NYT intake in STZ-mice significantly elevated the pH value around gastrocnemius muscles from pH = 7.22 ± 0.07 [n = 6; the closed column (STZ -mice) in Figure 4] to pH = 7.44 ± 0.03 [n = 6; the open column (NYT-STZ–mice) in Figure 4; P < 0.05], which was identical to that of “non-diabetic” mice [pH = 7.40 ± 0.03 (n = 6)].
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FIGURE 4. Effects of Ninjin'yoeito (NYT) on the interstitial fluid pH around the gastrocnemius muscle of STZ-mice. The pH measurement was performed just after obtaining the blood sample to determine the casual serum glucose level without any forced fasting 14 days after starting the NYT intake. The interstitial fluid pH around the gastrocnemius muscle was lower in STZ-mice (pH = 7.22 ± 0.07; n = 6) compared with that in “non-STZ-injected non-diabetic” mice (pH = 7.40 ± 0.03; n = 6; p < 0.05). On the other hand, NYT significantly improved the interstitial fluid pH around the gastrocnemius muscle from pH = 7.22 ± 0.07 (the closed column; n = 6) to pH = 7.44 ± 0.03 (the open column; n = 6; p < 0.05), which was identical to that in “non-diabetic” control mice (pH = 7.40 ± 0.03; n = 6). *p < 0.05, vs. NYT-untreated STZ-mice group (STZ-mice; the closed column). Each group represents the mean ± SEM of 6 mice.





NYT Intake Improved Insulin Sensitivity in STZ-Mice

Insulin tolerance test was conducted 16 days after starting the NYT intake. Serum glucose levels of STZ-mice without NYT intake were gradually decreased reaching a steady level at 90 min after insulin administration (closed circles in Figure 5). On the other hand, NYT-STZ-mice showed a faster decrease in serum glucose levels after insulin administration (open circles in Figure 5) reaching a steady level at 30 min after insulin administration compared with that without NYT intake (closed circles in Figure 5). These results suggest that the insulin resistance was improved with NYT intake (Figure 5).
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FIGURE 5. Effects of Ninjin'yoeito (NYT) on the insulin tolerance test of STZ-mice. Insulin (0.6 units/kg body weight; i.p.) was administrated at time 0, and the blood samples were collected at 0 (just before insulin administration), 30, 60, 90, and 120 min after insulin administration. Serum glucose levels faster decreased and reached a steady level in NYT-treated STZ-mice (NYT-STZ-mice; open circles) compared with that in NYT-untreated STZ-mice (STZ-mice; closed circles). *p < 0.05, vs. STZ-mice (the closed circle). Each datum represents the mean ± SEM of 6 mice.





NYT Increased the Sodium-Coupled Monocarboxylate Transporter 1 (SMCT1) Expression in the Proximal Colon Tissue in Mice

We measured the expression of SMCT1 protein in the colon and the kidney (Figure 6), which transport weak organic acids, mono-carboxyl groups coupled with Na+ (10). The SMCT1 expression in the proximal colon of STZ-mice without NYT intake was significantly lower than that in the distal colon of STZ-mice without NYT intake (compare the open column with the closed column in STZ-mice in Figure 6B; p < 0.05). The NYT intake showed a tendency to increase the SMCT1 expression level in the proximal colon (compare the open column in STZ-mice with the open column in NYT-STZ-mice in Figure 6B), although we observed no significant effects of NYT intake on the SMCT1 expression in any organs (the proximal or distal colon, or the kidney) measured in the present study (Figure 6).
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FIGURE 6. Effects of Ninjin'yoeito (NYT) on the expression of SMCT1 in the colon and the kidney. Images of the expression of SMCT1 protein and ß-tubulin in the proximal and distal colon, and the kidney detected by Western blotting (A). Quantitative results of SMCT1 protein expression were normalized by ß-tubulin measured with Western blotting in the proximal and distal colon (B) and the kidney (C). Each datum in (B,C) represents the mean ± SEM of 5 mice.






DISCUSSION

The present study indicated that NYT diminished the elevated serum glucose levels in STZ-induced diabetic mice (STZ-mice) by improving the lowered interstitial fluid pH in skeletal muscle. The NYT-induced improvement in the lowered pH of interstitial fluids might be due to the increased expression of SMCT1 in the proximal colon based on the observation that the NYT intake showed a tendency to increase the SMCT1 protein expression in the proximal colon.

In the present study, we used STZ-induced diabetic mice as STZ has been applied for production of diabetic conditions. Some compounds have been reported to improve diabetic symptoms (11–14). Empagliflozin, as a selective sodium-glucose co-transporter 2 (SGLT2) inhibitor, improves blood glucose levels, normalizes endothelial function and reduces oxidative stress in aortic vessels of STZ-induced diabetic rats (11). A main component of green tea extract, epigallocatechin gallate, has been reported to preserve insulin secretion to reduce serum glucose levels of STZ-induced diabetic rats (12). These observations indicate that STZ-induced mice are a useful model for diabetic studies.

STZ destroys the islet β cells leading to insulin deficiency, which is applied as a model of type 1 diabetes mellitus. In type 1 diabetes mellitus, the body fluids are acidic due to elevation of lactate and ketone body production (3). Recently, we have reported that the lowered extracellular pH attenuates the insulin-induced intracellular signaling by diminishing the insulin affinity to its receptor in skeletal muscle L6 cell line (5). We have also indicated that organic acids could contribute to the development of insulin resistance in type 2 diabetic animal model OLETF rat (15). In the present study, we indicated that treatment with NYT improved (elevated) the interstitial fluid pH in skeletal muscles, and also improved the insulin-induced diminution of serum glucose levels in STZ-mice. Based on these observations, we propose an idea that NYT lowers serum glucose levels elevated under diabetic conditions by improving insulin resistance via elevation of the lowered body (interstitial) fluid pH, which increases the binding affinity of insulin to its receptor.

Insulin resistance is caused by several factors and events. It is well accepted that enlarged adipose tissue secretes bioactive factors adipokines, such as tumor necrosis factor alpha, interleukin-6, plasminogen activator inhibitor, resistin, and free fatty acid, which attenuate insulin receptor functions (16–18). In case of type 1 diabetes mellitus, visceral fat tropic factors might not be involved in insulin resistance, because adipose tissue in type 1 diabetes is normal or atrophied. It is well accepted that chronic hyperglycemia causes insulin resistance in skeletal muscles (19). Accumulated evidence has indicated the hyperglycemia-induced overproduction of reactive oxygen species (ROS) in the insulin resistance and mitochondrial dysfunction (20). In addition, many epidemiological studies have reported the relationship between metabolic acidosis and insulin resistance (21). Even if the arterial blood pH is strictly regulated within a range between 7.35 and 7.45 even in diabetes mellitus, the observations obtained in the present study indicate that the pH of interstitial fluids around skeletal muscles is at 7.2 in STZ-treated diabetic mice. The activity of various types of enzymes and binding affinity of hormones and neurotransmitters to their receptors are regulated by the pH of interstitial fluids, but not inside blood vessels (6). It is also important to note that the interstitial fluids have little pH buffers unlike blood containing strong pH buffers such as hemoglobin and albumin (6). Therefore, the interstitial fluid pH with little pH buffer in diabetes mellitus would be lower than that under the normal condition, and the lowered pH of the interstitial fluid is a causal factor for the attenuation of insulin signaling in the skeletal muscle.

The studies reported by Goncalves and Martel (22) and Gao et al. (23) would reveal the mechanism of NYT-induced improvement of insulin resistance: SMCT1 transports butyrate (22), and butyrate intake prevents insulin resistance in high-fat diet-fed mice (23). These reports (22, 23) suggest that the elevation of SMCT1 expression would prevent the occurrence of insulin resistance by increasing intake of butyrate. The report (23) indicates that butyrate treatment improves insulin sensitivity by decreasing blood lipids such as triglycerides, cholesterol, and total fatty acids considered as critical factors causing insulin resistance. The present study indicated that NYT treatment improved the interstitial fluid pH around skeletal muscles. The pKa of butyric acid is 4.82. Therefore, under physiological conditions or even under pathophysiological conditions, most of butyric acid (CH3-CH2-CH2-COOH) exists as an ionized form (CH3-CH2-CH2-COO− + H+). When butyric acid or butyrate is absorbed across the apical membrane of the intestine, the carboxyl part of butyric acid (CH3-CH2-CH2-COO−) is absorbed with Na+, but not H+ (6). The carboxyl part of butyric acid (CH3-CH2-CH2-COO−) plays a role as a pH buffer binding H+, resulting in elevation of the interstitial pH (6). Thus, butyrate would show its improving action on insulin resistance via elevation of the interstitial fluid pH through the mechanism as mentioned above. Moreover, butyrate increases mitochondrial respiration, as indicated by the increase in oxygen consumption and carbon dioxide production. Diabetes mellitus shows to reduce mitochondrial function (24–26). Under conditions with ATP production predominantly mediated by glycolysis in impaired mitochondrial function, the total amount of production of H+ is much higher than that under conditions with ATP synthesis by glycolysis associated with functional TCA cycle (6). Therefore, it is also possible that butyrate increased in its concentration (content) in the body after NYT treatment would improve mitochondrial respiratory function, resulting in reduction of the production and accumulation of H+ in interstitial fluid (elevation of the interstitial fluid pH), which also improves the insulin resistance.

The major active ingredients of NYT responsible for pH homeostasis in the interstitial fluid in diabetic mice are not identified in the present study. Two structurally related natural compounds (astragaloside II and isoastragaloside I) from the medicinal herb astragalus root have been previously reported to improve hyperglycemia, glucose intolerance, and insulin resistance observed in diabetes mellitus by increasing adiponectin secretion in primary adipocytes (9). This pharmacological action of astragalus root seems likely for the mechanisms of NYT-induced improvement of insulin resistance. We have recently reported that daily consumption of propolis that is a natural product derived from plant resins collected by honeybees shows its improving action on insulin resistance by increasing the interstitial fluid pH around the skeletal muscles of OLETF rat (4). Several ingredients in dietary flavonoids are postulated as active components for improvement of diabetic symptoms (27). Although we should try to specify the main active herb contained in NYT showing its improving action on insulin resistance, we should also consider possibility that combined intake of several herbs contained in NYT would be required for NYT to show its improving action on insulin resistance. Further comprehensive studies are necessary to clarify whether any specific ingredient could show the improving action of NYT on insulin resistance or combined intake of several or all ingredients contained in NYT could be required for the NYT action on insulin resistance.

In conclusion, we found that NYT improved the serum glucose levels and insulin resistance in STZ-induced diabetic mice. This improvement by NYT might be due to the alleviation of interstitial fluid acidification though the increased expression of SMCT1 in the proximal colon leading to the absorption of butyrate, pH buffer, via epithelial cells of the proximal colon.
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Ninjin’yoeito (NYT), a traditional Japanese Kampo medicine formula, is used as a remedy for conditions, and physical weakness. Cancer cachexia is seen in advanced cancer patients and is defined by an ongoing loss of skeletal-muscle mass that leads to progressive functional impairment. In the present study, we examined the hypothesis whether NYT improves the functional loss of skeletal muscle cancer cachexia. Male C57/BL 6J mice with B16BF6 melanoma tumor showed decreased expression of myosin heavy chain (MHC) in the gastrocnemius muscle. Moreover, the expression of SOCS3 and phosphorylated STAT3 and AMPK was increased, and the expression of phosphorylated 4E-BP1 was decreased in the gastrocnemius muscle of tumor-bearing mice. These data suggested that amino acid metabolism was altered in tumor-bearing mice, which were normalized by the NYT intervention. The present study showed that NYT might be a novel therapeutic option for the treatment of sarcopenia occurring cancer cachexia.

Keywords: Ninjin’yoeito, cancer cachexia, insulin resistance, skeletal muscle, AMP kinase


INTRODUCTION

Ninjin’yoeito (NYT) is a Japanese Kampo medicine used to improve recovery from diseases and other medical disorders, including fatigue, anemia, anorexia, night sweats, cold limbs, slight fever, chills, persistent cough, malaise, mental disequilibrium, and insomnia. Twelve crude herbs compose NYT: Angelica acutiloba roots (Japanese angelica root), Atractylodes japonica rhizomes (atractylodes rhizome), Rehmannia glutinosa var. purpurea roots (rehmannia root), Wolfiporia cocos sclerotia (poria sclerotium), Panax ginseng roots (ginseng), the bark of the trunk of Cinnamomum cassia (cinnamon bark), the pericarp of the ripe fruits of Citrus unshiu (citrus unshiu peel), Polygala tenuifolia root bark (polygala root), Paeonia lactiflora roots (peony root), Astragalus membranaceus roots (astragalus root), the fruit of Schisandra chinensis (schisandra fruit), and the roots and stolons of Glycyrrhiza uralensis (glycyrrhiza). NYT has been used traditionally to improve qi and blood deficiencies. NYT corrected total body weakness owing to anemia, slowed down the heart rate, and relaxed the body (Bensky et al., 2004).

Frailty is a common clinical syndrome in older adults that imparts an increased risk to poor health outcomes, including motor and mental disability (Fried et al., 2001). Frailty is triggered by several factors and the main reason is thought to be the dysfunction of skeletal muscle, called sarcopenia (Xue, 2011). Sarcopenia is the state of skeletal muscle tissue loss that is well observed in several disease such as obesity and diabetes (Cleasby et al., 2016). Sarcopenia attenuates the skeletal muscle function leading to the decline of physical activity (Evans, 2010). Malnutrition, caused by reduced activity and appetite, accelerates the progression of sarcopenia. The weakness originating from sarcopenia is a serious problem in the countries, which aim at healthy longevity in a super-aged society.

To evaluate the occurrence of sarcopenia in rodents, aged and disease models have been used. Particularly, the rodent cancer model showed extreme weight loss resulting from the skeletal muscle loss. In addition, this cancer model also showed complex disease symptoms during aging, called as cancer cachexia (Brennan, 1977). In cancer cachexia, food intake is reduced, and the reductions of protein and energy storage are evident due to the metabolic disturbance. Unlike other metabolic disturbances and aging animal models, our cancer cachexia model showed early reduction of skeletal muscle mass (Asp et al., 2010).

This evidence let us speculate that NYT could improve the symptoms of frailty. Therefore, we examined the effect of NYT on melanoma-induced cancer cachexia in mice.



MATERIALS AND METHODS

All animal experiments were approved by the Animal Care Committee of the Graduate School of Pharmaceutical Sciences, Nagoya City University, and were carried out in accordance to the guidelines of the National Institutes of Health and the Japanese Pharmacological Society.

Animals

Male C57BL/6J mice (12 to 16-week-old; Japan SLC, Shizuoka, Japan) were used for each experiment. Mice were housed in a room with 5–6 mice in each cage, maintained at 23 ± 2°C with an alternating 12 h-light-dark cycle. Animals had free access to food and water, and were used only once in all the experiments.

Cell Culture

B16F10 melanoma cells (American Type Culture Collection) were cultured in MEM enriched with 10% fetal bovine serum (FBS). When the cells were confluent, they were treated with trypsin/EDTA (0.05/0.02%) and detached. The trypsin/EDTA solution was recovered, neutralized with DMEM supplemented with 10% FBS and centrifuged at 500 ×g for 5 min. On day 0, 2.0 × 106 cells suspended in 200 μL MEM were injected into the right flank, just under the skin of each mouse of the tumor group. An equal volume of MEM was injected into control group.

Western Blotting

Quadriceps muscles were homogenized in RIPA buffer containing 50 mM Tris–HCl (pH 7.4), 500 mM NaCl, 5 mM NaF, 2 mM NaVo3, 1% NP-40, and 1 mM phenylmethylsulfonyl fluoride plus 250 μg/mL leupeptin, and 250 μg/mL aprotinin. The homogenate was then centrifuged at 13,000 ×g for 20 min at 4°C, and the resulted supernatant was retained as the sample. The protein concentration was measured using a Bradford assay kit (Bio-Rad Laboratories). Samples with equal amounts of protein (50 μg) were separated by SDS-PAGE (4–20%) and transferred to a nitrocellulose membrane (GE Health Life Science). The membrane was first blocked with 5% bovine serum albumin (Sigma-Aldrich, St. Louis, MO, United States) in Tris-buffered saline (pH 7.4), containing 0.05% Tween-20 (TBS/T), and then incubated with the primary antibody. The blots were visualized with enhanced chemiluminescence (SuperSignal West Dura Extended Duration Substrate; Thermo Fisher Scientific Inc., Suwannee, GA, United States) using LAS-3000 system (GE Healthcare Asia Co., Tokyo, Japan). The intensity of the band was analyzed and semi-quantified by computer-assisted densitometry using Image J. Each value was normalized by the respective value for GAPDH as an internal control.

Drugs and Antibodies

Ninjin’yoeito was gifted from Kracie Pharma, Ltd. (Tokyo, Japan). NYT was prepared as a spray-dried powder of hot-water extracts from 12 species of crude drugs: Rehmannia root (4.0 g), Japanese angelica root (4.0 g), atractylodes rhizome (4.0 g), poria sclerotium (4.0 g), ginseng (3.0 g), cinnamon bark (2.5 g), polygala root (2.0 g), peony root (2.0 g), citrus Unshiu peel (2.0 g), astragalus root (1.5 g), glycyrrhiza (1.0 g), and schisandra fruit (1.0 g). The 3D-HPLC profile of NYT has already been reported (Ohsawa et al., 2011). Chemical markers, such as paeoniflorin, hesperidin, and glycyrrhizic acid, were used for quality control of NYT. NYT was freshly prepared by mixing in distilled water. Treatment with NYT oral supplementation at 1.0 g/kg was started from the day of cancer implantation. NYT was resolved in distilled water and all treatments were continued once a day for 14 days after cancer implantation. The antibodies used in this study were anti-Akt (Cell Signaling Technology), anti-Phospho Akt Ser479 (Cell Signaling Technology), anti-GSK-3β (Cell Signaling Technology), anti-Phospho GSK-3β Ser9 (Cell Signaling Technology), anti-STAT3 (Cell Signaling Technology), anti-Phospho STAT3 Tyr705 (Cell Signaling Technology), anti-SOCS3 (Abcam), anti-myosin heavy chain (R&B systems), anti-phospho AMP kinase (Cell Signaling Technology), anti-AMP kinase (Cell Signaling Technologies), anti-phospho 4E-BP1 (Cell Signaling Technology), anti-4E-BP1 (Cell Signaling Technology), anti-GAPDH (Cell Signaling Technology), anti-rabbit IgG HRP-linked (Cell Signaling Technology), and anti-mouse IgG HRP-linked (Cell Signaling Technology).

Statistical Analysis

Data are expressed as mean with SEM. Student’s t-test was used to examine the differences between the two groups. Statistical significance of differences between multiple groups was assessed using post hoc Welch tests. Differences in probability values of less than 0.05 (P < 0.05) were considered statistically significant.



RESULTS

Changes in the Body Components of B16BL6 Melanoma Cell-Transplanted Mice

Body weight of tumor-bearing mice gradually decreased from day 10 and showed a significant reduction after 18 days of melanoma implantation compared to that before melanoma implantation (Figure 1A; n = 10). The weight of the gastrocnemius muscle from tumor-bearing mice was decreased compared to that in no-cancer mice (Figure 1B; n = 10). Epididymal adipose tissue disappeared in tumor-bearing mice after 18 days of cancer implantation (data not shown). These changes in the tumor-bearing mice indicated that this mouse model effectively induced cancer cachexia.
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FIGURE 1. Changes in (A) body weight and (B) gastrocnemius skeletal muscle weight in mice with cancer cachexia. Samples were collected after 18 days of B16BF6 melanoma implantation. Each column represents the mean with SEM from 10 mice. ∗∗P < 0.01 vs. Day 0 or no cancer group.



Changes in the Skeletal Muscle Protein Expression of Tumor-Bearing Mice

Myofibrillar protein is lost at a faster rate than that of other proteins during skeletal muscle atrophy (Tisdale, 2009). Myosin heavy chain (MHC) is selectively depredated in cachectic phenotype (Fearon et al., 2012). To confirm the skeletal muscle atrophy in tumor-bearing mice, we examined the expression of MHC in the gastrocnemius muscle. The expression of MHC was lower in tumor-bearing mouse than in no-cancer mice after 18 days of melanoma implantation (Figure 2A). After 10 days of implantation, the expression of MHC did not vary between tumor-bearing and no-cancer mice. The reduction in the MHC expression was correlated with the reduction in gastrocnemius muscle weight of tumor-bearing mice. The expression of several signaling molecular regulates the maintenance of skeletal muscle proteins including insulin. Because cancer patients exhibit insulin resistance, the expression of Akt protein, a key component of insulin signaling, was examined. The expression of phosphorylated Akt in the gastrocnemius muscle was decreased in the tumor-bearing mice compared to that in no-cancer mice (Figure 2B). The decrease in phosphorylated Akt expression started 10 days after tumor implantation, and reached statistically significance at 18 days after tumor implantation. Then, we examined STAT3 expression, which interferes with insulin signaling. The expression of phosphorylated STAT3 in the gastrocnemius muscle was increased in tumor-bearing mice at 10 days after tumor implantation (Figure 2C). This increased expression of phosphorylated STAT3 was maintained even after 18 days of tumor implantation. The activation of STAT3 signaling preceded the attenuation of phosphorylated Akt expression.
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FIGURE 2. Changes of skeletal myosin heavy chain (MHC), (A) skeletal phosphorylated Akt (B) and skeletal phosphorylated STAT3 (C) in mice with cancer cachexia. Samples were collected after 10 or 18 days of B16BF6 melanoma injection. Each column represents the mean with SEM from six independent experiments. ∗P < 0.05 vs. no cancer group. ∗∗P < 0.01 vs. Day 0 or no cancer group.



Effect of NYT on Body Changes in Tumor-Bearing Mice

Effect of NYT on the body weight, skeletal muscle mass, and adipose tissue mass in tumor-bearing mice were examined. Daily repeated oral treatment with NYT was started before 1 h of cancer implantation, and continued after 14 days of implantation. Body weight and gastrocnemius muscle weight did not change after 14 days of melanoma implantation (Figures 3A,B; n = 10). The weight of epididymal adipose tissue was reduced after 14 days of melanoma implantation (Figure 3C; n = 10). Daily repeated treatment with NYT (1 g/kg, p.o.) did not show significant influence on the body weight (Figure 3A), and skeletal muscle weight (Figure 3B) of tumor-bearing mouse. The epididymal adipose tissue weight in tumor-bearing mice was significantly increased after 14 days of repeated treatment with NYT (Figure 3C). The epididymal adipose tissue weight in NYT-treated tumor-bearing mice was comparable to that in no-cancer mice.
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FIGURE 3. Effects of Ninjin’yoeito (NYT) on the alterations in (A) body weight, (B) gastrocnemius skeletal muscle weight, and (C) epididymal adipose tissue weight in mice with cancer cachexia. NYT was administered once a daily from 1 h before B16BF6 melanoma implantation and continued for 14 days. Each column represents the mean with SEM from 10 mice. ∗P < 0.05 vs. water-treated no-cancer group. #P < 0.05 vs. water-treated cancer group.



Effect of NYT on the Expression of Intracellular Signaling Affecting Insulin Sensitivity in Skeletal Muscle

Daily repeated treatment with NYT (1 g/kg, p.o.) did not show increased phosphorylation of STAT3 in the gastrocnemius muscle of tumor-bearing mice (Figure 4A). STAT3 induces the expression of its own feedback inhibitor, suppressor of cytokine signaling-3 (SOCS3). In the tumor-bearing mice, the expression of SOCS3 was increased after 14 days of melanoma implantation (Figure 4B). This increased SOCS3 expression was not observed by the daily repeated treatment with NYT (Figure 4B). These results suggested that NYT improved insulin signaling through the normalization of STAT3 signaling. Therefore, we examined the influence of daily repeated treatment with NYT on the insulin signaling molecular pathway in the skeletal muscle of tumor-bearing mice. Daily repeated treatment with NYT for 14 days did not affect the expression of phosphorylated Akt and GSK3β in the gastrocnemius muscle of tumor-bearing mice (Figures 4C,D).


[image: image]

FIGURE 4. Effect of NYT on the phosphorylation of STAT3 (A), SOCS3 expression (B), phosphorylation of Akt (C), and phosphorylation of GSK-3β (D) in the skeletal muscle of mouse with cancer cachexia. NYT was administered once a daily from 1 h before B16BF6 melanoma implantation and continued for 14 days. Samples were collected 24 h after last treatments. Each immunostaining obtained from same membrane. Each column represents the mean with SEM from three independent experiments. ∗P < 0.05 vs. water-treated no-cancer group.



Effect of NYT on the Expression of Protein Synthesis Signaling Pathway in the Gastrocnemius Muscle of Tumor-Bearing Mice

Amino acid metabolism is a key factor required for the maintenance of skeletal muscle protein. It is well known that mammalian target of rapamycin (mTOR) and eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) regulate amino acid synthesis in the skeletal muscle (White et al., 2013). The activity of 4E-BP1 is regulated by mTOR-induced phosphorylation. The expression of phosphorylated 4E-BP1 after 14 days of melanoma implantation in the gastrocnemius muscle was significantly attenuated in tumor-bearing mice compared to that in the no-cancer group (Figure 5A). Such attenuated phosphorylation of 4E-BP1 was not evident in the daily repeated treatment with NYT (1 g/kg, p.o.) mice. mTOR signal is suppressed by 5′-adenosine monophosphate-activated protein kinase (AMPK) that is activated due to starvation of skeletal muscle (Bolster et al., 2002). The expression of the active form of AMPK (phosphorylated AMPK) was increased in the gastrocnemius muscle of tumor-bearing mice after 14 days of melanoma implantation (Figure 5B. Such increased phosphorylation was significantly attenuated by the repeated treatments with NYT. The reduction in MHC expression in the gastrocnemius muscle of tumor-bearing mice was ameliorated by the daily repeated treatment with NYT (Figure 5C).
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FIGURE 5. Effect of NYT on the phosphorylation of 4E-BP1 (A), phosphorylation of AMP kinase (B), and the expression of myosin heavy chain (MHC) (C) in the skeletal muscle of mouse with cancer cachexia. NYT was administered once a daily from 1 h before B16BF6 melanoma implantation and continued for 14 days. Samples were collected 24 h after last treatments. Each immunostaining obtained from same membrane. Each column represents the mean with SEM from six independent experiments. ∗P < 0.05 vs. water-treated no-cancer group. #P < 0.05 vs. water-treated cancer group.





DISCUSSION

The present study indicated that NYT maintained the skeletal muscle mass through the improvement of dysfunction of amino acid metabolism in cancer cachexia. Such NYT-induced improvement of amino acid metabolism dysfunction might be because of the inhibition of activated STAT3 and AMPK signaling.

Skeletal muscle is considered as the important amino acid storage tissue, and almost 50% of amino acid is stored in this tissue. Skeletal muscle mass is regulated constantly by the balance between catabolism and anabolism. The muscle protein synthesis is suppressed under cachexia in rodents (White et al., 2011). The present study indicated that the attenuation of phosphorylation of 4E-BP1 is responsible for the loss of protein synthesis in skeletal muscle. Moreover, the expression of MHC was greatly decreased in the skeletal muscle of tumor-bearing mice. Based on these findings, the attenuation of protein synthesis might be involved in the muscle atrophy of tumor-bearing mice.

Mammalian target of rapamycin signaling is regulated by several intracellular signaling molecules. It is well known that Akt signaling, which is activated by insulin, stimulates mTOR signaling. On the other hand, STAT3, which is activated by inflammatory cytokines, inhibits mTOR signaling (Bonetto et al., 2011). The present study showed that STAT3 signaling is activated in the skeletal muscle of tumor-bearing mice, and this activation is evident before the onset of skeletal muscle loss. STAT3 is strongly phosphorylated by the activation of GP130, which is receptor of interleukin-6 (IL-6), IL-11, leukemia inducing factor, and oncostatin M (Gearing et al., 1992). IL-6 is released under inflammation and is involved in the insulin resistance of obesity or diabetes (Klover et al., 2003). In obesity and diabetes mellitus, adipocyte enlargement and subsequent cell death leads to the infiltration of immune cells into adipose tissue (Ogawa and Kasuga, 2008). Infiltrated immune cells into adipose tissue can release inflammatory cytokines. Because the released inflammatory cytokines affect the function of adipocytes, IL-6 is also released from adipocytes. It is possible that STAT3 signaling might be activated by the enhanced release of IL-6 that is mediated by the functional alterations of adipocytes. Therefore, the attenuation of mTOR signaling in the skeletal muscle of tumor-bearing mice might be caused by the activation of STAT3 signaling through the enhanced production of adipocyte IL-6.

IL-6 also regulates the activity of AMPK. Overexpression of skeletal IL-6 induces AMPK phosphorylation, in addition to the phosphorylation of STAT3 (White et al., 2013). AMPK is a serine/threonine kinase, which is activated by the increase in intracellular AMP/ATP ratio, and regulates the master-switch of glucose and lipid metabolism. It is also reported that AMPK regulates protein synthesis and stimulates the degradation of myofibril proteins (Nakashima and Yakabe, 2007). AMPK-induced protein degradation has been suggested to be mediated by the inhibition of mTOR signaling or promotion of protein ubiquitination (Bolster et al., 2002). The present study also indicated that AMPK is activated in the skeletal muscle of tumor-bearing mice. Therefore, it is hypothesized that the activation of AMPK is partly involved in the reduction of skeletal muscles of tumor-bearing mice.

Daily repeated treatments with NYT normalized STAT3 signaling in the skeletal muscle of tumor-bearing mice. Moreover, NYT treatment also normalized the reduction of phosphorylated 4E-BP1 expression and enhanced the phosphorylation of AMPK in the skeletal muscle of tumor-bearing mice. On the other hand, NYT treatment did not affect Akt signaling, which is involved in the protein synthesis of skeletal muscle. Based on these results, because STAT3 activates AMPK signaling (White et al., 2011), we hypothesized that maintenance of skeletal muscle protein by NYT might be because of the normalization of the alterations of the intracellular signal transduction suppressing the maintenance of skeletal muscle mass originated from the activation of STAT3 signaling.

The dosage of NYT has been fixed from human clinical doses. The therapeutic dosage of NYT for human prescription authorized by Ministry of Health, Labor and Welfare of Japan is 6.7 g/day. The adequate amount of oral NYT dose for mice was determined to be 1.0 g/kg (Miyamoto et al., 2017).

In the present study, the mechanisms of STAT3 activation in the skeletal muscle have not been clarified. The adipose tissue weight of tumor-bearing mice was less than that in no-cancer mice. This reduced adipose tissue weight was reversed by the daily treatment with NYT. It is possible that NTY might protect the adipose tissue from the influence of cancer. Because the activated immune cells and enlarged adipocytes release inflammatory cytokines that activates STAT3 signaling, NYT-induced inhibition of STAT3 phosphorylation might be the reduction of inflammation by protection from adipose tissue reduction. Indeed, it has been reported that increased inflammatory cytokines, such as IL-6, might be involved in the enhanced phosphorylation of STAT3 in muscle tissue of cancer cachexia model (Bonetto et al., 2011). It is reported that NYT ameliorates chronic inflammation in chronic kidney disease (Hsiao et al., 2015). These reports support our hypothesis that NYT inhibits the inflammation in the adipose tissue of tumor-bearing mice.

The present study indicated the ameliorative effect of NYT on cancer-induced sarcopenia. As summarized in Figure 6, cancer cells produce an unknown factor that induces reduction of adipose tissue. Such alterations in adipose tissue induce skeletal muscle insulin resistance through the stimulation of STAT3 signaling, followed by the activation of AMPK. Activation of AMPK reduces overall contents of essential amino acids in the skeletal muscle through the inhibition of mTOR-4E-BP1 signaling. Daily treatment with NYT protects the adipocytes, followed by the reduction of STAT3 and AMPK signaling. This NYT-induced protection might be involved in the amelioration of muscle atrophy in cancer cachexia model. This effect of NYT might be because of the improvement of alterations of anabolism and catabolism in the skeletal muscle cells. NYT might improve the capacity of amino acid storage in the skeletal muscle.
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FIGURE 6. Schematic representation of the effect of NYT on the melanoma-induced cancer cachexia in mice. Details are provided in the text. In brief, phosphorylation of AMP kinase in cancer cachexia mouse skeletal muscle is caused by the increase of inflammatory cytokines, tumor-necrosis factor-α, free fatty acids which is released from adipocytes. Moreover, these changes might be decreased the phosphorylation of 4E-BP1 in skeletal muscle of mice with cancer cachexia. NYT normalizes the increased phosphorylation of AMP kinase and the decreased phosphorylation of 4E-BP1 through the functional changes of adipocyte and inhibition of STAT3 signaling. The action site of NYT indicated as cross mark. Bold lines indicate enhancement in cancer cachexia model. Pale colored lines indicate the reduced signaling in cancer cachexia.
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Frailty and sarcopenia have recently gained considerable attention in terms of preventive care in Japan, which has an ever-increasing aging population. Sarcopenia is defined as atrophy of skeletal muscles caused by the age-related decrease in growth hormone/insulin-like growth factor and sex hormones. The Japanese Ministry of Health, Labor and Welfare reports that frailty can lead to impairment of both mental and physical functioning. Chronic diseases such as diabetes and dementia may underlie frailty. It is important to prevent progression of frailty and extend the healthy lifespan. In herbal medicine practice, including Japanese Kampo medicine, “Mibyo,” a presymptomatic state, has long been recognized and may be applicable to frailty. Kampo medicines may include several medicinal plants and are thought to have the potential to improve symptoms of frailty, such as loss of appetite and body weight, fatigue, and sarcopenia, as well as anxiety, depression, and cognitive decline. Ninjin'yoeito (Ren Shen Yang Ying Tang) is the most powerful Kampo medicine and has been widely applied to palliative care of cancer patients. This review includes recent anti-aging studies and describes the effects and mechanisms of Ninjin'yoeito (Ren Shen Yang Ying Tang) when used for frailty or to extend a healthy life expectancy.
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INTRODUCTION

In Japan, society is aging at an unprecedented rate, substantially changing the social system and disease distribution. Nationwide and community-wide efforts have been made toward ensuring healthy longevity, and paradigm shifts have occurred at various levels. Accordingly, frailty has received attention in preventive medicine practice. The average life span in Japan was reported as 80.98 years in men and 87.14 years in women (Japanese Ministry of Health, Labour and Welfare, 2018). These values continue to increase. The difference between an average life span and healthy life expectancy, namely, the point at which routine daily life becomes limited, is reportedly 8.84 years in men and 12.35 years in women in Japan. These values have remained largely unchanged for a decade. Prevention and treatment of frailty to extend a healthy life expectancy prior to the need for nursing care is a huge challenge in developed societies. In herbal medicine practice, including Kampo medicine in Japan, “Mibyo,” a presymptomatic state, has long been recognized as similarly to frailty. Use of Kampo medicine, especially Ninjin'yoeito (Ren Shen Yang Ying Tang), has been considered for frailty conditions.


Diagnosis and Pathologies of Frailty

At around 60 years old, we may experience rapid loss of muscle mass and a relative increase in fat mass associated with aging, leading to atrophy of the skeletal muscles (sarcopenia) (1–3). These conditions increase the risk of falls and fractures, requiring long-term care.

The Japan Geriatrics Society defined frailty as a state of increased vulnerability in elderly people before the need for long-term care (2014, Figure 1Aa). On the other hand, the Society on Cachexia and Wasting Disorders lists disease progression as one of the diagnostic criteria for frailty (Figure 1Ab), indicating that frailty is more consistent with a syndrome encompassing a variety of physical and mental pathologies, with an emphasis on motor function. The prevalence of frailty is estimated to be about 30% in persons over the age of 80 (2). Frailty can be observed in both malnutrition and overnutrition states and can develop into a vicious cycle known as frailty cycle/cascade, leading to a need for long-term care [(2, 3); Figure 1B]. Physical impairment leads to psychological vulnerability, with depression and cognitive impairment, and vice versa. Depression worsens sarcopenia through excessive secretion of adrenal cortical hormones and/or reduction in physical activity (6–8). Locomotive syndrome is defined as age-related muscle weakness (sarcopenia) and deterioration of motor function due to articular/spinal disease or osteoporosis (4, 9). Although frailty is a psychosomatic pathology and can be divided into physical, social, and cognitive/psychological frailty, locomotive syndrome can be viewed as a clinical condition similarly to physical frailty, with an emphasis on locomotive organs.
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FIGURE 1. (A) Diagnostic Criteria for Frailty by Fried et al. (4) (a) and Society on Cachexia and Wasting Disorders (b). In both guidelines, frailty is defined as the presence of at least 3 of 5 criteria, with sarcopenia (atrophy of skeletal muscles) as the basis. Frailty may be close to a presymptomatic state Mibyo in Kampo medicine. The Society on Cachexia and Wasting Disorders (a) lists disease aggregation as one of the diagnostic criteria, with frailty cases ranging from mild to severe. Frailty represents a wide range of clinical conditions that encompass emaciation as well as obesity. The appropriate permissions have been obtained from the copyright holders, Sameshima et al. (5). (B) Frailty Cascade/Cycle. Either overnutrition or malnutrition can precipitate frailty, in which both physical and psychological vulnerabilities are likely to be seen. Depression and cognitive impairment are either the causes or results of frailty. The presence of depression, for example, not only has a negative effect on treatment, but also worsens sarcopenia by inducing excessive secretion of adrenal cortical hormones or extreme reduction in physical activity. The appropriate permissions have been obtained from the copyright holders, Kuzuya (2).



Sarcopenia is associated with age-related hormonal changes (decreased growth hormone/insulin-like growth factor [GH/IGF-1] and testosterone) and reduced activity (due to a sedentary lifestyle or osteoarthritis). Cachexia is based on sarcopenia and associated with a variety of diseases that may underlie frailty. Proinflammatory cytokines, including tumor necrosis factor-α, are important in cachexia (10, 11), and may activate the ubiquitin-proteasome system to promote protein catabolism. In contrast, anti-inflammatory cytokines or IGF-1 promote synthesis of muscle proteins or regeneration of muscle fibers. The corticotropin-releasing factor/glucocorticoid system activated by stress or proinflammatory cytokines are other catabolic pathways involving the gut-brain axis [(11); Figure 2A].
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FIGURE 2. (A) Mechanism of Sarcopenia: Positive and Negative Regulators of Skeletal Muscle. Underlying mechanisms of sarcopenia have become increasingly understood through research on brain-gut interactions. Proinflammatory cytokines activate ubiquitin ligases that cause destruction of muscle. The corticotropin-releasing factor (CRF)/glucocorticoid system, insulin resistance, and decreased androgen levels promote sarcopenia, while the hunger hormone, ghrelin, released from the stomach, and insulin-like growth factor (IGF-1) exerts a trophic action on muscle. MuRF1, muscle ring-finger protein 1; MAFbx, muscle atrophy F-box protein (Atrogin-1); IGF-1, insulin-like growth factor 1; Ang II, angiotensin II; NPY, neuropeptide Y; AgRP, agouti-related peptide; POMC, pro-opiomelanocortin; CART, cocaine- and amphetamine-regulated peptide; CRF, corticotrophin-releasing factor; 5-HT, serotonin; PVN, paraventricular hypothalamic nucleus; ARC, arcuate nucleus; LHA, lateral hypothalamic area; HC, glucocorticoids; GH, growth hormone. The appropriate permissions have been obtained from the copyright holders, Amitani et al. (11). (B) Components and Active Ingredients of Ninjin'yoeito and their Effects. Many reports have described the role of ginsenosides/saponins from ginseng root on the efficacy of Ninjin'yoeito. Other reported effects include those of ingredients derived from Atractylodes lancea rhizome and Polygala root on energy metabolism and cognition/emotion. C. unshiu peel, Poria, Glycyrrhiza root, and panaxadiol derived from ginseng root improve ghrelin signaling underlying the mechanism of action of Ninjin'yoeito, leading to appetite stimulation and improvement in sarcopenia. Ninjin'yoeito stimulates bone marrow hematopoietic and mesenchymal stem cells that may be involved in repair and regeneration of organs and tissues. The appropriate permissions have been obtained from the copyright holders, Inui (3) and Sameshima et al. (5). GHSR, growth hormone secretagogue receptor; NPY-R, NPY receptor; 5HT2cR, 5-HT2c receptor; BDNF, Brain-derived neurotrophic factor; GnRH, Gonadotropin releasing hormone; GHRH, Growth hormone releasing hormone.





Frailty and Kampo Medicine – With a Focus on Ninjin'yoeito

In the search of PubMed electronic database using the key words: “Ninjin youeito” and “human” or “Ninjin'youeito.” Eighteen and eleven literatures were identified, respectively. We excluded literatures written in Japanese, reviews, animal experiments, and in vitro experiments using human cells from the identified literatures. Seven literatures were extracted (Table 1) (12–25).



Table 1. Clinical studies of Ninjin'yoeito.
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In elderly individuals, polypharmacy is often problematic and may lead to adverse drug reactions (ADRs). Frailty is likely to involve multiple organ systems and may be a good target for multicomponent herbal medicine. Hozai comprises a group of Kampo formulations that restore vitality to patients who have lost psychological and physical energy due to various diseases including cancer. Hozai formulations include Juzentaihoto, Hochuekkito, and Ninjin'yoeito. Kampo theory may regard frailty as Jinkyo, which means dysfunction of Jin, and is associated with production of Ki. Ki is universal energy and a basic element of life in Kampo theory. Rehmannia root, a component of Ninjin'yoeito, is often used to treat Jinkyo, which is related to frailty, and is contained in Juzentaihoto and Ninjin'yoeito, but not in Hochuekkito. Citrus unshiu peel is contained in Hochuekkito and Ninjin'yoeito, but not in Juzentaihoto. Polygala root and Schisandra fruit are only contained in Ninjin'yoeito. In cancer palliative medicine, Juzentaihoto or Hochuekkito tend to be prescribed initially, and in serious cases are replaced with Ninjin'yoeito.

Among other crude drugs, ginseng has been used since ancient times. Panax ginseng was historically thought to promote immortality, which was sought by the first Qin Emperor. It was imported to Japan in the eighth century, in the era of Emperor Shomu, and has become one of the main components in Ninjin'yoeito. Ninjin'yoeito was frequently used for serious diseases in the Edo Period. The Heji Jufang, compiled during the Song Dynasty, states that Ninjin'yoeito is indicated for weakness due to overwork or illness, dullness of the extremities, sharp musculoskeletal pain, shortness of breath, intense low back pain, emptiness and anxiety, thirst and dry mouth, depressive mood, and lethargy, leading to a condition that is difficult to treat. It is also indicated for lung and large intestine symptoms, including cough, sputum production, diarrhea, and vomiting.

In the Journal of Kampo to Kanyaku, Domei Yakazu, who was committed to the restoration of Kampo Medicine in the twentieth century, during the Showa period, stated that Ninjin'yoeito can be used for cachexia of cancer, suggesting that it is the most powerful Hozai (3). Ninjin'yoeito is now widely used in the field of palliative medicine, including cancer treatment (3, 26, 27). Ninjin'yoeito increases the rate of remission in advanced gynecological cancer, as assessed by positron emission tomography-computed tomography (26). Ninjin'yoeito is used to prevent toxicity (such as impaired hematopoiesis) associated with anticancer drugs or radiotherapy, and can improve appetite, fatigue, general health status, and even survival. Ninjin'yoeito enhances the therapeutic efficacy of melphalan in multiple myeloma and reduces general malaise (27). Ninjin'yoeito also treats decreased appetite and fatigue in Sjögren's syndrome (28). Many reports on the clinical benefits of Ninjin'yoeito describe improvement of general health status in elderly (29) or postoperative patients (30), amelioration of disordered protein synthesis in hepatic cirrhosis (31) or of diabetic complications such as neuropathy (32), and recovery from anemia (33, 34) or thrombocytopenia (31, 35). In chronic obstructive pulmonary disease (COPD), a major underlying cauthese of cachexia, Ninjin'yoeito treats appetite loss, weight loss, and respiratory symptoms, and improves nutritional status and immune function (36). Ninjin'yoeito, but no other Hozai such as Juzentaihoto and Hochuekkito, treated cough, sputum production, and insomnia. Ninjin'yoeito is effective in control of infection after knee joint replacement (37), and increases bone mineral density in postmenopausal women, treats anosmia resistant to glucocorticoid treatment, and is effective in male infertility. Ninjin'yoeito improves cognitive function and depression in patients with Alzheimer's disease when added to treatment with donepezil (18). There are also many reports suggesting its potential usefulness in home health care and frailty (3).




EFFECTS OF NINJIN'YOEITO AND MECHANISM OF ACTION

Ninjin'yoeito is composed of 12 crude drugs: peony root, Japanese angelica root, C. unshiu peel, Astragalus root, cinnamon bark, ginseng, Atractylodes rhizome, Glycyrrhiza, Rehmannia root, Schisandra fruit, Poria sclerotium, and Polygala root. The main components of this formulation include glycyrrhizic acid, derived from Glycyrrhiza; paeoniflorin from peony root; ginsenosides from ginseng; hesperidin from C. unshiu peel; atractylenolide III from Atractylodes rhizome; isoastragaloside (HQ1/2) from Astragalus root; tenuigenin from Polygala; and schizandrin from Schisandra fruit (Table 2) (38–58). Glycyrrhizic acid has anti-inflammatory effect and has been clinically applied in treatment of chronic hepatic diseases. Paeoniflorin is known to suppress intracellular Ca2+ influx and relieves muscle pain. In tumor-bearing animal models treated with anticancer drugs, Ninjin'yoeito not only improves food intake and sarcopenia, but also prolongs survival (59, 60). Ninjin'yoeito may improve the signs of aging and significantly extend survival time in approximately 30% of Klotho-deficient senescence-accelerated mice (59, 60).



Table 2. Effective components and indications of crude herbs in Ninjin'yoeito.
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Ginseng, a component of Ninjin'yoeito, shows antifatigue and antidepressant effects in a forced swim test (61). Ginseng may decrease the signs of aging in a senescence-accelerated mouse (SAMP8) (3). Ginsenosides, active compounds from ginseng, are reported to have a wide variety of effects. Ginsenosides ameliorate memory disturbance induced by amyloid beta (62). In a vascular dementia model (middle cerebral artery ischemia/reperfusion), ginsenoside Rg2 improves hemiplegia and memory impairment (63). These results suggest that ginseng has neuroprotective effects. Ginsenoside Rb2 inhibits the decrease in bone mineral density in the femur and 4th lumbar vertebra in ovariectomized mice through the suppression of oxidative stress and osteoclastic cytokines (64). Ginsenoside Rd ameliorates arteriosclerosis and reduces atherosclerotic plaques through inhibition of voltage-independent Ca channels in Apo-E-deficient mice fed a high-fat diet (65). Protopanaxatriol, a metabolite of ginsenoside Rg2, improves insulin resistance (66). Ginsenoside Rg3 suppresses testosterone-induced prostatic hypertrophy and growth of prostate cancer cells through inhibition of mitogen-activated protein kinase signaling (67).

C. unshiu peel inhibits amyloid beta-induced neurite atrophy and apoptosis of neural cells. Its components, including hesperidin and narirutin, have been reported to improve cognitive function by promoting reformation of the myelin sheath that is lost during aging (18). Hesperidin treats appetite loss and sarcopenia via suppression of the serotonin pathway and recovery of ghrelin secretion in the stomach [Figure 2A; (68)]. The improvement of sarcopenia by ghrelin can be attributed to the activation of the GH/ IGF-1 system (69).

Atractylodes rhizome inhibits cell death by improving mitochondrial activity and intracellular ATP production (70, 71). This protective effect could be important since oxidative stress is considered basic to the pathophysiology of aging (72). Atractylenolide III, a component of Atractylodes rhizome, has been reported to ameliorate depression-like symptoms and memory impairment by increasing the expression level of Ca2+/calmodulin-dependent protein kinase II and Creb and BDNF in the hippocampus (71).

Adiponectin has been reported to have protective effects on atherosclerosis, and mice with over-expressed adiponectin show prolonged survival, even with a high-fat and high-sucrose diet through inhibition of oxidative DNA damage (73). Astragalus root enhances insulin sensitivity via increase of adiponectin, especially its highly-potent high-molecular-weight form (74) and may prevent atherosclerosis.

Polygala root and its main component, tenuigenin, promote the growth and differentiation of hippocampal neural stem cells (75). It has been reported to improve cognitive function in adults and elderly subjects in clinical studies (76, 77), and is approved as an over-the-counter drug.

Schisandra fruit promotes elimination of fatigue substances, such as lactate and ammonia, from the blood, and increases endurance during exercise on a treadmill via upregulation of peroxisome proliferator-activated receptor γ coactivator 1α, an important factor in skeletal muscle metabolism (78). Schisandra fruit increases blood estradiol, uterus estrogen receptor-α and -β, and uterine weight in an ovariectomized post-menopausal model, although it inhibits the proliferation of breast cancer cells (79). Schizandrin is a main component of Schisandra fruit.

Ninjin'yoeito is thus expected to reduce physical and psychological vulnerability related to feeding, immunity, emotion, and cognition, which are oftendisturbed in frailty patients (Figure 2B). Ninjin'yoeito could be widely applicable in mild to severe cases of frailty (3).


Combination Therapy and Adverse Drug Reactions Due to Kampo Medicines

Kampo medicines are composed of a wide variety of crude drugs with pleiotropic effects on the psychosomatic syndrome of frailty, and Ninjin'yoeito is expected to form the basis of these medicines. Recently, Kracie Pharma Ltd. reported special drug use survey results on ADRs associated with Ninjin'yoeito Extract Granules in patients aged ≥65 years (80). The population under analysis consisted of 808 patients (210 males and 598 females, mean age of 77.8 ± 7.35 years; 538 and 262 patients with and without comorbidities; and 664 and 130 taking or not taking concomitant drugs). The incidence of ADRs was 3.09% (25 patients), and gastrointestinal disorders were most common, reported by 17 patients (2.10%). Overall, there were no significant sex-related differences, and approximately 70% of the reported ADRs occurred within 2 months of starting Kampo formulation (80). Given the low and similar incidence of ADRs associated with placebo, the medication should even be safe in the elderly.

In addition, the combined use of Ninjin'yoeito with other Kampo medicines may enhance the effects of therapy. The addition of Yokukansan and Yokukansankachimpihange treats the behavioral and psychological symptoms of dementia (BPSD); Rikkunshito is added for gastrointestinal symptoms, Hangekobokuto for aspiration symptoms, Hachimijiogan/Goshajinkigan for prostate symptoms, and Goshajinkigan for osteoarthritis or spondylosis in severe cases with pain or numbness (81–90). Although Kampo medicines are likely to cause fewer ADRs than modern medicine, multi-combination use requires caution and should be limited to 2 medicines.




CONCLUSIONS

This review describes the clinical application of Kampo medicine in frailty, with a focus on Ninjin'yoeito. As in metabolic syndrome, prevention and treatment of frailty requires diet/exercise, behavioral modification, and utilization of public healthcare resources. Given the progression to a super-aged society, paradigm shifts at both individual and societal levels are needed. The concept of “Mibyo,” a presymptomatic disease state in Kampo medicine, may be a good place to start and frailty could be an important candidate for intervention. It is important to evaluate this presymptomatic state from a scientific perspective to determine how preventive Kampo medicine should be provided. In western medicine Galen is the first to indicate the importance of diet in slowing the aging process (91), and very recently geroprotectors that delay many diseases related to aging are being considered for healthy longevity (92, 93).

Antiaging studies have rapidly evolved, and the mechanisms behind frailty and aging have become increasingly understood. Ninjin'yoeito acts on hematopoietic stem cells to promote the growth and differentiation of erythrocytes, leukocytes, and platelets in animals and humans (3, 94, 95). We recently found that Polygala root, Schisandra fruit, ginseng, Rehmannia root, and C. unshiu peel, which are characteristic herbal components of Ninjin'yoeito, promote the growth and differentiation of bone marrow-derived mesenchymal stem cells (66). The components of Ninjin'yoeito may thus be important for their effects on stem cells that may migrate and regulate brain functions associated with feeding and emotion (96–98). Ninjin'yoeito also increases hippocampal neural stem cells (75). These effects on tissue stem cells may underlie the pleiotropic actions on Ninjin'yoeito and suggest its use for frailty.
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Background: Sarcopenia is frequently seen in patients with mild cognitive impairment (MCI) and early-stage Alzheimer's disease (AD). While appetite loss and physical inactivity, which are also frequently seen in dementia, appear to contribute to sarcopenia, to date, no study has investigated this association.

Objective: The aim of this study was to examine factors associated with sarcopenia, including appetite and physical activity, in patients with MCI and early-stage AD.

Methods: The study subjects comprised 205 outpatients (MCI, n = 151; early-stage AD, n = 54) who were being treated at the Memory Clinic, National Center for Geriatrics, and Gerontology and had a Mini-Mental State Examination (MMSE) score of 21 or higher. All subjects were assessed for appetite by using the Council on Nutrition Appetite Questionnaire (CNAQ). Confounding variables assessed included physical activity, activities of daily living, mood, body mass index (BMI), nutritional status, and medications. Sarcopenia was defined as low muscle mass and low handgrip strength or slow gait speed. Multivariate logistic regression analyses were performed with adjustment for age, gender, education, and confounding variables to examine the association of sarcopenia with physical activity and appetite. Furthermore, sub-analyses were also conducted to clarify the relationship between CNAQ sub-items and sarcopenia.

Results: The prevalence of sarcopenia among the subjects was 14.6% (n = 30). Patients with sarcopenia had lower CNAQ scores (those with sarcopenia, 26.7 ± 3.5; those without, 29.1 ± 2.5). Multivariate analysis showed that BMI (odds ratio [OR], 0.675; 95% confidence interval [CI], 0.534–0.853), polypharmacy (OR, 4.489; 95% CI, 1.315–15.320), and CNAQ (OR, 0.774; 95% CI, 0.630–0.952) were shown to be associated with sarcopenia. Physical activity was not associated with sarcopenia. Of the sub-items of the CNAQ, appetite (OR, 0.353; 95% CI, 0.155–0.805), feeling full (OR, 0.320; 95% CI = 0.135–0.761), and food tastes compared to when younger (OR, 0.299; 95% CI, 0.109–0.818) were shown to be associated with sarcopenia.

Conclusions: These results suggest that appetite could be a modifiable risk factor for sarcopenia in patients with MCI and early-stage AD. A comprehensive approach to improving appetite may prove effective in preventing sarcopenia.

Keywords: sarcopenia, appetite, mild cognitive impairment, early-stage Alzheimer's disease, satiety, gustatory function


INTRODUCTION

Frailty is construed as a consequence of age-related decline in many physiological systems, resulting in vulnerability to sudden adverse changes in health status triggered by minor stressor events (1). Frailty is thus thought to represent a combination of problems in different domains of human functioning, such as physical, psychological, and social domains (2). Since frailty is known to be associated with adverse outcomes (1), prevention of onset of frailty, as well as care of the elderly with frailty, remains the most urgent of challenges in clinical practice.

Of the three different domains of frailty, sarcopenia is attracting attention as a cause of physical frailty (1) and is defined as low skeletal muscle mass and low muscle strength or low physical performance (3). Factors associated with sarcopenia are multifaceted and include aging, inappropriate nutrition, low physical activity, chronic inflammation, and sex hormones (3). Of these, in particular, nutrition and exercise are known to be important modifiable risk factors.

Sarcopenia increases with age, but it is more prevalent in patients with dementia. It is also reported that the prevalence of sarcopenia is higher among patients with mild cognitive impairment (MCI) and Alzheimer's disease (AD) than among older people with normal cognition (4) and that older age, low body mass index (BMI), and low vitality are associated with sarcopenia in patients with MCI and AD. Low vitality, which overlaps with apathy, is one of the most common neuropsychiatric symptoms among patients with dementia (5), likely affecting appetite and physical activity. In fact, several studies demonstrated that appetite and physical activity are decreased in patients with dementia (6–8). Therefore, appetite loss and low physical activity appear to be key factors associated with sarcopenia in patients with dementia. However, no study investigated the association of sarcopenia with appetite or physical activity. Furthermore, there are no studies focused on patients with MCI and early-stage AD.

The aim of this study was to examine factors associated with sarcopenia, including appetite and physical activity, in patients with MCI and early-stage AD. A previous study showed that sarcopenia is associated with impaired activities of daily living (ADL) in early-stage AD (9). Therefore, identification of factors associated with sarcopenia in patients with dementia may prove helpful in preventing loss of their independence leading to worsening of not only their quality of life (QOL) but their caregivers' QOL.



MATERIALS AND METHODS


Subjects

The subjects of this study were outpatients (aged 65–89 years) who presented to the Memory Clinic at the National Center for Geriatrics and Gerontology (NCGG) of Japan during the period from February 2015 to January 2017. For the present analysis, we included those with a Mini-Mental State Examination (MMSE) score of 21 or higher who were diagnosed with MCI, and AD, given that a MMSE score of 21 or higher may be used as a surrogate measure for the Clinical Dementia Rating for staging of questionable (0.5) to mild (1.0) dementia in AD (10). MCI and AD were diagnosed based on the criteria of the National Institute on Aging-Alzheimer's Association Workgroups (11, 12). Excluded from the study were those who had serious disease (cardiac, pulmonary, hepatic, and kidney disease), inflammatory disease (e.g., rheumatoid arthritis), cancer, and/or psychiatric disease other than dementia, as well as those who were bedridden.

The study included a total of 333 patients who had completed assessments for grip strength, gait speed, and skeletal muscle mass index (SMI). Finally, a total of 205 patients were available for analysis, after excluding 128 patients with missing data for any of the variables examined (age, gender, cognitive status, ADL, depressive mood, vitality, BMI, nutritional status, smoking status, comorbid conditions, or polypharmacy) that are reported to be associated with sarcopenia (3, 4, 13–16). Of these 205 subjects, 151 and 54 patients were diagnosed as having MCI and AD, respectively.

The study protocol was approved by the Ethics/Conflict of Interest Committee at the NCGG. Written informed consent was obtained from all patients before their study participation.



Measurements

Appetite

All patients were assessed for appetite by using the Council on Nutrition Appetite Questionnaire (CNAQ) (17), which consists of the following 8 questions: appetite, feeling full, feeling hunger, food tastes, food tastes compared to when younger, meal frequency per day, feel sick or nauseated when eating, and usual mood. The subjects and their families (or caregivers) were requested to respond to each question using 1–5 ordinal scales (Likert scales). The CNAQ total score ranges from 8 (worst) to 40 (best) points, while lower scores indicate deterioration in appetite. The reliability and validity of the Japanese version of the CNAQ have previously been established (18).

Physical Activity

We evaluated physical activity using the following questions: (1) “Do you engage in moderate-level physical exercise or sports?” and (2) “Do you engage in low-level physical exercise?” Subjects were considered to be inactive if they answered “No” to both these questions (19).

Muscle Mass and Strength

Appendicular muscle mass was measured by bioelectrical impedance analysis (BIA) using a Tanita body composition analyzer (MC-180; Tanita Corp., Tokyo, Japan). Skeletal muscle mass index (SMI) was calculated as appendicular muscle mass divided by height squared (kg/m2) (20). Muscle strength was assessed by hand grip strength, measured with a digital force gauge (ZP-500N; Imada, Toyohashi, Japan) (21).

Physical Performance

Physical performance was measured by the gait speed. Gait speed was assessed during normal walking, with the participant instructed to walk at his or her preferred speed.



Definition of Sarcopenia

Sarcopenia was defined according to the consensus of the Asian Working Group for Sarcopenia criteria (22), which includes three components: low handgrip strength (<6 kg for men and <8 kg for women), slow gait speed (<0.8 m/s on 2.4-m walking at the usual pace), and low muscle mass as assessed with the SMI (7.0 kg/m2 for men and 5.7 kg/m2 for women as measured by BIA). The presence of sarcopenia was defined as low muscle mass and low handgrip strength or slow gait speed.



Other Assessments

Demographic data on the subjects' age, years of education, marital status, smoking status, drinking status, living situation, and economic conditions were obtained from their clinical charts. The subjects were assessed for the presence of chronic disease (diabetes mellitus, hypertension, dyslipidemia, cardiac disease, and pulmonary disease) and the number of medications they were on. Polypharmacy was defined as five or more regularly prescribed drugs (23). Nutritional status was assessed based on the Mini-Nutritional Assessment Short-Form (24), BMI, and serum levels of albumin, total protein, and 25-hydroxy vitamin D. Global cognitive function was examined by using the MMSE, with the scores ranging from 0 to 30 (25). Basic ADL and instrumental ADL were evaluated by using the Barthel Index (26) and the Lawton Index (27), respectively. Vitality was assessed by using the Vitality Index (28). This questionnaire included five items (waking pattern, communication, feeding, on and off toilet, and rehabilitation and other activities) and was answered by the subjects' caregivers. With the total score of this questionnaire ranging between 0 and 10 points, it is judged that the closer the score comes to 0 points, the lower the vitality. All subjects were evaluated for depressive mood by using the 15-item Geriatric Depressive Scale (29). All subjects were also assessed for inflammatory conditions based on serum C-reactive protein concentrations.



Statistical Analysis

The study examined the prevalence of sarcopenia in the study subjects. To examine the association of sarcopenia with physical activity and appetite, differences in physical activity, CNAQ, and clinical profiles between the subjects with and without sarcopenia were analyzed in univariate analyses using the Mann-Whitney U test for continuous variables, and the chi-squared test for categorical variables. In multivariate analyses, logistic regression analysis was performed incorporating physical activity, CNAQ, and all variables associated with P values < 0.10 in univariate analyses, with adjustment for the following confounding factors shown to be associated with sarcopenia in previous studies (3, 4, 13–16): sex, age, education, cognition, ADL, depression, vitality, nutritional status, physical performance, smoking status, comorbidities, and polypharmacy. In order to examine the association between sarcopenia and appetite in detail, logistic regression analyses were conducted by incorporating the sub-items of the CNAQ.

Data are presented as mean ± standard deviation unless stated otherwise. A value of P < 0.05 was considered to indicate statistical significance, and adjusted odds ratios (OR) and their 95% confidence intervals (CIs) were reported.

All analyses were carried out by using the Japanese version of SPSS for Windows version 23.0 (IBM Corporation, Armonk, NY, USA).




RESULTS

The clinical profile of the subjects with and without sarcopenia is shown in Table 1. The subjects' mean age was 77.2 ± 5.1 years, and 130 (63.4%) were female. The prevalence of sarcopenia was 14.6%. The mean SMI, grip strength, and gait speed were 6.4 ± 1.0 kg/m2, 23.3 ± 7.3 kg, and 1.0 ± 0.2 m/s, respectively.



Table 1. Clinical characteristics of those with sarcopenia and those without.
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Univariate analyses showed patients with sarcopenia had lower total CNAQ scores (those with sarcopenia vs. those without; 26.7 ± 3.5 vs. 29.1 ± 2.5; P < 0.001) and lower CNAQ sub-item scores (appetite loss, feeling full, feel taste of food, tastes of food compared to when younger, and usual mood) than those without sarcopenia. Patients with sarcopenia tended to be inactive (those with sarcopenia, 40.0%; those without, 23.4%; P = 0.071). Moreover, compared to those without sarcopenia, patients with sarcopenia were associated with older age (79.4 ± 5.0 vs. 76.9 ± 5.1 years; P = 0.011), lower performance in basic ADL (97.5 ± 5.4 vs. 99.0 ± 3.3; P = 0.041), lower vitality (9.1 ± 1.1 vs. 9.4 ± 1.0 score; P = 0.013), lower grip strength (16.7 ± 5.1 vs. 24.4 ± 7.0 kg; P < 0.001), and lower BMI values (20.0 ± 2.5 vs. 22.3 ± 3.1 kg/m2; P < 0.001) and lower SMI (5.5 ± 0.6 vs. 6.6 ± 0.9 kg/m2; P < 0.001). The frequency of polypharmacy was significantly high in those with sarcopenia (Table 1).

In multivariate analyses, we conducted multiple logistic regression analyses by incorporating age, education, MMSE, Barthel Index, Lawton Index, 15-item Geriatric Depressive Scale, Vitality Index, BMI, Mini-Nutritional Assessment Short-Form, physical activity, smoking status, comorbid conditions, and polypharmacy, which demonstrated that independent predictors of sarcopenia were BMI (OR, 0.675; 95% CIs, 0.534–0.853), CNAQ total score (OR, 0.774; 95% CIs, 0.630–0.952), and polypharmacy (OR, 4.489; 95% CIs, 1.315–15.320) (Table 2). In analyses focused on the CNAQ sub-items, appetite loss (OR = 0.353, 95% CIs = 0.155–0.805), feeling full (OR = 0.320, 95% CIs = 0.135–0.761), and food tastes compared to when younger (OR = 0.299, 95% CIs = 0.109–0.818) were significantly associated with sarcopenia (Table 3).



Table 2. Factors associated with sarcopenia identified in multivariate logistic regression model.
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Table 3. Association between sarcopenia and the CNAQ sub-items in multivariate logistic regression models.
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DISCUSSION


Summary of Results

The prevalence of sarcopenia in those with MCI and early-stage AD was 14.6%. Independent factors associated with sarcopenia included BMI, polypharmacy, and CNAQ total score, especially appetite loss, feeling full, and food tastes compared to when younger. Physical activity was not associated with sarcopenia in our study subjects with MCI and early-stage AD.



Factors Associated With Sarcopenia in MCI and Early-Stage AD

In this study, sarcopenia was shown to be independently associated with appetite, in addition to low BMI and polypharmacy that were shown to be associated with sarcopenia in previous studies.

Appetite loss is one of the most frequent behavioral and psychiatric symptoms among patients with AD from early-stage (7, 8) and leads to decreased food intake, which results in weight loss. While causes of appetite loss are multifactorial (30), a recent study reported that appetite was associated with depression, difficulty in maintaining attention while eating, lower vitality, more comorbidities, no use of anti-dementia drugs, and use of psychotropic drugs among patients with cognitive impairment (8). The previous study showed that low vitality was associated with sarcopenia among patients with MCI and AD (4). Although low vitality appears to affect both appetite and physical activity, our study demonstrated that appetite was associated with sarcopenia, but physical activity as evaluated based on the presence or absence of exercise habits was not. The amount of physical and sedentary activity has been reported as a factor associated with sarcopenia among healthy elderly people (31, 32). These conflicting results between the previous studies and ours may be due to differences in the methods used to assess physical activity. Indeed, Akune and colleagues reported that exercise habits in elderly were not related to sarcopenia (33). Moreover, it has been reported that the impact of exercise on sarcopenia treatment varies by frequency and type of exercise (34). Further studies are required to investigate not only exercise habits but also the amount and type of physical activity to corroborate our study findings.

Besides appetite loss, feeling full, and food tastes compared to when younger were associated with sarcopenia. Usually, the onset of satiety represents a response to neural and endocrine factors, such as gastric distension and release of the gut peptide cholecystokinin that are generated during the course of meal ingestion (35). A previous study reported that 28.3 and 27.3% of mild AD patients experienced reduced and increased appetite (7). While the causes of reduced and increased appetite in patients with AD remains unclear, a change in satiety responsiveness may affect their appetite (7, 36). Further studies are needed to clarify changes in satiety among those with dementia.

Gustatory function changes with aging (37). In dementia, some studies reported that the recognition thresholds of the four elements of taste, i.e., sweet, salty, sour, and bitter, are higher in patients with MCI and AD than in healthy subjects (38). In contrast, there is also a study reporting that demented patients and healthy elderly people are similar in gustatory function (39). Given that there are very few studies that focused on gustatory function in patients with dementia, however, patients with dementia require to be further evaluated for changes in gustatory function in future studies.



Weight Loss and Change in Body Composition Among Patients With Cognitive Impairment

Nutritional problems, notably body weight loss, are frequently seen among those with AD from early-stage, however, the detailed mechanisms are not fully understood. A recent review suggests that weight loss among patients with dementia is caused by a decrease in energy intake due to loss of appetite as well as by an increase in energy expenditure due to increased basal metabolism and behavioral disturbance (40). It has also been reported that skeletal muscle is reduced in early-stage AD, and skeletal muscle mass is associated with brain volume and severity of cognitive impairment (41, 42). Additionally, with the progression of dementia, fat mass is also reduced in patients with dementia (43), while fat mass is generally increased or unchanged in healthy older adults with aging (44, 45). These previous studies indicate a significant link between changes in body composition and cognitive deterioration. Further studies are needed to investigate the natural history and impact of changes in body composition among patients with cognitive impairment.



Putative Mechanisms of Appetite Loss in Dementia

The hypothalamus plays a critical role in appetite regulation. The energy homeostasis is regulated by satiety and feeding signals in the blood, such as nutrients (e.g., glucose), gut- and neuro-peptides (e.g., ghrelin, cholecystokinin, orexin), and adipocytokines (e.g., leptin), which increase or decrease appetite. Ghrelin stimulates appetite in negative energy balance (35). On the other hand, blood glucose, cholecystokinin, and leptin inhibits appetite in positive energy balance (35). Moreover, given the orexin secretion-promoting properties of acetylcholine, an appetite-promoting effect can be expected with acetylcholine (46).

Several studies have reported that serum ghrelin and leptin concentrations were associated with cognitive function (47, 48), while another study reported that there is no difference in serum ghrelin and leptin levels between patients with AD and age-matched healthy subjects (49).

As for structural and functional changes in the hypothalamus among patients with MCI and AD, there are limited studies. Ahmed et al. reported that the hypothalamic volumes and appetite-related hormone levels were not different between those with AD and the healthy elderly (49). However, another study reported decreased glucose metabolism in the hypothalamus of those with AD (50). Appetite and nutritional status are also associated with brain lesions other than those in the hypothalamus. Ismail et al. showed an association between hypoperfusion in the medial prefrontal area and appetite loss (51). The medial prefrontal area has been shown to be associated with apathy (52) and nutritional status, including waist to height ratio (53), and weight change (54). Based on these previous studies, it is suggested that nutritional problems including appetite loss among patients with cognitive impairment may be involved in hormonal changes and/or structural and functional brain changes.



Herbal Medicine for the Treatment of Appetite Loss in Dementia

There are several causes of appetite loss. Although there is no specific medicine against appetite loss, several medications, such as antipsychotic drugs, are expected to have an appetite-improving effect. It has been reported that ghrelin (55) and olanzapine (antipsychotic drug) (56) successfully increased appetite. While most anti-dementia drugs may cause a loss of appetite as a side effect, it is reported that rivastigmine may have an appetite-enhancing effect (57).

Some herbal medicines are also shown to improve appetite and mood. Of these, rikkunshito, hochuekkito, and ninjin'yoeito are often selected for elderly people, especially those with suspected frailty. Citrus unshiu peel and glycyrrhiza, which are crude drug components of herbal medicine, are included in both these drugs. Hesperidin, nobiletin (components of citrus unshiu peel), and isoliquiritigenin (composition of glycyrrhiza) are reported to increase and restore secretion of ghrelin (58). In addition to improving appetite, these herbal medicines may be expected to impact cognitive function. It was suggested that ginseng, hesperidin, and narirutin inhibit amyloid β aggregation and improve learning and memory function (59, 60). In addition, tenuigenin, the main component of polygalae radic, has been shown to promote the proliferation and differentiation of hippocampal neural stem cells. BT-11, an extract from polygalae radic, is reported to improve cognitive function in older adults, and is also licensed as a dietary supplement (61).

Polypharmacy increases with aging and patients with dementia are more likely to have comorbidities and polypharmacy (62). It is reported that polypharmacy is among the causes of sarcopenia as well as of malnutrition and decreased QOL (16). Appetite and gustatory function may be affected by some types of drug (63). Therefore, the use of herbal medicines, which contain various crude ingredients and affect multiple symptoms, may be suggested for the treatment of elderly people. It is important to establish such comprehensive treatment policy for prevention of appetite loss and cognitive impairment as is deemed suitable for older individuals with MCI and early-stage AD.




LIMITATIONS

This study has several limitations. First, because of the cross-sectional design of this study, the cause-effect relationship between sarcopenia and appetite remains unclear. Secondly, appetite and exercise habits were assessed by questionnaire, and actual dietary intake and physical activity were not evaluated. In patients with dementia, self-administered questionnaires are considered less reliable, given their memory dysfunction. However, it has been shown that CNAQ had the same level of validity and reproducibility in those with dementia as in local elderly residents (18). Despite this, however, nutritional status and physical activity are required to be evaluated based on objective measures in future research. Thirdly, we only evaluated the number of drugs patients prescribed to determine the presence of polypharmacy. Thus, we were unable to clarify behind the mechanisms, e.g., effect of individual drugs and/or interaction between drugs, of significant link between polypharmacy and sarcopenia. Finally, some other confounding factors previously reported in sarcopenia, such as inflammation, oxidant stress, and vitamin D were not fully investigated.



CONCLUSIONS

In conclusion, our study demonstrated that sarcopenia was independently associated with low BMI, polypharmacy, and appetite loss in patients with MCI and early-stage AD. Appetite loss is a symptom that can be recognized by people around patients and be improved through pharmacological and non-pharmacological intervention. We believe that the study results offer important clues as to how to suppress the increase of sarcopenia as well as frailty.
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Ciji-Hua’ai-Baosheng II Formula (CHB-II-F) is a traditional Chinese medical formula that has been shown in clinical practice to relieve side effects of chemotherapy and improve quality of life for cancer patients. In order to understand the mechanism of its protective effects on chemotherapy, mice with transplanted H22 hepatocellular carcinoma were employed in this study. Ninety-two mice were injected subcutaneously with H22 HCC cell suspension into the right anterior armpit. After mice were treated with 5-fluorine pyrimidine (5-FU), they were divided into six groups as untreated group, 5-FU group, 5-FU plus Yangzheng Xiaoji Capsule group and three groups of 5-FU plus different concentrations of CHB-II-F. Twenty mice were euthanized after 7 days of treatment in untreated and medium concentration of CHB-II-F groups and all other mice were euthanized after 14 days of treatment. Herbal components/metabolites were analyzed by UPLC-MS. Tumors were evaluated by weight and volume, morphology of light and electron microscope, and cell cycle. Apoptosis were examined by apoptotic proteins expression by western blot. Four major components/metabolites were identified from serum of mice treated with CHB-II-F and they are β-Sitosterol, Salvianolic acid, isobavachalcone, and bakuchiol. Treatment of CHB-II-F significantly increased body weights of mice and decreased tumor volume compared to untreated group. Moreover, CHB-II-F treatment increased tumor cells in G0-G1 transition instead of in S phase. Furthermore, CHB-II-F treatment increased the expression of pro-apoptotic proteins and decreased the expression anti-apoptotic protein. Therefore, CHB-II-F could improve mice general condition and reduce tumor cell malignancy. Moreover, CHB-II-F regulates apoptosis of tumor cells, which could contribute its protective effect on chemotherapy.

Keywords: Ciji-Hua’ai-Baosheng II Formula, chemotherapy, H22 hepatocellular carcinoma, Bcl-2, Bax, caspase-3, caspase-8, caspase-9


INTRODUCTION

Hepatocellular carcinoma is one of the most common cancers in the world and the third leading cause of cancer death. Moreover, it remains one of the most common malignant tumors in China. Surgery, radiotherapy and chemotherapy are among the common treatment options for patients with hepatocellular carcinoma. However, cancer recurrence, metastasis and side-effects of chemotherapy are the major concerns regarding to the prognosis of patients (Balistreri et al., 2005; Ciarimboli, 2012; Kudo et al., 2014; Tedore, 2015). Especially, side effects of chemotherapy such as fatigue, bone marrow suppression and gastrointestinal aversions lead to a dramatic decrease in quality of life (Ciarimboli, 2012; Xi et al., 2016; Ma et al., 2018). In recent years, traditional Chinese herbal medicine has been employed after chemotherapy to relieve adverse reactions and improve patient tolerance to chemotherapy (Liu, 2012). For instance, Shenling Baizhu powder is used to treat patients with leukemia receiving chemotherapy (Liu et al., 2012); Gujin Moji tablet has been shown to protect and promote bone marrow hematopoiesis in tumor-bearing mice with chemotherapy (Chen et al., 1998). Early studies revealed that first generation Ciji-Hua’ai-Baosheng Formula can prolong life of mice with transplanted ascitic H22 hepatocellular carcinoma, inhibit tumor growth, antagonize the decrease of white blood cells and platelets following chemotherapy, promote the production and activity of erythropoietin (EPO) and granulocyte-macrophage colony stimulating factor (GM-CSF), maintain the stability of peripheral blood cells, and improve immune functions (Xi et al., 2014; Cheng et al., 2016; Xi et al., 2018).

Professor Wang Yanhui, a prominent TCM practitioner, has used TCM to treat patients with malignant tumors. He believed that pathological changes in the internal environment of the body, such as productions of phlegm, dampness, and blood stasis initiate the occurrence of tumor. Clinically, malignant tumors are treated with surgery and/or a combination of radiotherapy and chemotherapy. Although tumor is targeted and removed, the internal environment of the body has not been changed fundamentally, and thus can induce tumor recurrence and metastasis (Lai et al., 2014). CHB-II-F is formulated based on Professor Wang’s extensive clinical experience (Wang and Xi, 2017), and is a second generation of formula refined from the original Ciji Hua’ai Baosheng Decoction (CHBD) (Cheng et al., 2016; Xi et al., 2018) without changing the principles of treatment in order to better facilitate its subsequent applications and further development. CHB-II-F is consisted of Radix Codonopsis, Semen Ziziphi Spinosae, Fructus Hordei Germinatus, Pericarpium Citri Reticulatae, Poria, Concha Ostreae, Bulbus Fritillariae Ussuriensis and Radix Salviae Miltiorrhizae. This formula is organized to help removing the pathological products while supplementing the body. Its aim is to restore balance to the internal environment, reduce tumor recurrence and metastasis, and improve the patient’s quality of life (Wang, 2004; Wang and Shen, 2004; Lai et al., 2014; Li et al., 2017; Liu et al., 2017).

5-fluorine pyrimidine, the most widely used pyrimidine drugs, has good curative effect on digestive tract cancers such as colon cancer, rectal cancer, gastric cancer, liver cancer, and other solid tumors, but has lots of side-effects that include hepatotoxicity and nephrotoxicity (Chinese Pharmacopoeia Commission [CPC], 2015b; Gelen et al., 2018). In China, Chinese physicians usually select 5-FU to combine with TCMs in order to reduce its bone marrow suppression, hepatorenal toxicity and gastrointestinal adverse reactions (Liu and Xie, 2018; Wang et al., 2018). YZXJC, a Chinese patent medicine approved by the State Drug Administration (SDA) of China for the treatment of primary hepatocellular carcinoma, is recorded in the Pharmacopeia of the People’s Republic of China (Chinese Pharmacopoeia Commission [CPC], 2015a), and it has been widely used in clinical practice in China and its efficacy has been clinically confirmed. Therefore, 5-FU and YZXJC were used as chemotherapeutic drug and herbal treatment drug in this study, respectively.

Apoptosis is a process of cell deaths featuring DNA fragmentation. Malignant tumor is related to not only increased cell proliferation, but also inhibition of cell apoptosis (Xi et al., 2016). Apoptosis is a complex cellular process regulated by many factors, such as Bcl-2 and Bax (Pan et al., 2014). From the current point of view, apoptosis is mainly regulated by two pathways: the pressure-induced pathway and the death receptor mediated pathway (Wang et al., 2011). The latter process depends on activation of death receptor, which triggers activation of caspases through formation of a death signal complex and promote apoptosis of tumor cells (Mcllwain et al., 2015).

Ciji-Hua’ai-Baosheng II Formula exhibits significant clinical benefits for patients after radiotherapy and chemotherapy. It is speculated that CHB-II-F may have anti-tumor effects, but molecular mechanism for its anti-tumor activity is not clear at present. The aim of this study is to investigate beneficial effects of the CHB-II-F formula on chemotherapy-treated mice, possible effects on apoptosis of tumor cells, and its possible anti-tumor mechanism.



MATERIALS AND METHODS

Experimental Animals and Tumor Cells

Forty-six male and forty-six female special pathogen-free (SPF) Kunming mice, 18–22 g and aged 4–6 weeks, were purchased from Laboratory Animal Centre of Xiamen University in Xiamen, China (License No. SCXK (Min) 2017-005). The animals were given 1 week to adapt to the new environment before experimentation. All experimental procedures were approved by the Laboratory Animal Administration and Ethics Committee of Xiamen University (No. XMULAC 2012-0039). The H22 hepatoma cell suspension was provided by the Cancer Research Centre of Xiamen University (Xiamen, China).

Experimental Drugs

Ciji-Hua’ai-Baosheng II Formula is composed of Radix Codonopsis, Semen Ziziphi Spinosae, Fructus Hordei Germinatus, Pericarpium Citri Reticulatae, Poria, Concha Ostreae, Bulbus Fritillariae Ussuriensis and Radix Salviae Miltiorrhizae (See Table 1) It was purchased from the Yanlaifu Pharmaceutical Co., Ltd. (Xiamen, China). Its chemical fingerprint (UHPLC) of CHB-II-F has been analyzed (See Figure 1) and the detailed methods of UHPLC is provided in the Supplementary Data. 5-fluorouracil, 5-FU (#1607261) was purchased from Tianjin Jinyao Pharmaceutical Co., Ltd. (Tianjin, China). 0.9% Sodium Chloride (#1702232) contained 100 mL in each ampoule. This product was produced by Fujian Tianquan Pharmaceutical Co., Ltd. (Longyan, China). YZXJC, with a product lot number of A1509006, was contained 0.39 g in each capsule. This product was produced by Shijiazhuang Yiling Pharmaceutical Co., Ltd. (Shijiazhuang, China).

TABLE 1. Herbal components of CHB-II-F.
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FIGURE 1. (A) UHPLC-MS chemical fingerprint of CHB-II-F. (B) Chemical structure of the major identified components of CHB-II-F. 3,4-Dihydroxybenzaldehyde (1), Caffeic acid (2), Spinosin (3), Baicalin (4), Salvianolic acid C (5), Hesperidin (6), Rosmarinic acid (7), Salvianolic acid B (8), Lithospermic acid (9) and Nobiletin (10).



Main Reagents

In this study, we used the following materials: Annexin V-FITC/PI Apoptosis Detection Kit (product lot No. FXP018-100) and Cell Cycle Analysis Kit (product No. FXP021-100) were purchased from Beijing 4A Biotech Co., Ltd. (Beijing, China). Caspase-3 Antibody (product No. AB030), active caspase-3 antibody (product No. AC033), active caspase-8 antibody (product No. AC056), active caspase-9 antibody (product No. AC062), Bcl-2 antibody (product No. AB112), and Bax antibody (product No. AB026) were purchased from Beyotime Institute of Biotechnology (Jiangsu, China).

Instruments

The following instruments were employed: YXJ-2 high speed refrigerated centrifuge (Xiang Yi Centrifuge Instrument Co., Ltd., Changsha, China), Rotary evaporator (Shanghai Yarong Biochemistry Instrument Factory, Shanghai, China), Freeze-dryer (Beijing Songyuan Huaxing Technology Development Co., Ltd., Beijing, China), ASP6025 Automated Vacuum Tissue Processor (Leica Co., Solms, Germany), Intellective Biological Microscope (Olympus optical Co., Ltd., Tokyo, Japan), Leica RM2016 histotome (Leica Co., Solms, Germany), Thermo UltiMate 3000 LC system and Thermo Q-Exactive system (Thermo Fisher Scientific, Bremen, Germany), Cosmosil CN column (Nacalai Tesque Co., Ltd., Kyoto, Japan), Beckman CytoFlex S Flow cytometry (Beckman Coulter, Kraemer Boulevard Brea, United States), and ONE-DScan program (Scanalytics inc., Fairfax, Va., United States).

Medicinal Preparation

A total of 195 g of CHB-II-F crude herb was stored at -20°C until use. The herbs were soaked in 1950 mL water for 30 min and boiled, then decocted for 30 min to yield 200 mL. The solution was filtered through 8 layers of carbasus. The residue was soaked again in 1500 mL water and decocted for 30 min, and then filtered. The two filtered solutions were combined and concentrated with rotary evaporation (Shanghai Yarong Biochemistry Instrument Factory, Shanghai, China) at 58°C to 120 mL, then lyophilized with freezer-dryer (Beijing Songyuan Huaxing Technology Development Co., Ltd., Beijing, China). The lyophilized powder was sealed and stored at 4°C until use. The powder was reconstituted with distilled water to 3.25, 1.625, and 0.8125 g/mL for the CHB-II-F (H) [high dose of CHB-II-F], CHB-II-F (M) [medium dose of CHB-II-F], CHB-II-F (L) [low dose of CHB-II-F] treatment groups according to crude herb weight respectively. 5-FU was diluted by 0.9% sodium chloride to concentrations of 1 and 10 mg/mL. YZXJC was diluted by distilled water to 0.039 g/mL.

Establishment of Chemotherapy-Treated H22 Hepatocellular Carcinoma Mouse Model

Hepatoma cells from Kunming mice with primary ascitic hepatoma cell H22 were collected under sterile condition and counted with a cell counter. Cells were then diluted with saline to a concentration of 2 × 107 cells/mL and injected into SPF Kunming mice at a volume of 0.2 mL/10 g body weight subcutaneously at the right armpit. Seven days after injection, 92 mice have successfully developed tumors at the injected site. These mice then received peritoneal injections of 5-FU at 200 mg/kg to establish the chemotherapy-treated HCC model.

Animal Groupings, Modeling and Drug Administration

Ninety-two chemotherapy-treated mice with H22 HCC were randomly divided into 6 study groups: physiologic saline (negative control), 5-FU (20 mg/kg), the YZXJC (0.78 g/kg) treatment, and three CHB-II-F [CHB-II-F (L), CHB-II-F (M), CHB-II-F (H), respectively] treatments. CHB-II-F groups received drug concentration of 0.8125, 1.625, and 3.25 g/mL [CHB-II-F (L), CHB-II-F (M), or CHB-II-F (H), respectively] by intragastric administration once a day for 14 days. The 5-FU group received peritoneal injection of 5-FU at 20 mg/kg (Li et al., 2003) at a volume of 0.2 mL/10 g once every other day for 14 days. The YZXJC group received intragastric injection at 0.039 g/mL once per day for 14 days. Each group had 12 mice. Another 20 mice were added to the physiologic saline group and CHB-II-F (M) group for component/metabolite analysis at mid-way of treatment.

UHPLC-MS

On the 7th day of treatment, 10 mice from the saline and CHB-II-F (M) groups respectively were euthanized and peripheral blood was collected through retro-orbital bleeding. Serum was collected through centrifugation at 3000 rpm for 15 min and stored in -80°C until further analysis. Serum was washed with methanol at 1:4 ratio, mixed on shaker for 3 min and centrifuged for 15 min at 13000 rpm. The procedure continued until no pellet was observed after centrifugation, and the supernatant was then concentrated with blowing nitrogen. Blank serum of equal volume undergoing the same procedure was used as a control.

Serum from the CHB-II-F treated group were profiled by UHPLC coupled with a high-resolution electrospray ionization mass (HR-ESI-MS) detector. Prior to the MS detector, the UHPLC separation was performed over a Cosmosil CN column (2.6 μm, 250 mm × 4.6 mm i.d., 5 μm) on a Thermo UltiMate 3000 LC system. The mobile phase was acetonitrile (A) and water with 0.1% formic acid (v/v) (B), and the constituents were eluted by gradient according to the elution program as follows: A from 5 to 35% and B from 95 to 65% during 0–30 min, A from 35 to 100% and B from 65 to 0% during 30–35 min; A and B were kept at 100 and 0% repetitively during 35–45 min. The column was maintained at 35°C and eluted at a flow rate of 1 mL/min. The injection volume was 5 μL. A diode array detector (DAD) with detection wavelength of 254 nm and a high resolution ESI-MS detector were used to record the UHPLC chromatograms.

The MS spectra were recorded on a Thermo Q-Exactive system. The mass spectrometer of positive and negative ionizations was calibrated across m/z 100–1500 using the manufacture’s calibration standards mixture (caffeine, MRFA and Ultramark 1621 in an acetonitrile-methanol-water solution containing 1% acetic acid) allowing for mass accuracies of no more than 5ppm in the external calibration mode. The ionization voltage was 3.5 kV, and the capillary temperature was set at 300°C.

Measurements of Tumor Volume, Weight, Inhibitory Ratio and Histology

The tumor length (mm) (a) and tumor width (mm) (b) were measured and recorded by a sliding calipers on the 7 and 14th day after treatment in H22 HCC mice. Tumor volumes were then calculated according to the formula: V (mm3) = 1/2 × a × b2. Mice were subsequently anesthetized by ethyl ether inhalation and sacrificed by cervical dislocation. Tumors were removed and weighed. The tumor inhibitory ratio (IR) was calculated as the average tumor weight of the untreated controls minus the average tumor weight of the treatment group/average tumor weight of untreated controls × 100%. A portion of the tumor tissue was fixed in a 10% neutralized formaldehyde solution for histological analysis. Paraffin sections with a thickness of 8 μm were developed and stained with H&E. Histologic changes were observed by light microscopy (100×) and recorded by photograph.

A portion of the tumor tissue (3–5 mm3) was fixed with 2.5% glutaraldehyde stationary solution and then 1% osmic acid for 2 h. After fixation, the tumor tissue was dehydrated with acetone gradiently, made into ultrathin sections, stained with uranium acetate and lead citrate, and observed by transmission electron microscope (6000×).

Measurement of Tumor Cell Cycle by Flow Cytometer

Tumor tissue with a size of about 3 mm × 3 mm × 3 mm was resected, shredded, and then homogenized once on ice by Jiangyin-Jingying 5 ML glass grinder with cross-shaped handle (Jingying Glassware Co., Ltd., Jiangyin, China) with moderate force and speed for 3 s by hand. HBSS solution was added to the homogenate, filtered through a 400-mesh cell sieve, and the resultant cell suspension was collected. The cell suspension was centrifuged at 1000 rpm at 4°C for 5 min, and the pellet was collected. Approximately 2–5 × 106 cells from the pellet was washed twice with 400 μL HBBS, centrifuged and re-suspended in 400 μL HBBS. Next, cell suspension was washed with 1 mL of 75% anhydrous ethanol drop by drop, and incubated overnight at 4°C in the dark. The next day, cells were centrifuged at 1000 rpm at 4°C for 5 min, and then resuspended in 400 μL HBSS. 20 μL of RNase A solution was added to the cell suspension and incubated at 37°C in a water bath for 30 min. Finally, cells were filtered by 400-mesh cell sieve, mixed with 400 μL of PI staining solution, incubated at 4°C for 60 min in the dark, and subjected to flow cytometry detection.

Measurement of Tumor Cell Apoptosis by Annexin-V FITC/PI

A total of 1–5 × 105 tumor cells were resuspended in 100 μL of 1× binding buffer. Annexin V-FITC (5 μL) and PI (5 μL) were added and incubated in the dark at room temperature for 10 min. Then, analysis of annexin V-FITC binding and PI staining were performed with a flow cytometer at excitation length of 488 nm.

Caspase-3, Caspase-8, Caspase-9, Bcl-2 and Bax Protein Expressed in Tumor Tissues by Western Blot

A part of tumor tissues collected in RIPA buffer was used for protein analysis. Protein concentration was measured using bicinchoninic acid assay. Equal concentrations of proteins (100 μg) were separated by 8% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride membranes. The membranes were blocked with 1% casein solution for 2 h at room temperature. Primary antibodies against caspase-3, cleaved-caspase-3, caspase-8, cleaved-caspase-8, caspase-9, cleaved-caspase-9, Bcl-2 and Bax were incubated for 1 h at 37°C with the following dilution factors: caspase-3 (1:1000), cleaved-caspase-3 (1:1000), caspase-8 (1:500), cleaved-caspase-8 (1:500), caspase-9 (1:1000), cleaved-caspase-9 (1:1000), Bcl-2 (1:1000) and Bax (1:1000). Membranes were rinsed 5 times with PBST buffer for 3 min each before incubation with the peroxidase-conjugated streptavidin-secondary for 1 h at 1:10000 dilution. Protein levels were visualized with chemiluminescence solution and X-ray films. β-tubulin was used as a loading control. Films were scanned and the average optical densities of the bands were analyzed with ONE-DScan system.

Statistical Analysis

Parametric data were expressed as means ± SD ([image: image] ± s). GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, United States) was used to analyze the data. Statistical significance was determined by using one-way analysis of variance [One-way ANOVA]. Differences with P < 0.05 were considered significant.



RESULTS

Analysis of CHB-II-F in Blood Serum

Ultra-high performance liquid chromatography -MS was used to analyze the serum of mice treated with CHB-II-F. Four components/metabolites (β-Sitosterol, Salvianolic acid B, isobavachalcone and bakuchiol) were identified by comparing the two serum ion profiles. The retention time at each phase was 9.62, 9.79, 11.27, and 43.95 min, respectively (Figures 2, 3).
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FIGURE 2. UHPLC-MS fingerprint chromatogram of CHB-II-F in blood serum [Blank serum ion map (A) and CHB-II-F-containing serum ion map of (B)].
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FIGURE 3. Chemical structure of the four identified components/metabolites of CHB-II-F dissolved in blood serum: Salvianolic acid B, β-Sitosterol, isobavachalcone and bakuchiol.



Effects of CHB-II-F on Body Weight Change, Tumor Weights and Volume

After 14 days of treatment, body weight in all CHB-II-F groups was significantly higher than that of untreated group (P < 0.01) (Figure 4C). Compared with the untreated group, tumor volume of CHB-II-F groups were significantly smaller on the 7th day and there was a trend of the higher dose the smaller body weight (P < 0.01) (Figure 4A). On the 14th day, both tumor weight and volume in the CHB-II-F (H) group were further decreased significantly (P < 0.05) (Figures 4B,D). The post-chemotherapy tumor inhibitory ratios (IRs) were 38.51, 27.51, 51.34, 52.08, and 39.85% in CHB-II-F (L), CHB-II-F (M), CHB-II-F (H), 5-FU and YZXJC groups, respectively.
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FIGURE 4. Effects of CHB-II-F on body weight, tumor weight and tumor volume of the chemotherapy-treated H22 hepatocellular carcinoma mouse model. (A) Tumor volume (mm3) on 7th day; (B) Tumor volume (mm3) on 14th day; (C) Body weight change (g); (D) Weight of tumor (g). Data were presented as the mean ± SD from 6 to 11 mice. Statistical analysis: ∗P < 0.05, ∗∗P < 0.01 compared with the saline group. No statistically significant differences were found when compared with the 5-FU group or between YZXJC and CHB-II-F groups (P > 0.05).



Effects of CHB-II-F on Pathology of Tumor Tissues

In the process of tumor removal, the tumor tissue was examined with the surrounding tissues. In the untreated group, the tumor was irregular in shape, large in volume and rough at the edges. After sectioning and staining with H&E, the nuclei were abnormally large, sizes of tumor cells varied, and the nuclei and cytoplasm were deeply stained. Tumor cells were arranged homogeneously and densely. In the 5-FU group, tumor cells were loosely arranged, cell number was decreased, and liquefactive necrosis and mitosis could be seen. Compared with both the saline and YZXJC groups, CHB-II-F treated groups showed scattered cell distribution, decreased tumor cell density, mitosis and heterogeneity within the tissue sections (Figure 5).
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FIGURE 5. Effects of CHB-II-F on pathological changes of tumor tissue in the chemotherapy-treated H22 hepatocellular carcinoma mouse model. Sections were stained with hematoxylin and eosin (H&E) and viewed at a magnification of 400x. (A) Saline treated control (Negative control); (B) 5-FU treated control (20 mg/kg); (C) CHB-II-F (16.25 g/kg); (D) CHB-II-F (32.5 g/kg); (E) CHB-II-F (65 g/kg); (F) Yangzheng Xiaoji Capsule treated control (0.78 g/kg).



Effects of CHB-II-F on Ultramicro-Pathology and Apoptosis in Tumor Cells

The ultrastructure of tumor cells in each group was observed by transmission electron microscope. Compared with the untreated group, all other groups exhibited different degrees of cell shrinkage and fragmentation, cytoplasmic condensation, irregular morphologies of nuclear and plasma membranes and condensed and peripheralized chromatin. Red arrows marked the locations of apoptotic bodies and pyknotic nucleus (Figure 6).
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FIGURE 6. Effects of CHB-II-F on ultramicro-pathological changes and apoptosis in the chemotherapy-treated H22 hepatocellular carcinoma mouse model. Sections were stained with uranium acetate and lead citrate and viewed under 6000x magnification by transmission electron microscope. (A) Saline treated control (Negative control); (B) 5-FU treated control (20 mg/kg); (C) CHB-II-F (16.25 g/kg); (D) CHB-II-F (32.5 g/kg); (E) CHB-II-F (65 g/kg); (F) Yangzheng Xiaoji Capsule treated control (0.78 g/kg).



Effects of CHB-II-F on Tumor Cell Cycle

The results of PI staining from flow cytometry revealed that the percentage of tumor cells in G0-G1 transition in the CHB-II-F (M) and CHB-II-F(H) groups was significantly higher, while the percentage in S phase was significantly decreased compared with the untreated group (P < 0.05; P < 0.01). However, the percentage of tumor cells in G2-M transition in all groups was not significantly different from that of the untreated group (Figure 7).
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FIGURE 7. Effects of CHB-II-F on tumor cell cycle in the chemotherapy-treated H22 hepatocellular carcinoma mouse model. (A) Saline treated control (Negative control); (B) 5-FU treated control (20 mg/kg); (C) CHB-II-F (16.25 g/kg); (D) CHB-II-F (32.5 g/kg); (E) CHB-II-F (65 g/kg); (F) Yangzheng Xiaoji Capsule treated control (0.78 g/kg); (G) Gap phase 0-Gap phase 1; (H) Synthesis phase; (I) Gap phase 2-Mitotic phase. Data were presented as the mean ± SD from 6 mice. Statistical analysis: ∗P<0.05, ∗∗P<0.01 compared with the saline group; #P < 0.05 compared with the CHB-II-F (16.25 g/kg) group. No statistically significant differences were found when compared with the 5-FU group or between YZXJC and CHB-II-F groups (P > 0.05).



Effects of CHB-II-F on Tumor Cell Apoptotic Index

Annexin-V/PI staining was employed to detect early and late apoptotic cells. Figure 8 showed that the apoptotic index (%), defined as the percentage of apoptotic cells in all tumor cell population, were higher in all treated groups compared to the untreated group, with 5-FU and CHB-II-F (H) being statistically significant (P < 0.05).
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FIGURE 8. Effects of CHB-II-F on tumor cell apoptotic index in the chemotherapy-treated H22 hepatocellular carcinoma mouse model. (A) Saline treated control (Negative control); (B) 5-FU treated control (20 mg/kg); (C) CHB-II-F (16.25 g/kg); (D) CHB-II-F (32.5 g/kg); (E) CHB-II-F (65 g/kg); (F) Yangzheng Xiaoji Capsule treated control (0.78 g/kg); (G) Apoptotic index (%). Data were presented as the mean ± SD from 6 mice. Statistical analysis: ∗P < 0.05 compared with the saline group. No statistically significant differences were found when compared with the 5-FU group or between YZXJC and CHB-II-F groups (P > 0.05).



Effects of CHB-II-F on Expression of Caspase-3, Caspase-8, Caspase-9, Bax and Bcl-2 in Tumor Tissue

Western blotting showed that the expression of cleaved caspase-3 was significantly increased in 5-FU group as well as all the CHB-II-F-treated groups. The expression of cleaved caspase-8 was significantly increased in 5-FU and all treated groups except CHB-II-F(L) group. In addition, cleaved caspase-9 was increased in both 5-FU and CHB-II-F(M) groups. Compared to the untreated group, there was a slight decrease in the expression of apoptotic regulator, Bcl-2, in the CHB-II-F(L) and CHB-II-F(M) groups, but the expression of pro-apoptotic protein, Bax, was significantly higher in all three CHB-II-F groups. As a result, the ratio of Bax/Bcl-2 in all three CHB-II-F groups were higher (Figure 9).
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FIGURE 9. Effects of CHB-II-F on protein expression of caspase-3, caspase-8, caspase-9, Bax and Bcl-2 in tumor tissue of the chemotherapy-treated H22 hepatocellular carcinoma mouse model. (A) Cleaved-caspase 3 protein level; (B) Caspase 3 protein level; (C) Cleaved-caspase 8 protein level; (D) Caspase 8 protein level; (E) Cleaved-caspase 9 protein level; (F) Caspase 9 protein level; (G) Bcl-2 protein level; (H) Bax protein level. Data were presented as the mean ± SD from 6 mice. Statistical analysis: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 compared with the saline group; [image: ]P < 0.05, [image: ]P < 0.01 compared with the YZXJC group. (The same loading control was used for uncleaved and cleaved versions of the same protein, and for Bcl-2 and Bax for ease of comparison).





DISCUSSION

Malignant tumor is the abnormal growth of cells in the human body, which has the ability to proliferate uncontrollably and metastasize. Millions of people are diagnosed with malignant tumors every year, and the incidence overall has been on the rise (Marusyk et al., 2012; Miller et al., 2016; Siegel et al., 2017; Chen et al., 2018). Malignant tumor in China alone accounts for about 21.8% of all cancer morbidity, among which, the incidence of hepatocellular carcinoma accounts for 50.5% and marks it as one of the major causes of cancer death in China and the third leading causes of cancer death in the world (Torre et al., 2015; Chen et al., 2017). Hepatocellular carcinoma is an aggressive disease with high malignancy, rate of recurrence and metastasis even after treatment, accompanied by short survival time and poor prognosis. At present, methods to control hepatocellular carcinoma include radiotherapy, chemotherapy, surgical resection, cryoablation, liver transplantation and interventional therapy, but patient outcomes have proven unsatisfactory (Ciarimboli, 2012; Xi et al., 2014; Wang et al., 2015). In China, the use of TCM as an adjuvant treatment for hepatocellular carcinoma has been shown to relief pain, reduce cytotoxicity of chemotherapy, improve symptoms of cancer, and control recurrence and metastasis (Song et al., 2016). Due to the relative low cost and ease of administration, TCM has gained recognition and used as an adjuvant therapy for chemotherapy (Chinese Society of Liver Cancer [CSLC], 2009). For instance, some Chinese medicine, such as the Yiqi Huayu Jiedu prescription, has been used as regular treatment for patients with hepatocellular carcinoma after radiotherapy and chemotherapy, which has been demonstrated to inhibit tumor angiogenesis by downregulating HIF-1α, Twist1, Bcl-2, MMP-2, MMP-9 and upregulating E-cad (Zeng et al., 2015). Radix Sophorae Flavescentis has been shown to inhibit the growth of lung adenocarcinoma cells in vitro and slow the growth of Lewis lung cancer cells and ascitic carcinoma cells of tumor-bearing mouse in vivo (Lin et al., 2009). Hydroxycamptothecin embolization combined with Shentao Ruangan pills can effectively improve the therapeutic effect of large hepatoma and improve patient survival (Lin et al., 2005). The aim of our experiment was to study the adjuvant effect of CHB-II-F on hepatocellular carcinoma after chemotherapy, and to explore the components/metabolites and mechanism of CHB-II-F in promoting cancer cell apoptosis.

Despite the aggressive and chaotic liver cancer phenotype, it often progresses in an orderly manner. Often, a cell acquires a mutation in its tumor suppressor gene or in other regulator of cell proliferation, causing it to enter an altered and malicious path (Hanahan and Weinberg, 2011; Shafie et al., 2013). Following that, changes in cell morphology, surface protein expression and cell cycle regulation quickly follow and ultimately lead to the development of tumor population and associated complications (Rieger, 2004). The ultimate goal of cancer treatment is to kill cancerous cells without affecting normal cells (Ma et al., 2015). With the rapid increase in scientific knowledge and technological advances, cancer mortality has been greatly reduced, but not without consequences (Holohan et al., 2013; Simard et al., 2013). While radiotherapy and chemotherapy kill rapidly dividing cells such as cancer cells, they inevitably cause damage to other normal growing cells in the body. It is therefore necessary to identify ways to target apoptosis to only cancer cells and spare normal cells (Shafie et al., 2013). Many TCMs have inhibitory effects on cancer cells, which mechanisms involve in promoting tumor cell apoptosis. Therefore, applying Chinese herbs to treat cancer is a wise choice (Newman and Cragg, 2012; Wang et al., 2015; Cao et al., 2017).

All eukaryotic cells have a defined cell cycle in which physiological processes such as growth, replication, division, senescence and death resume (King and Cidlowski, 1995). Cell cycle is controlled by a sophisticated and precise regulatory mechanism, and dysregulation leads to uncontrolled proliferation of cells and tumor formation (Wyllie et al., 1980). Whether a cell undergoes division or apoptosis is dictated by signals received during the cell cycle (Hartwell, 1992; Nurse, 1997). Usually, when a cell is blocked at a certain phase for prolonged period, apoptosis occurs. Many tumor chemotherapeutic agents treat tumor by inducing cell cycle-specific apoptosis (Collins et al., 1997). In this study, flow cytometry was used to analyze the effect of CHB-II-F on H22 hepatoma cells. We found that the percentage of tumor cells arrested in G0-G1 transition in the CHB-II-F (M) and CHB-II-F (H) groups were significantly higher. This shows that CHB-II-F may effectively influence cell proliferation and promote cell apoptosis. Although the IR of CHB-II-F (H) group was slightly inferior to the IR of 5-FU group, the body weight of mice in three CHB-II-F groups was increased, and higher than that in 5-FU group. The body weight loss of mice in 5-FU group was very obvious. These results indicated that after chemotherapy, combining with herbal medicine CHB-II-F could reduce 5-FU’s side-effects to a certain extent.

Cell apoptosis is very important for tumor control (King and Cidlowski, 1998). Apoptosis is the programmed death of cells intricately controlled by complex intracellular programs. There are two main pathways regulating apoptosis: the intrinsic stress-induced pathway and the death receptor-mediated pathway (Strasser et al., 2000). The former is induced by stress signals within the cell that promote the release of cytochrome C from the mitochondria, and the latter is activated by death receptor binding on the plasma membrane (Taylor et al., 2008). There are four major factors involved in the apoptotic pathway: Bcl-2 family of proteins, the caspases, heat shock proteins, and the p53 tumor suppressor gene. The Bcl-2 family are further divided into two groups: pro-apoptosis and anti-apoptosis. Bcl-2 itself is anti-apoptotic, and is mainly found in the mitochondria and cytoplasm. Bax, the pro-apoptotic counterpart, is mainly distributed in the cytoplasm and translocates to the mitochondrial membrane and disrupts mitochondrial integrity after receiving apoptotic signal. It is found that when a stress signal occurs, Bcl-2 and Bax form heterodimers, which decrease the availability of Bcl-2, and thus promote apoptosis of cells (Lee et al., 2014; Min et al., 2014). The caspases belong to the aspartyl specific cysteine protease family and play important roles in the signal transduction of apoptosis (Nuñez et al., 1998; Boyce et al., 2004; Xi et al., 2016). Based on the signaling cascade, caspases can be divided into two categories: primers and effectors, among which caspase-8 and caspase-9 belong to the primer group, while caspase-3 belongs to the effector group (Riedl and Shi, 2004; Fulda, 2009; Tait and Green, 2010; Reubold and Eschenburg, 2012; Würstle et al., 2012). Based on signals from the surrounding environment, a cell activates the apoptotic pathway by first cleaving and activating the cytoplasmic caspase-8, which then activates caspase-3. Pathways downstream of caspase-3 function to suppress inhibitors of apoptosis and inhibit the activity of proteases associated with DNA repair and mRNA splicing, which ultimately lead to chromatin condensation, nuclear and DNA fragmentation, cytoplasmic membrane blebbing (Fulda and Debatin, 2006). Mitochondria are the major regulatory organelles of apoptosis induced by stress signal (Wu et al., 2014). The opening of permeability transition pores in the inner and outer mitochondrial membranes leads to the release of cytochrome C, apoptosis activating factor-1 and other caspase activators. Cytochrome C and apoptosis activating factor-1 activate caspase-9, which in term activates caspase-3 and a variety of endonucleases to induce morphological changes of apoptosis (Fulda and Debatin, 2004; Gu et al., 2014). Activated caspase-3 is the key to inactivation of other apoptotic proteins, which cause alterations in cell structure, cell cycle and DNA repair (Bratton and Salvesen, 2010). Uncontrolled cell proliferation and apoptosis are reasons for the occurrence of tumor, thus regaining control of these pathways are the fundamental methods to manager tumor growth (Shao et al., 2015). In this study, the expression of Bcl-2, Bax, caspase-3, caspase-8 and caspase-9 in tumor tissues were detected by western blotting, and the cell cycle makers and apoptotic index of tumor cells were detected by flow cytometry. The results showed that protein expression of Bcl-2 in mice treated with CHB-II-F had a downward trend, while expression of Bax were increased. The expressions of activated caspase-3, -8 and -9 in tumor tissue were also upregulated, thus promoting apoptosis of tumor cells. These results demonstrated that the appropriate concentration of CHB-II-F can inhibit expression of anti-apoptotic factors and block proliferation of tumor cells, while at the same time increase the pro-apoptotic factors to induce tumor cell death. Thus, the efficacy of chemotherapeutic drugs in the treatment of hepatocellular carcinoma was enhanced.

Based on the UPLC results, four components/metabolites from CHB-II-F were found in the serum of treated mice: β-Sitosterol, Salvianolic acid, isobavachalcone and bakuchiol. It is worth noting that two of the monomers have anti-tumor effects. β-Sitosterol is one of the sterols components widely found in various vegetable oils, nuts and plant seed. It has many important physiological and pharmacological functions, such as lowering blood lipids, anti-inflammatory and cytotoxic effects (Zhang et al., 2011; Xiao et al., 2015; Yuan et al., 2015). It has been suggested that β-Sitosterol can effectively inhibit the growth of hepatoma carcinoma cells, decrease mitochondrial membrane potential, induce apoptosis and the up-regulation of Bcl-2, cleaved caspase (3, 8, 9) expressions (Zhang et al., 2011). β-Sitosterol can also induce apoptosis of human leukemia cell line U937 by activating caspase-3 protease and regulating Bax/Bcl-2 ratio (Park et al., 2007). Salvianolic acid B is a water-soluble compound found in the plant Salvia miltiorrhiza, which is its most active ingredient (Durairajan et al., 2008; Cao et al., 2012). Salvianolic acid B has been reported to have anti-tumor properties against cancers of the lung, liver, breast and prostate and squamous cell carcinoma of the head and neck. The proposed mechanisms include inhibition of nuclear gene transcription, inhibition of tumor angiogenesis and induction of tumor cells apoptosis with low toxicity to normal cells (Zhao et al., 2007; Hao et al., 2009; Zhao et al., 2010; Zhang and Lu, 2010). Isobavachalcone is a flavonoid with anticancer, anti-inflammatory, antibacterial and other biological activities (Kuete and Sandjo, 2012; Wang et al., 2012). Apoptosis of HepG2 cells can be induced by isobavachalcone, which was found to be related to an upregulated expression of Bcl-2 family proteins. Alternatively, it can also induce apoptosis of neuroblastoma by the intrinsic mitochondrial pathway (Nishimura et al., 2007; Wang et al., 2012). Bakuchiol is a monoterpenoid phenolic component with many pharmacological activities, such as antibacterial, antineoplastic, and anti-inflammatory actions (Jiang et al., 2010; Huang et al., 2014). Studies have shown that bakuchiol can inhibit breast cancer cells through inducing apoptosis and S phase arrest (Li et al., 2016). These components/metabolites of CHB-II-F found in the serum have known inhibitory effects on tumor, which provided the basis for exploring CHB-II-F effect on apoptosis of tumor cells. CHB-II-F may be down-regulating the expression of Bcl-2 and up-regulating the expression of Bax, while activating both caspase-3 and caspase-9, fixing tumor cells in G0-G1 transition, increasing the rate of apoptosis of rumor cells and stimulating cells to initiate the process of apoptosis. Morphological hallmarks of apoptosis were observed in the CHB-II-F groups, thus further confirmed the anti-tumor effect of the medicine.

In addition to its anti-tumor effects, CHB-II-F has been applied in clinics for many years, which has demonstrated repeatedly to reduce the side effects of gastrointestinal tract and improve dietary intake. Therefore, future studies can focus on identifying the underlying mechanisms. In addition, clinical trials in human patients treated with CHB-II-F would provide further confirmation on the beneficial effects observed in the current study.



CONCLUSION

Four major components/metabolites of CHB-II-F have been identified in serum of mice treated with CHB-II-F. CHB-II-F treatment increased food intake, reduced pathological changes in tumor tissues and inhibited proliferation of tumor cells in the chemotherapy-treated HCC mouse model. The mechanistic action of CHB-II-F may be related to regulating expression of apoptotic factors and promote apoptosis of tumor cells.
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This review aims to understand the clinical efficacy of Panax ginseng (PG) for managing frailty-related disorders by reviewing meta-analyses, systematic reviews, and randomized clinical trial data. PG is widely used in traditional medicine, mainly in East Asia. It has traditionally been indicated for the collapse of qi or for abandoned conditions that manifest as shallow breathing, shortness of breath, cold limbs, profuse sweating, a low pulse rate, or weakness. In accordance with these indications, PG is used for managing conditions such as aging, inflammation, and cancer. PG is also used in some functional foods or supplements. Some studies have shown the effects of ginsenosides, which are the major constituents of PG. With regard to pharmacological activities of ginseng saponins, it has been presumed that these ginsenosides are metabolized into active forms by human intestinal microbiota after being taken orally. Therefore, we focused on reviewing the data of clinical studies on PG. Although there has been no study that directly investigated the effect of PG on frailty, a number of clinical studies have been conducted to investigate the efficacy and safety of PG and its interactions with other modern ginseng medications and ginseng-containing formulas. We searched the randomized controlled trial data from 1995 to 2018 and reviewed the potential effects of PG on frailty-related disorders. We reviewed the effects of PG on glucose metabolism, fatigue, hypertension, cardiovascular disorders, chronic obstructive pulmonary disease, renal function, cognitive function, and immune function. Our review showed some evidence for the usefulness of ginseng, which suggests that it has the potential to be used for the management of aging-related and frailty symptoms, such as fatigue and hypertension. The main limitation of this review is that no study has directly investigated the effect of PG on frailty. Instead we investigated frailty-related disorders, and the limitations of the available studies were small sample sizes and a poor methodological quality; besides, only a few studies targeted elderly people, and few included placebo controls. Larger, well-designed studies are needed to determine the effect of PG on frailty in the future.

Keywords: Panax ginseng, frailty, Kampo medicine, fatigue, immune function, glucose metabolism, physical performance


INTRODUCTION

Panax ginseng C. A. Meyer (PG) is a widely used herb from the Araliaceae family. It is commonly known as Asian or Korean ginseng. The roots of the plant are used in traditional medicine, mainly in East Asia. “Panax” means “cure-all” in Greek. The herbal root is named “ginseng” because it is shaped as a man and “Gin” means “man” in Chinese and Japanese (Figure 1).
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FIGURE 1. Panax ginseng.



PG has traditionally been indicated for an extreme collapse of qi or abandoned conditions such as shallow breathing, shortness of breath, coldness of limbs, profuse sweating, or weakness. PG significantly tonifies the primal qi and qi of all organs, especially that of the lungs and spleen (1). Therefore, it is used for various indications, such as aging, inflammation, stress, or cancer, and also used in some functional foods or supplements.

PG was originally dried in the sun before use; however, a steaming method has been developed to facilitate PG digestion. PG is harvested after 4–6 years of growth and is classified into two types, depending on the processing method, white ginseng (harvested after 4–6 years of growth and dried after peeling) and red ginseng or Korean Red Ginseng (KRG; harvested at 6 years, steamed, and dried).

The therapeutic benefits of PG are well-established and are attributable to a unique mix of triterpenoid saponins (ginsenosides). Shibata et al. (2) first identified the structures of various ginsenosides. Regarding the pharmacological activities of ginseng saponins, it is presumed that these ginsenosides are metabolized into active forms by human intestinal microbiota after being taken orally.

Frailty encompasses a range of physical, mental, and social problems, such as physical disability, cognitive dysfunction, depression, and economic difficulties (3). It is defined as a clinical syndrome in which three or more of the following conditions occur: unintentional weight loss (10 lb in a previous year), self-reported exhaustion, weakness (loss of grip strength), reduction in the walking speed, and low physical activity. Among these symptoms, weakness and slowness are related to sarcopenia, which suggests that sarcopenia is the main underlying cause of physical frailty.

Exercise and nutritional care are critical for the prevention of frailty. Elderly people often find it difficult to perform exercise therapy because of weakness and various physical symptoms, including pain. Although pain control plays an important role in managing frailty, non-steroidal anti-inflammatory drugs, anticonvulsants, or opioids are sometimes not suitable for the use in elderly patients because the drugs may cause side effects such as gastrointestinal disturbance, renal dysfunction, or delirium. Ironically, the most effective non-drug therapy for the management of pain disorders is exercise. Thus, a vicious cycle of frailty is likely to occur in the elderly (Figure 2).
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FIGURE 2. Vicious circle of frailty and effects of PG. Exercise and nutritional care are critical for the prevention of frailty. Elderly people often lose appetite, which causes malnutrition. Malnutrition makes it difficult for the elderly to perform exercise therapy because of the weakness, fatigue, declining cognitive function, and various physical symptoms, including pain, although the most effective non-drug therapy for the management of pain disorders is exercise. The lack of sufficient exercise increases insulin resistance and may aggravate T2DM.



In this review, we aimed to evaluate the effectiveness and safety of oral administration of PG for the management of frailty and aging-related symptoms by reviewing relevant meta-analyses, reports of randomized controlled trials (RCTs), and systematic reviews of frailty-related disorders. A decrease in the exercise capacity and motivation and a decline in endocrine and cognitive functions are thought to exacerbate frailty. Therefore, in this article we reviewed the effects of PG on glucose metabolism, fatigue, hypertension, cardiovascular disorders, chronic obstructive pulmonary disease (COPD), and renal, cognitive, and immune functions.



METHODS

Many clinical studies have been conducted to investigate the PG efficacy, safety, and interaction with other modern ginseng medications and ginseng-containing formulas. We searched the PubMed, Ovid Technologies, and Cochrane Library databases for clinical controlled trials, RCTs, meta-analyses, and systematic reviews published from 1995 to February 2018 to review the effect of PG on frailty. The following search terms were used, without language restrictions: “ginseng” AND (“randomized controlled trial” OR “RCT” OR “clinical controlled trial” OR “control trial” OR “systematic review” OR “meta-analysis” OR “double-blind” OR “single-blind” OR “clinical trial”). Studies in which PG was administered orally were included without considering the patients' sex or underlying disease. We did not limit the inclusion based on the types of control groups. Literature on ginseng species other than PG was excluded from this review (Figure 3). The two authors (KO-O and KK) independently screened the eligible studies and discussed discrepancies until an agreement was reached. Studies that indirectly investigated the effects of PG on frailty, glucose metabolism, fatigue, hypertension, cardiovascular disorders, COPD, renal function, cognitive function, and immune function were selected.
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FIGURE 3. Flow diagram of the literature search. RCT, randomized controlled trial.





RESULTS

No study has directly investigated the effect of PG on frailty, so we investigated the effect of PG on frailty-related disorders.


Glucose Metabolism

In a systematic review focused only on PG (4), a definitive conclusion has not been reached because few studies were included and the treatment regimens varied. Therefore, future studies with an adequate sample size and power, standardized treatment regimens, and a rigorous methodology are needed.



Fatigue

Bach et al. (5) conducted a meta-analysis of 12 RCTs to investigate the efficacy of ginseng supplements in alleviating fatigue. RCTs that investigated the efficacy of ginseng supplements in fatigue reduction and enhancement of physical performance in comparison with that of placebo were included, of which nine investigated PG. The meta-analysis showed no significant association between ginseng supplementation and the enhancement of physical performance because few relevant RCTs were published and the sample size was small across RCTs. The aforementioned RCTs were conducted in healthy subjects, but some positive results suggested an anti-fatigue effect of PG in patients with idiopathic chronic fatigue (ICF) and chronic fatigue syndrome (CFS).

KRG (harvested at the age of 6 years, steamed, and dried) was assessed for its anti-fatigue effects in patients with non-alcoholic fatty liver disease (NAFLD). Eighty patients with NAFLD were randomized to receive KRG or placebo for 3 weeks, in addition to counseling on healthy eating and regular exercise. Liver function, proinflammatory cytokines, adiponectin, antioxidant activity, and a fatigue score were measured and compared, according to the body mass index, between the KRG and placebo groups. The results showed that KRG might be effective in reducing proinflammatory cytokine levels and fatigue in overweight patients with NAFLD. The mean level of tumor necrosis factor-α significantly decreased in the KRG group after treatment, compared with that at baseline, and there was a significant increase in the changes in adiponectin levels in the KRG than in placebo groups. In overweight patients, the fatigue score significantly decreased in the KRG group (6).



Hypertension and Cardiovascular Diseases

A systematic review has provided evidence for the efficacy of KRG in reducing blood pressure in patients with prehypertension and acute and long-term hypertension (7). However, the interpretation of the findings of the meta-analysis was limited by the inclusion of low-quality RCTs in the study design. Another systematic review examined the evidence for the efficacy of ginseng (Panax spp.) in the management of cardiovascular risk factors, including high blood pressure, an abnormal lipid profile, and a high blood glucose level, and summarized reported cardiovascular adverse events. Some included studies suggested that the ginseng use caused a small reduction in the blood pressure (range: 0–4%); however, the evidence provided did not support the use of ginseng for managing cardiovascular risk factors, partly because the majority of the studies included were short-term studies (8).

A meta-analysis of 18 eligible RCTs provided moderate evidence that ginseng-based medicines were more effective than nitrates for treating angina pectoris, at a significant overall odds ratio of 3.00 (P < 0.00001) for symptomatic improvement and 1.61 (P = 0.001) for electrocardiographic improvement. However, there were limitations for generalization because of a short follow-up period (9). A systematic review on the use of the PG-containing Shexiang Baoxin Pill for ischemic cardiovascular diseases showed that the addition of the pill to conventional treatments may have beneficial effects on long-term outcomes of non-ST elevation acute coronary syndromes, without serious adverse events (10).



Chronic Obstructive Pulmonary Disease

A systematic review has shown improvements in the quality of life (QoL) and lung function, based on the changes in forced expiratory volume in 1 s (FEV1) and FEV1 % predicted between a ginseng-treated group and placebo-treated group, no treatment control, and non-ginseng formula-treated group [(11)]. Another review has shown that PG may improve respiratory muscle strength and lung function (12). Further, a systematic review that evaluated an oral Chinese herbal medicine combined with pharmacotherapy for stable COPD showed clinically meaningful benefits in terms of an improved body mass index, airflow obstruction, dyspnea, and exercise capacity (BODE) index and improved results of a 6-min walk test. In the studies included in the review, PG was one of the most used crude drugs in the formulas (13).



Renal Function

Recent studies have shown that ginsenosides can be used to treat early chronic kidney disease (14), and an RCT showed that ginsenoside Rb1 ameliorated the renal function in patients with early chronic kidney disease. Compared with those in the placebo group, renal function parameters (creatinine and urea clearance), oxidative stress, and inflammation were significantly reduced in the ginsenoside-treated patients (14).



Cognitive Function

Reay et al. (15, 16) have reported anti-mental fatigue effects of PG, indicated by the improvements in cognitive performance of healthy volunteers in serial clinical studies. Other researchers have also demonstrated a positive effect of PG on the memory of healthy volunteers [(17), (18)].

Lee et al. (7) have evaluated the effectiveness and safety of ginseng for Alzheimer's disease (AD) patients based on the data from four RCTs involving 259 participants. The review showed that the effects of ginseng on AD were inconclusive, and another review has made similar conclusions [(19)]. However, one study found that the results favored ginseng treatment, as indicated by AD assessment scale-cognitive (ADAS-cog) subscale scores at 24 weeks.

Thus, it has not been proven that PG is effective for AD; however, there is no curative treatment for AD. Although the effectiveness of PG for AD is unclear, it has been empirically and widely used in the treatment of AD in Asian countries. Recently, many studies have reported the potential effects of some PG-containing formulas on cognitive function. Kudouh et al. (20) evaluated the long-term effects of a traditional Japanese Kampo medicine, ninjin'yoeito (NYT), on cognitive impairment and mood status in patients with AD over a 2-year period. The researchers found significant improvements in the Japanese version of the ADAS-cog scale scores and in the Neuropsychiatric Inventory depression scores of patients who received combination therapy with donepezil and NYT. A 2-year follow-up of the patients receiving the combination therapy showed an improved cognitive outcome and alleviation of AD-related depression.



Immune Function

It has been reported that ginsenoside Rg1 stimulated the proliferation of lymphocytes. Other studies have shown that ginsenosides may enhance the cellular immune function (21).

A meta-analysis that evaluated the effects of ginseng consumption on cancer risks has identified nine studies (five cohort studies, three case-control studies, and one RCT), involving 7,436 cases and 334,544 participants. The findings of this meta-analysis indicated that ginseng consumption was associated with a significantly decreased risk of cancer. The summary relative risks for ginseng intake vs. no ginseng consumption were 0.77 for lung cancer, 0.83 for gastric cancer, 0.81 for liver cancer, and 0.77 for colorectal cancer. Thus, clinical trials of PG are warranted to determine whether it can prevent cancer (22).



Safety

A systematic review has found that PG has a very safe profile and is rarely associated with adverse events or drug interactions. The few effects reported were mild and transient, such as insomnia, headache, a skin disorder, nasal bleeding, or hot flashes (23).

A survey of published literature has identified 16 articles involving the use of herbal remedies in the elderly population. Remedies containing PG are frequently used by the elderly; however, not all interactions and side effects have been elucidated. It is therefore incumbent that medical doctors are aware of the use of herbal products, including PG, by the elderly when prescribing a specific pharmacological treatment. The lack of communication between medical professionals and patients about the use of herbal supplements may pose a problem (24).

PG has been reported to interact with phenelzine, a monoamine oxidase inhibitor, and the interaction may cause sleeplessness, tremors, and headache (25). Three studies investigated the interaction between ginseng and warfarin, and the results differed depending on the type of ginseng used. PG had little or no influence on coagulation (26). A review of herbal medicinal products (HMPs) used by adults aged >65 years old has reported that the most frequently used HMPs in the US were those containing Ginkgo biloba, garlic, ginseng, St. John's wort, echinacea, saw palmetto, evening primrose oil, and ginger. The prevalence of concurrent use of prescription drugs and HMPs is substantial, ranging from 5.3 to 88.3% among adults aged >65 years old, and potential interactions have been reported. The most frequently reported effect of herb–drug interactions is bleeding due to the use of G. biloba, garlic, or ginseng with aspirin or warfarin. Knowledge of the extent and manner in which older adults combine prescription drugs with HMPs will aid healthcare professionals in appropriately identifying and managing patients at risk. Comprehensive online databases such as Micromedex, Natural Medicines, and Stockley's Drug Interactions can be useful (27).

Phytochemical-mediated modulation of cytochrome P-450 (CYP) activity may underlie many herb–drug interactions. Some evidence suggests that CYP activity may decrease in the elderly; therefore, clinical investigations need to be focused on this population. It has been reported (28) that the inhibition of CYP2D6 by PG was statistically significant, but the magnitude of the effect (~7%) did not appear clinically relevant. Meanwhile, PG did not affect the CYP1A2 activity.




DISCUSSION

In this review, we evaluated the clinical efficacy of PG for frailty by reviewing RCT data, meta-analyses, and systematic reviews of the effect of PG on frailty-related disorders. Although no study has directly investigated the effect of PG on frailty, we were able to obtain knowledge on diseases leading to prevention and treatment of frailty.

Healthy life year's expectancy (HLYE) is determined by the interaction of psychophysical and socioeconomic factors during an individual's life course. Considering from a global point of view, the HLYE is deeply involved with frailty. Although the life expectancy at birth has increased over the past decade, HLYE has not increased over the same period. Prevention is the likely key to increasing HLYE. For example, ~50% of reduction in mortality from cardiovascular diseases is the result of prevention-based activities, such as a change in lifestyle or smoking cessation. With regard to prevention, frailty is an important factor for understanding the condition of older patients. Unfortunately, prevention programs targeting older adults are limited because frailty limits activities of these patients, thus resulting in a vicious cycle (Figure 2).

The World Health Organization estimates that more than 180 million people worldwide suffer from diabetes, with 90% of the patients suffering from T2DM. Serious long-term complications of diabetes greatly increase frailty. Diabetes was understood as yin deficiency in traditional East Asian medicine. According to Shang Han Za Bing Lun (Treatise on Cold-Induced and Miscellaneous Diseases), PG could be used to treat thirst, probably caused by DM. Thus, PG has long been used in the treatment of diabetes. Although clinical reviews could not prove the effect of PG on DM, two systematic reviews of ginseng other than PG showed favorable effects in glucose metabolism. One systematic review showed a modest yet significant improvement in fasting blood glucose levels in people with and without diabetes after the administration of ginseng (29). Another systematic review of ginseng-related therapies in type 2 diabetes mellitus (T2DM)T2DM (30) showed the benefit of ginseng supplementation in improving glucose control and insulin sensitivity in patients with T2DM or impaired glucose intolerance. And the effects of PG or its components on blood glucose control have been well-documented in experimental models. Ginsenosides have been shown to activate the AMP-activated protein kinase (AMPK) pathway (31), and activation of the AMPK pathway has been proposed as a mechanism for the suppression of hepatic gluconeogenesis and steatosis (32). Therefore, it has been suggested that ginsenosides may decrease the ATP biosynthesis and lower the blood glucose level. DPG-3-2, a component of Ginseng Radix, was shown to lower the blood glucose level and to stimulate the insulin release and biosynthesis in diabetic animals and in pancreas preparations from animals with hyperglycemia (33).

Some results suggest anti-fatigue effects of PG in patients with ICF and CFS. According to an RCT, the fatigue score significantly decreased in the KRG group of overweight patients. KRG also significantly improved the liver function test results, which indicates that KRG may improve the physical and mental fatigue. Most of the studies reviewed were not in elderly people, but it may be possible to presume that PG is also effective for elderly people. It is expected that RCTs involving elderly people will be conducted.

PG has also been reported to reduce blood pressure. Combination treatments for blood stasis are considered more effective for the management of cardiovascular diseases. However, the use of ginseng for managing cardiovascular risk factors was not supported by evidence, partly because the majority of the studies included were short-term studies, while cardiovascular risk must be observed for a long time. It has been shown in animal models that ginsenosides had protective effects on myocardial ischemia/reperfusion injury by mediating the activation of the phosphoinositide 3-kinase pathway and phosphorylation of protein kinase B (34). It has also been reported that ginsenoside Rb3 inhibited the angiotensin II-induced proliferation of vascular smooth muscle cells (35).

Regarding COPD, characterized by progressive, non-reversible airflow limitation, PG may improve respiratory muscle strength, lung function, and the BODE index. In Kampo medicine, stable COPD represents a pattern of qi deficiency, involving either the lung or spleen as described in the Introduction (1). PG has an advantage for symptom management, QoL improvement, and reduction of exacerbation because current pharmacotherapy does not prevent the progression of COPD, nor does it improve the lung function.

Renal function decreases with aging and is thus one of the most important factors in frailty. It has been shown that ginsenosides can be used to treat early chronic kidney disease. This disease is progressive, and thus long-term observation would be needed for elderly people to investigate the effect of PG on renal function.

With regard to cognitive function, AD and other dementias are a global health challenge and are remarkable in terms of the prevalence, costs, and impact. In 2010, an estimated 35.6 million people were reported to have AD and other dementias worldwide, and the number is predicted to reach 66 million by 2030 and 115 million by 2050. In this review, the effectiveness of PG for AD was found to be unclear, but PG has been empirically and widely used in the treatment of AD in Asian countries. NYT was reported to be effective for cognitive impairment and mood status in patients with AD over a 2-year period. Although the study was performed using a Kampo formula extract, the results might have been due to the medicinal efficacy of PG, which is the major component in this formula. The Kampo formula might be more effective than PG alone. Beneficial effects of PG in an animal model of AD included a significant improvement of behavioral profiles in rats with advanced glycation end product (AGE)-induced AD. PG also significantly reduced the malondialdehyde level, increased the glutathione content, and increased the superoxide dismutase activity in the hippocampus. Moreover, PG significantly decreased the expression of the receptor for AGEs (RAGE) and nuclear factor-κB. The blockade with an anti-RAGE antibody could significantly reduce the AGE-induced impairments and regulate the expression of these proteins (36). It has also been reported that ginsenosides could significantly improve behavioral profiles and repair the damage to the hippocampus by reducing the phosphorylation of the amyloid-β peptide and tau protein. Ginsenosides could also increase the γ-aminobutyric acid, acetylcholine, and dopamine levels and decrease those of glutamate and aspartic acid in the hippocampus and cortex and increase glycine and serotonin levels in the blood (37).

PG is widely used as an adjuvant in traditional medicine to enhance human immunity. Hundreds of studies conducted in vitro and in animal models have reported the anticancer or chemopreventive effects of PG. The anticancer effects of ginseng are mainly associated with the improvements in cell-mediated immunity, including activation of cytotoxic T cells and natural killer cells, while other mechanisms, such as oxidative stress, apoptosis, and angiogenesis, are also involved. However, the clinical effects of PG on cancer prevention are not clear. There are relatively few clinical studies focused on the immunomodulatory properties of PG.

Many elderly patients use herbal formulas for the relief of aging-related symptoms, which are not easily treated by conventional medicine. These patients usually have a number of chronic diseases and take more prescribed medications than the younger population does.

In our review, it was found that PG had a safe profile and was rarely associated with serious adverse events. Few reported effects included mild symptoms such as insomnia, headache, skin disorders, nasal bleeding, or hot flashes. Regarding drug interactions, PG inhibition of CYP2D6 was statistically significant, but the magnitude of the effect did not appear clinically relevant. PG can be used relatively safely in the elderly, but careful observation is necessary.

Many studies have not specified which PG they used; meanwhile, it is difficult to determine the efficacy of herbal crude drugs, unless the method of processing is clear. The Divine Husbandman's Classic of the Materia Medica, the earliest existing monograph of traditional Chinese medicine, prepared ~4,000 years ago, mentions that PG governs the tonification of five organs, quiets the consciousness, settles the ethereal soul and the corporeal soul, arrests palpitations and anxiety, expels pathogenic qi, brightens the eyes, opens the heart, and strengthens the resolve. According to this book, the use of ginseng can delay aging.

Accumulating evidence strongly suggests that ginsenosides are prodrugs that are activated in the body upon deglycosylation by intestinal bacteria and esterification with fatty acids (38). Orally ingested ginsenosides pass through the stomach and small intestine, without being broken down by either the gastric juice or liver enzymes, into the large intestine, where ginsenosides are deglycosylated by colonic bacteria, followed by their transit to the circulation. Colonic bacteria cleave the oligosaccharide connected to the aglycone in a stepwise manner, from the terminal sugar, to afford the major metabolites, 20S-protopanaxadiol 20-O-β-D-glucopyranoside and 20S-protopanaxatriol. These metabolites are further esterified with fatty acids. The resultant fatty acid conjugates are still active molecules, which are sustained longer in the body than are the parental metabolites. Changes in the microbiota with the age may influence the effect of PG. Therefore, further investigations of clinical use of PG in elderly patients are necessary.

Fermented ginseng products, containing ginsenoside metabolites, may have merit for standardizing ginseng efficacy (38). Therefore, it is necessary to distinguish ginseng products according to their spices and the method of processing. Previous reports have suggested further possibilities for PG application. We hope that further studies will elucidate the potential of PG for application in an aging society. The efficacy and safety of PG need to be scientifically assessed by verified observations.

Japan is an advanced aging society. Because most Kampo formulas are covered by the national insurance system, they have already been used as superior medicines for the management of frailty (39). Although this latter study was conducted on a Kampo formula extract, NYT, the results may reflect the medicinal efficacy of PG, which is the major crude drug in this formula. It has been empirically predicted that the Kampo prescription is more effective than PG alone. Among Kampo formulas, rikkunshito, hochuekkito, minjinyoeito, and kamikihito contain PG, and these formulas have been used for a long time to ameliorate malnutrition or a loss of physical activity. They may also be effective to prevent frailty.

The main limitation of this review is that no study has directly investigated the effect of PG on frailty. Instead we investigated frailty-related disorders, and the limitations of the available studies were small sample sizes and a poor methodological quality; besides, only a few studies targeted elderly people, and few included placebo controls. Larger, well-designed studies are needed to determine the effect of PG on frailty in the future.
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Post-marketing surveillance studies of traditional Japanese medicine in Japan are limited, and currently there are no data for Ninjin'yoeito, which is often used for the elderly because of its efficacy. In this study, we aimed to investigate the post-marketing safety and efficacy of Ninjin'yoeito in elderly patients over 65 years of age in clinical practice in Japan. This survey was an open-label, non-comparative, prospective, multicenter, post-marketing survey conducted at 383 centers between February 2016 and March 2017. In the safety analysis of 808 patients, adverse reactions were reported in 25 patients (3.1%), most of whom had gastrointestinal disorders (2.1%). In the efficacy analysis, Ninjin'yoeito was found to significantly improve visual analog scale scores in fatigue/malaise and anorexia at weeks 8, 16, and 24, and weeks 8 and 24 after commencement of treatment, respectively. In addition, the Basic Checklist created by the Ministry of Health, Labor and Welfare of Japan was used as a secondary survey item. The proportion of patients expected to require nursing care significantly decreased after 24 weeks compared with the baseline in four domains (activities of daily living, motor function, oral function, and depression). On the basis of physician assessment, Ninjin'yoeito was rated as “effective” or “moderately effective” in 486 (90.5%) of 537 cases. As the checklist contains many aspects of frailty, Ninjin'yoeito might be beneficial in preventing frailty. The findings of the present study indicate the safety of Ninjin'yoeito in aged patients, although further integrated clinical trials are necessary to examine its efficacy.

Keywords: ninjin'yoeito, post-marketing surveillance studies, elderly patient, basic checklist, frailty


INTRODUCTION

Aging is the balance between physiological damage and repair, and the ability to repair physiological damage is assumed to decline with age. The accumulation of physiological damage is presumed to increase the risk of frailty, such as loss of muscle volume, depression, and anorexia in elderly people. In particular, those individuals who have physiological and psychological complications (such as cardiovascular disease, diabetes, hypertension, cancer, and cognitive impairment) are reported to have a high risk of developing frailty-related symptoms.

Ninjin'yoeito (NYT, Ren-Shen-Yang-Rong-Tang in Chinese medicine) is a traditional Japanese medicine (Kampo medicine) that is used for individuals with deteriorated physical or psychiatric conditions, particularly among the elderly. A recent clinical study revealed that NYT has the potential to improve cognitive outcome and Alzheimer's disease-related depression in Alzheimer's patients (1). In addition, NYT is also reported to improve anorexia and loss of grip strength in elderly individuals (2, 3). Furthermore, NYT is reported to improve cancer cachexia in patients with multiple myeloma and fatigue in cancer survivors (4, 5). On the basis of these reports, we hypothesized that NYT would be the candidate drug for the treatment of the frailty symptoms observed in elderly individuals. However, to date no post-marketing survey or other relevant studies have been performed to determine the incidence of adverse drug reactions (ADRs) or the efficacy of NYT. Thus, in the present study, we conducted a post-marketing survey in elderly patients to evaluate the safety and effectiveness of NYT.



MATERIALS AND METHODS


Study Design and Subjects

This was an open-label, non-comparative, prospective, multicenter, post-marketing survey to investigate the safety, and efficacy of NYT for self-ambulatory outpatients aged 65 years or older with at least one of the following indications: deterioration in constitution after disease, fatigue/malaise, anorexia, night sweat, coldness of limbs, and anemia. Subjects visited hospitals or clinics at baseline (week 0), and thereafter at weeks 8, 16, and 24. Written informed consent to participate in the study was obtained from each subject or his or her legally authorized representative. The data were collected from February 2016 to March 2017.



Plant Materials and Preparation of the Extract

NYT, produced by Kracie Pharma Ltd, is composed of the following 12 dried medicinal herbs: Rehmannia root, Japanese Angelica root, Atractylodes rhizome, Poria sclerotium, Ginseng, Cinnamon bark, Peony root, Citrus Unshiu peel, Polygala root, Astragalus root, Schisandra fruit, and Glycyrrhiza (Table 1). Each plant material was identified based on external morphology and authenticated by marker compounds of plant specimens according to the method of the Japanese Pharmacopeia and company's standards.



Table 1. Medicinal herb composition of Ninjin'yoeito.
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Survey Item

Patient characteristics [age, sex, height, body weight, body mass index (BMI), comorbidities, and concomitant medications] and the usage of NYT (indications for use, administration) were evaluated.



Safety

The occurrence of adverse events (including abnormal laboratory values) during the use of NYT, were evaluated by recording the events, date of onset, severity, outcome (including date of outcome), measures taken, subsequent use of NYT, and a causal relationship with NYT. In addition, adverse events for which drug causality could not be excluded are considered as ADRs in this study. The ADRs were classified on the basis of system organ classes (SOC) and preferred terms (PT) of MedDRA/J ver. 20.0. The incidence of ADRs was calculated by the equation as follows:

[image: image]



Efficacy

At baseline and each of the subsequent 8-week-interval follow-up visits, the following parameters were assessed: (1) fatigue/malaise and anorexia, using a visual analog scale (VAS), (2) Basic Checklist, (3) severity of the decline in constitution after disease, night sweat, coldness of limbs, and anemia, which were rated by treating physicians on a 4-point scale (3, severe; 2, moderate; 1, mild; and 0, none), (4) body weight, (5) BMI, (6) overall improvement, which was evaluated at the end of the survey by treating physicians on a 4-point scale (3, effective; 2, moderately effective; 1, ineffective; and 0, unevaluable) based on their comprehensive assessment of signs and symptoms noted during the follow-up period.

The Basic Checklist is a questionnaire comprising 25 items (Table 2), which was created by the Ministry of Health, Labor, and Welfare of Japan. It represents a unique screening test used to assess and predict the risk of frailty. According to the criteria, a person with either a total score of ≥10 for questions 1–20 (activities of daily living), ≥3 for questions 6–10 (motor function), = 2 for questions 11 and 12 (nutrition), ≥2 for questions 13–15 (oral function), or ≥2 for questions 21–25 (depression) was considered to be in need of care dependency.



Table 2. Basic checklist.
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Statistical Analysis

Quantitative data, including age and height, are shown as mean ± standard deviation (SD) values. The categorical data, including sex, comorbidities, concomitant medications, and drug usage are shown in terms of frequency. VAS and severity scores for each disease were analyzed using a paired t-test with Bonferroni adjustment. Body weight and BMI were analyzed using a paired t-test. The scores in the five domains of the Basic Checklist (activities of daily living, motor function, nutrition, oral function, and depression) were evaluated using the McNemar test. The statistical software “EZR” (Easy R), which is based on R and R commander (6), was used for statistical analysis. A value of p < 0.05 was considered statistically significant.



Information on Medical Ethics

This survey was conducted according to the Ordinance on Standards for Conducting Post-marketing Surveillance and Studies on Drugs (Japanese Ministry of Health, Labor and Welfare Ordinance No. 171, issued on December 20, 2004).




RESULTS


Patient Disposition

During the survey period, 954 patients were registered at 383 contracted medical facilities nationwide. From these patients, we collected 910 survey forms. The disposition of the patients is shown in Figure 1. Of the 910 patients surveyed, 808 were included in the population evaluated for safety after excluding 102 patients due to the following factors: violations of entry criteria (n = 43), treatment never started (n = 2), loss to follow-up after baseline (n = 46), and unknown compliance (n = 11). Among those individuals in the safety population, 271 patients were excluded due to violations of the exclusion criteria (n = 132), poor compliance (n = 16), an overall improvement rating of “unevaluable” (n = 88), and assessment not being performed as scheduled (n = 35), leaving 537 patients in the population used to assess effectiveness.


[image: image]

FIGURE 1. Patient disposition.





Patient Characteristics

The safety analysis assessed 210 males (frequency, 26.0%) and 598 females (74.0%) aged 77.8 ± 7.4 years (mean ± SD), with an average height of 153.5 ± 8.9 cm. Of the 808 patients, 538 patients (66.6%) had comorbidities and 262 patients (32.4%) did not, and 664 patients (82.2%) received concomitant medications and 130 patients (16.1%) did not (Table 3).



Table 3. Patient characteristics.
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The reasons for the use of NYT were fatigue/malaise in 589 cases (41.1%), coldness of limbs in 271 cases (18.9%), anorexia in 253 cases (17.6%), deteriorated constitution after disease in 189 cases (13.2%), anemia in 72 cases (5.0%), and night sweat in 60 cases (4.2%). A total of 731 patients (90.5%) received the maximum daily dose of 7.5 g, and 616 (76.2%) and 163 (20.2%) patients followed a twice daily and three times-daily dosing schedule, respectively (Table 4).



Table 4. Drug usage.
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Safety

The incidence of ADRs among the surveyed patients is presented in Table 5A. In the safety analysis (n = 808), 31 incidents of ADRs occurred in 25 patients, with an incidence of 3.1%. Among these 25 patients, five patients had more than two types of ADRs. The most common ADRs were gastrointestinal disorders occurred in 17 patients (2.10%), including five cases of nausea, four of abdominal discomfort, three of diarrhea, and two of constipation, and so on. Besides them, three each of metabolism and nutritional disorders, skin and subcutaneous tissue disorders, and general disorders and administration site conditions, together with one each of psychiatric disorders, vascular disorders, and hepatobiliary disorders were recorded in this study (Table 5B).



Table 5. Incidence of adverse drug reactions (ADRs)*.
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Table 5B. Incidence of individual type of adverse drug reactions (ADRs).
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The time period before event onset was as follows; ≤1 week in 10 cases; ≤2 weeks in 12 cases; ≤1 month in 17 cases; and ≤2 months in 21 cases (cumulative numbers). The result indicated that approximately 70% of the reported ADRs occurred within the first 2 months of treatment. In terms of severity, there was one case of cholecystitis leading to hospitalization (with an unknown causal relationship with NYT) and one case of non-mild constipation (with a causal relationship with NYT); the remaining 29 cases were classified as mild. The outcome was reported as “recovered” in 20 cases and “recovering” in eight cases.



Efficacy

Changes in Symptom Scores on the VAS and Severity Scale

Compared with baseline scores, NYT significantly improved VAS scores relating to fatigue/malaise and anorexia at weeks 8, 16, and 24, and weeks 8 and 24, respectively (Figure 2). In addition, severity scores for deteriorated constitution after disease, night sweat, coldness of limbs, and anemia significantly improved at weeks 8, 16, and 24 compared with those at baseline (Figure 3). Furthermore, the severity scores for these symptoms were significantly improved at week 24 compared with those at week 8, and the score for coldness of limbs was significantly improved at week 16 compared with that at week 8.
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FIGURE 2. Effectiveness of Ninjin'yoeito against fatigue/malaise and anorexia. Changes in VAS scores for fatigue/malaise and anorexia after Ninjin'yoeito (NYT) administration, Data are presented as the mean ± standard deviation, *p < 0.05 and **p < 0.01 compared with the baseline as determined using the Bonferroni method. VAS, visual analog scale; (n), number of patients.




[image: image]

FIGURE 3. Effectiveness of Ninjin'yoeito according to physician assessment. Changes in severity scores for deteriorated constitution after disease, night sweat, coldness of limbs, and anemia after Ninjin'yoeito (NYT) administration, Data are presented as the mean ± standard deviation, *p < 0.05 and **p < 0.01 compared with the baseline as determined using the Bonferroni Method. (n), number of patients.



Change in Body Weight and BMI

Body weight and BMI were analyzed in 275 patients whose data at both baseline and week 24 were determined. Mean body weight and BMI increased significantly from 49.4 ± 9.0 kg and 20.9 ± 2.6 kg/m2 at baseline to 50.0 ± 9.0 kg and 21.2 ± 2.6 kg/m2 at week 24, respectively (n = 275, p < 0.01 for both). The mean body weight and BMI of males was 58.1 ± 9.0 kg and 21.4 ± 2.7 kg/m2 at baseline and 58.4 ± 9.5 kg and 21.5 ± 2.8 kg/m2 at 24 weeks, respectively (n = 68: no significant difference for both).The mean body weight and BMI of females was 46.5 ± 6.9 kg and 20.7 ± 2.5 kg/m2 at baseline and 47.2 ± 6.8 kg and 21.0 ± 2.5 kg/m2 at 24 weeks, respectively (n = 207, p < 0.01 for both).

Change in the Scores Assessed Using the Basic Checklist

Figure 4 shows the percentages of patients who met the cut-off criteria for the five domains (activities of daily living, motor function, nutrition, oral function, and depression) at baseline and week 24. The percentage of patients who were considered to be in need of care dependency decreased significantly at week 24 in terms of activities of daily living (questions 1–20, Figure 4A), motor function (questions 6–10, Figure 4B), oral function (questions 13–15, Figure 4D), and depression (questions 21–25, Figure 4E). The changes observed in the nutrition domain (questions 11 and 12, Figure 4C) were not significant.
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FIGURE 4. Effectiveness of Ninjin'yoeito as determined by Basic Checklist assessment. Changes in the risk ratio of care dependency accessed using the Basic Checklist after Ninjin'yoeito (NYT) administration: questions 1–20 for activities of daily living assessment (A), questions 6–10 for motor function assessment (B), questions 11 and 12 for nutritional assessment (C), questions 13–15 for oral function assessment (D), and questions 21–25 for depression assessment (E). Data are presented as the mean ± standard deviation, *p < 0.05 and **p < 0.01 compared with the baseline as determined using the McNemar test. According to the criteria, a person with a total score of ≥ 10 for questions 1–20 (activities of daily living), ≥ 3 for questions 6–10 (motor function), = 2 for questions 11 and 12 (nutrition), ≥2 for questions 13–15 (oral function), or ≥2 for questions 21–25 (depression) was considered to be in need of care dependency; Basic Checklist, the 25-item Basic Checklist; (n), number of patients.



Overall Improvement

In the effectiveness analysis (n = 537), treatment was rated as “effective” in 219 patients (40.8%), “moderately effective” in 267 patients (49.7%), and “ineffective” in 51 (9.5%) patients (Figure 5).


[image: image]

FIGURE 5. Overall improvement in response to Ninjin'yoeito administration according to physician assessment.






DISCUSSION

At present there is no post-marketing survey available for NYT, and the present study is the first post-marketing reports for NYT. We found that the incidence of ADRs was 3.1% (Table 5A) and the major adverse reactions were gastrointestinal disorders (2.1%; Table 5B). Approximately 70% of ADRs in the cumulative incidence of adverse reactions occurred within 2 months after the administration of NYT.

VAS scores indicated that fatigue/malaise and anorexia scores improved after administration of NYT (Figure 2). According to the judgments of the physicians in charge, the severity scores were significantly improved in each of the following items: the deteriorated constitution after disease, night sweat, coldness of limbs, and anemia (Figure 3). Furthermore, we found that NYT increased BMI at week 24 especially in female patients. Interestingly, previous study suggested that mortality was related with the BMI score in older women with frailty (7). A recent report has indicated that NYT strengthened grip power in a comparative open-label trial in patients aged 65 and older (3). Moreover, anorexia and apathy improved following NYT administration in patients with dementia (8). These findings and those of the present trial indicate the beneficial effects of NYT in elderly people.

The Basic Checklist, a screening tool used to detect subjects in need of nursing care dependency, has many frailty-related aspects (9), as frailty is known to be closely related to the need of future care dependency. The satisfactory validity of the Basic Checklist has previously been verified by Kamegaya et al. (10), who followed 21,325 functionally independent elderly people for 3 years, and found that the subjects with more negative answers to Basic Checklist questions, particularly questions 1–20, had higher odds ratios for care dependency. In the present study, NYT improved the index of 1–20 in the Basic Checklist (Figure 4). These results indicate that NYT might have the potential to decrease the need for care dependency.

Questions 21–25 of the Basic Checklist are used for the detection of depression. In the present study, ratings were improved for all of these five questions, suggesting that NYT might reduce the risk of psychiatric/psychological frailty. According to a previous study (1), the depression ratings of Alzheimer's patients receiving both donepezil and NYT treatment, were significantly improved after 2 years treatment, by comparing with those receiving donepezil alone. In this context, the results of Kudoh et al. support our current findings.

As shown in this trial, NYT improved many Basic Checklist items, and it is thus possible that NYT not only prevents physical frailty but also psychiatric/psychological frailty.

Our study has some limitations, the most important of which is that there was no control group. Accordingly, further trials on the safety and efficacy of NYT are highly desirable.



CONCLUSIONS

The findings of the present post-marketing survey for NYT indicate that the administration of this drug does not cause serious ADRs and might improve not only physical but also psychiatric/psychological frailty in elderly people. Further trials that include control groups are warranted.
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Renshen Yangrong Decoction has been used to treat asthenic disease symptoms, such as exhaustion, and qi and blood deficiency diseases. It not only promotes hematopoietic function and improve immune functions, but also alleviates coronary heart diseases, diabetic complications, malignant tumor, and brain injury. It has satisfactory curative effect on sleep disorders and fatigue. Herein, we provide an overview of fundamental research on Renshen Yangrong Decoction focusing on its hematopoietic and immune functions and the status of clinical research with regard to the above-mentioned diseases in recent years.

Keywords: Renshen Yangrong Decoction, hematopoiesis, immune function, pharmacology, clinical treatment


INTRODUCTION


History of Renshen Yangrong Decoction (RYD)

RYD, previously known as yangrong decoction, was originally prepared by Dr. Chen Yan, a doctor belonging to the Southern Song Dynasty. This traditional Chinese herbal prescription has been recorded in the book “Treatise on Three Categories of Pathogenic Factors,” written in 1174. Subsequently, this decoction was named “Renshen Yangrong Decoction” in the book “Prescriptions of the Bureau of Taiping People's Welfare Pharmacy.”



Composition and General Pharmacological Action of RYD

The decoction is composed of ginseng, astragalus, Atractylodes macrocephala, Poria cocos, Angelica sp., radix paeoniae alba, processed rehmannia root, dried tangerine or orange peel, cortex cinnamomi, Schisandra chinensis, Polygala sp., and licorice. In traditional Chinese medicine, this decoction is prescribed to treat conditions such as fatigue; qi and blood deficiency; lusterless complexion; laziness; tastelessness; limb stagnation; bone and flesh ache; cough and asthma heart blood weakness; heart palpitation; pharynx and lip dryness; spontaneous perspiration; night sweating; chest, palm, and sole dysphoria [fever]; chilly sensation; cold limbs; and weak pulse (1). However, the diseases in Western medicine for which RYD could be suitable have not been clearly identified. Pharmacological studies on the ingredients of RYD have shown that ginseng can promote the proliferation of hematopoietic cells in the bone marrow and increase white blood cells, red blood cells, and hemoglobin in the peripheral blood (2). Astragalus membranaceus has dual immunomodulatory activity (3). Atractylodes macrocephala can promote cellular immune function (4). Poria coco can enhance immunity and exert anticancer and cytotoxic effects (5). Angelica sinensis has anticoagulant and inhibitory effects on fibrous tissue proliferation (6). Rehmannia glutinosa was reported to promote the proliferation and differentiation of mouse pluripotent hematopoietic stem cells and significantly increase the number of erythroid colonies (7). Schisandra chinensis can increase white blood cell count, enhance immunity, and exert anticancer effect (8). Polygala sp. enhances immunity (9). Tangerine peel can antagonize the mutagenicity of a variety of chemotherapeutic drugs, such as fluorouracil, thiothiazine, and cyclophosphamide, and can significantly protect germ cells from damage induced by cyclophosphamide in male mice (10). Licorice exerts antiviral, lipid-lowering, anti-atherosclerotic, detoxifying, anti-arrhythmic, anti-tumor, and anti-oxidation effects (11). Herein, we summarize the basic properties of RYD and its clinical application in promoting hematopoiesis and immune function.




BIOACTIVITIES OF RYD


Promotion of Hematopoiesis

A previous study, which evaluated the effect of RYD on human peripheral blood mononuclear cells, reported that RYD can promote the proliferation of granulocyte-macrophage colony-stimulating factor. Compared with monotherapy, butylopinin combined with RYD significantly promoted the colony formation ability of granulosa cells and improved hematopoietic function after chemotherapy (12). Bao et al. reported that RYD does not directly act on T lymphocyte subset (CD3 and CD4)-positive cells but improves hematopoiesis in the presence of antigen-presenting cells. Moreover, it stimulates the activity of monocytes, promotes an increase in splenocytes, and stimulates the recovery of erythrocytes. It can also stimulate the production of colony stimulating factor, promoting the formation of IL-6 and differentiation of lymphocytes, monocytes, and granulocytes (13). A study on the effects of RYD in a bone marrow suppression mice model indicated that it can promote the recovery of hematopoietic system function, thus improving hematopoiesis and increasing the number of peripheral blood cells and marrow nucleated cells and the hematopoietic area of the marrow. It also stimulated the colony formation ability of hematopoietic stem/progenitor cells (erythrocytes, granulocytes, and megakaryocytes) cultured in vitro. This resulted in reduction of early and late apoptosis in hematopoietic stem/progenitor cells, accelerating the proliferation, and differentiation of hematopoietic stem/progenitor cells, unblocking the DNA pre-synthesis phase (G1 phase), and shortening the transformation cycle of hematopoietic stem/progenitor cells to active phase (phase S and G2/M). RYD is mainly involved in the regulation and functional recovery of the hematopoietic system in mice with bone marrow suppression through the above pathway, thus promoting hematopoietic function (14).



Regulation of Immune Function in Mice

It has been proved that RYD can enhance the cytotoxic activity of T lymphocytes, thereby increasing the number of CD4+ and CD8+ T cells and exerting a positive regulatory effect on the production of immunoglobulin G in immunodeficient mice; cyclophosphamide was used to inhibit the immune function of mice as a reference. It has also been confirmed that RYD as a traditional Chinese medicine prescription can activate and enhance the function of non-specific natural killer cells to improve cellular and humoral immunity (15). It also significantly enhances the lymphocyte transformation rate in mice (16). Ten patients with herpes zoster were randomly divided into two groups: the control group received basic antiviral treatment and the treatment group received RYD and basic antiviral treatment simultaneously. A comparison of time required for pain relief and recurrence after 3 months between the two groups revealed that the time required for relieving herpes zoster neuralgia in the treatment group was significantly shorter than that in the control group, and there was no recurrence of herpes zoster neuralgia after 3 months in the treatment group. Thus, it is believed that RYD can improve immune function and effectively relieve and prevent herpes zoster neuralgia (17).




APPLICATION OF RYD IN THE TREATMENT OF VARIOUS DISEASES


Application of RYD in Treatment of Coronary Heart Diseases and Diabetic Complications

The various stages of coronary heart diseases have a close relationship with qi and blood. According to Prof. Lin Huijuan's theory of “Qi and blood coordination leads the heart vessel run,” Zhan et al. used RYD to regulate qi and blood to treat coronary heart diseases. Good clinical efficacy was observed in the treatment of subclinical angina, myocardial infarction, and ischemic cardiomyopathy of coronary heart diseases (18, 19). Cong reported that RYD had lesser adverse effects upon long-term administration to 17 patients with ischemic heart disease (administration for more than 8 weeks). The results showed that RYD can inhibit platelet activity, suggesting its antiplatelet aggregation effect; therefore, RYD can be used to treat and improve the clinical symptoms of ischemic heart diseases (20). The “HeXue ShengLuo Recipe” Chinese herbal prescription combination of astragalus, ginseng, prepared rehmannia root, angelica, radix paeoniae, ligusticum (chuanxiong), and Rhodiola sp. can promote the proliferation, migration, and DNA synthesis of human umbilical vein endothelial cells, suggesting that it promotes angiogenesis. It might be one of the mechanisms by which RYD prevents and treats ischemic heart disease (21). Sixty patients with diabetic foot ulcers were administered blood sugar control and anti-infective therapy according to their condition, patients all with systemic infection control. The patients with effective external treatment for foot wound were randomly divided into the control and treatment groups. The treatment group was additionally administered oral RYD, and the clinical indicators were observed and compared with those of the control group, such as meat purification time, granulation flat surface time, epithelialization time, wound healing time, and serum albumin level. The results showed that RYD significantly increased the serum albumin level, improved the nutritional status of patients, and shortened the healing time (22). Another study has shown that RYD has a positive effect on self-sensory somatic symptoms of diabetes such as cold sensation, numbness, vertigo, general fatigue, and limb pain. Moreover, a significant difference was observed before and after treatment, indicating that RYD had a positive effect on the improvement in somatic symptoms in patients with diabetes (23).



Application of RYD on the Clinical Treatment of Malignant Tumor

Currently, the toxicity and adverse reactions of radiotherapy and chemotherapy in the clinical treatment of malignant tumor are important factors that lead to anorexia, emaciation, weakness, and even shorten the survival period. Bone marrow suppression mainly causes leukocytopenia, thrombocytopenia, and erythrocytopenia, leading to weakness, exhaustion, and immunity loss, affecting the quality of life and prognosis of cancer. A pharmacological study of RYD in the treatment of lung cancer patients with qi-yin deficiency revealed that the decoction constituents radix astragali, ginseng, Angelica sinensis, and radix rehmannia preparata can activate the immune system, increasing the ratio of T lymphocyte and improving the immune function of tumor cells. Astragalus, Codonopsis pilosula, and Atractylodes macrocephala can enhance phagocytosis ability of the reticuloendothelial system and exert inhibitory effect on T suppressor cells, thereby enhancing hematopoiesis. Poria cocos and Angelica sinensis have an obvious anticancer activity and can promote immunity. Schisandra chinensis can inhibit the proliferation of cancer cells and improve immunity (24). Zeng Jiao Fei administered chemotherapy drugs and RYD to nude mice with gastric cancer, and then analyzed two T cell subsets and quantified the TNF-α level and spleen and thymus indices. The results revealed that RYD can enhance the immune function of mice after chemotherapy by regulating the expression of T cell subsets and TNF-α in the blood and ameliorate thymus and spleen atrophy in mice that received chemotherapy of varying degrees, thereby improving the immune function (25). It can also improve low immunity and emaciation due to tumor growth or adverse effects of radiotherapy and chemotherapy, such as leukocyte reduction, thrombocytopenia, hemoglobin reduction, nausea, vomiting, arrhythmia, hair loss, and fever (26). It can also effectively improve the completion rate of chemotherapy and reduce the incidence of tissue swelling, fatigue, palpitations, and insomnia (27). A recent analysis of curative effect of RYD combined with chemotherapy for advanced lung cancer with deficiency of both qi and yin showed that the total effective rate was 86.67%, with a complete remission rate of 33.33%, partial remission rate of 43.33%, mild remission rate of 10%, and stability rate of 13.33%. Furthermore, the curative effect of RYD combined with chemotherapy was better than that of chemotherapy alone (24). A study of the effects of RYD combined with chemotherapy for advanced lung cancer showed that short-term (2 months) treatment led to complete remission in 8 cases (25%), partial remission in 10 cases (31.25%), no change in 9 cases (28.13%), and deterioration in 5 cases (15.62%), and the effective rate was 56.25%, which was better than that of the control group. The long-term survival rate of the treatment group was 100% (32 cases) in 1 year, 78.13% (25 cases) in 2 years, and 43.75% (14 cases) in 3 years, and the annual survival rate was better than that in the control group (28). These data suggest that short- or long-term combination treatment with chemotherapy and RYD can better relieve the clinical symptoms and improve the survival rate. Research on the application of RYD in the treatment of breast cancer revealed that long-term use of RYD after chemotherapy can improve immunity and hematopoietic function to some extent. Improvement in the quality of life, suppression of bone marrow, and alleviation in nausea, vomiting, and other gastrointestinal reactions in the treatment group were better than those in the control group. The results suggest that RYD can reduce toxic reactions induced by chemotherapy and improve the quality of life in patients with breast cancer (29). Some studies have investigated the effect of ginseng yangrong decoction on immune function in lung cancer patients with qi-yin deficiency undergoing chemotherapy. It has been reported that ginseng yangrong decoction can effectively improve the short-term clinical efficacy, improve the quality of life and immune function, and reduce the occurrence of toxic and adverse effects in patients (30).



Therapeutic Effect of RYD on Trauma

Renshen Yangrong Decoction can effectively improve the degeneration and loss of cortical and hippocampal neurons in rats with craniocerebral trauma. Through TGF-β1/Smad signaling pathway, RYD can increase the serum levels of decorin, TGF-β1, Smad2, and Smad3. Inflammatory mediators stimulate tissue factors to inhibit the inflammatory reaction caused by craniocerebral injury and improve the degree of traumatic brain injury (31). Previously, rats with open abdomen and abdominal suture were divided into normal and low nutrition groups and administered RYD before operation, after operation, and before and after operation. Daily biochemical determination of serum amino acids and measurement of body weight showed that RYD can improve wound healing disorder caused by low protein and reduce postoperative emaciation with preoperative administration. Furthermore, RYD was found to be effective in rats subjected to low nutrition treatment, preventing wound healing complications and recovering physical strength after operation (32).



Therapeutic Effects of RYD in Insomnia

Insomnia is a common sleep disorder, which is mainly caused by social, psychological, and awakening disorders. It is believed that deficiency of both qi and blood can cause various clinical symptoms such as less-lazy statement, fatigued spirit, weakness, palpitation, spontaneous sweating, vertigo, and pale or sallow complexion. Yingying carried out a control study in 68 patients with insomnia due to qi and blood deficiency and reported that the total effective rate of the observation group was 94.12%, which was significantly higher than that of the control group (82.36%), and the difference was statistically significant (P < 0.05). Thus, RYD can significantly improve the symptoms of insomnia and quality of life of patients with the deficiency of qi and blood. Furthermore, studies have shown that the prescription is safe and painless, with limited adverse effects (33). One hundred and four patients with COPD plateau and sleep disorders were randomly divided into treatment (54 patients) and control groups (50 patients). The control group was administered alprazolam tablets and the treatment group was administered the coordinate ginseng glory tonga subtraction treatment. After 2 weeks, the two groups were observed for clinical curative effect and changes in Athens insomnia scale (AIS) score. The results revealed that the total effective rate of the treatment group was 88.89%, which was significantly higher than that of the control group (74.00%, P < 0.01). It can be concluded that ginseng yangrong decoction with or without treatment COPD stable period has a significant effect in patients with sleep disorder (34).



Therapeutic Effect of RYD on Fatigue

Renshen Yangrong Decoction is a representative prescription for the treatment of asthenic overstrain. Studies have shown that RYD plus Xiaoyao San can significantly improve fatigue symptoms in patients with chronic fatigue syndrome (35). Geng et al. chose 31 patients with chronic fatigue syndrome to observe the therapeutic effects of RYD. The results showed a significant curative effect in 20 patients (64.5%), effective in 8 patients (25.8%), and invalid in 3 patients (9.7%), and the total effective rate was 90.3%. This suggests that RYD has a significant effect in patients with chronic fatigue syndrome (36). Experiments in mice have showed that RYD can improve fatigue resistance, hypoxia tolerance, and high and low temperature resistance, and alleviate fatigue and stress (37). Moreover, RYD can alleviate fatigue symptoms in patients with advanced lung cancer receiving chemotherapy, thus improving the overall quality of life, physical function, and dyspnea (38).



Therapeutic Effect of RYD on Dementia

Yamamoto divided 37 patients with Alzheimer's dementia into two groups: the experimental group comprised 27 patients who were administered RYD and the control group comprised 10 patients who received bifemelane. The results showed that the overall improvement rate after 8 weeks was 55.6% in the experimental group and 33.3% in the control group. In the experimental group, emotional disturbance, anxiety, irritability, and other somatic symptoms were improved significantly. Laboratory examination showed significant improvements in estrone level, cholinesterase activity, serum total protein level, red blood cell count, and body weight. Therefore, RYD is effective in treating patients with Alzheimer's dementia with low estrone level (39).



Other Therapeutic Effects of RYD

Adhering to the principle of “homotherapy for heteropathy” and the pathogenesis of qi and blood deficiency, RYD addition and subtraction presented good clinical effects in the treatment of viral hepatitis, insomnia, alopecia, and prolonged menstruation (40). It has satisfactory clinical efficacy in internal medicine (for cold, body weakness, and myocardial ischemia), pediatrics (for infantile chancre syndrome), and gynecologics (for lack of lactation and menopause syndrome) (1). It also has a significant effect in lowering the level of triglyceride and preventing the appearance of low- and high-density lipoproteins (41). Tremor syndrome due to qi and blood deficiency (such as Parkinson's syndrome and Parkinson's disease) is very common in clinical practice. Renshen Yangrong Decoction is a warm supplement prescription suitable for this syndrome. A clinical analysis of the effect of ginseng tonic soup combined with madopar compared with madopar alone for the treatment of syndrome of tremor of qi and blood deficiency has been conducted according to the evaluation criteria of the efficacy of anti-Parkinson drugs. The results showed that RYD combined with madopar can improve somatic symptoms compared with that of madopar treatment alone (42).




PROSPECTS

Renshen Yangrong Decoction has good clinical effects in the treatment of qi deficiency, blood deficiency, and other symptoms. Considering its hematopoiesis-promoting and immunity-enhancing functions, RYD is promising in the field of western medicine for the treatment of debilitating conditions caused by diseases such as hematological diseases and tumors, expanding its clinical applications. According to inter-individual variability in diseases and physique, adjusting the dosage, and drug composition may have a significant effect on clinical effects. The pharmacological action mechanism of drug components and clinical application for other kinds of diseases with difficulty in diagnosis need to be further studied.
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Esculentoside N
Esculentoside K
Phytolaccoside B
Esculentoside |
Esculentoside F
Esculentoside G
Esculentoside H
Esculentoside L
Phytolaccoside E
Phytolaccoside F
Esculentoside D
Phytolaccoside D
2-hydroxyl esculentic acid
Esculentoside A
Esculentoside B
Esculentoside C
Phytolaccagenin
Esculentoside £
Phytolaccagenic acid

RT (min)

2.72
3.75
391
431
4.76
6.10
6.28
6.31
6.51
717
7.27
7.38
7.44
7.51
7.99
9.48
11.84
13.49
18.54

Molecular formula

Cs4Hee0z6
CsaHesO25
CagHse011
CagH78022
Ca1HpaOt6
CagH7a021
CagH76021
CagH76020
CazHesOte
CagH76019
Ca7Hss012
CazHe6015
CagHas07

CazHesOr6
CasHs011
CazHeeO1s
Ca1HagO7

CasHsaO11
Ca1Ha06

Neutral mass (Da)

1150.54073
1134.54582
664.38226
1018.49847
812.41944
988.48791
988.48791
972.49299
826.43509
956.49808
694.39283
810.44017
518.32435
826.43509
664.38226
810.44017
532.34000
650.36661
516.34509

Adducts
+HCOO, —H
+HCOO, —-H
+H, +Na, +NH4
—H

+HCOO, —-H
+HCOO
+HCOO, —H
+HCOO,
+HCOO,
+HCOO,
+HCOO,
+HCOO, -H
~H, +HCOO
+HCOO, —H
+HCOO, -H
+HCOO, —H
+NH4, +Na, —e
—H

—H
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B Adjusted OR (95% Cls) P value

Appetite —1.041 0.353 (0.155-0.805) 0013
Feeling full ~1.138 0.320 (0.135-0.761) 0010
Feeling hunger -0.160 0852 (0.455-1.596) 0618
Food taste ~0:340 0712 (0.335-1.511) 0376
Food tastes comparedto  —1.207 0.299 (0.109-0.818) 0019
‘when younger

Meal frequency per day ~0.282 0.754 (0.227-2.507) 0645
Feel sick or nauseated -0226 0798 (0.305-2.086) 0645
when eating

Usual mood -0299 0.741 (0.332-1.658) 0.466

Adjusted for gender, age, education, Mini-Mentel State Examination, Barthel Index,
Lewton Index, 15-item Geriatric Depression Scale, Vitalty Index, body mass index,
Mini-Nutiitional Assessment-Short Form, physical activity, curent smoker, comorbid
conditions, and polypharmacy.
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Gender
Age

Education

MMSE

Barthel index
Lawton index
GDS-15

Vitality Index
Physical activity
Body mass index
cNAQ

MNA-SF

Current smoker
Comorbid conditions
Polypharmacy

CNAQ, Council on Nutrition Appetite Questionnaire; GDS-15,

1.001
0.078
0.058
0.072
-0.070
—0.400
0.101
-0.047
0.746
-0.393
-0.266
0.179
1.029
-0.214
1.502

OR (95% Cls)

2721 (0.380-19.482)
1.081 (0.962-1.216)
1.060 (0.831-1.351)
1.075 (0.881-1.311)
0932 (0.805-1.078)
0.670 (0.382-1.178)
1.106 (0.909-1.346)
0954 (0.542-1.679)
2.108 (0.723-6.146)
0.675 (0.534-0.853)
0.774 (0.630-0.952)
1.196 (0.850-1.684)

2797 (0592-13.215)
0.808 (0.465-1.403)
4.489 (1.315-15.320)

P value

0319
0.189
0.640
0.475
0.344
0.164
0316
0.872
0172
0.001
0.015
0.304
0.194
0.448
0.016

15-item  Geriatric

Depression Scale; MMSE, Mini-Mental State Exemination; MNA-SF, Mini-Nutritional

Assessment-Short Form.
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Female, n (%)

Age, years

AD, n (%)

Education, years

Marital status, n (%), n = 203
Never married

Married

Living alone, n (%), n = 204
Need for financial support, n (%), n = 199
MMSE, score

Barthel Index, score

Lawton Index, score

Male

Female

Vitality Index, score

GDS-15, score

SMI, kg/m?

Grip strength, kg

Gait speed, s/m

Physical activity, inactivity, n (%)
Body Mass Index, kg/m2

CNAQ, score

A. Appetite

B. Feeling full

G. Feeling hunger

D. Food tastes

E. Food tastes compared to when younger
F. Meal frequency per day

G. Feel sick or nauseated when eating
H. Usual mood

MNA-SF, score

Current smoker, n (%)

Drinking Status, n (%)

Never

Ethanol <43.2 g/day

Ethanol > 43.2 g/day
Polypharmacy, n > 5, n (%)
Anti-dementia drug, n (%)
Comorbid conditions

Diabetes melltus, n (%)
Hypertension, n (%)

Dyslipidernia, n (%)

Cardiac disease, n (%)

Pulmonary disease, n (%)

Serum albumin, g/dl, n = 156
Serum total protein, g/dl, n = 156
C-reactive protein, mg/dl, n = 150
25(0H)D, ng/ml, n = 113

Overall
n =205

130 (63.4)
772+51
54(26.3)
108+23

3(15)
200 (98.5)
24(11.8)
12(59)
247+£26
98887
6.1+17
44£08
7013
9.4£10
28+26
6.4+ 1.0
23373
10402
53(25.9)
21981
28828
34+08
37£06
26+09
36+07
32+06
39403
48+05
36+07
11.7+19
1783)

126 (61.5)
75.(36.6)
420
78(38.0)
54(26.3)
10+1.0
29(14.1)
89(43.9)
71(34.6)
12(65.9)
9(4.4)
44+03
73£04
0.11£03
21297

Those with
sarcopenia
n=30

22(73.3)
794£50
8(26.7)
103 £2.0

0(0.0)
30 (100.0)
5(167)
0(0.0)
24427
975 +54
57+16
43£09
6314
91x11
40+3.4
5506
167 £5.1
09£03
12 (40.0)
200£25
26735
30£07
33:06
24+08
3307
29:05
38+05
47+08
33+06
10.7 £1.7
5(16.7)

23(76.7)
7233
0(0.0)
19 (63.3)
8(26.7)
11£11
3(10.0)
14 (48.7)
11(36.7)
4(13.3)
2(6.7)
43+£32
7.4£04
01204
18.4£60

Those without P value
sarcopenia
n=175
108 (61.7) 0305
769 £5.1 0.011
46 (26.3) 1.000
10924 0233
1.000
3(1.7)
170(98.3)
19 (109) 0362
12(69) 0221
247£26 0411
99.0+83 0.041
61+17 0.197
45+08 0.445
71£12 0.003
9.4£10 0013
26+28 0.062
6609 <0.001
24470 <0.001
1002 0.054
41(23.4) 0071
22331 <0.001
20125 <0.001
35+08 0,001
37£05 <0.001
26+09 0294
36£06 0013
32+06 0016
39403 0215
48+0.4 0.838
37£07 0,002
18+18 0.001
12(69) 0.082
0.158
103 (58.9)
68(389)
423
59(33.7) 0.004
46 (26.3) 1.000
10+1.0 0.635
26(14.9) 0583
75 (42.9) 0696
60 (34.3) 0.837
8(4.6) 0.080
4(4.0) 0623
44+03 0.110
73+05 0235
0.11£03 0.369
216+ 10.1 0337

AD, Aizheimer's disease; CNAQ, Council on Nutrition Appetite Questionnaire; GDS-15, 15-item Geriatric Depression Scale; MMSE, Mini-Mental State Examination; MNA-SF, Mini-
Nutritional Assessment-Short Form; SMI, Skeletal Muscle mass Index. Data are shown as mean = standard deviation or n (%). P value are for dilferences between those with sarcopenia

and those without.
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Crude herb

Ginseng A%

Glycyrrhiza H i

Atractylodes rhizome {1310

Japanese angelica root /i

Poria sclerotium K%

Cinnamon bark B

Polygala root it

Gitrus unshiu peel Bl

Astragalus root ##

Schisandra fruit Fibk

Peony Root Aj#

Rehmannia Root 1%

Effective component

Ginsenosides Rb1, Rg1, Re, Rf, Rd, Rc

Glyoyrrhizin, Liquiitin,
Isoliquiritin,
Atractylon,
Atractylenolide I, Il, il
3p-acetoxyatractylon,
3p-hydroxyatractylon,
Diacetylatractylodiol
Ligustiide,
Butyiidenephthalide,
Butylphthalide,
Pachymic acid,
Tumulosic acid,
Eburicoic acid
Ginnamic aldehyde, Ginnamyl acetate, Phenylpropyl acetate,
Gallic acid

Onjisaponin A, B, E, F, G
Tenuifolioside A, B, C, D, E
Limonene,

Linaloo,

Terpineol,

Hesperidin,

Naringin,

Poncirin,

Nobiletin

(--synephrine
Formononetin,
Isomucronulatol,
Calycosin,

Astragaloside Vi,
Astragaloside Vill,
Astragaloside IV

Gitral,
B-chamigrenal,
Gitric acid,
Malic acid,
Tartaric acid,
Schizandrin

Paeoniflorin,

Albifiorin,
Oxypaconttiorin,
Benzoylpaconiforin,
Paconiflorigenone,
Pacorol

Phenol

p-amyrin

Catalpol,

Aucubin,
Rehmannioside A, B, C, D,
Rehmaionoside A, B, C,
Acteoside,

Indication of crude herb

Immune enhancement, anti-inflammation effects, antioxidant
effects, memory enhancement, platelet-aggregation inhibitory
effects, improvement of menopausal disorders, and induction
of metabolic energy (36)

Anti-inflammatory, anti-cancer and immunomodulatory effects
(39)

Anti-inflammatory and antinociceptive effects (40)

Anti-inflammatory effects (41)

Anti-inflammatory anti-apoptotic, and anti-immunologic
rejection effects (42)

Antidiabetic effects (43),
Antihyperglycemic and antihyperiipidemic
Action (44)
Antioxidation, anti-inflammation, antidementia,

and anti-aging (45, 46)

Antioxidant, anti-inflammtory, antibacterial properties, and
anti-cancer activity (47), anti-obesity and lipid-mproving
effects (48)

Anti-aging effect, anti-tumor effects, oxidative stress
reduction, immunomodulatory effects, hypolipideic,
antihyperglycemic effects, increase telomerase activity (49)

Anti-aging effect, memory enhancement, enhances myogenic
differentiation and inhibiting atrophy, (50-52)

Anti-Inflammatory and immunomodulatory effects (53),
stimulate blood circulation and exhibit ant-inflammatory,
antiplatelet, and vasodilator activities (54)

Hypoglycermic effect (55), diuretic effect (55), blood
coagulation inhibiting effect (56, 57), immunosuppressive
effect (58)
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Citation Participants

Hsiao etal. (12)*  Treatment group:
n=27,584%+132y
Control group:

n=237,638+ 146y

Xuetal. (18" 60(41-81)y:n=33
Sato etal. (14)
Nattoetal. (15§ n=5
Cyonget al. (16) 34
n=87
Ito etal. (17) Lenalidomide with NYT:
72(53-85)y,n =13
Lenalidomide:
67 (45-79)y,n =23
Kudoh etal. (18)  Donepezil with NYT:

n=12,745%54y

Control group:
n=11,749+36y

Symptom

Chronic kidney
Disease

Non-anemia-related
Fatigue with cancer
Healthy

Healthy

Hepatitis C virus

Hepatitis C virus

Fatigue retrospective
study

Multiple myeloma

Aizheimer's disease

(mild-to-moderate
probable)

Study design

Open-label trial

Open-label trial

Open-iabel trial

Cross-over

Open-label trial

Open-label trial

Non-randomized

open-label trial

Intervention length and
measures taken

6 months
Serum hematocrit and albumin

Blood inflammatory markers
(CRP, IL-6, and TNF-o)

QoL

6 weoks

Patient-reported fatigue rating
Single dosage

Plasma CGRP (calcitonin
peptide)-ike immunoreactive
gene-related substances (IS)

and substance P-IS

Single dosage

Plasma motilin,

vasoactive intestinal peptide (VIP),
gastrin, and somatostatin

6 months
Serum HCV-RNA

3.8 years (7 month- 7 years)
Viral titer
6 months

Fatigue grade

2 years
Mini-mental state
ADAS and NIDS,

Results

No change of hematocrit,
Increase in albumin

No change in CRP
Decrease in IL-6 and TNF-a
Improvement in QOL

Decrease i fatigue severity

Increase in CGRP-IS and
sucstance P-IS

Increase in motiln,
gastrin, and somatostatin
No change in VIP

Decrease in HOV (8/34)

Viral seroconversion (8/37)

Improvement (12/13) and

no improvement (1/13)
with NYT

Improvement (11/23) and
no improvement (12/23) without NYT

No change in MMS

Improvement of ADAS and
NIDS

KCL, Kihon Checkiist; CAT, COPD Assessment Test (CAT); HADS, Hospital Anxiety and Depression Scale; ADAS, Alzheimer's Disease Assessment Scale-cognitive component-Japanese
version; NIDS, Neuropsychiatric Inventory depression scores; (12)', Prescription is different from that of Japanese (Rehmanniae Radix — Rehmanniae Preparatum Radix, Addling Zizyohi
Fructus and Zingiberis Rhizoma); (13)", Prescription is different from that of Japanese(Rehmanniae Radix — Rehmanniae Preparatum Radix, Cinnamon Bark — Cinnamon).





OPS/images/fnut-05-00126/fnut-05-00126-g002.gif





OPS/images/fnut-05-00126/fnut-05-00126-g001.gif





OPS/images/cover.jpg





OPS/images/fphar-09-01539/fphar-09-01539-g001.jpg
NL:
" 6.79E9
1 (| 057
- 0.3 TICF:FTMS
50— +p ESI Full
- ms
®» [100.00-
2 40— 1500.00] MS
3 -
— -
- -
ﬁso: 115
o> -
S20] || - < 6 10
< 3.36 ' 1583 16.41 18.98 NN 3551
19 7.42 el ;4'21 51‘ 33 35 61
- 3 . 1 :
:q 3,62 9.1 ’ 10 26.89 29.20 _ 18 44.94
8 NL:
3.
18.99 Tl:égg.g FTMS
50 -
13,03 - p ESI Full
S
40 [100.00-
2.10 1500.00] MS
" 717.50
20
10
O—frrem
0
HO OH O HO:©AO
HO, 0 o)
CET o > U HO
HO o ey O HO S OHO 3,4-Dihydroxybenzaldehyde
3n A OH O
Hgvi@““ HO™ Yo
Ho” ~3© ©OH O Baicalin
; o)
o HO s AN
Spinosin OH D/\ OH
OH O<cH, HO o
HO,, D 2 S Caffeic acid
S RS s
HO” SO
o/i OH O OH
HO o)
rR R O \E
S ' i
HO = Hesperidin
OH HO
OH
Rosmarinic acid
HO

Salvianolic acid B

Lithospermic acid Nobiletin





OPS/images/fphar-09-00651/fphar-09-00651-g004.jpg
1.19156 * to[1]

/ iNormal 038 aQ
4 __ ol Model
30 | 06
20 0.4 O
= 10+ 0.2
£ / =
M [ =
80 T 5 0
N \ S
L =
S-10- 02+
-20- 0.4+
CJ
-30-] = S R 061 @
N — S — w 0® ® O ]
-40 30 20 -10 0 20 30 (@]
100176 * t{1] 1 : : : : : : : :
025 02 015 0.1 -0.05 0 005 01 015 02
pl1]
A .Model 0.8
— - [ 333
20 L 0.6
04
10- // L ®
/ 0.2+
f © ® \ =
0 | % T
\ ® © / =
\ / 0.2
o o® Y
04+
20 T T e
! ! ! } | - 031 @B
-40 -30 20 -10 0 20 30
1.00479 * t[1] e T y y T T T
02 015 01 005 01 015 02

B

| @R
HQ
0.8
0.6
G
0.4-1
0.2 “
|
0 P 0
/”” .
/’,’
-0. T T T T T
0.2 0 02 04 06 08 1
orR2
2
) HQ
0.8
067 —_——"—‘
= i
0.4
N
N
0.2 II
5
l"‘
L
0 o
P
2
-0. T T T T T >
02 0 0.2 04 06 08 1





OPS/images/fphar-09-00651/fphar-09-00651-g003.jpg
A A
1 20
20 1
151
10 10——
5_.
0 g 0
-5
-10 1
10
-20 —15-_
=20
-30 -25
-30 4

B Normal
B Model
B LRK





OPS/images/fnut-06-00014/math_1.gif
The incidence (%) = number of patients with SDRs/safety
population x 100
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soc n(%)  PT N (%)
Metabolism and 3(0:37%)  Decreased appetite 2(0.25%)
nutrition disorders
Hypokalaermia 1(0.12%)
Psychiatric disorders 1042%)  Anxiety 1(0.12%)
Vascular disorders 1(012%)  Hypertension 1(0.12%)
Gastrointestinal 17 Nausea 5(0.62%)
disorders (2.10%)"
Abdominal discomfort 4 (0.50%)
Diarrhea 3(0.37%)
Constipation 2(0.25%)
Eructation 1(0.12%)
Abdorninal pain upper 1 (0.12%)
Feces discolored 1(0.12%)
Voriting 1(0.12%)
Others 1(0.12%)
Hepatobiliary disorders ~ 1(0.12%) ~ Cholecystitis** 1(0.12%)
Skin and subcutaneous 3 (0.37%)  Pruritus 1(0.12%)
tissue disorders
Eczema 1(0.12%)
Rash 1(0.12%)
General disordersand ~ 3(0.37%)  Chest discomfort 1(0.12%)
administration site
conditions
Malaise 1(0.12%)
Oedema 1(0.12%)

The ADRs were classified on the basis of system organ class (SOC) and preferred terms
(PT) of MedDRALI ver: 20.0. n, rumber of patients; N, number of cases; (), the incidence
was calculated by the equation, the rate (%) = number of patients/safety population x

100.

*Among 17 patients, two patients have two types of ADRs.

‘Causation was not established.
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nor%

Safety population (1) 808
Patients with ADRs (2) 2
ADR cases 31
ADR incidence [(2)/(1) x 100] 3.1%

*Including the adverse events for which drug causality could not be excluded.
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Indications for use

Dosage/day

Administration

Deteriorated constitution after disease
Fatigue/malaise
Anorexia

Night sweats
Coldness of imbs
Anemia

259

3759

49

59

759

129

Once-daily
Twice-daily

Three times-daily

n (%)

189 (13.29%)
589 (41.1%)
253 (17.6%)
60 (4.2%)
271 (18.9%)
72(5.0%)
12 (1.5%)
17 (2.1%)
1(0.1%)
46 (5.7%)
731 (90.5%)
1(0.1%)
29(3.6%)
616 (76.2%)
163 (20.2%)

Indications for use had muitiple answers. The total number of responses was 1,434.

frequency.
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Myocardial Infarction

Ventricle (q)

AAR ()

AARNentricle (%)

Infarct (g)

Infarct/AAR (%)

Cardiac Biomarkers

LDH (U/L)

CK-MB (ULL)

Troponin-| (ng/mL)

Arrthymias

VT Incidence (%)
Duration (sec)

VF Incidence (%)
Duration (sec)

Sham (n = 6)

0.78 £ 0.07

1083.0 + 229.6
4525.5 + 1548.5
1.07 £0.68

Vehicle (n = 13)

0.87 £ 0.05
0.65 + 0.01
63.8 £ 2.89
0.13 £ 0.004
23.6 +0.96

4290.0 + 940.4*
10063.6 + 1285.9*
189.29 + 52.68*

86
26484

36
198+ 86

LK (n=13)

0.86 + 0.02
0.67 +0.01
65.8 £ 0.69
0.11 £ 0.003*
19.6 + 0.59*

3125.3 + 577.4"
7200.8 + 984.9"
39.44 + 19.00

a6*
3818
8
0.9+09"

AAR, area at risk; LDH, lectate dehydrogenase; CK-MB, creatine kinase-MB; VT, ventricular tachycardia; VF, ventricular fibrilation. Values are shown as the mean  SEM.
*p < 0.05 compared with sham; *p < 0.05 compared with vehicle.
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Safety population
Age (years)

Height (cm)

Body weight (kg)

BMI (kg/m?)

Comorbidities

Concomitant medications

Mean  SD
Median
Range
Mean  SD
Median
Range
Mean + SD
Median
Range
Mean + SD
Median
Range
Avalable
Not available
Unknown
Available
Not available
Unknown

Total

808
T78£74
78
65~ 97
158.5 + 8.9 (n = 767)
1530
129 ~ 180
503+ 99 (n=743)
49.0
25~ 88
21.2+82(1=738)
214
12.4~340
538 (66.6%)
262 (32.4%)
8(1.0%)
664 (82.2%)
130 (16.1%)
14 (1.7%)

Male

210(26.0%)
775£89
78
65~96
163.7 6.9 (n = 200)
164.0
180 ~ 180
58.1%11.2 (1= 196)
589
34.9~88
21.6+8.2(1 = 195)
224
14.7 ~ 31
140 (66.7%)
69 (32.9%)
1(0.4%)
161 (76.7%)
45 (21.4%)
4(1.9%)

Female

598 (74.0%)
78074
78
65~ 97
150.0 & 6.3 (n = 567)
150.0
129~ 166
47.5+8.0 (1=547)
420
25~ 82
212+38.1 (n="543)
214
124~ 840
398 (66.6%)
193 (32.3%)
7(1.1%)
503 (84.1%)
85(14.2%)
10 (1.7%)





OPS/images/fphar-09-00636/fphar-09-00636-g009.jpg





OPS/images/fnut-06-00014/fnut-06-00014-t002.jpg
No Questions Answer
1 1 usually take the bus o train when going out. 00. YES 01.NO
2 1 usually buy daily necessties myself. 00. YES o1.No
3 1 usually withdraw and deposit money myseff 00. YES 01.NO
4 | sometimes visit my friends. 00. YES 01.NO
5 1 sometimes turn to my family or friends for advice. 00. YES 01.NO
6 1 usually climb stairs without using any handrails or wall for support. 00. YES 01.No
7 1 usually stand up from a chair without any aids. 00.YES 01.NO
8 1 usually walk for about 15 min without stopping. 00. YES 01.NO
9 | fell in the past year. O1.YES 00.NO
10 1 am seriously concerned about fallng. 01, YES 00.NO
1" I have lost 2 kg or more in the past 6 months. O1.YES 00. NO
12 Height: cm, Weight: kg, BMI: kg/m?. If BMIis <18.5, this item is scored. 01. YES 00.NO
13 It is more diffcult to eat solid food now compared to 6 months ago. 01. YES 00.NO
14 | sometimes choke when drinking something, such as tea or soup. 01. YES 00.NO
15 I am often concerned about my dry mouth. 01. YES 00.NO
16 1go out at least once a week. 00. YES 01.NO
17 1 go out less frequently compared to last year. o1. YES 00.NO
18 My family or friendis point out my memory loss. e.g., “You always ask the same question over and over again.” 01. YES 00.NO
19 I make a call by looking up phone number. 00. YES 01.NO
20 1 sometimes lose track of the date. 01. YES 00.NO
21 In the last 2 wesks, | have felt lack of fulfilment in my fif. 01. YES 00.NO
22 In the last 2 weeks, | have felt a lack of joy when doing the things | used to enjoy. 01, YES 00. NO
23 In the last 2 wesks, | have felt difficulty in doing what | could do easily before. 01. YES 00.NO
24 In the last 2 weeks, | have felt helpless. oO1. YES 00.NO
25 In the last 2 wesks, | have felt tired without a reason. 01. YES 00.NO
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Rehmannia root
Japanese angelica root
Atractylodes rhizome
Poria sclerotium
Ginseng

Cinnamon bark
Peony root

Citrus unshiu peel
Polygala root
Astragalus root
Schisandra fruit
Glyoyrrhiza

TR Lk
PSSR A PN

7.5 (clinical dally dose) of this herbal preparation contains 6,700mg of died extract
obtained from a mixture of above-mentioned crude drugs.
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Chinese name

Dang Shen

Fuling
Mai Ya
Chen Pi
Ping Bei Mu
Muli

Dan Shen
Suan Zao Ren

Botanical name

Codonpsis pilosula (Franch.) Nannt.,
Codonopsis pilosula Nannf.var.
modesta (Nannf.) L.T. Shen or
Codonopsis tangshen Oliv.

Poria cocos (Schw.) Wolf
Hordeum vulgare L.

Citrus reticulata Blanco

Fritillaria ussuriensis Maxim
Ostrea gigas Thunberg, Ostrea
tallenwhanensis Crosse or Ostrea
rivularies Gould

Salvia mitiorrhiza Bge

Ziziphus jujuba Mil. var. spinosa
(Bunge) Hu ex H. F. Chou

‘Common name

Radix Codonopsis

Poria
Fructus Hordei Germinatus
Pericarpium Citr Reticulatae
Bulbus Fiitlariae ussuriensis
Concha Ostreae

Radix Salviae Mitiorrhizae
Semen Ziziphi Spinosae

Weight (g)

10

Voucher numbers

160201

140130
131129
140213
140130
160201

161013
140130

Part used

Root and rhizome

Sclerotium
Germinated matured fruit
Matured pericarp
Squamous bulb

Shell

Root and rhizome
Matured seed
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Extract

SGH
SGC
SGEA
SGE
SGW

HCT-15

HCT-116
24h 48h 72h 24h 48h 72h
ND' ND ND ND ND ND
30.98 £+ 0.33 23.63 £ 0.37 18.08 £ 0.17 29.37 £0.12 23.66 + 0.64 1815+ 0.11
78.86 £ 1.94 49.65 + 1.96 45.84 £ 1.10 92.29 +2.05 46.87 £ 1.36 42.74 £0.79
129.67 £ 0.91 116.30 + 3.20 8227 £4.23 137.06 + 3.23 117.46 £ 3.78 79.65 £ 1.65
169.16 + 0.96 123.00 + 4.47 98.69 + 4.31 179.20 + 3.29 129.13+1.73 114.86 +£2.78

Table represents the IC50 values of crude extracts on human colorectal carcinoma cell lines HCT-116 and HCT-15 at 24, 48, and 72h. Dose range of 7 to 500 ng/m!
was tested and IC50 values were calculated. The chloroform extract showed a potent anti-colorectal cancer activity with an IC50 of 18 ug/ml at 72 h. These experiments
were carried out three times with at least 4 replicate wells in each experiment. The values are expressed in Mean £ SEM. ND, not determined.
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Target

HDAC 1

HDAC 2

HDAC 3

HDAC 8

HDAC 4

Table: Comparative in silico analysis of the bindling strengths of TCN to Class-1 HDACs and Class-Il HDAC.

Compound

sB
TCN
HA
sB
TCN
HA
sB
TCN
HA
sB
TCN
HA
sB
TCN
HA

residues

HIS 178, TYR 303, ASP 176, MET 30, LEU 139, CYS 151
HIS 178, MET 30, LEU 139, CYS 151

TYR 303, MET 30, LEU 139, CYS 151

LYS (71 and 170), LEU 166

LYS (71 and 170), LEU 166

LYS (71 and 170), LEU 169

HIS (135, 172), TYR 298, PHE 144, PHE 200

HIS (134, 135, 172), GLY 143, CYS 145, LEU 133, PRO 23

THR 105, TYR 154, ILE 108

THR 105, GLU 106, SER 30, ALA 32, LEU 31
TRP 141, ILE 115, LEU 155

LYS 20, ARG (37 and 154), PHE 168

LEU 299, HIS 198, PHE 227

C Docker energy ) CDocker Energy
~24.701 ~23.159
—52.499 —43.844
—19.574 ~19.992
~25.158 -23.870
—56.974 —45.540
~30.291 —29.548
-18.129 =17.151
—62.206 55954
—22.797 —20.664 HIS (134, 135, 172)
~16.799 ~16.452
—49.471 -38.570
-8.049 —2.252
—40.117 ~39.182
~43.016 -30.362
—43.189 —41.172

LYS 20, ARG (154 and 37), PHE 168, TYR 332
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Extractant Abbreviation Percentage yield (gm/100 g
of dried leaves of S.G)

Hexane SGH 2.08 £0.15
Chloroform SGC 3.63+0.10
Ethyl acetate SGEA 2583 +0.12
70% Ethanol SGE 8.54 £ 0.10
Water SGW 5.51 +£0.09

Table provides the percentage yield of Simarouba glauca extracts, which were
prepared using solvents ranging from non-polar to polar. Extract prepared using
hydro-alcohol (70% ethanol) provided maximum yield. The experiments were
carried out at least three times and the values expressed as Mean + SD.
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The data from 2 groups were analyzed by 2-way Contingency Table Analysis with the use
of a one-sided Fisher's exact test.
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The data from 2 groups were analyzed by 2-way Contingency Table Analysis with the use
of a one-sided Fisher’s exact test.
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Ninjin'yoeito Group ~ Control group ~ P-value

=64 =49

Age, years 785+ 65 760 £ 63 :
Sex (Male/Fernale) 18/46 17/32 ns.
Height, om 153.1 9.1 1563 8.2 ns.
Right-hand grip 180+ 5.7 224 %72 .
strength, kg

Left-hand grip 16.9 £ 5.9 215£75 =
strength, kg

Weight, kg 50.7 9.7 53788 ns.
BMI, kg/m? 21529 220+28 ns.
Body fat percentage, % 268+9.4 253 +92 ns.
Muscle mass, kg 344 £7.1 379+65 :
Muscle qualty score, 41.8£17.0 426+160  ns.
points

Estimated bone mass, 2005 2204 .
kg

Body age, years 607 £7.5 66.1 £8.1 :
Thigh circurnference, 425£57 421 £49 ns.
cm

Lean body mass, kg 368+6.4 402 £7.4 .

The comparisons between groups for variables, other than sex, were carried out using
Welch's t-test. The comparison between groups for sex was carried out using the
chi-square test. Both sides were tested at p < 0.05 (), p < 0.0 (**),
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Source
ESI +
C X-Axis 49.88
Y-Axis -50.77
M 5051 +5.01
HK 4461 +£6.72
YX 35.66 +7.72
DHYL 28.63 + 4.41**
DHYH 68.71 + 11.11
JNL 14412 £ 11.05
JNH 177.56 £ 6.24

Compared with model group, *P < 0.05, **P < 0.01.

Serum

66.31
-16.5
150.46 £ 5.75
102.57 £ 10.46**
97.95 £ 11.71%*
101.85 £9.7**
75.37 + 2.94*
101.95 £+ 8.87**
79.26 & 8.64**

+
57.47
—68.63
126.77 + 8.63
77.52 £ 19.3*
44.57 £2.21*
131.48 £7.32
53.11 £ 6.31*
50.99 + 4.71*
51.4 £56.77*

Urine

96.17
—20.87
136.42 £7.81
120.71 £7.86
98.79 % 6.56**
136.53 +£0.82
124.66 +2.76
128.8 +3.41
126.71+28
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No.

Sm1

Sm2
Sm3
Sm4

Sm5
Sm6
Sm7
Sm8
Sm9
Sm 10
Sm 11
Sm12

Um 13

Um 14
Um 15

Um 16

Um 17

Um 18
Um 19
Um 20
Um 21
Um 22

Um 23

Um 24
Um 26

Um 26

Um 27

Ta/min

1.70

9.7
4.01
8.24

9.62
3.40
6.156
6.98
8.43
10.28
11.53
4.93

3.55

4.51
2.81

9.84

3.70

7.87
9.30
11
4.20
6.26

7.63

10.66
2.83

4.47

10.09

miz

146.0605

524.3721
353.2471
522.3582

482.3251
498.2887
378.2404
504.3082
464.3147
301.2166
4420717
448.3062

2450116

347.1695
173.9946

583.3128

300.0536

343.0834
2531075
136.0398
162.0657
170.0603

255.065

318.3002
179.0713

146.0613

149.0245

Metabolites

2-Keto-glutaramic acid

Guanosine triphosphate
Thromboxane A2
LysoPC(18:1(9Z))

Ceramide (d18:1/12:0)
Taurochenodesoxycholic acid
Sphingosine 1-phosphate
Thiamine triphosphate
Glycocholic acid

Retinyl ester

Guanosine diphosphate

Chenodeoxycholic acid glycine
conjugate

Isopentenyl pyrophosphate

Inosinic acid
N-Acetyl-L-aspartic acid

Cholic acid glucuronide

N-Acetyl-0-Glucosarmine
6-Phosphate

Thiamine monophosphate
Galactosylglycerol
Adenine

Aminoadipic acid

Cysteic acid

5-L-Glutamyl-taurine

Phytosphingosine
L-Gulonolactone

2-Keto-glutaramic acid

2-Oxo-4-methylthiobutanoic
acid

VvIP?

5.92

19.10
3.73
14.38

4.42
4.87
3.99
4.04
3.27
4.86
3.29
3.36

3.01

5.76
3.63

4.77

5.78

6.59
4.64
11.10
16.33
7.40

397

3.62
3.40

3.37

8.94

Trend®

-

B I

e e e e

HMDB

01552

01273
01452
02815

04947
00951
00277
01512
00138
03598
01201
00637

01347

00175
00812

02577

01062

02666
06790
00034
04077
02757

04195

04610
03466

01552

01553

Source

serum

serum
serum
serum

serum
serum
serum
serum
serum
serum
serum

serum

urine

urine
urine

urine

urine
urine
urine
urine
urine
urine

urine

urine

urine

urine

urine

Pathway

Alanine, aspartate and
glutamate metabolism

Purine metabolism
Arachidonic acid metabolism

Glycerophospholipid
metabolism

Sphingolipid metabolism
Primary bile acid biosynthesis
Sphingolipid metabolism
Thiamine metabolism

Primary bile acid biosynthesis
Retinol metabolism

Purine metabolism

Primary bile acid biosynthesis

Terpenoid backbone
biosynthesis

Purine metabolism
Alanine, aspartate and
glutamate metabolism
Pentose and glucuronate
interconversions; Starch and
sucrose metabolism
Amino sugar and nucleotide
sugar metabolism
Thiamine metabolism
Galactose metabolism
Purine metabolism
Lysine degradation
Taurine and hypotaurine
metabolism

Taurine and hypotaurine
metabolism

Sphingolipid metabolism
Ascorbate and aldarate
metabolism

Alanine, aspartate and
glutamate metabolism

Cysteine and methionine
metabolism

@Variable importance in the projection (VIP) values were obtained from cross-validated PLS-DA models with a threshold of 1. ®Models vs. Controls: t content increased;
1 content decreased.
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1.11_136.0398
4.20_162.0556
6.27_170.0602
7.63_255.0649
10.09_149.0244
10.66_318.3001
2.84_179.0713
10.89_299.2012
4.48_146.0613
3.14_372.2377

Qct

47.9838
965.4064
83.0727
51.3640
41.1500
48.3586
15.8304
20.8190
9.2522
26.8391

Qc2

49.0509
89.9217
86.1074
52.4464
42.0058
46.5870
16.2821
21.2219
10.0701
27.5472

Qcs3

51.4734
92.6748
82.0747
48.8620
43.2755
45.4164
16.4652
21.8836
9.8090

29.8873

Qc4

49.2034
93.3017
83.6984
51.7397
41.8232
49.2801
15.2931
22.0706
8.8366
28.9075

Qcs

50.0331
96.6169
84.0937
52.9293
40.3977
44,6299
16.3969
21.5110
9.2831
26.5686

Qce

52.3910
101.9378
73.3099
53.8687
43.2042
436165
15.1267
20.3967
8.9621
26.8156

RSD%

3.28
4.29
5.28
345
2.69
4.73
3.65
299
5.13
4.85
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Groups

Control
DM
MET
SCE-L
SCE-M
SCE-H

Dose
(mg/kg/day)

162
54
108
324

FSI (mIU/L)

16.36 £ 2.42
13.32 £ 2.51*
16.81 £5.60
13.91 £4.98
18.67 + 4.79%
17.89 + 3.07%

IRI

3.77 £0.57
11.65 + 0.78**

7.76 + 1.48%#
10.34 +3.43

8.28 + 3.22%
12.73 £2.33

Control: rats were fed with normal diet. DM: diabetes mellitus, rats were fed with
high-energy diet and treated with STZ. MET (metformin): DM + MET. SCE (Semen
Cassiae extract): DM + SCE. L: low-dose, M: middle-dose, and H: high-dose.
*P < 0.05, **P < 0.017 vs. control group, *P < 0.05 and #P < 0.01 vs. DM group.
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Groups Dose (mg/kg/day) TC (mmol/L) TG (mmol/L) HDL-C (mmol/L) LDL-C (mmol/L)

Control - 133£0.13 3.12+0.06 0.26 +0.02 0.09 002
oM - 2.65 £ 0.35* 3.54 £ 0.26* 0.15 £ 0.02** 0.25 + 0.07**
MET 162 212+ 057 3.96 + 0.56 0.29 4 0.05% 0.25+0.05
SCE-L 54 1.70 £ 0.34% 346022 0.22 4 0.04% 0.20 007
SCE-M 108 1.81 £ 0.26"" 341+£0.16 0.20 4 0.03* 0.14 4 0.04"*
SCE-H 324 182 +0.18" 351+0.12 0.194+0.02 0.19+0.04

Control: rats were fed with normal diet. DM: diabetes melitus, rats were fed with high-energy diet and treated with STZ. MET (metformin): DM + MET. SCE (Semen
Cassiae extract): DM + SCE. L: low-dose, M: middle-dose, and H: high-dose. *P < 0.05, **P < 0.01 vs. control group, *P < 0.05 and #P < 0.01 vs. DM group.
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Groups n Dose Fasting blood glucose (mmol/L)

(mg/kg)
Before After
treatment treatment
Control 9 - 4,72 +£0.37 5.33 + 0.63
SCE 10 324 4.87 +£0.58 5.30 £ 0.36

Control: rats were fed with normal diet; SCE: rats were fed with normal diet
and treated with SCE (Semen Cassiae extract). SCE group showed no significant
difference compared with control group (P > 0.05).
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Groups

Control
DM
MET
SCE-L
SCE-M
SCE-H

Dose
(mg/kg/day)

162
54

108
324

Blood glucose (mmol/L)

FBG

519+0.27
20.20 + 3.28**
10.89 + 2.35""
16.89 £2.77
11.14 + 6.64"
16.23 £2.91

05h

7.64 £0.53
30.40 + 3.68**
21.37 + 5.65"
29.99 £2.79
23.48 + 578"
29.49 £ 2.35

1h

8.44 £ 0.65
29.85 + 5.74**
20.31 4 5.65"
31.85+ 1.33
29.93 + 4.18
3233+ 1.27

2h

5.99 + 0.44
29.10 £ 2.06**
16.00 + 8.07%*
28.14 £ 4.15
23.06 + 5.08"
26.70 £ 2.06

AUC (mmol/L-h)

1333 +£0.72
57.28 % 4.30"
36.09 & 11.12%
56.31+4.48
43.56 + 9.80"
5357 % 3.09

Control: rats were fed with normal diet. DM: diabetes meliitus, rats were fed with high-energy diet and treated with STZ. MET (metformin): DM + MET. SCE (Semen
Cassiae extract): DM + SCE. L: low-dose, M: middle-dose, and H: high-dose. *P < 0.05, **P < 0.01 vs. control group, *P < 0.05 and **P < 0.01 vs. DM group.
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Galcium channel inhibitor Anti-atherogenic effect
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Protein kinase G inhibitor Improvement of coldness in legs

Anticoagulant and antithrombogenic activities Improvement of numbness in legs
Superoxide dismutase mimicking activty

Lipid metabolism regulation

Glycometabolism regulation

Diuretic activity
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Item

Energy (kJ/100 g)
Protein (g/100 g)

Fat (9/100 g)
Carbohydrate (g/100 g)
Potassium (mg/100 g)
Calcium (mg/100 g)
Ash (g/100 g)

Water (9/100 g)

Content

56.144
0.44
0.4
1.992
283.36
2.6
0.368
396.8
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Control
Initial body weight (g) 102.35 + 5.75
Final body weight (g) 215.44 £ 19.55
Body weight gain (g) 112,52 + 21.11
Food intake (g) 1255.05 + 1.86
Food utiization rate (%) 8.97 + 1.68
Total fat weight (g) 12.05 £ 2.06
Fat coefficient (%) 5.65 +0.81
Liver weight (g) 6.10+£2.26
Liver coefficient (%) 2.78 £0.97

HFD

103.19 £+ 5.02
216.88 + 13.88
114.79 £ 14.04
861.17 + 1.58%*
13.33 + 1.63*#
1310+ 1.76
6.06 + 0.95
11.84 + 1.68*#
5.45 £ 0.61%4*

Metf

102.77 £+ 3.45
200.22 + 14.67%
97.74 £ 14.08*
922.67 + 1.75*
10.59 + 1.53**
10.26 + 1.38**
5.15 + 0.63*
8.44 £ 0.98**
4.30 £ 0.44*

AEM 300

103.07 + 4.99
216.80 & 14.22
118.73 £ 10.35
969.37 + 1.44**
11.73 £ 1.07*
12.00 + 1.69
5.50 £ 0.59
10.48 £ 0.80
4.94 £ 0.26*

AEM 600

103.39 +£ 5.17
215.40 £ 21.07
112.01 £ 18.97
960.53 £ 1.17**
11.78 +£2.00
13.02 + 1.44
6.13+0.77
11.38+£1.19
5.44 +0.57

AEM 1200

102.08 + 5.54
196.00 + 19.98*
93.92 +20.19*
861.41 +£1.33
10.90 + 2.34*
10.85 + 1.40**
5.69 +£0.79
9.96 + 1.35*
5.10 £ 0.52

Data are presented as the means  SEMs. *P < 0.05, P < 0.01, ##P < 0.001 compared with the control group; *P < 0.05, **P < 0.01, ***P < 0.001 compared with

the HFD model group, n
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Group

Control

TP

25 mg/kg ISL + TP
50 mg/kg ISL + TP
50 mg/kg ISL

Liver weight (g)

1.28 £0.15
1.69 £0.12
1.63 £ 0.06
1.62 +£0.12
1.27 £0.12

P < 0.0001 vs. the control group.

Weight (g)

26.32 £ 1.53
2716 £ 1.04
26.25 + 1.94
27.58 £ 1.30
26.87 + 1.70

Liver index (%)

4.87 £ 0.31
6.23 £+ 0.26™*
5.85 £ 0.41
5.87 £0.22
4.73 £0.30
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Common name

Rehmannia Root

Japanese Angelica root

Atractylodes Rhizome

Poria Sclerotium

Ginseng
Cinnamon Bark

Polygala Root
Peony Root
Citrus Unshiu Peel
Astragalus Root

Glycyrrhiza
Schisandra Fruit

Botanical name

Rehmannia glutinosa (Gaertn.)
Libosch. ex Fisch. & C.A. Mey.

Angelica acutiloba (Siebold &
Zucc.) Kitag.

Atractylodes japonica Koidz. ex
Kitam.

Wolfiporia cocos Ryvarden et
Gilbertson

Panax ginseng C.A.Mey.

Cinnamomum cassia (L.)
J.Pres|

Polygala tenuifolia Willd.
Paeonia lactiflora Pall.
Citrus unshiu Markowicz
Astragalus membranaceus
Fisch.) Bunge

Glycyrrhiza uralensis Fisch.

Schisandra chinensis (Turcz.)
Baill.

weight (g)

4
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Sample Total Extractionrate
anthraquinone (accounting for
medicinal herbs)

Extract of Semen Cassiae 6.8% 16.72%
by 50% ethanol
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Herbal ingredients

Rehmannia Root

Japanese Angelica Root

Atractylodes Rhizome

Poria Sclerotium

Ginseng

Cinnamon Bark

Polygala Root

Peony Root

Citrus Unshiu Peel

Astragalus Root

Glycyrhiza

Schisandra Fruit

Formula in NYT

40g

Basic components

catalpol

ligustiide

atractylenolides

pachymic acid

ginsenoside

cinnamaldehyde

tenuigenin

paeoniflorin

hesperidine, hesperetin

astragaloside, isoastragaloside

glycyrrhizin, glycycoumarin

schizandrin

Physiological functions

 Antiosteoporotic
 Antineurodegenerative
 Regulation of Na*/Ca?*+ exchanger 3

o Antiinflammatory
« Improve symptom of cancer patients

o Antiturnor
« Inhibition of enzymes from acyl ghrelin
(active) to des-acyl ghrelin (inactive)

o Antitumor
« Antinflammatory
o Antioxidative

« Antiinflammatory
o Antioxidative

o Antitumor

« Neuroprotective

« Neuroprotective
« Antinflammatory

o Pain relief
o Ca?* channel inhibition

« Neuroprotective
o Antioxidant
« Antiinflammatory

« Elevation of adiponectin production
« Antitumor

« Antiinflammatory
« Antioxidative

« Neuroparotective

« Keep ghrelin levels as pachimic acid

« Antiinflammatory
« Enhancement of skeletal muscle
endurance
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AUCglucose = (OhBG + 0.5hBG)x 0.5/2
+ (2hBG + 0.5hBG)x 1.5/2.
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Group ALT (UL) AST (U/L)

Control 30.2341.83 95.28 + 13.15
™ 59.73 + 31.65* 214.30 + 81.68"
25 mg/kg ISL + TP 32.87 4 845" 166.33 % 17.57
50 mg/kg ISL + TP 28.97 +1.30" 144.10 4 8.24"
50 mg/kg ISL 3017 4 4.48 121.70 4 26.35

ALP (U/L)

128.00 £+ 11.01
11323 £ 14.43
110.07 + 26.02
103.66 + 12.77
147.63 + 11.58

LDH (U/L)

1091.96 + 122.93
1567.90 + 330.94**
1658.67.07 + 203.40
1393.36 + 143.62
1255.08 £ 120.71

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALF, alkaline phosphatase; LDH, lactate dehydrogenase. *P < 0.05 vs. the control group,**P < 0.001

vs. the control group, ***P < 0.0001 vs. the control group, and *P < 0.05 vs. the TP group,





